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Abstract
The heart of an electrical system network is power transformers, and its livelihood is insulating oil, which provides insula-
tion and cooling to the transformers. The elements of insulating oil determine the electrical properties of the oil, and the 
properties of the insulating oil can be optimized by bring in nanofluid. The chief aim of this work is to analyze the impact 
of  Fe3O4, ZnO and  TiO2 nanoparticles individually and its mixtures  (Fe3O4 + ZnO) and  (Fe3O4 +  TiO2) at different volume 
concentration on dielectric strength of mineral oil and ester oil. Laboratory-oriented experimental results are statistically 
analyzed using normal and Weibull distribution technique. The results of the experiments reveal that conductive nanopar-
ticles blended mineral oil and pongamia ester oil-based nanofluids samples S6 (MO + 0.4%  Fe3O4) and S18 (EO + 0.4% 
 Fe3O4) reported with highest enhancement percentage in BDV as 52% and 53%, respectively, compared to other nanopar-
ticles. While looking over the performance of mixed nanoparticles, the samples (S27 MO + 75%  Fe3O4 + 25%  TiO2) and 
S33 (EO + 75%  Fe3O4 + 25%  TiO2) reported with highest enhancement percentage in Breakdown Voltage (BDV) as 65% 
and 69%, respectively. When comparing the BDV of individual nanofluid samples and mixed nanofluid samples, the mixed 
nanofluid samples have higher enhancement percentage.

Keywords Pongamia ester oil · Nanofluids · Mixed nanofluids · Breakdown voltage · Weibull analysis

1 Introduction

Most commonly utilized insulating liquid in oil-filled 
devices such as power transformers, tap changers, power 
capacitors, bushings, circuit breakers and cables is Mineral 
oil (MO). It has strong dielectric strength and thermal per-
formance, which are two important qualities for this type 
of component [1]. There are many different types of trans-
former fluids available nowadays, but ecologically friendly 
liquids are the most recent breakthrough in dielectric fluids 
for electrical transformers, bushings, circuit breakers and 
others. These fluids, also known as natural esters or bio-
based fluids, are produced spontaneously by living organ-
isms and are derived from plant crops such as coconut, 
neem, palm, rapeseed, sunflower, and others. Because of 
its environmentally friendly characteristics and strong fire 

resistance, this novel "green" alternative has found a niche 
in the market [2–4].

Dielectric properties, heat transfer ability and physical 
properties are the important qualities of transformer fluid. It 
can be further enhanced by using specialized nanoparticles 
(NP), such as conductive and semi-conductive. Indeed, the 
resulting nanofluids (NF) have higher thermal characteris-
tics [5] as well as dielectric and physical properties than 
MO and ester oil. Choi and Eastern developed the concept 
of NF in 1995 [6] and detailed its advantages over tradi-
tional fluids for cooling and systems in various engineering 
applications[7]. Water, deionized water, glycol/water solu-
tions, fluorocarbons, hydrogenated poly-alpha-olefins were 
utilized as base fluids for heat transfer fluid. Solar absorp-
tion, nuclear power plants, transportation, civil engineering, 
aircrafts, space stations and other applications of NF come 
to mind. The volume fraction, shape, sizes, and qualities of 
the NP added, as well as the surface contact area between 
particles and liquid, all influence the cooling effectiveness 
of NF [8–10].

It was reported that by adding particular type of nano-
particles in mineral oil- and ester oil-based nanofluids can 
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considerably increase their dielectric, thermal, and physical 
properties [11, 12]. In the previous two decades, numerous 
studies have been undertaken on this subject. Aluminum 
oxide  (Al2O3), aluminum (Al), copper (Cu), copper oxide 
(CuO), titanium dioxide (TiO2), iron oxide  (Fe3O4), zinc 
oxide (ZnO), silicon dioxide (SiO), fullerene  (C60), carbon 
nanotubes (CNT) and calcium copper titanate (CCTO) are 
the most commonly studied NPs. According to the studies 
published in the literature,  Fe3O4 NPs improve the properties 

of MO as well as ester oil the most. These advances in die-
lectric and thermal qualities enable transformer size, weight, 
and cost reductions, as well as the transmission of signifi-
cantly higher power densities [8–13].

The findings reported are focused on analyzing the impact 
of each type of NP employed separately. The aim of this 
work is to analyze the impact of varying concentrations of 
 Fe3O4,  TiO2 and ZnO nanoparticles on the dielectric strength 
of mineral oil and pongamia ester oil (EO). Further, the 
results are examined using statistical analysis.

