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Abstract: The recent interest in the development of nanomaterials has led researchers to the study of
their electrical properties and the applications that they may have as insulating materials. One of
these applications is the use of nanofluids as electrical insulation of power transformers. It has been
reported that the dielectric properties of insulating liquids in which small amounts of nanoparticles
have been dispersed are, in some cases, superior to those of the base fluids. Although these materials
are promising, and their application could lead to advantages for the transformer design and reliability
in the future, more research is necessary to evaluate different combination of materials under a wider
range of experimental conditions. In this paper, a research on the lightning impulse breakdown
voltage of mineral oil and several Fe3O4-based nanofluids is presented. Fluids prepared with different
concentrations of nanoparticles were subjected to impulse lightning voltages considering both positive
and negative polarities. As shown in this work the positive impulse breakdown voltage of the liquids
showed improvements of up to 50%; in the case of the negative impulses not significant improvements
were obtained.

Keywords: insulating liquids; nanoparticles; nanodielectric fluid; nanofluid; ferrofluid;
breakdown voltage; impulse breakdown voltage; streamer propagation; lightning impulse

1. Introduction

Mineral oil (MO) and ester-based liquids are widely used nowadays as transformer liquid
insulation. In the last decade, the addition of Nanoparticles (NP) to transformer insulating liquids
has been proposed as an attempt to improve the electrical and thermal properties of conventional
insulating liquids [1,2]. The obtention of liquids with superior dielectric and thermal properties could
lead to the manufacturing of transformers with smaller sizes and higher reliability.

Several authors have demonstrated that the addition of small concentrations of NP can significantly
improve the dielectric [3-5] and thermal [6] properties of the oils. Experimental works have been
published reporting large improvements in the AC and DC breakdown voltage, the partial discharge
inception level and the impulse breakdown voltage of these liquids compared with those of the base
fluids [7-10]. However, the results are strongly dependent on the used materials (base fluid, NP type),
the manufacturing methods and the testing procedures, and more tests are required to evaluate the
properties of these new liquids making possible their safe application in the future [3,4,11].

A streamer is a transient electrical discharge which may appear when an insulating medium, such as
insulating oil, is exposed to a large voltage drop, such as a lightning or switching impulse. According
to the ASTM D3300 standard [12] and IEC 60897 [13], streamer propagation is generally measured
using a standard lightning impulse voltage 1.2/50 ps in a needle-sphere combination of electrodes with
a 25 mm gap. Some studies have maintained this needle-sphere combination of electrodes as [1,14-16]
although some other authors used other electrode configurations in their studies such as needle-plane
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electrodes [17] or sphere-sphere as [18]. The speed of streamer propagation in dielectric liquids is
strongly dependent on the polarity of the applied voltage and its peak amplitude [14,19,20]. In the
particular case of MO, it has been proved that the streamers originated on a positive electrode tend
to initiate at lower voltages than those originated on a negative electrode, and propagate faster and
further [21] supposing a higher risk for the transformer insulation.

According to the survey published by the insurance company Hartford Steam Boiler Inspection
& Insurance, which was obtained from a database with thousands of transformers from all over the
world investigated during a 20 years period [22], 17% of the failures originated in transformers are
caused by lightning events. In this report lightning is listed as the second cause of transformer failure,
only preceded by the failures produced by electrical disturbances (switching surges, voltage spikes,
line faults, flashovers) which suppose the 29% of the cases. It seems clear that the use of insulating
liquids with a higher dielectric strength under impulse conditions would improve the reliability of
transformers greatly.

Several authors have proved that nanodielectric fluids (NDF) have higher breakdown voltages
than the base fluids when subjected to lightning impulses. Sugumaran [23] studied the impact of adding
of two different types of NP (ZrO; and TiO;,) to a MO, comparing the impulse breakdown voltage
(BDV) of the resulting liquids for different NP concentrations obtaining that at lower concentrations
(0.005 wt %) the improvement was of 16% for ZrO, and 19% for TiO,, at medium concentrations
(0.01 wt %) the improvement was a 13% in both cases and at higher concentration (0.05 wt %) the
improvement was 7% for ZrO, and 9% for TiO,. In [24] Rafiq concluded that the addition of SiO,
NP leads to an improvement of the dielectric strength under impulse conditions but only for positive
impulses, while for negative impulses the author observes a worsening of the properties. In another
study by the same author [15], the BDV under impulse conditions results are compared using FezO4
NP of different sizes. Rafiq obtained better results when using NP with diameter 20 nm than at 10 or
40 nm, concluding that, “when magnetic nanoparticle’s size is higher than 20nm, the bigger size of
NPs may produce chains in close proximity of electrodes that give rise to the internal local electric field
causing a breakdown initiation [25]”.

