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ABSTRACT This paper deals with the effects of conductive and insulating nanoparticles at various sizes
and concentrations on the ac dielectric strength of natural ester oil, namely, MIDEL 1204. The investigated
nanoparticles are conductive (Fe3O4) and two insulating (Al2O3 and SiO2). Themeasurements of breakdown
voltages are achieved according to IEC 60156 standard. Experimental findings show that the investigated
nanoparticles have not a significant influence on insulation performances of natural ester oil as it is the
case with mineral oils and synthetic esters. The best improvement does not exceed 7%; it is obtained with
Fe3O4 (50nm) at a concentration of 0.4 g/L and Al2O3 (13 nm) at a concentration of 0.05 g/L. In some cases,
the addition of nanoparticles even reduces the dielectric strength of natural ester oil. Indeed, a decrease
of 15% is observed with SiO2 at a concentration of 0.05 g/L. The statistical analysis of experimental
results is performed using two probabilistic functions, namely, normal and Weibull laws. It is shown that
the breakdown voltage values of the investigated nano-liquids generally obey the normal and Weibull
distributions. In addition, the breakdown voltage with a risk of 1% and 50% probability is deduced.

INDEX TERMS Breakdown, nano-fluids, natural ester, normal distribution, statistical analysis of experi-
mental data, transformer oil, Weibull distribution.

I. INTRODUCTION
In an effort to safeguard the environment, both national and
international policies demand/require that efforts be made
in all social, economic and industrial sectors. Especially in
the energy sector, the use of eco-friendly products for high
voltage power transmission line and substation applications is
very encouraged. So, for more than thirty years, many investi-
gators are interested in the development of newmaterials with
low impact on the environment as substitutes for those used
till today in high voltage (HV) apparatus. Among HV appli-
cations, we are interested in, that of oil-filled apparatus such
as power transformers. The most used insulating liquids in
this component are mineral oils. Many researches have been
conducted since three last decades on vegetable oils for the
replacement of mineral oils. Vegetable oils indeed have better
environmental performance (biodegradability and non-toxic),
and higher fire safety guarantee than mineral and synthetic
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ester oils [1]–[5]. Due to their high viscosity and oxidation
instability (ageing instability), the use of vegetable oils is
limited to non-breathing systems (for e.g., medium-voltage
transformers). To circumvent these problems, vegetable oils
are treated (esterification) so that their use can be extended.
So, one can find today on the market some natural ester oils
such as Biotemp, FR-3 and MIDEL 7131 [6], [7] that are
currently used in many HV applications.

Among the qualities that must have an insulating oil (liq-
uid) to be used in power transformers, a good dielectric
strength and a good thermal transfer. One of the solutions to
improve the heat transfer efficiency (cooling) could be the
addition of nanoparticles. Indeed, nanofluids (NFs) possess
better thermal conductivity, thermal diffusivity and convec-
tive heat transfer coefficient than the base fluids [8]–[12].
This cooling performance is one of the searched properties
for transformer applications. So, according to some results
reported in literature, the addition of conducting nanopar-
ticles such as Fe3O4 greatly improve not only the thermal
conductivity of mineral transformer oil but also its dielectric
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strength [12], [13]–[15]. Similarly with semi-conducting and
insulating nanoparticles even if the improvement of break-
down voltage is less important than that with Fe3O4 [16].
Contrary to mineral oils and synthetic ester, the influ-

ence of nanoparticles on the dielectric strength of natural
ester (NE) does not seem to be so beneficial. The effect
can even be reversed. Indeed, Peppas et al. [17] reported
that the optimum AC breakdown voltage (BDV) of natural
ester oil EnvirotempTM FR3 based oleic acid coated Fe3O4
nanofluids is obtained with 0.008% concentration what rep-
resents an improvement of about 20%with respect to the base
oil (natural ester oil). Beyond this concentration, AC-BDV
drastically drops in values well below the breakdown voltages
of the base oil. According to the same authors [18], the AC
breakdown voltage of NFs with SiO2 nanoparticles is lower
than that of natural ester. By adding Fe3O4 (conductive)
and TiO2 (semi-conducting) nanoparticles to another natural
ester (NE) namely a highly-refined, bleached, deodorized
palm oil (RBDPO), Makmud et al. [19] reported that the
AC breakdown voltage of nanofluids is higher than that of
pure NE. However, NE based – Fe3O4 nanofluid shows BDV
higher than NE only at a lower concentration of these conduc-
tive nanoparticles. The AC-BDV of this NF decreases signif-
icantly when increasing Fe3O4 nanoparticles concentration.
J. Li et al. [20] observed that positive and negative lightning
impulse breakdown voltages of vegetable oil based – Fe3O4
nano-liquids increase by 37% and 12%; respectively.

