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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in fulfilment of 

the requirement for the degree of Master of Science 

 

BREAKDOWN CHARACTERISTICS AND DIELECTRIC PROPERTIES OF 

PALM OIL AND COCONUT OIL BASED TiO2 NANOFLUIDS 

By 

SHAMSUL FAHMI MOHD NOR 

November 2016 

Chairman: Norhafiz Azis, PhD  

Faculty: Engineering 

The increasing concerns on environmental issues have led to the introduction of 

vegetable oils such as Palm Oil (PO) and Coconut Oil (CO) as potential candidates for 

alternative dielectric insulating fluids for mineral oil. Even though the overall 

performances of these oils are comparable with other types of vegetable oils, some 

improvements can be carried out especially on their electrical properties. Extensive 

electrical examinations need to be conducted on these PO and CO at laboratory level in 

order to determine its feasibility for practical application in transformers. 

 

This work presents an examination on the electrical properties of PO and CO under the 

presence of a semi-conductive nanoparticle, Titanium (IV) Oxide (TiO2). Refined, 

Bleached and Deodorized Palm Oil (RBDPO) Olein was used in this study, whereas 

the volume concentrations of TiO2 used are from 0.001% to 0.050%. Investigation on 

the effects of a surfactant, Cetrimonium Bromide (CTAB) was also carried out.  

Transmission Electron Microscope (TEM) was used to examine the morphology of 

RBDPO and CO based TiO2 nanofluid. Moreover, AC and lightning breakdown 

voltages, dielectric dissipation factor, relative permittivity and resistivity measurements 

were taken whereas the withstand voltages for AC and lightning were statistically 

evaluated through Weibull distribution.  

 

This study found that the AC breakdown voltages of the RBDPO and CO can be 

increased through introduction of TiO2 without CTAB where the highest percentages of 

increments are 17.2% and 22.7% respectively. The AC breakdown voltage of RBDPO 

and CO based TiO2 nanofluid can however decrease with introduction of CTAB. The 

effect of TiO2 on the lightning breakdown voltages of RBDPO and CO under both fields 

is quite small for samples with or without CTAB where the highest percentages of 

increments are 9.2% and 11.3% respectively. The dielectric dissipation factors and 

resistivity of RBDPO and CO based TiO2 nanofluid are significantly affected by the 

presence of CTAB whereas TiO2 has no significant effect on the relative permittivity of 

RBDPO and CO for samples with and without CTAB. The statistical analysis reveal that 

the AC breakdown voltages at 1% probability for RBDPO and CO have experienced a 
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significant improvement after the introduction of TiO2 regardless with or without CTAB 

where the highest percentages of increments are 63.9% and 36.8% respectively. On the 

other hand, TiO2 has small effect on improving the lightning breakdown voltages at 1% 

probability under non-uniform field regardless with or without CTAB. Significant 

improvements of the lightning breakdown voltages at 1% probability under quasi 

uniform field are found for samples with CTAB. 
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Abstrak tesis yang dikemukakan kepada Senat Universiti Putra Malaysia sebagai 

memenuhi keperluan untuk ijazah Master Sains 

 

CIRI-CIRI PECAHAN VOLTAN DAN SIFAT-SIFAT DIELEKTRIK 

TERHADAP MINYAK KELAPA SAWIT DAN MINYAK KELAPA 

BERASASKAN BENDALIR NANO TiO2 

Oleh 

SHAMSUL FAHMI MOHD NOR 

November 2016 

Pengerusi: Norhafiz Azis, PhD 

Fakulti: Kejuruteraan 

Kebimbangan semakin meningkat mengenai isu-isu alam sekitar yang telah membawa 

kepada pengenalan minyak sayuran seperti Minyak Kelapa Sawit (PO) dan Minyak 

Kelapa (CO) sebagai calon yang berpotensi sebagai alternatif cecair penebat dielektrik 

untuk menggantikan minyak mineral. Prestasi keseluruhan minyak ini boleh 

dibandingkan dengan lain-lain jenis minyak sayuran, beberapa penambahbaikan boleh 

dijalankan terutamanya pada sifat-sifat elektrik mereka. Pengujian elektrik yang meluas 

perlu dijalankan ke atas PO dan CO diperingkat makmal untuk menentukan kelayakan 

untuk digunakan secara praktikal di dalam alat ubah. 

 

Kajian ini membentangkan pengujian sifat-sifat elektrik ke atas PO dan CO di bawah 

kehadiran TiO2. RBDPO Olein telah digunakan dalam kajian ini, manakala jumlah 

kepekatan TiO2 yang digunakan adalah dari 0.001% kepada 0.050%. Pengujian 

mengenai kesan bahan permukaan iaitu CTAB juga telah dijalankan. TEM telah 

digunakan untuk mengkaji morfologi RBDPO dan CO berasaskan bendalir nano TiO2. 

Selain itu, pecahan voltan arus ulang-alik dan kilat, pengukuran faktor pelesapan 

dielektrik, ketelusan relatif dan kerintangan telah dijalankan manakala pecahan voltan 

arus ulang-alik dan kilat dianalisis melalui taburan Weibull. 