Although some experimental works have been published in the last years on the topic of impulse
properties of Fe3O4-based NDF, the topic is still very new and more experiences are necessary to make
possible the advance of these materials. One of the challenges is the variety of materials and testing
methods used by the different authors what complicates the comparison of results.

In this work an exhaustive evaluation of the impulse breakdown voltage of several Fe;0; MO
based NDF is carried out studying the differences between the streamer propagation in the MO and
in the prepared NDF. The AC BDV of the same fluids was analyzed by the authors in a previous
work [26,27]. Although the thermal properties of dielectric materials are important to describe the
behavior of transformer insulation, this paper only handles the dielectric behavior of these materials
when subjected to lightning impulse tests. Additional investigation on the thermal aspects would be
needed to get a full picture of the system behavior.

The experimental study presented in the work extends the previous studies performed by other
authors, as the authors evaluate the effect of the NP concentration on the BDV and include a detailed
statistical analysis based not only in comparing the average values of the BDV of the evaluated liquids
but also on the BDV for low probabilities of failure. Liquids with three different concentrations of
NP were tested to study how the presence of the NP affects the dielectric properties in positive and
negative impulse conditions. The results were analyzed with nonparametric statistical analysis and
by means of a parametric study through Weibull distribution. The streamer velocity was calculated
for all the liquids and the obtained values were used to explain the experimental observations and to
describe physical mechanisms to justify the results.
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2. Materials and Methods

2.1. Preparation of the Materials

Commercial MO Nytro 4000X (Nynas AB, Stockholm, Sweden) was used as base fluid for the
preparation of the NDF tested in this work.

Small masses of a ferrofluid suspension of Fe304 NP were added to the base fluid in order to
obtain the NDEF. The suspension used for this work was custom made by the company Magnacol.co
(Cambridge, United Kingdom) and consists of Fe304 NP, 10 nm diameter, dissolved in MO Nitro 4000X
up to a concentration 60 wt %.

The procedure to manufacture the NDF analysed in this work was as follows:

Firstly, the MO was filtered, degassed and dried in a vacuum oven at 50 °C. Next, the amount of
NP suspension that must be added to the MO is calculated taking into consideration the total amount
of NDF to be prepared, the required NP concentration and the solid content of NP in the suspension.
Table 1 shows the concentration of the prepared NDF expressed in g/L and W/w. In addition, Table 1
shows the amounts of suspension added for each considered concentration for the preparation of a
NDEF volume 0.5 L.

Table 1. Mass of NP suspension added to obtain 0.5 L of NDFE.

Fe304 Concentration (g/L) Fe3O4 Concentration (W/w)  Mass of Suspension (g)

0.2 0.231 0.166
0.4 0.469 0.332
0.6 0.693 0.498

The NP are added to the MO. The mixture is performed using an ultrasonic probe (sonicator) with
wave intensity 270 W/cm?. The mixture is stirred for two hours in intervals of 30 s of agitation and a
30 s of pause, to avoid overheating of the mixture.

The samples are kept at ambient temperature for 24 h to ensure that the bubbles generated by the
sonicator are released, and finally they are dried in a vacuum oven at 50 °C and 0.1 atm for a minimum
time of 48 h before starting the tests.

Liquids with NP concentrations 0.2, 0.4, and 0.6 g/L were prepared that remained stable at ambient
temperature for more than a year following the procedure described above. In a previous work [28],
the stability of the obtained NDF was analysed in detail; measures of NP sizes were performed to
detect the presence of NP aggregates. The obtained NP radius were very close to those provided by
the manufacturer (within 10.5 and 12.3 nm).