2  Samples preparation

The liquid insulation utilized in this work is mineral oil and 
pongamia ester oil. Initially, the oils should be pretreated to 
remove foreign particles and moisture content which affects 
the performance of liquid insulation. In the pretreatment 
process, the oils are heated up to 100 °C to remove moisture 
content and filtered with Whatman filter paper to remove 
foreign particles. After the pretreatment process, moisture 
content in mineral oil and pongamia ester oil is 5.2 ppm and 

Table 1  Basic properties of Mineral oil and Pongamia Ester oil

Parameter Mineral Oil Pongamia 
Ester Oil

Dielectric Strength (kV) 41.2 62.7
Flash point (oC) 135 314
Fire point (oC) 147 328
Pour point (oC) -48 -26
Acidity (mg KOH/g) 0.0015 0.0048
Water content (ppm) 8.2 32
Dissipation factor at 90 °C 0.0071 0.063

Fig. 1  SEM images of (a)
Fe3O4, (b) ZnO and (c)  TiO2

(a) (b)

(c)
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18.6 ppm, respectively. The base properties of mineral oil 
and pongamia ester oil are given in Table 1.

In this work, three nanoparticles namely  Fe3O4, ZnO and 
 TiO2 are used for analysis purpose. The shape of the nano-
particles is in spherical as shown in Fig. 1, SEM images of 
nanoparticles. Similarly, the size distribution of the nano-
particles is less than 70 nm. With these nanoparticles, two 
different sets of mineral oil and pongamia ester oil based 
nanofluids samples are prepared for laboratory oriented 
experiments. During the nanofluids preparation process, 
the samples are placed in magnetic stirring process for 1 h. 
Further, the samples undergo ultra-sonication process for 1 h 
to avoid agglomeration of nanoparticles and to have uniform 
and stable blending of nanoparticles as shown in Fig. 2. In 
the first set,  Fe3O4, ZnO and  TiO2 nanoparticles individually 
blended with mineral oil and pongamia ester oil at 0.1%, 
0.2%, 0.3% and 0.4% volume concentration. Subsequently, 
in the second set, mixtures of  Fe3O4, and  TiO2 nanoparticles 

and mixtures of  Fe3O4, and ZnO nanoparticles are blended 
with mineral oil and pongamia ester oil. The detailed sam-
ples list is given in Table 2, and some of the samples are 
shown in Fig. 3.

3  Experimental results

The BDV test is an important aspect of the liquid insulation 
acceptance testing. With the spacing of 2.5 mm, two copper 
plate electrodes are used for BDV test as shown in Fig. 4. In 
order to generate high AC voltage, the samples are electri-
cally strained using step up transformer. The BDV tests are 
conducted with the same electrodes as the ac breakdown 
experiments. All the BDV tests are carried out in the same 
temperature range as a thermal test in an incubator to study 
the effect of temperature on breakdown behavior [14]. For the 
purpose of decreasing the influence of production and growth 

Fig. 2  Nanofluid preparation 
process

Table 2  Samples preparation 
description

S.No Sample Description S.No Sample Description S.No Sample Description

S1 Pure mineral oil S15 EO + 0.1%  Fe3O4 S27 MO + 75%  Fe3O4 + 25%  TiO2

S2 Pure pongamia ester oil S16 EO + 0.2%  Fe3O4 S28 MO + 50%  Fe3O4 + 50%  TiO2

S3 MO + 0.1%  Fe3O4 S17 EO + 0.3%  Fe3O4 S29 MO + 25%  Fe3O4 + 75%  TiO2

S4 MO + 0.2%  Fe3O4 S18 EO + 0.4%  Fe3O4 S30 MO + 75%  Fe3O4 + 25% ZnO
S5 MO + 0.3%  Fe3O4 S19 EO + 0.1%  TiO2 S31 MO + 50%  Fe3O4 + 50% ZnO
S6 MO + 0.4%  Fe3O4 S20 EO + 0.2%  TiO2 S32 MO + 25%  Fe3O4 + 75% ZnO
S7 MO + 0.1%  TiO2 S21 EO + 0.3%  TiO2 S33 EO + 75%  Fe3O4 + 25%  TiO2

S8 MO + 0.2%  TiO2 S22 EO + 0.4%  TiO2 S34 EO + 50%  Fe3O4 + 50%  TiO2

S9 MO + 0.3%  TiO2 S23 EO + 0.1% ZnO S35 EO + 25%  Fe3O4 + 75%  TiO2

S10 MO + 0.4%  TiO2 S24 EO + 0.2% ZnO S36 EO + 75%  Fe3O4 + 25% ZnO
S11 MO + 0.1% ZnO S25 EO + 0.3% ZnO S37 EO + 50%  Fe3O4 + 50% ZnO
S12 MO + 0.2% ZnO S26 EO + 0.4% ZnO S38 EO + 25%  Fe3O4 + 75% ZnO
S13 MO + 0.3% ZnO - - - -
S14 MO + 0.4% ZnO - - - -
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of vapor bubbles, the highest temperature is limited to 70 °C, 
which is less than the boiling point of liquid samples.