From an economic point of view, the use of insulating
liquids that are nanofluids with improved dielectric strength
and heat transfer would enable to reduce the size, weight
and costs of components (transformers), and to pass (transit)
much higher power densities.

The purpose of this paper is to investigate the effects
of conductive (Fe3O4) and insulating (Al2O3 and SiO2)
nanoparticles of various sizes and at different concentra-
tions on AC breakdown voltage of natural ester oil namely
MIDEL 1204. In first step are presented some character-
istics of used nanoparticles, the procedure of preparation
of nanofluid samples and the experimental arrangement for
measurements of AC breakdown voltage; and then, the exper-
imental results. An analysis of the conformity of the exper-
imental results with Weibull and normal distributions is
also performed. The physicochemical processes involved in
breakdown phenomena of the investigated nanofluids are
discussed.

II. EXPERIMENT
A. NANOFLUID SAMPLES PREPARATION
The investigated basic natural ester oil is MIDEL 1204.
Table 1 gives its main characteristic parameters. Nanofluid
samples are prepared using three types of nanoparticles:
(1) conductive nanoparticles (Fe3O4) of 50 nm size; (2) insu-
lating nanoparticles of SiO2 with 10 to 20 nm size; and
(3) insulating nanoparticles of Al2O3 with 13 and 50 nm
sizes. Nanoparticles were supplied by Sigma-Aldrich; their
purity is about 99.9%.

TABLE 1. Physicochemical properties of natural ester oil MIDEL 1204.

FIGURE 1. SEM (scanning electron microscope) images of various
nanoparticles.

To check the distribution of particles (homogeneity),
their shape and their composition at atomic percentage,
similar methods and techniques as in previous works,
were used [21], [22]. This includes particle size analyzer
(NanoPlus, Particulate Systems - USA), scanning electron
microscope (SEM) images and energy dispersive X-ray spec-
troscopy (EDS) analysis. From SEM images, one observes
that these nanoparticle powders are more or less spherical
and regular as shown in Figure 1; and the EDS analysis evi-
dences the presence of each sample composition at an atomic
percentage (Figure 2). Similarly, the natural ester-nanofluid
samples were prepared in the same way as described
elsewhere [21], [22].

B. BREAKDOWN MEASUREMENT
Fresh natural ester oil and natural ester oil-based nanofluid
samples are tested according to the IEC 60156 standard [23]
using an oil breakdown tester (Foster Oil Test 90 type) with
a test cell of 500 ml volume containing two brass spheri-
cal electrodes of 12.5 mm diameter with an electrode gap
of 2.50 ± 0.05 mm. The voltage is continuously applied at
the electrodes at a uniform rise rate of 2 ± 0.2 kV/s until
breakdown occurs. All measurements are performed under
continuous stirring.
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FIGURE 2. EDS images of various nanoparticles.

FIGURE 3. Average breakdown voltage of NE/Fe3O4 nano-fluids for
different concentrations.

For the statistical investigations, two types of measure-
ments were performed: (1) 5 series of six successive mea-
surements each for the normal distribution analysis; let be
30 measurements in total; and (2) series of 16 (24) mea-
surements for the Weibull distribution, a reasonable num-
ber for this type of statistical analysis. The time delay
between the successive measurements was 2 min. (according
to IEC 60156 standard). This time is utilized as a stirring time
to accomplish self-healing of nanofluid samples.