2.2. Impulse Breakdown Voltage Tests

The BDV under impulse of the prepared NDF was characterized according to ASTM D 3300-12
standard [12]. The impulses were applied by means of a High Voltage Module Test System,
manufactured by HIGH VOLT (Dresden, Germany) which incorporates a single-phase transformer
with rated AC voltage 100 kV (model WGBS 6.6/100-135), and several HV modules that combined as
shown in Figure 1 constitute an impulse generator. The system is controlled by a High Voltage manual
control module (model High Volt SM4). The measurements are recorded with a Lecroy WavePro 950
oscilloscope (Teledyne LeCroy, Chestnut Ridge, New York, USA). A diagram of the measuring scheme
is shown in Figure 1.

A normalized lightning impulse wave 1.2/50 us was considered in the study. The application of
the transient voltages was performed by means of a needle electrode opposing a grounded sphere
following the recommendations of ASTMD3300-12 Std [12].
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Figure 1. Diagram of the measuring scheme.

The test cell used in the tests was manufactured according to the recommendations of ASTM D
3300-12 Std [12]. It was made in polycarbonate, a material of high dielectric strength, with thickness
15 mm and with the dimensions recommended in the mentioned Std, what guarantees that the electrical
breakdown is restricted to the electrode gap. The electrodes consist of a polished brass sphere of
12.7 mm (0.5 inches) diameter and a steel needle of ratio 0.35 mm. Figure 2 shows the diagram and a
picture of the cell.

Figure 2. Diagram of the cell (dimensions are expressed in mm) and picture of the cell.

Although the ASTM D 3300-12 standard [12] recommends setting a distance between electrodes
of 25 mm for needle-to-sphere electrodes, the gap spacing used in this work was modified, since the
impulse generator employed does not reach voltages above 110 kV which are not enough to get the
electric breakdown of the dielectric liquids evaluated in this work. The distance between electrodes
was set at 10 mm for positive impulses and at 3 mm for negative impulses. The test values at these
distances are not valid for transformer design purposes but they are useful to provide comparison
between different liquids.

For each liquid included in the study a set of ten measures of positive impulse and ten measures
of negative impulse was carried out. Therefore, as the experimental work presented in this paper
includes the analysis of four liquids, a MO and three NDF with different concentrations of NPs (0.2, 0.4
and 0.6 g/L), eighty measures were performed.

Before starting each test, the test cell was filled with 500 mL of the liquids under analysis and the
sample was left to rest for ten minutes. Then the impulses were applied allowing the liquid to settle for
two minutes after each breakdown. The measuring sequence was as follows:

First, an impulse wave is applied with a crest voltage level which is 5 kV below the expected
breakdown level. Three impulse waves are applied with the same voltage. If no breakdown takes
place, the crest voltage is increased in steps of 5 kV and successive impulses are applied until the first
breakdown takes place. After applying each impulse test without breakdown, a minimum time of 30 s
is allowed before applying a new impulse. When the first breakdown has occurred, the applied voltage
is decreased by 5% and three impulses are applied at the new voltage. If any of the three impulses
causes a breakdown, the voltage of the next impulse is decreased by 5%. If no breakdown is recorded
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after applying three impulses, the crest voltage is increased another 5% and thee impulses are applied
at the new voltage. The process is repeated until a total of ten breakdowns are recorded, registering for
each breakdown, the values of the breakdown voltage and the time to breakdown. To characterize the
impulse BDV of an insulating liquid, IEC Std 60897 [13] recommends carrying out five breakdowns
measurements and then, calculating the average value of the BDV and its standard deviation. In this
work we extended the measuring campaign to five additional breakdowns obtaining 10 values of
impulse BDV for each of the four tested fluids.

Although the BDV characterization would be more precise if a higher number of breakdowns
were recorded, most of the previous works in the field of NDF base their results in five and even less
breakdowns (i.e [7] and [16] considers five ruptures, [1] and [8] three ruptures and [15] six ruptures).
It must be considered that NDF are not commercially available and so their testing involves a fluid
manufacturing stage that complicates the measuring campaign. Obtaining a higher number of
BDV measures would require the replacement of the NDFs under test with a new sample after ten
ruptures [14]. In this work the ten ruptures used to obtain the BDV value at each polarity were
measured on the same sample.

