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Abstract 

This study aimed to compare the electrical characteristics of mineral oil-based nanoparticles to those 
of pure mineral oil. Mineral oil used in distribution transformers was mixed with aluminum oxide (Al2O3) 
nanoparticles, which serve as an insulator, with 0.01, 0.03, and 0.05 % mineral oil volume concentrations. 
The moisture content in mineral oil was measured beforehand, and the electrical tests were subsequently 
conducted in accordance with international standards. The moisture content test revealed that the 
combination of nanoparticles and mineral oil resulted in an increase in moisture content. As regards the 
test of AC withstanding voltage and negative polarity lightning impulse voltage, it was found that the 
mineral oil mixed with the nanoparticles had higher dielectric strength than the original mineral oil. In 
addition, the test results of positive polarity lightning impulse voltage demonstrated that with a mixture of 
mineral oil and the nanoparticles at a 0.01 % concentration, the positive polarity lightning impulse 
dielectric strength of the mineral oil increased. However, at concentrations of 0.03 and 0.05 %, it did not 
rise, regardless of the increasing volume of nanoparticles. The results, thus, showed promising directions 
for applications of nanoparticles in the development of electrical properties of mineral oil. 
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Introduction 

Electric power usage constantly increases, so the power transmission and generation increase 
accordingly. For this reason, the voltage breakdown strength of dielectric is needed for the transmission 
and distribution system since such systems are the bulk distribution of power at a low rate of energy loss. 
The most popular transmission system is the high voltage alternating current system. However, the 
problem with such a system is the insulator of the high voltage (HV) units, such as transformer oil or 
mineral oil, electric insulator, and high voltage transmission cable. Mineral oil (MO), in particular, is the 
liquid insulator of the electric transformer that can withstand the voltage and ventilate heat very well [1]. 
When the heat increases, the insulating strength is compromised, leading to the deterioration or damage of 
the electric transformer. Transformers are the most important component of a modern power generating 
and distribution network. Typically, cellulose and MO are utilized as insulating materials in power 
transformers. Cellulose is a kind of cellulose that is used for mechanical and electrical insulation. 
Electrical insulation and cooling qualities are the most common uses for MO [2-4]. Since the first 
commercially oiled transformers were utilized in the past, MO has been employed. On the other hand, 
MO continues to play an important role in high-voltage equipment insulation, notably transformers and 
instrument transformers [5,6]. By focusing on advancements in nanotechnology and applications, 
nanoparticles have promised that they can be used with MO to enhance properties that enable more 
compact designs and lower production costs [2,3,7-11]. 

Choi pioneered thermal conductivity in 1993 [12,13], which is one of the concepts for employing 
nanoparticles (NPs) to enhance the thermal characteristics of liquids. Since 1995, with an average of 32 % 
per year, the number of publications involving nano-liquids has grown [6]. In 1998, Vladimir et al. [14] 
began research into MO-based nanocomposite liquids' dielectric properties. They added magnesite NPs to 
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improve the dielectric properties of MO. Other research tested the alternating current (AC) degradation 
ability of nanofluid samples under different moisture levels. They used MO based on Silicon dioxide 
(SiO2) compared to base oil [15]. In conclusion, in the nano-fluid sample, the decaying pressure 
increased. The dissolution pressure of MO and SiO2 nanofluids increased with the decrease in water 
content. It is consistent with the finding [16] that MO-based SiO2 NPs outperformed original MO under 
various field direct current conditions. They also looked at how interstitial zones impact the dielectric 
characteristics of MO-based alumina (Al2O3) and titanium dioxide (TiO2), as described in [17]. The 
studies showed that increasing insulating properties of MO may be achieved through the use of different 
types of NPs [18,19]. However, the relative permittivity and conductivity differed from the host oil, 
including the prepared nano-fluid loss factor [20,21]. In transformer units designed with pure oil 
properties, applications of these NFs to these specific properties may have different stress distributions. 
This may result in structural difficulties for the transformer. There should be revisions to standard testing 
and maintenance procedures. A number of other issues related to fluid nanofabrication should be 
addressed, such as precipitation, oxidation stability, and moisture absorption issues. The use of nano-fluid 
in existing transformers is highly complex due to the difference in electrical properties. Therefore, further 
research is needed to find NPs in MO suspensions that do not affect the insulating properties to a great 
extent and can improve the dielectric properties of MO. 