III. EXPERIMENTAL RESULTS
A. AVERAGE BREAKDOWN VOLTAGE
The average breakdown voltages (UBDV) of the different
nanofluid samples, on the 5 series of six successive measure-
ments each, are depicted in Figures 3 to 6. Table 2 summarizes
the results for different concentrations of nanoparticles with
their sizes. It comes out that, except at a concentration of
Fe3O4, the breakdown voltage (BDV) of NF - Fe3O4 (50 nm)

FIGURE 4. Average breakdown voltage of NE/Al2O3 (13nm) nano-liquids
for different concentrations.

FIGURE 5. Average breakdown voltage of NE/Al2O3 (50nm) nano-liquids
for different concentrations.

FIGURE 6. Average breakdown voltage of NE/SiO2 nano-liquids for
different concentrations.

is reduced regarding to the base natural ester oil; at 0.4 g/L,
the breakdown voltage is enhanced by 7%.

With Al2O3 nanoparticles of 50 nm size at concentrations
of 0.05 and 0.2 g/L, the breakdown voltages of NFs are lower
than the base oil while they are slightly improved at 0.3 g/L
(by 6%); with 0.4%, the improvement is insignificant (1%).
For the same kind of nanoparticles with 13 mm size, there is a
slight improvement at a concentration of 0.05% that is of 7%.
With 0.2g/L, the enhancement is insignificant (1%); and the
breakdown voltage even reduces at 0.3 and 0.4 g/L.

Concerning SiO2 nanoparticles, the breakdown voltage is
lower than that of the base oil at 0.05 g/L concentration.
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TABLE 2. AC mean breakdown voltages of different nanofluids.

Then, it increases a little bit by 5% at 0.2 g/L and 4%
at 0.3 g/L; it somewhat decreases at 0.4 g/L.

B. STATISTICAL ANALYSIS OF EXPERIMENTAL DATA
In the following, an analysis of the statistical distribution of
experimental results using the normal and Weibull distribu-
tion laws [24], [26] is achieved; these probabilistic distribu-
tions being the most used ones for analyzing the breakdown
voltages of dielectrics. They constitute helpful tools in the
design and maintenance of power apparatus by improving
the predictability of the performance of the insulant. The
normal distribution is a probability function that describes
how the values of a variable are distributed; it is a symmetric
distribution where most of the observations cluster around
the central peak and the probabilities for values further away
from the mean taper off equally in both directions. And the
Weibull distribution enables to determine the probability of
breakdown occurring at different percentages as well as the
lifetime of insulant/equipment.

To check which distribution law, the experimental data
would obey, two hypothesis tests were applied, namely
Shapiro–Wilk test [26] and Anderson–Darling [27] test. For
that purpose, one first calculates the probability p that mea-
sures the evidence against the null hypothesis using software
R [28]. Then, the p-value is compared to a significant level
α in order to decide if the data follow or not a normal
distribution. Usually, one considers that a value of 5% for α is
a reasonable value. In case of p-values equal or lower than α,
the null hypothesis is rejected and hence the sample data do
not belong to statistical distribution.

1) WEIBULL PROBABILITY OF DIFFERENT NANO-FLUID
BASED ON NATURAL ESTER OIL
Figures 7 to 10 depict the Weibull plots of the AC break-
down voltage of natural ester-based Fe3O4, Al2O3 and SiO2
nanofluids. In the inserts of these figures are given, the
p-values, the Anderson–Darling (AD), the scale parameter
related to the scattering of the data and indicating the degree
of failure and the shape parameter; this later is equal to the

FIGURE 7. Weibull plot of the average reading of breakdown voltage of
NE/Fe3O4 nanofluids.

FIGURE 8. Weibull plot of the average reading of breakdown voltage of
NE/Al2O3 (13nm) nanofluids.

FIGURE 9. Weibull plot of the average reading of breakdown voltage of
NE/Al2O3 (50nm) nanofluids.

slope of the line. The p-values and conformity of experimen-
tal results for Weibull distribution of investigated nanofluids
are summarized in Table 3. It is noted that the experimental
data generally conformsWeibull distribution except for some
nanofluids (namely NE/Fe3O4 (0.3 g/L); NE/Al2O3 (13nm -
0.3 g/L), NE/Al2O3 (13nm - 0.4 g/L), NE/Al2O3 (50nm -
0.05 g/L)) for which the p-values are lower than 5%.