An example of one of the applied impulses is shown in Figure 3 including the main measured
parameters (i.e the impulse BDV and the time to breakdown).

50
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Figure 3. Evolution of voltage during one of the measures.

After five breakdowns the needle is changed and after ten breakdowns, the spherical electrode
is replaced too. After finishing the positive polarity test and before adding a new sample of liquid,
the test cell is carefully cleaned with water, ether and detergent, then it is rinsed with distilled water
and dried in an oven for 2 h at 110 °C. When all the positive polarity tests are finished, the assembly
is changed and the procedure is restarted to measure the BDV of the four liquids under lightning
impulses with negative polarity.

3. Results

Figure 4 summarizes the results of the positive and negative impulse tests for the four analysed
liquids (MO and NDF with NP concentrations 0.2, 0.4 and 0.6 g/L). In each case, the impulse BDV and
the time to breakdown of the ten ruptures, plotted in increasing order.
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As can be seen, a clear improvement in the BDV of positive impulses is observed when NP are
added to the MO. Specifically, the liquid with NP concentration of 0.6 g/L shows the best results of
the study for positive impulse. Regarding the negative impulses, only a very slight improvement is
appreciated, which is more noticeable for the liquid with NP concentration 0.4 g/L.

It should be noted that the measures of the positive and negative impulses were carried out
considering a different gap, so the absolute values of both polarities should not be compared. However,
considering that the gap distance in the case of the positive impulse was 3 times larger than that
considered for negative impulse tests (10 mm vs. 3 mm) it seems clear that the positive impulse supposes
a greater risk for the insulating liquids. That observation agrees with the theoretical explanation
provided in [20] and with the further measures performed by the authors at different electrode distances
shown in Section 3.3.
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Figure 4. BDV and time to breakdown recorded for positive (figures at the left, electrode distance
10 mm) and negative impulses (figures at the right electrode distance 3 mm) on the MO and the NDFs.

3.1. Statistical Analysis

The mean value of the impulse breakdown voltage was calculated for each liquid and each polarity.
Figure 5 shows the average values of ten measurements for the liquid at different concentrations of NP,
for both positive and negative impulses. As can be seen, the average BDV of the liquids improves
as the concentration of NP increases for the positive impulses. On the other hand, the results of the
average values of the BDV for the negative impulses show that there is hardly any variation of this
parameter as NP are added to the oil.
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Figure 5. Average value of the BDV for the MO and the NDF with different concentrations of
NPs. Positive impulses (left; electrode distance 10 mm) and Negative impulses (right, electrode
distance 3 mm).

Table 2. shows the results of the mean values of the BDV measurements and the standard deviation
(SD) of the measures. As can be seen, the SD is higher for the liquids prepared with 0.4 g/L and 0.6 g/L
concentrations of NP, while for 0.2 g/L the SD is lower than in the MO. A high presence of NP (0.4 and
0.6 g/L) seems to increase the dispersion of the data obtained.

Table 2. Average value, SD and percentiles of the BDV under Positive Impulse.

MO  NDF0.2g/L NDFO04g/L NDF 0.6g/L

Average (kV) 34.37 35.74 41.31 51.46
SD (kV) 1.39 1.28 2.93 2.44
Percentile 10 (kV) 33.17 34.77 38.39 48.19
Percentile 50 (kV) 34.22 35.44 40.85 51.96
Percentile 90 (kV) 36.62 37.47 45.15 53.75

As shown in Table 2, the percentile 10 of the positive-impulse BDV enhances greatly when
NP are added to the oil. Specifically, for a concentration of 0.6 g/L. of NP, the improvement to a
percentile 10 is 45%. The improvement of low percentiles can be of great importance when designing a
transformer [29,30] as it is related with failure probability at low voltages. In the case of the Median
(i.e., percentile 50), the data are very similar to those observed in the average value.

In the case of negative impulses, for the considered set up, the results are quite different from
what was shown for positive impulses (Table 3). First of all, there is no significant improvement in the
mean value of the impulse BDV for the NDF, although it can be seen that the presence of NP decreases
the SD.