The above review of the literature showed that different nanoparticles showed an enhancement in 
the degradation of MO. The research lacks extensive analyses on the influence of Al2O3 NPs on MO 
degrading efficiency in terms of shape, concentration, and surface modification factors. A novel nanofluid 
was created by dispersing Al2O3 nanoparticles into MO to boost insulating properties. The effect of these 
parameters of NPs on the degradation efficiency of MO was studied. The lightning impulse decay voltage 
was measured with different shapes for the prepared nano fluids (nanorod, nanoplate). The higher 
dissolution efficiency was demonstrated by the nanofluid prepared with the nanopod. The effect of 
several surface modifications (C2, C18, Oleic acid) on the breakdown efficiency of MO was then 
investigated. The higher decomposition efficiency was seen from the nanofluid prepared with the 
nanopod modified by oleic acid. Nano fluids with effect concentrations of 0, 0.6, 0.8 and 1.2 g/L were 
made using nanorods modified with oleic acid (OA). Nano fluids were prepared with nano-shapes to 
survive. The surface modification of oleic acid including the 0.8 g/L concentration demonstrated the best 
decomposition efficiency. For this reason, they were used to study the effect of electrode spacing on the 
alternating current degradation efficiency of MO. The electron trap theory has dramatically improved the 
dielectric strength of nanoscale fluids [18]. 

This research studied the insulation efficiency enhancement of MO by mixing with the 
nanoparticles (NPs). Aluminium oxide (Al2O3) is a fascinating nanoparticle that has been mentioned in 
conference papers and journals as an excellent insulating material for nano dielectric applications. In 
general, most research papers did not compare different concentrations of Al2O3 NPs (0.01, 0.03 and 0.05 
%). As a result, the goal of this study was to compare the features of MO-based nanofluids with varied 
NP concentrations. Furthermore, during the production of MO combined with Al2O3 NPs, this research 
focuses on a specific circumstance. The findings and conclusions of this study will contribute to a better 
understanding of Al2O3 NPs' utilization in dielectric materials. In addition, this study used Al2O3 NPs, 
which were smaller than 50 nanometers [22]. They were used in this research at 0.01, 0.03 and 0.05 % of 
the volume of MO in order to compare the insulation of the original MO and that mixed with NPs by 
testing the electric properties. The study results would lead to the improvement of MO quality. 
 
Materials and methods 

Preparation of MO-based nanofluids  
Pure MO was prepared for mixing NPs at 60 °C for 24 h in a vacuum oven. The Al2O3 nanopowders 

were weighted and mixed with Al2O3 at 0.01, 0.03 and 0.05 % of the volume of MO, as well as the 
surfactant before stirring well in a stirrer at 60 °C for 30 min. After that, all the mixtures were mixed in a 
shaker with high frequency ultrasonic at 60 °C for 2 h. Lastly, the nanofluids were put at 60 °C for 24 h 
using a vacuum oven. Well-dispersed nanofluids as shown in Figure 1 [1,6]. 
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Figure 1 Preparation of MO-based nanofluids. 
 
 

Experimental measurement methods 
Prior to the electric testing, the MO moisture test was mixed with and without NPs. Moisture 

analyzer model: CA-310 MITSUBISHI as Karl Fischer Titration, a technique for determining moisture 
content, was used in the MO in accordance with ASTM-D1533 [23], and the test was repeated 3 times to 
find the average. 