The average BDV of pure MO, pure EO and nanofluid 
samples is shown in Table 3. It is inferred that nanofluid 
samples have higher average BDV than average BDV of pure 
MO and EO samples. In particularly,  Fe3O4-blended nano-
fluid samples (both MO- and EO-based nanofluids) have 
higher average BDV than  TiO2- and ZnO-blended nanofluid 
samples. The  Fe3O4 nanofluid sample with 0.4% concentra-
tion in both MO and EO (i.e., sample number S6 and S18) 

registered best average BDV as 62.8 kV for MO and 91.5 kV 
for EO compared to other nanofluid samples as shown in 
Figs. 5 and 6. Moreover, when comparing the enhance-
ment percentage of nanofluid samples BDV,  Fe3O4-blended 
nanofluid samples (both MO and EO) performed better and 
have higher enhancement percentage than  TiO2- and ZnO-
blended nanofluid samples. In particular, nanofluid sample 
with 0.4%  Fe3O4 concentration registered highest enhance-
ment percentage as 52% for MO (sample S6) and 53% for 
EO (sample S18) than other nanofluid samples.

Fig. 3  (a) Pure MO, (b) Pure 
EO, (c) MO + 0.4%  Fe3O4, (d) 
EO + 0.4%  Fe3O4, (e) EO + 25% 
 Fe3O4 + 75%  TiO2

(a) (b) (c)                                  (d)

(e) 

Fig. 4  BDV test setup
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Table 3  Average BDV of 
nanofluid samples

Sample 
Number

Dielectric 
Strength (kV)

Enhancement in Dielectric 
Strength (%)

Sample 
Number

Dielectric 
Strength (kV)

Enhancement in 
Dielectric Strength 
(%)

S1 41.2 - S15 80.9 38
S2 58.7 - S16 82.6 41
S3 52.5 27 S17 85.4 45
S4 54.2 32 S18 91.5 53
S5 57.4 39 S19 79.6 36
S6 62.8 52 S20 82.1 40
S7 50.6 23 S21 86.4 47
S8 53.4 30 S22 85.5 46
S9 55.3 34 S23 81.4 36
S10 54.2 32 S24 80.3 37
S11 50.4 22 S25 82.6 39
S12 51.8 26 S26 84.5 44
S13 53.5 30 - - -
S14 52.4 27 - - -

Fig. 5  Average Breakdown 
Voltage of MO-based nanofluid 
Samples

Fig. 6  Average Breakdown 
Voltage of EO-based nanofluid 
Samples
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The effect of blending mixtures of nanoparticles in 
MO and EO on average BDV is shown in Table 4. The 
nanoparticles mixtures are prepared by addition of two 
nanoparticles such as  Fe3O4 + ZnO and  Fe3O4 +  TiO2 
nanoparticles at various ratios as given in Table 2. The 
experimental results of mixtures of nanoparticles on MO 
and EO are given in Table 4 and for better understating 
it are shown in Fig. 7. It is noted that in all concentra-
tions, nanoparticles mixtures enhance the BDV of MO 
and EO than nanoparticle samples as individually (i.e., 
S3 to S14 for MO and S15 to S26 for EO). Moreover, the 
mixture samples S27 (MO + 75%  Fe3O4 + 25%  TiO2) and 
S33 (EO + 75%  Fe3O4 + 25%  TiO2) performed better and 
produce some appreciable improvement in average BDV 
68.1 kV and 99.2 kV, respectively. Moreover, samples S29 
and S35 recorded highest enhancement percentage as 65% 
and 69%, respectively.

4  Statistical analysis

The widely used statistical techniques to analyze experi-
mental results of liquid dielectrics breakdown voltage are 
Weibull and normal distribution. In order to verify the dis-
tribution level of experimental results, hypothesis test will 
be carrying out. As a result, we determine the p value, which 
is a probability that evaluates the proof in favor of the null 
hypothesis. Stronger evidence is presented in contrast to the 
null hypothesis by lower p values [15].

When the p value and significance level are compared, 
it is possible to assess whether or not the data have a nor-
mal distribution. A significance threshold of 0.05 usually 
produces good results. If the significance threshold is set 
at 0.05, there is a 5% chance that the results will be inter-
preted as not following a normal distribution. The choice 
is to reject null hypothesis and come to the conclusion that 
the data do not reflect a normal distribution if the p value is 
below or equal to the probability value. Furthermore, if the 
p value exceeds the import level, the null hypothesis is not 
rejected since there is insufficient evidence to support the 
conclusion that the data do not obey a normal distribution. 
The data do not, however, necessarily follow the normal 
distribution; therefore, this cannot be said. The outcomes of 
the hypothesis test are additionally supported by additional 
standards, including those imposed by the Jarque–Bera and 
Pearson, Lillie tests [16].