Table 3. Average value, median, SD and percentiles of the BDV under Negative Impulse.

MO NDF0.2g/L NDF04gL NDFO0.6g/L

Average (kV) 44.59 46.12 48.52 44.81
SD (kV) 2.49 1.34 1.76 1.10
Percentile 10 (kV) 42.39 44.34 46.53 43.57
Percentile 50 (kV) 44.19 46.61 48.26 44.72
Percentile 90 (kV) 47.26 47.41 50.45 45.95

Given that the differences in the mean values of the four liquids are small, an analysis of variance
(ANOVA) [31] was performed to determine if there is significant difference between them. The ANOVA
analysis shown that there are significant statistical differences between the means of the four groups
(p-value = 4.0704 x 1075, F = 10.5366). Further comparisons using the Tukey HSD test [32] indicated
that the mean score for the BDV of the NDF with NO concentration 0.4 g/L is significantly different
than the BDV of the three other samples. Figure 6 shows the multiple comparison of the means; as it
can be seen there is an overlapping of the confidence bounds obtained for the BDV of the MO and
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the NDF with NP concentrations 0.2 and 0.6 g/L but these do not overlap with the BDV of the sample
of concentration 0.4 g/L. It can only be pointed out that for lower percentiles the concentration that
shows the best performance is the one that was prepared with NP concentration 0.4 g/L. In this case,
the percentile 10 is enhanced by 10%.

0.6 g/L| —— 1
04 g/t —e— 1
Qo
o
IS
@
(7]
0.2g/Lt —e———
MO - —_— ]
42 44 46 48 50

Breakdown voltage (kV)
Figure 6. Multiple comparison of the means of the BDV of the four NDF and the MO.

Additionally, the time to breakdown was analyzed for positive and negative impulses. Table 4
shows the average values of the times to breakdown for positive and negative impulses. As can be
seen the times calculated for positive impulses are always higher for oils with NP. On the other hand,
no significant variations of the times are observed for the negative impulses when NP are added to
the MO.

Table 4. Times to breakdown for positive and negative impulses for every concentration of NP.

Insulating Fluid  Positive Time (us) ~ SD Positive Time (us)  Negative Time (us) SD Negative Time (us)

MO 7.31 1.07 25.20 8.61
NDF 0.2 g/L 12.42 0.36 26.13 7.68
NDF 0.4 g/L 12.15 1.04 23.66 8.71
NDF 0.6 g/L 11.43 0.52 22.36 6.84

3.2. Weibull Study
The impulse BDV results were adjusted to a Probability Weibull distribution (Equation (1)):

b

P(V)=1-¢) )

where P(V) is the failure rate of the test liquid when subjected to a voltage V, a is the scale parameter
(which shows the breakdown voltage at a failure probability of 63% and its units are kV) and b is the
shape parameter (which is related with the dispersion of the BDV measurements). The parameters
obtained for each liquid are shown in Table 5.

Table 5. Parameters for the Weibull adjustment of the Positive Impulses.

Liquid a (kV) B

MO 35.03  26.01
NDFO02g/L 3633 3118
NDF0.4¢g/L  43.68  26.99
NDFO0.6g/L 5254  56.65
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Figure 7 shows the positive impulse BDV vs the probability of failure for the four analyzed
liquids. Additionally, Table 6 shows the values of the BDV for probability of failure 25%, 50% and
75% estimated with the Weibull distribution for the MO and the NDF with NP concentrations 0.2, 0.4
and 0.6 g/L. As can be seen, the addition of NP leads to a clear improvement of the dielectric strength
under positive impulse conditions.
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Figure 7. Weibull Probability for Positive Impulse BDV.

Table 6. Weibull probability for positive impulse BDV (kV) at different concentration of NPs.