On the other hand, among the interesting and useful param-
eter from practical point of view, theAC breakdown voltage at
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FIGURE 10. Weibull plot of the average reading of breakdown voltage
of NE/SiO2.

TABLE 3. Hypothesis test of conformity to weibull distribution of the
average reading of breakdown voltage of nanofluids.

1% and 50% cumulative probabilities. Indeed, the breakdown
voltage at 1% cumulative probability that is the lowest pos-
sible breakdown voltage constitutes useful information about
the reliability of insulating liquid; it is helpful for the design
of insulating system; and the breakdown voltage at 50%
cumulative probability is the mean value. Table 4 summarizes
the AC breakdown voltage at 1% and 50% breakdown prob-
abilities for investigating nanofluids.

Contrary to mineral oil and synthetic ester - based
nanofluids where the improvement of AC breakdown volt-
ages was very interesting when adding Fe3O4, magnetic/
conducting nanoparticles, the enhancement of natural ester-
based nanofluids is less important. Indeed, for the same
kinds of nanoparticles (Fe3O4, Al2O3 and SiO2), the best
improvement of mineral oil is obtained with Fe3O4, nanopar-
ticles at a concentration of 0.4 g/L; it can exceed twice
that of pure mineral oil [21]. For synthetic ester, namely
MIDEL 7131, the best improvement is of 50%; it is also
obtained with the same type of nanoparticles (i.e.; Fe3O4) at

TABLE 4. AC breakdown voltage at different breakdown probabilities of
nanofluids (from weibull distribution).

FIGURE 11. Histogram of pure NE.

a concentration of 0.4 g/L [22]. While with natural ester -
based nanofluids; the best result is obtained with Fe3O4
(50nm) at a concentration 0.4 g/L and for Al2O3 (13nm) at
a concentration of 0.05 g/L for which the improvement does
not exceed 7%. At low concentration of Fe3O4 nanoparticles
(0.05 and 0.2 g/L), the breakdown voltage of nanofluids
decreases. It is even observed a decrease by 15% with SiO2
at a concentration of 0.05 g/L.

2) HISTOGRAM AND NORMAL DISTRIBUTION
OF AC BREAKDOWN VOLTAGE OF
INVESTIGATED NANO-FLUIDS
The histograms of the distribution of breakdown voltage of
the tested samples are shown in Figures 11 to 15.

Such a representation allows us to detect eventual anoma-
lies in the distribution of breakdown voltage in different
ranges of voltages. Table 5 summarizes the p- values for
the experimental data of investigated nanofluids and the
conformity or not to normal distribution. It is observed
that the experimental data obey the normal distribution
except for some nanofluids (namely NE/Fe3O4 (0.3 g/L),
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FIGURE 12. Histogram of NE/Fe3O4 of different concentrations.
(a) 0.05 g/L. (b) 0.2 g/L. (c) 0.3 g/L. (d) 0.4 g/L.

FIGURE 13. Histogram of NE/Al2O3 (13nm) of different concentrations.
(a) 0.05 g/L. (b) 0.2 g/L. (c) 0.3 g/L. (d) 0.4 g/L.

NE/Fe3O4 (0.4 g/L), NE/Al2O3 (13nm - 0.3 g/L), NE/Al2O3
(50nm - 0.05 g/L) and NE/ SiO2 (0.4 g/L)) for which the
p–values are lower than 0.05. To evaluate whether or not there
is problem with non-normality, one can also use the measure
of skewness and kurtosis similarly as conducted in previous
work [22] using statistical packages such as SPSS (Statistical
Package for the Social Sciences) [29].

Note that the AC breakdown voltage at 1% and 50% cumu-
lative probabilities deduced from the histograms of nanofluid
samples are close to those deduced from the Weibull plots as
shown in Table 6.

IV. DISCUSSION
It appears from the experimental results that from the point
of view of dielectric strength, natural ester oil based-Fe3O4,

FIGURE 14. Histogram of NE/Al2O3(50nm) of different concentrations.
(a) 0.05 g/L. (b) 0.2 g/L. (c) 0.3 g/L. (d) 0.4 g/L.

FIGURE 15. Histogram of NE/SiO2 of different concentrations.
(a) 0.05 g/L. (b) 0.2 g/L. (c) 0.3 g/L. (d) 0.4 g/L.