The histogram distribution of BDV of examined nanoflu-
ids samples is shown in Fig. 8. This permits us to observe the 
abnormalities in the distribution of BDV in various ranges of 
voltages. It is inferred that with the irregularities in BDV of 
nanofluid samples S5 (MO + 0.3%  Fe3O4), S10 (MO + 0.4% 
 TiO2), S13 (MO + 0.3% ZnO), S17 (EO + 0.3%  Fe3O4), S21 
(EO + 0.3%  TiO2), S26 (EO + 0.4% ZnO), S30 (MO + 75% 
 Fe3O4 + 25% ZnO) and S36 (EO + 75%  Fe3O4 + 25% ZnO) 
are having lower p value. In addition, the experimental data 

Table 4  Average BDV of mixtures of nanofluid samples

Sample Number Dielectric Strength (kV) Enhancement in 
Dielectric Strength 
(%)

S27 68.1 65
S28 66.7 62
S29 65.4 59
S30 62.4 51
S31 65.2 58
S32 67.5 64
S33 99.2 69
S34 96.5 64
S35 92.7 58
S36 91.4 56
S37 95.3 62
S38 98.6 68

Fig. 7  Average Breakdown 
Voltage of mixed nanofluid 
Samples
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Fig.8  Histogram distribution of 
nanofluids

(a) Pure MO (b) Pure EO

(c) MO + 0.4% Fe3O4 (d) EO + 0.4% Fe3O4

(e) MO+75% Fe3O4+25% TiO2 (f) EO+75% Fe3O4+25% TiO2
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of examined nanofluid samples follow the normal distribu-
tion as shown in Table 5.

The measures of skewness and kurtosis are also used to 
determine whether there is any issue with non-normality. 
Skewness is a metric for symmetry or, more specifically, 

for the absence of symmetry. An experimental data set is 
said to be symmetric if it has the same appearance to the 
right and left of the center point. Kurtosis measures a dis-
tribution’s peakedness and the degree to which the data are 
heavily or lightly tailed in relation to a normal distribution. 

Table 5  Nanofluids BDV conformity test

Normal Distribution Weibull Distribution

Sample Number p-value Remarks p-value Remarks

S1 0.2264 Accepted 0.2117 Accepted
S2 0.2345 Accepted 0.2524 Accepted
MO-based nanofluids
S3 0.4514 Accepted 0.5423 Accepted
S4 0.3761 Accepted 0.3416 Accepted
S5 0.0062 Not Accepted 0.0101 Not Accepted
S6 0.5672 Accepted 0.5945 Accepted
S7 0.3247 Accepted 0.4318 Accepted
S8 0.4271 Accepted 0.5872 Accepted
S9 0.5624 Accepted 0.4675 Accepted
S10 0.0112 Not Accepted 0.0045 Not Accepted
S11 0.4376 Accepted 0.3783 Accepted
S12 0.3462 Accepted 0.4862 Accepted
S13 0.0023 Not Accepted 0.0016 Not Accepted
S14 0.4768 Accepted 0.5724 Accepted
EO-based nanofluids
S15 0.5347 Accepted 0.5846 Accepted
S16 0.4521 Accepted 0.5024 Accepted
S17 0.3758 Accepted 0.4287 Accepted
S18 0.0036 Not Accepted 0.0027 Not Accepted
S19 0.4892 Accepted 0.4562 Accepted
S20 0.5645 Accepted 0.5143 Accepted
S21 0.0102 Not Accepted 0.0067 Not Accepted
S22 0.4652 Accepted 0.5217 Accepted
S23 0.5743 Accepted 0.5973 Accepted
S24 0.4276 Accepted 0.4831 Accepted
S25 0.2985 Accepted 0.3786 Accepted
S26 0.0032 Not Accepted 0.0021 Not Accepted
Mixed nanofluids
S27 0.5627 Accepted 0.5214 Accepted
S28 0.4726 Accepted 0.4127 Accepted
S29 0.3875 Accepted 0.3262 Accepted
S30 0.0110 Not Accepted 0.0027 Not Accepted
S31 0.4382 Accepted 0.5752 Accepted
S32 0.5972 Accepted 0.4975 Accepted
S33 0.3478 Accepted 0.3872 Accepted
S34 0.4572 Accepted 0.5014 Accepted
S35 0.5624 Accepted 0.5967 Accepted
S36 0.0109 Not Accepted 0.0041 Not Accepted
S37 0.3219 Accepted 0.4215 Accepted
S38 0.4837 Accepted 0.5621 Accepted
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In other words, data sets with a higher kurtosis have heavier 
tails. Low kurtosis data typically have lighter tails. Some 
researchers reported that the asymmetry and kurtosis values 
between -2 and + 2 are considered to prove the distribution 
is normal [16].