Failure Probability MO NDF 0.2 g/L NDF 0.4 g/L NDF 0.6 g/L

25% 33.66 35.04 41.75 49.56
50% 34.28 35.82 43.42 51.72
75% 35.47 36.44 4476 53.48

Figure 8 shows the Negative Impulse BDV vs the probability of failure for the different liquids.
As can be seen, the presence of NP slightly improves the dielectric properties under negative impulse
conditions. The parameters obtained for each liquid are shown in Table 7.
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Figure 8. Weibull Probability for Negative Impulse BDV.
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Table 7. Parameters for the Weibull adjustment of the Negative Impulses.

Liquid a (kv) B

MO 45.78  17.49
NDF02g/L 4671 4336
NDFO0.4g/L 4935 29.26
NDFO0.6g/L 4532  46.69

Table 8 shows the BDV under negative impulse, calculated with the Weibull distribution for failure
probabilities 25%, 50% and 75%. As can be seen, the presence of NP leads to a minor improvement of
the values.

Table 8. BDV (kV) for different probabilities of failure for negative impulses according to
Weibull distribution.

Failure Probability MO NDF 0.2 g/L NDF 0.4 g/L NDF 0.6 g/L

25% 43.78 44.76 47.34 44.33
50% 44.83 45.99 48.57 45.16
75% 46.64 46.94 49.56 45.75

3.3. Comparison of the Results of Positive and Negative Impulses

As explained before, the electrode distances considered in this work for the characterization of
positive and negative impulse BDV were different; in the case of positive impulses a distance 10mm
was set between the electrodes and for the negative impulses it was shortened to 3 mm.

To allow a comparison between the results of the positive and negative impulse tests, an additional
set of tests was carried out. The MO used as base fluid was subjected to five new positive impulses
tests considering electrode distances 3, 5, 15, 20 and 25 mm and to an additional negative impulse
test with electrode distance 5mm. The testing procedure followed for these measures was the one
described in Section 2.2.

The average values of the 10 BDV values recorded for each distance are shown in Table 9. The data
for the negative impulse values were completed with the specifications provided by the manufacturer
for the MO under negative impulse test at normalized distance (i.e., negative BDV at 25mm >300 kV).

Table 9. Average value of the positive and negative BDV of MO for different electrode distances.

Electrode Distance (mm)  Positive Impulse BDV (kV)  Negative Impulse BDV (kV)

3 16.15 44.59
5 22.06 86.50
10 34.37 -
15 50.78 -
20 68.10 -
25 76.01 >300 *

* The value for the negative impulse at 25 mm is taken form the specifications of the oil manufacturer.

The positive and negative impulse BDV at different electrode distances are shown in Figure 9.
The data of positive and negative impulse were fitted to a quadratic polynomial to make possible the
normalization of the results. The obtained relations were (2) and (3).

BDV positive imputse (d) = —1.17+1072 + d® 4+ 3.32 + d + 5.691 2)

BDV yegative impuise (4) = —0.458 x d? +24.42 » d — 24.13 (3)
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Figure 9. Average value of the positive and negative BDV of MO for different electrode distances and
tendency line.

Equations (2) and (3) were used to normalize the data of the NDF at different electrode distances.
Table 10 compares the positive and negative BDV at 3, 10 and 25 mm. These results are a rough
estimation, as to calculate them me assumed that Equations (2) and (3) are valid for the NDFE.

Table 10. Comparison of positive and negative impulse BDV for several electrode distances.

Liquid Gap 3mm Gap 10 mm Gap 25mm
POS NEG POS NEG POS NEG
MO 1549 4459 3437 17427 7750 300.12

NDFo0.2g/L 1686 46.12 3574 1758 78.87 301.65
NDF0.4g/L 2243 4852 4131 1782 84.44 304.05
NDFO0.6g/L 3258 4481 5146 17449 9459 300.34

4. Discussion

To evaluate the impact of the NP in the impulse BDV of the MO, the ratios of increase of the
average BDV, the percentiles and the BDV for different failure probabilities have been calculated for
positive and negative impulses.

Table 11 shows the enhancement obtained for positive impulses. As can be seen, the performance
of NDF is clearer superior to that of MO under positive impulse. Moreover, as the concentration of
NP rises, the percentage of improvement of the BDV average value increases, reaching a maximum
improvement of 50% at a concentration of NP 0.6 g/L. The percentile values and the BDV for different
failure probabilities have the same tendency, showing the best results the NDF with higher concentration
of NP (0.6 g/L) where the improvement of all the parameters was around 50%.