The current voltage breakdowns test (AC Breakdowns) was alternated with the original MO and the 
MO was mixed with Al2O3 using an AC breakdown test kit of 10 kVA, 100 kVAC with AC breakdown 
based on the IEC 60156 [24]. The gap between the sphere-sphere electrodes, both 13 mm in diameter, 
with a fixed length of 2.5 mm, was tested at room temperature. The test was repeated 6 times to find the 
average. The test circuit is shown in Figure 2. 

The tests of positive and negative polarity lightning impulse breakdown voltages of the original MO 
and the MO mixed with Al2O3 with the Lightning Impulse Voltage test kit 400 kV, 40 kJ were performed 
in accordance with IEC 60897 [25]. With a gap separation of 10 mm, the electrode (needle-sphere) 
arrangement was established. A tungsten needle with a tip radius of 40 µm and a spherical electrode with 
a diameter of 13 mm were tested at room temperature. The test was carried out 6 times. Figure 3 depicts 
the test circuit. 
 

  
(a)  
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 (b)  
 

Figure 2 Circuit for testing the AC breakdowns voltage of MO-based nanofluids (a) Diagram of the AC 
breakdowns voltage test circuit. (b) The test circuit set-up used for the AC breakdowns voltage. 
 
 

 
 (a)  
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(b)  
 

Figure 3 Circuit of lightning impulse breakdowns voltage test; (a) diagram of the lightning impulse test 
circuit, (b) the test circuit set-up used for lightning impulse voltage. 

 
 
Results and discussion 

Test results of moisture content in MO 
From the moisture analysis of the original MO and the MO mixed with NPs at 0.01, 0.03 and 0.05 

%, it showed that the average moisture content level in the MO mixed with Al2O3 was higher than that in 
the original MO. However, it was likely to decrease due to the increasing NPs as they penetrated into 
water in the mineral water. Meanwhile, the NPs contained the moisture on the surface, so when 0.05 % of 
the NPs were added, it also penetrated into water in the MO. Consequently, the moisture of the MO 
dropped. In any case, the moisture content of the MO mixed with Al2O3 was greater than that of the 
original MO, as shown in Figure 4, while 1st, 2nd and 3rd symbols mean the number of times a 
measurement is executed in the test results, i.e. the test was repeated 3 times to find the average. 
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Figure 4 The test results of moisture content in the original MO and the MO mixed with Al2O3 NPs. 
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Test results of alternating current voltage breakdowns 
The test results of AC breakdowns between the original MO and the MO mixed with Al2O3 

indicated that the MO mixed with 0.05 % of Al2O3 had increasing breakdowns at every volume and 
higher than that of the original MO. Moreover, the increase in breakdown strength is the result of the 
suspension of different concentrations of nanomaterials into MO effects. As a result of the spacing 
between NPs being smaller, the cause of the electrons becoming trapped in more oil gap [19]. The 
comparison of increasing breakdown voltage as shown in Table 1 and Figure 5. The error of test results 
could be determined from the standard deviation in the Eq. (1) [26]. 
 

2 2
n X - ( X)

S.D. =
n(n - 1)

∑ ∑
                                                                                                                           (1) 

 
where  S.D. represented standard deviation 
  X represented data (1, 2, 3..., n) 
  n represented all data 
 
 
Table 1 Test results of AC breakdowns. 
 

Liquid 
Types 

AC breakdowns voltage (kV) 

1st 2nd 3rd 4th 5th 6th Average S.D. 