Tables 6, 7 and 8 show the Skewness and kurtosis val-
ues of examined nanofluids. Except the nanofluid sample 
S30 (MO + 75%  Fe3O4 + 25% ZnO), skewness and kur-
tosis are higher than 3, and the kurtosis value of sam-
ples S5 (MO + 0.3%  Fe3O4), S10 (MO + 0.4%  TiO2), S13 
(MO + 0.3% ZnO), S17 (EO + 0.3%  Fe3O4), S21 (EO + 0.3% 
 TiO2), S26 (EO + 0.4% ZnO) and S36 (EO + 75% 
 Fe3O4 + 25% ZnO) is between 2 and 3. Remaining all other 
nanofluid samples, the skewness and kurtosis values are 
lesser than 2. Nevertheless, the higher kurtosis value 3 does 
not eliminate the data of normality. In fact, most statistical 
software programmes, including SPSS [16], offer “extra” 
kurtosis that is determined via subtracting 3 from the kurto-
sis for various practical purposes. 

For a fully normal distribution, the extra kurtosis ought 
to be zero. The samples S30 (MO + 25%  Fe3O4 + 25% ZnO) 
sample out of all the examined nanofluid samples has a kur-
tosis value of 3.19176, giving it an extra of 0.19176. This 
an extra is not that significant when taking into account data 
that deviate from normality. Leptokurtic distributions, which 
have a high peak, are defined as having a positive extra kur-
tosis, while Platykurtic distributions, which have a negative 
extra kurtosis, are defined as having a flat-topped curve. In 
light of the foregoing, it can be said that all samples fol-
low the normal distribution. Based on the p value, the sam-
ples S5 (MO + 0.3%  Fe3O4), S10 (MO + 0.4%  TiO2), S13 
(MO + 0.3% ZnO), S17 (EO + 0.3%  Fe3O4), S21 (EO + 0.3% 
 TiO2), S26 (EO + 0.4% ZnO), S30 (MO + 75%  Fe3O4 + 25% 
ZnO) and S36 (EO + 75%  Fe3O4 + 25% ZnO) do not follow 
normal distribution.

Weibull probability plots for dielectric strength of min-
eral and pongamia ester oil-based  Fe3O4,  TiO2 and ZnO 
nanofluids for different volume concentrations of nano-
particles are shown in Fig. 9. The scale parameter is con-
nected to data dispersion and reflects the degree of failure. 
The shape parameter is equal to the line’s slope. The prob-
abilities for the different examined nanofluid samples are 
listed in Table 5 along with their conformity to the normal 
and Weibull distribution. It is observed from the calcu-
lated p value, for experimental data of dielectric strength 
for most of the nanofluids samples are higher when com-
pared to the significance value. Moreover, the BDV of sam-
ples S5 (MO + 0.3%  Fe3O4), S10 (MO + 0.4%  TiO2), S13 
(MO + 0.3% ZnO), S17 (EO + 0.3%  Fe3O4), S21 (EO + 0.3% 
 TiO2), S26 (EO + 0.4% ZnO), S30 (MO + 75%  Fe3O4 + 25% 
ZnO) and S36 (EO + 75%  Fe3O4 + 25% ZnO) are lesser 
than the significance value. It confirms that the experimen-
tal data comply with normal and Weibull distributions. As 

Table 6  Skewness and kurtosis of BDV of MO-based nanofluids

Sample No. skewness kurtosis

S1 0.17715 -0.86296
S3 -0.00863 -0.82358
S4 0.05056 -0.92204
S5 -0.06120 2.69854
S6 0.07178 -0.94982
S7 -0.14057 -0.83144
S8 -0.33384 -0.51666
S9 0.06581 -0.23067
S10 0.06746 2.29289
S11 -0.42273 0.06670
S12 -0.33063 -0.82303
S13 -0.46322 2.45161
S14 0.08013 -0.25017

Table 7  Skewness and kurtosis of BDV of MO-based nanofluids

Sample No. skewness kurtosis

S2 -0.03894 -0.51979
S15 0.13681 -0.24652
S16 -0.27733 -0.41024
S17 0.08827 2.96021
S18 -0.30915 0.74328
S19 -0.35532 -0.46754
S20 -0.18143 -1.20364
S21 0.14904 2.59733
S22 -0.40080 -0.69545
S23 0.36141 -0.53479
S24 -0.29912 -0.68196
S25 0.37135 -0.18999
S26 -0.24103 2.77773

Table 8  Skewness and kurtosis of BDV of mixed nanofluids

Sample No. skewness Kurtosis

S27 0.75454 0.44030
S28 -0.06120 -0.69854
S29 -0.18291 0.15397
S30 0.33312 3.19176
S31 0.16927 -0.64146
S32 -0.10585 -0.98147
S33 -0.12317 -0.75165
S34 0.07334 -0.79409
S35 0.14602 -0.90205
S36 -0.56149 2.05048
S37 -0.71312 -0.38051
S38 -0.26227 -0.76696
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mentioned in the results, experimental data for sphere gap 
electrode perfectly fit the normal and Weibull distribution.