Table 11. Ratio of improvement (%) of the BDV under positive impulses for the NDF vs. the MO.

Breakdown Voltage NDF 0.2g/L NDF 0.4g/L NDF 0.6g/L

Average value 4% 20% 50%
Percentile 10 5% 16% 45%
Percentile 50 4% 19% 52%
Percentile 90 3% 23% 47%

Failure Prob 25% 4% 24% 47%
Failure Prob 50% 4% 27% 51%
Failure Prob 75% 3% 26% 51%

These results are very similar to the ones presented by other authors. Rafiq reported an
improvement of up to 30% in the positive BDV Fe3O4 [15] and SiO, based NDF [24].
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The ratios of improvement obtained for the negative impulse measurements are shown in Table 12.
As can be seen, the improvements in this case are much lower, finding a maximum increase of the
average BDV of 8% for the NDF with NP concentration 0.4 g/L. For the other two NDF the change is
almost null (i.e., in the case of the NDF with NP concentration 0.6 g/L it is below 1%). Regarding the
percentiles and the BDV for different failure probabilities, similar results are found: the improvements
are low, and in some cases a slight worsening is even observed.

Table 12. Ratio of improvement (%) of the BDV under negative impulses for the NDF vs. the MO.

Breakdown Voltage NDF 0.2 g/L NDF 0.4 g/L NDF 0.6 g/L

Average value 3% 8% <1%
Percentile 10 5% 10% 3%
Percentile 50 5% 9% 1%
Percentile 90 <1% 7% -3%

Failure prob 25% 2% 8% 1%
Failure prob 50% 3% 8% 0.7%
Failure prob 75% 1% 6% —2%

These results are also in agreement with those shown by other authors although it is difficult to
perform a precise comparison because of the diversity in electrode configurations (i.e electrode shapes
and distances), base fluids and NP types and concentrations used by the authors that have worked in
the topic. In, [33] a worsening of the Impulse BDV is reported for several NDF prepared with various
NP (ZnO, BaTiO3, TiO,) at different concentrations (0.01% and 0.03%). A deterioration is also reported
by Rafiq et al. in [24] for SiO, based NDF.

From all the previous, it can be concluded that there is a significant difference in the rate of
variation of the dielectric strength of NDF when they are subjected to positive impulses and to negative
impulses. While a major improvement of the BDV is obtained for positive impulses at all tested NP
concentrations (especially at higher ones), the impact of NP in the negative impulse BDV is small and
at high concentrations of NP the properties of the base fluid are even worsened.

Several authors have related the enhancement of the positive-impulse breakdown voltage of NDF
with the fact that part of the fast electrons involved in the streamer are trapped by the NP reducing
their mobility [34]. The low mobility of charged NP hinders the formation of a space charge zone at the
streamer tip avoiding the propagation of the electric field wave needed to drive electric-field-dependent
molecular ionization, and hence streamer propagation [35]. At low concentrations, the distance
between NP is very large allowing the movement of most of the electrons, but as the concentration
of NP increases, the distance between NP is shorter and electrons are captured to a greater extent,
slowing down the propagation of the streamer and giving rise to higher values of BDV.

Some theoretical analysis of the streamer propagation phenomena in NDF have been reported
by other authors [36,37]. These studies analyze the streamer processes by means of finite elements
models and proved that streamer propagation in insulating liquids requires ionization of the liquids
and in NDF many of the electrons generated by this ionization are trapped by the NP before they are
transported out of the ionization region. For this reason, the time scales of streamer development in
NDF are significantly longer than those in the unmodified base fluids.

Lv et al. [16] studied the pre-breakdown phenomena in a TiO, and MO based NDF using an
Intensified Charge Coupled Device camera to capture streamer propagation images. They proved that
the shape of the streamer is very different in MO and in NDF. While positive streamers propagate with
a tree-like shape in the case of the MO, in the case of NDF the branches are thicker and propagate
with a lower speed. The shape for the negative streamers is very different as well. In this case the
streamer presents a bush-like shape in the MO, while in the NDF multi filamentary discharge channels
are appreciated that propagate fast towards the ground electrode [16].