Mineral Oil (MO) 40.6 41.7 44.1 44.4 44.9 41.2 42.82 1.86 

MO+Al2O3 0.01 % 53.7 56.3 55.4 54.1 57.6 56.5 55.60 1.50 

MO+Al2O3 0.03 % 60.5 58 56.5 57.2 57.9 56.9 57.83 1.43 

MO+Al2O3 0.05 % 60.5 60.6 59.5 59.1 62.7 59.8 60.37 1.28 

 
 

 
 
Figure 5 Comparison of test results of alternating current voltage breakdowns. 
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The data was evaluated and a comparison of the alternating current breakdown voltage 
characteristics of original MO and MO-based nanocomposite liquids was made at room temperature. First 
and foremost, when the alternating current breakdown strength of MO mixed with Al2O3 NPs was 
compared to original MO, a favorable association was found. The presence of Al2O3 NPs in MO, which 
were introduced to prevent streamer rise and hinder beam diffusion, resulted in an increase in the 
alternating current decay voltage of MO-based nanofluids. Therefore, it can be explained by the influence 
of the nano-fluid concentration. Figure 5 shows that the nanofluid at 0.01 %, a very low concentration, 
has a slightly increased decay strength because the oil molecules and electrons were ionized before the 
NPs were trapped. Besides, Figure 5 showed that the alternating current decomposition was significantly 
increased at 0.03 and 0.05 % concentrations because there was a greater likelihood of particles with less 
distance in the oil gap being the cause of electrons being trapped in those gaps. In the presence of an 
external electric field, each NP has a polarization effect, which can initiate the trapping process [27]. 
 

Test results of lightning impulse breakdowns voltage 
The lightning impulse breakdown voltage was measured at room temperature with both positive and 

negative polarities using the original MO and the MO mixed with Al2O3. It was discovered that NPs had a 
significant impact on impulse breakdowns. The comparison of the increasing breakdowns of the Al2O3 at 
0.01, 0.03 and 0.05 % of the MO volume. Furthermore, the test results of lightning impulse voltage on 
positive polarity demonstrated that with a mixture of MO and NPs at a 0.01 % concentration, the 
lightning impulse dielectric strength on the positive polarity of the MO increased, but not at 
concentrations of 0.03 and 0.05 %, despite the increasing volume of NPs, as shown in Figure 6. 

Figure 6 showed the results of testing the effect of Al2O3 NPs on the impulse decomposition 
pressure properties of MO. The data analysis showed that the type of Al2O3 NPs added to MO had a great 
influence on the impulse decay pressure of MO-based nanofluids. In Figure 6(a) showing the anode of 
the impulse decay voltage, when adding Al2O3 NPs at a fraction concentration of 0.01 % to MO, the 
impulse decay pressure slightly increased ascending with the anode. However, when Al2O3 NPs were 
added to MO at a concentration of 0.03 % and a volume fraction of 0.05 %, no benefits were found. The 
results showed that Al2O3, a NP that was added to MO, all of the nanofluid samples tested, among the 3 
volumetric fractions of the NPs, could increase the impulse decay voltage with the negative polarity as 
shown in Figure 6(b). 
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Figure 6 Effect of NPs on the lightning impulse breakdowns voltage; (a) the test results of lightning 
impulse breakdowns voltage on positive polarity, (b) the test results of lightning impulse breakdowns 
voltage on negative polarity. 
 
 
Conclusions 

The results of the tests showed that the MO mixed with Al2O3 increased the moisture content. 
However, when Al2O3 was added, the increased volume resulted in a small drop in moisture content. 
Furthermore, the test results of AC voltage breakdowns indicated that the value of the MO mixed with 
Al2O3 was higher than that of the original MO, especially when the Al2O3 concentration increases at 0.01, 
0.03 and 0.05 % of the volume of MO, the AC breakdown voltage increases are 55.60, 57.83 and 94.61 
kV respectively. Besides, the test results of positive polarity lightning impulse voltage demonstrated that 
with a mixture of MO and the Al2O3 NPs at a 0.01 % concentration, the positive polarity lightning 
impulse dielectric strength of the MO increased. However, at the Al2O3 concentrations of 0.03 and 0.05 
%, it did not rise, regardless of the increasing volume of NPs. Meanwhile, it was found that the negative 
polarity lightning impulse voltage that was mixed with the MO and with the Al2O3 NPs at all 
concentrations had a higher dielectric strength than the original MO. 
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