Table 9 depicts the possible breakdown voltages at 10%, 
25% and 50% of examined nanofluids, and this supports to 
determine voltage limitation for continuous reliable opera-
tion of transformers. The BDV at 10% is an approximate 
possible lowest breakdown voltage. Moreover, it evidences 
the reliable performance of liquid insulation and it ena-
bles the determination of a safety coefficient of electrical 
equipments. Commonly, the BDV of nanofluid samples is 
higher than that of pure MO and EO for all three types of 
nanoparticles and its blending concentrations. For MO and 
EO, the BDV at 0.4% concentration (samples S6, S10, S14, 
S17, S22 and S26) of  Fe3O4, ZnO and  TiO2 nanoparticles is 
higher than other concentrations. Similarly, for mixed nano-
fluids, the concentration at 75%  Fe3O4 + 25%  TiO2 (sample 

S27) and 75%  Fe3O4 + 25% ZnO (sample S33) has higher 
BDV than other concentrations. This clearly shows that the 
blending of nanoparticles enhances the BDV of both MO 
and EO.

5  Discussion

For the majority of the examined nanofluid samples, the sta-
tistical analysis of BDV of experimental data follows both 
the normal and Weibull distributions. The experimented 
BDV values of MO- and EO-based nanofluids as well as 
mixed nanofluids combinations often follow normal rather 
than Weibull distribution according to the experimental data 
presented in above section.

(a) (b)
S1, S3, S4, S5, S6, S7, S8, S9, S10, S11, S12, S13, S14 S1, S15, S16, S17, S18, S19, S20, S21, S22, S23, S23, S24, S25,

S26

(c)

S27, S28, S29, S30, S31, S32, S33, S34, S35, S36, S37, S38

Fig.9  Weibull plot for nanofluids (a) MO, (b) EO and (c) mixed nanofluids
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The experimental results depict that among MO-based 
nanofluids  Fe3O4 nanoparticles (sample S6) at a concen-
tration of 0.4% registered a higher average BDV with an 
enhancement of 45% than other nanoparticles. For EO-
based nanofluids,  Fe3O4 nanoparticles (sample S18) at a 
concentration of 0.4% registered 52% enhancement in BDV. 
Similarly, in mixed nanofluids the samples S29 (MO + 75% 
 Fe3O4 + 25%  TiO2) and S33 (EO + 75%  Fe3O4 + 25%  TiO2) 
registered higher enhancement in BDV as 65% and 69%, 

respectively. It is inferred from this enhancement in aver-
age BDV of MO, EO and mixed nanofluids, the conductive 
nanoparticles register higher enhancement percentage than 
other nanoparticles.

The enhancement in BDV of nanofluids is influenced by 
type, size, shape, and volume concentration of the nano-
particle. Whereas the similar nanoparticle type and shape 
and volume concentration, BDV is influenced by size of the 
nanoparticle, i.e., for smaller size nanoparticle the BDV is 

Table 9  Nanofluids BDV at different breakdown probabilities

S.No Sample concentration 10% 25% 50%

BDV (kV) Increment (%) BDV (kV) Increment (%) BDV (kV) Increment (%)