Coatings 2019, 9, 799 13 of 16

As stated by [38] in order to evaluate the impulse breakdown properties of dielectric liquids, it is
important to evaluate the propagation average speed as:
d
V= - 4
: @
where d is the distance between electrodes and ¢ is the time to breakdown. Table 13 shows the average
speeds calculated for positive and negative impulses with the experimental data obtained in this work.

Table 13. Streamer propagation speed for positive and negative impulses in MO and in the Fe3Oy4
based NDE.

Liquid Positive Speed (km/s) Negative Speed (km/s)

MO 1.37 0.12
NDF 0.2 g/L 0.80 0.11
NDF 0.4 g/L 0.71 0.13
NDF 0.6 g/L 0.87 0.13

As can be seen, there is a decrease of about a 40 % in the speed of propagation of positive
impulses when NP are added to the MO, while the presence of NP does not seem to affect the speed of
propagation of negative streamers. This result is in agreement with the theories and results reported
by other authors [16,39-41], and confirm that the variation of the streamer propagation speed is deeply
related with the improvements observed of the BDV values. If the propagation is slower there is a
higher probability of the streamer being extinguished and the rupture does not take place.

It is also interesting to note that the speed of propagation of negative streamers in MO is more than
10 times smaller than the speed of propagation of positive streamers in the same liquid. The difference
can be justified by analyzing the electric field distribution across the gap and the subsequent ability
of that electric field to produce a molecular ionization that could derive in a dielectric breakdown.
The risk associated to positive impulses is much higher that the risk associated to negative ones and
in consequence the enhancement of the positive impulse BDV is a very advantageous property of
the NDF.

5. Conclusions

In this work an exhaustive experimental evaluation of the impulse BDV of Fe3O,4 based NDF has
been carried out showing that the presence of NP improves the dielectric properties significantly under
positive impulse conditions. Improvements up to 50% were obtained for liquids with concentrations
of NP 0.6 g/L. In the case of negative impulses, the presence of NP hardly modifies the values obtained,
but does not worsen the values of Impulse BDV either. The experimental measurements were fitted
to a Weibull distribution finding similar conclusions: in the case of positive impulses, a considerable
improvement of the values of the BDV is appreciated. This improvement is very important at low
probabilities of failure raising from 32 kV (approximately) of BDV in MO without NP to a value of
45 kV (approximately) for a concentration of 0.6 g/L, In the case of negative impulses, this improvement
is not significant although the data show a lower dispersion.

The observed results are related with the variation of the streamer propagation speed: In the case
of positive streamer, the propagation speed is halved, what hinders the evolution of the discharge and
thus increases the BDV value.

It is important to note that streamers originating from a positive electrode are the ones that poses a
higher risk for the transformer integrity, as they tend to initiate at lower voltages than those originating
from a negative electrode, and to propagate faster and further so this differential property of NDF
could suppose an important advantage for the design of transformer dielectric insulation.

Although a few authors have studied the impulse BDV of Fe304- and MO- based NDF, the topic
of NDF is still very new and more data is required to evaluate the repeatability of the observations,
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the lack of dependence on the manufacturing and testing processes and the performance of different
combination of materials. In this sense, the presented work contributes to the state of the art on Fe3O4
based NDE.

The results presented in the paper agree with those presented by previous authors on the topic.
However, the conclusions obtained in this work are derived form a more detailed study; a higher
number of NP concentrations were included in the testing campaign and each liquid was subjected to a
higher number of measures what allowed us to improve the reliability of our experiments. The statistic
study presented in the paper is not only based in the evaluation of the mean values of the BDV, as
is a common practice in previous works, but also analyses the low failure probabilities, which are
important to characterize the quality of a dielectric liquid. The study is completed with the analysis
of the streamer velocity of the different liquids, which is not obtained by most previous authors,
and the obtained values are used to explain the experimental observations and to describe physical
mechanisms to justify the results. The study presented in this work extends the studies performed by
previous authors and contributes to a better understanding of the phenomena that take place in MO
Fe3O4-based NDF when subjected to lightning impulse over-voltages.
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