Al2O3 and SiO2 nano-fluids are not so interesting as is
the case with mineral oil and synthetic ester with the same
nanoparticles. Indeed, the improvement is too weak com-
pared with the results obtained with mineral oil or synthetic
ester [21], [22]. It does not exceed 7%, with the investigated
nanoparticles. The breakdown voltage can even decrease as it
is the case with SiO2 nanoparticles for which one observes a
reduction of 15% at a concentration of 0.05 g/L.

Such an increase with natural ester – based nanofluid
for a given concentration of nanoparticles and then a
decrease for another concentration has been reported by
Peppas et al. [17], [18]. These authors observed that the
addition of 0.008% wt./wt. of commercial Fe3O4 powder or
oleate-coated colloidal Fe3O4 at a concentration of 0.012%
wt./wt. increases the breakdown voltage of natural ester oil
EnvirotempTM FR3 by 20%. However, with further addition
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TABLE 5. Hypothesis test of conformity to normal distribution of the
average reading of breakdown voltage of various nanofluids.

TABLE 6. AC breakdown voltage at different breakdown probabilities of
nanofluids (from normal distribution).

of nano-Fe3O4, the breakdown voltage significantly reduces.
They attributed this to the decreasing inter-particle distance of
the nano-Fe3O4, which starts forming conductive paths above
a threshold value.

While other investigators reported that the AC breakdown
voltage of Palm Fatty Acid Ester (PFAE) oil-based nanoflu-
ids with a concentration of 0.01 g/L of Fe3O4 conductive
nanoparticles gives a significant improvement of dielectric
performance compared to pure PFAE, whereby the AC break-
down voltage increases by 43% [30]. Menlik et al. [31] also
observed that the silica-coated titanium (ST TiO2) particles
at a concentration of 0.25% improves the average value of

breakdown voltage of ENVITRAFOL (a biodegradable oil)
by about 33% (from 60 kV for pure liquid to 80.15 kV); the
tests were performed according to IEC 60156.

The fact that, these nanoparticles do not always improve
the dielectric strength of natural ester, has been also reported
by others [32]. By considering virgin linseed and virgin cas-
tor, Chetty et al. [32] observed that the addition of 5 wt%
of silica aerogel powder nanoparticles increased the streamer
activity.

Therefore, and unlike mineral oils and synthetic esters for
which the additions of some specific nanoparticles (espe-
cially Fe3O4) improve significantly the breakdown strength,
there is no unanimous conclusion about the effect of nanopar-
ticles on natural esters. It is therefore difficult to propose
a mechanism that could explain the variation (increase/
decrease) of the dielectric strength of natural esters - based
nanofluids, as has been the case for mineral oils and synthetic
esters - based nanofluids [21], [22] in which case a mecha-
nism of trapping electrons by nanoparticles or of slowing the
development/propagation of streamers were evoked.

Therefore, it would also be difficult to envisage the use of
this type of nanofluids in high voltage applications (power
transformers), at least based on MIDEL 1204. This would
bring no added value compared to vegetable oil alone.

V. CONCLUSION
In this work, the insulation performances of natural ester oil –
MIDEL 1204, in the presence of three kinds of nanoparticles
(namely conductive (Fe3O4) and two insulating (Al2O3 and
SiO2) nanoparticles), were investigated. It was shown that
the effect of nanoparticles on the breakdown voltage of this
natural ester is not evident /complex. Indeed, the investigated
nanoparticles have a less effect on the breakdown voltage
of natural ester than that observed with mineral oils and
synthetic esters. The best improvement does not exceed 7%; it
is obtained with Fe3O4 (50nm) at a concentration 0.4 g/L and
Al2O3 (13nm) at a concentration of 0.05 g/L. In some cases,
the addition of nanoparticles reduces the dielectric strength
of natural ester oil; a decrease of 15% was observed with
SiO2 at a concentration of 0.05 g/L. Thus, the use of this kind
of nanofluids in high voltage applications, at least based on
MIDEL 1204, could arise some problems.

It is also shown that the values of breakdown voltage values
of the investigated nano-liquids generally obey the normal
and Weibull distributions.
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