S1 Pure mineral oil 41.78 - 43.46 - 46.24 -
S2 Pure pongamia ester oil 52.67 - 53.32 - 57.42 -
S3 MO + 0.1%  Fe3O4 42.27 1.17 45.36 4.37 48.45 4.78
S4 MO + 0.2%  Fe3O4 45.32 8.47 48.75 12.17 52.25 13.00
S5 MO + 0.3%  Fe3O4 49.16 17.66 52.34 20.43 57.82 25.04
S6 MO + 0.4%  Fe3O4 52.76 26.28 57.76 32.90 60.34 30.49
S7 MO + 0.1%  TiO2 43.52 4.16 44.83 3.15 47.76 3.29
S8 MO + 0.2%  TiO2 45.78 9.57 46.35 6.65 48.37 4.61
S9 MO + 0.3%  TiO2 47.40 13.45 49.04 12.84 51.78 11.98
S10 MO + 0.4%  TiO2 49.05 17.40 52.17 20.04 55.89 20.87
S11 MO + 0.1% ZnO 42.76 2.35 44.85 3.20 48.42 4.71
S12 MO + 0.2% ZnO 44.11 5.58 47.53 9.36 50.65 9.54
S13 MO + 0.3% ZnO 46.34 10.91 49.72 14.40 53.24 15.14
S14 MO + 0.4% ZnO 49.47 18.41 53.09 22.16 57.18 23.66
S15 EO + 0.1%  Fe3O4 64.76 22.95 66.25 24.25 72.00 25.39
S16 EO + 0.2%  Fe3O4 67.52 28.19 68.84 29.11 76.54 33.30
S17 EO + 0.3%  Fe3O4 70.87 34.55 72.49 35.95 81.07 41.18
S18 EO + 0.4%  Fe3O4 75.24 42.85 77.91 46.12 90.23 57.15
S19 EO + 0.1%  TiO2 62.40 18.47 64.71 21.36 70.50 22.78
S20 EO + 0.2%  TiO2 65.71 24.76 68.43 28.34 74.83 30.33
S21 EO + 0.3%  TiO2 71.54 35.83 73.67 38.17 81.47 41.88
S22 EO + 0.4%  TiO2 74.79 42.00 76.42 43.32 83.42 45.28
S23 EO + 0.1% ZnO 60.94 15.70 63.04 18.23 68.42 19.16
S24 EO + 0.2% ZnO 63.27 20.13 68.15 27.81 75.27 31.09
S25 EO + 0.3% ZnO 67.28 27.74 72.76 36.46 79.85 39.06
S26 EO + 0.4% ZnO 71.60 35.94 78.62 47.45 86.61 50.84
S27 MO + 75%  Fe3O4 + 25%  TiO2 68.22 63.28 71.37 64.22 76.41 65.25
S28 MO + 50%  Fe3O4 + 50%  TiO2 57.85 38.46 60.72 39.71 64.77 40.07
S29 MO + 25%  Fe3O4 + 75%  TiO2 60.12 43.90 63.75 46.69 68.77 48.72
S30 MO + 75%  Fe3O4 + 25% ZnO 63.28 51.46 66.04 51.96 70.60 52.68
S31 MO + 50%  Fe3O4 + 50% ZnO 65.34 56.39 68.11 56.72 72.89 57.63
S32 MO + 25%  Fe3O4 + 75% ZnO 55.87 33.72 58.24 34.01 63.77 37.90
S33 EO + 75%  Fe3O4 + 25%  TiO2 82.27 56.20 86.47 62.17 95.03 65.50
S34 EO + 50%  Fe3O4 + 50%  TiO2 83.46 58.46 86.29 61.83 93.48 62.80
S35 EO + 25%  Fe3O4 + 75%  TiO2 87.18 65.52 90.73 70.16 99.70 73.63
S36 EO + 75%  Fe3O4 + 25% ZnO 80.79 53.39 84.42 58.33 91.77 59.82
S37 EO + 50%  Fe3O4 + 50% ZnO 86.45 64.14 88.79 66.52 97.27 69.40
S38 EO + 25%  Fe3O4 + 75% ZnO 88.48 67.99 90.48 69.69 98.42 71.40



7178 Biomass Conversion and Biorefinery (2024) 14:7167–7179

1 3

higher and vice-versa for increase in size of the nanoparticle 
[5]. This is caused by collisions between the polarized nano-
particle surface, liquid molecule and volume concentration 
of interfaces in the liquid insulation. As a result, size and 
surface area are crucial for breakdown in liquid insulation. 
The surface area becomes increasingly crucial as nanopar-
ticles get smaller, which increases the likelihood of charges 
building up at liquid insulation interfaces.

Many scientists agree that the growth of streamers is 
responsible for the change or enhancement of the BDV of 
insulation liquid by the addition of nanoparticles. By act-
ing as electron scavengers, nanoparticles lower the charge 
density and prevent the growth of streamers in nanofluid, 
raising the breakdown voltage. The enhancement in BDV 
of nanofluids by the electron scavenging effect is clearly 
explained by Peppas [17] and Makmud [18]. This postponed 
the generation of streamers and slowing down the streamer 
development process. The BDV of the nanofluids is often 
influenced by the conductive nanoparticles. According to a 
paper, conductive nanoparticles swiftly catch fast-moving 
electrons and change them into slower negatively charged 
nanoparticles, which slows streamer development and raises 
breakdown voltage [19]. Our experimental findings confirm 
that conductive nanoparticle  (Fe3O4) performs superior than 
semi-conductive nanoparticles  (TiO2 and ZnO), whereas 
insulating particles increase BDV quite similarly.

The higher BDV of  Fe3O4 nanoparticles compared 
to semi-conductive nanoparticles  (TiO2 and ZnO) is the 
result of  Fe3O4’s easier ability to accumulate charges at its 
surfaces and to become polarized than the other two types 
of nanoparticles. Conductive nanoparticles entrap moving 
electrons when an electric field is present; these surface 
charges are referred to as induced charges.TiO2 and ZnO 
nanoparticles, which are nonconductive, trap electrons 
due to polarization effects. Devins et al. [20] provided a 
model that they considered the field ionization happens 
in the liquid to describe how electronic scavenger agents 
affect streamer propagation. To estimate the amount of 
positive and negative carriers present in a cylinder-shaped 
conducting channel, they applied Zener’s tunneling theory 
for solids. This model assumes that the positive streamer 
speed is constant over the entire electrode gap. While 
electron injection and trapping are followed by ionization 
within the liquid in order to propagate negative streamers. 
It produces plasma that is comparable to that created if the 
point is in positive. The time taken in either the injection 
stage or the trapping step determines the negative streamer 
velocity. If this model needs to be justified for some of its 
assumptions [20], it is backed by two fascinating facts: (i) 
Electronic scavengers are added, which reduces the time 
spent in the trapping distance, first step and increasing 
the negative velocity. (ii) With the addition of low ioniza-
tion potential compounds, increase in rate of ionization 

shortens the time spent in the second step and enhances 
the velocity.

When the polarization-relaxation time τ of nanoparti-
cles is subjected to an electric field that can have an impact 
on the streamer production or not is discussed in [21]. 
The streamer is suppressed, and the BDV will rise if the 
τ is lesser than the streamer’s growth time. If τ is longer 
than the streamer’s growth time, on the other hand, neither 
the streamer nor the breakdown voltage will be impacted. 
This explanation is in conflict with findings related to the 
impact of electronic scavenger substances including car-
bon tetrachloride, iodobenzene, and Weibull hexafluoride 
[22]. It is true that these substances speed up the spread 
of streamers in liquids.

When nanofluids conduct, nanoparticles may behave as 
charge carriers’ scavengers. If so, they will minimize the 
amount of charges by trapping, which will in turn dimin-
ish the overall space charge. The liquid insulations BDV 
raises as a result of this decrease in conductivity [18]. The 
dielectric constant and conductivity of the liquid insula-
tion and nanoparticles influence the improvement in BDV. 
When these two parameters for nanoparticles and nanofluids 
are close together, the BDV suffers; however, if these two 
parameters are dissimilar, the BDV improves.

By acting as electron scavenger at the electrodes and 
nanofluid interface, nanoparticles play two key roles in 
enhancing breakdown voltage: (1) increasing the starting 
voltage of streamers; and (2) forming a double layer at the 
insulation liquid and nanoparticle interfaces that trap elec-
trons moving within the majority of nanofluid. The effect 
of electron scavenging stops when the double layers are 
saturated, which explains why the ideal concentration of 
nanoparticles produces the highest value of BDV for nano-
fluids. Due to the enormous volume percentage of inter-
faces in nanofluid and subsequent linkages between liquid 
insulations molecular structure and nanoparticles surface, 
it is noticed that at a given concentration of nanoparticles, 
the BDV are greater for smaller nanoparticles. As a result, 
charge carrier motion is delayed, which in turn slows the 
growth of streamers.

6  Conclusion

In this work, the BDV of MO- & EO-based  Fe3O4, ZnO and 
 TiO2 nanofluids at various concentrations is examined. More-
over, the BDV of mixed nanofluids (i.e., blending of more 
than one nanoparticle at various concentrations) is also exam-
ined. From the results, the conductive nanoparticles blended 
MO- and EO-based nanofluids reported with highest enhance-
ment percentage in BDV as 45% (sample S6 (MO + 0.4% 
 Fe3O4)) and 52% (sample S18 (EO + 0.4%  Fe3O4)), respec-
tively, compared to other nanoparticles. Among the mixed 
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nanofluids, the samples S27 (MO + 75%  Fe3O4 + 75%  TiO2) 
and S33 (EO + 75%  Fe3O4 + 25%  TiO2) reported with highest 
enhancement percentage in BDV as 65% and 69%, respec-
tively. While comparing the BDV of individual nanofluid 
samples and mixed nanofluid samples, the mixed nanofluid 
samples have higher enhancement percentage.

Furthermore, Weibull and normal distribution statisti-
cal analysis are carried out for examined nanofluids. This 
depicts that most of the nanofluids follows both Weibull 
and normal distribution except the samples S5 (MO + 0.3% 
 Fe3O4), S10 (MO + 0.4%  TiO2), S13 (MO + 0.3% ZnO), 
S17 (EO + 0.3%  Fe3O4), S21 (EO + 0.3%  TiO2), S26 
(EO + 0.4% ZnO), S30 (MO + 75%  Fe3O4 + 25% ZnO) 
and S36 (EO + 75%  Fe3O4 + 25% ZnO). One of the major 
requirements of transformers is higher BDV, and this is 
fulfilled by these nanofluids. Hence, this may be consid-
ered to replace traditional MO in transformers.
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