 

Kajian ini mendapati bahawa pecahan voltan arus ulang-alik untuk RBDPO dan CO 

boleh diperbaiki melalui pengenalan TiO2 tanpa kehadiran CTAB di mana peratusan 

tertinggi kenaikan masing-masing adalah 17.2% dan 22.7%. Pecahan voltan arus ulang-

alik untuk RBDPO dan CO berasaskan TiO2 bendalir nano boleh berkurangan dengan 

pengenalan CTAB. Kesan TiO2 pada pecahan voltan kilat untuk RBDPO dan CO di 

bawah kedua-dua medan ini agak kecil untuk sampel dengan atau tanpa CTAB di mana 

peratusan tertinggi kenaikan masing-masing adalah 9.2% dan 11.3%. Faktor pelesapan 

dielektrik dan kerintangan untuk RBDPO dan CO berasaskan TiO2 bendalir nano 

secara ketara dipengaruhi oleh kehadiran CTAB manakala kehadiran TiO2 mempunyai 

kesan yang besar ke atas ketelusan relative untuk RBDPO dan CO dengan kehadiran 

dan ketidakhadiran CTAB. Analisis statistik menunjukkan bahawa pecahan voltan arus 
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ulang-alik pada 1% kebarangkalian untuk RBDPO dan CO telah mengalami 

peningkatan yang ketara selepas pengenalan TiO2 tidak kira dengan atau tanpa 

kehadiran CTAB di mana peratusan tertinggi kenaikan masing-masing adalah 63.9% 

dan 36.8%. Sebaliknya, TiO2 mempunyai kesan kecil kepada peningkatan pecahan 

voltan kilat pada 1% kebarangkalian di bawah medan yang tidak sekata tanpa mengira 

kehadiran atau ketidakhadiran CTAB. Peningkatan yang ketara telah ditemui untuk 

pecahan voltan kilat pada 1% kebarangkalian di bawah medan sekata untuk sampel 

yang mempunyai CTAB. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Most transformers in the power system network are oil-filled type. Among the main 

functions of the oil include to insulate between components, to dissipate the heat 

generated from the core/winding and to act as information carrier for condition-

monitoring purposes [1–4]. For more than a century, mineral oils have been widely used 

as dielectric insulating fluids in transformers due to their excellent electrical properties. 

They are derived from petroleum crude stock from buried and decayed vegetable matter 

or by action of water on the metal carbides [5, 6]. However, there are several issues 

associated with the characteristics of mineral oils. Mineral oils are  non-biodegradable, 

have low flash/fire points and could cause serious contamination issues in the presence 

of a leakage [7]. 

 

Due to the increasing concern on environment and safety, alternative fluids for mineral 

oil are currently being sought. Among the possible fluids considered for transformers 

application include vegetable oil. It is derived mainly from glycerol and fatty acids 

known as triglyceride [8]. Vegetable oil is biodegradable, non-toxic and has high 

flash/fire points [8–10]. There are a number of studies that have been carried out on 

different types of vegetable oils which include soy, rapeseed and sunflower oils. The 

studies cover on different aspects such as ageing characteristics, fault diagnosis based on 

dissolved gas analysis and breakdown mechanisms [12–16]. Apart from esters, Palm Oil 

(PO) and Coconut Oil (CO) are other types of vegetable oil considered for transformers 

insulation [11, 17, 18]. Most of the PO and CO are food grade type and have almost the 

same characteristics as esters. There are a number of studies previously that have been 

carried out to examine its physical and chemical properties such as viscosity, acidity and 

oxidation stability, together with its electrical properties such as AC breakdown voltage, 

dissipation factor and partial discharge [19–24].  

 

Nowadays, nanotechnology provides exciting new possibilities to enhance the electrical 

and thermophysical properties of oils [29–32]. The technology has been applied in 

various fields such as biomedical industry, mechanical and aerospace engineering fields 

[29, 33, 34]. A number of studies have also been carried out to improve the performance 

of dielectric insulating fluids through the introduction of nanoparticles such as Magnetite 

(Fe3O4), Maghemite (Fe2O3), Zinc Oxide (ZnO), Aluminium Oxide (Al2O3), Silicon 

Dioxide (SiO2) and Titanium (IV) Dioxide (TiO2) [35–39]. Most of these nanofluids 

studies are mainly on mineral oil and also covers on the electrical performance and 

dielectric properties [40, 41]. There are also a number of studies that have been carried 

out on vegetable oils through the introduction of nanoparticles which covers also 

different aspects such as AC and lightning breakdown voltages and thermal ageing [42, 

43]. With the current interest of green technology application in transformers, there is a 

need to expand the application of nanoparticles to other types of vegetable oils such as 

PO and CO.  
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1.2 Problem Statement 

Mineral oils have been widely used due to their excellent electrical properties, however 

there are issues associated with mineral oil such as non-biodegradable, have low 

flash/fire points and could cause serious contamination issues in the presence of a leakage 

[7]. Therefore, vegetable oils have been introduced as possible alternatives for dielectric 

insulating fluids in transformers due to their environmental friendliness. PO and CO are 

among the vegetable oils that are currently being considered for transformer application. 

Current studies on PO and CO show that the performances are comparable to commercial 

esters applied in transformers [11, 44]. Among the issues associated with PO and CO are 

the AC breakdown voltages is slightly lower than mineral oil, low resistivity and high 

dielectric dissipation factor [25–28, 109]. The current nanotechnology provides a good 

platform for improvement of the electrical properties of PO and CO. In recent years, a 

number of studies have been carried out to improve the electrical, physical and chemical 

performances of other types of vegetable oils such as AC and lightning breakdown 

voltages, dielectric properties, flash/fire points, viscosity and acidity through 

introduction of various types of nanoparticles [42, 43, 45–47]. However, before the PO 

and CO based nanofluids can be further explored for potential application in 

transformers, there are several issues that need to be considered: 

1. Refined Bleached and Deodorized Palm Oil (RBDPO) and CO are chosen as a 

candidate for application of nanoparticles since these oils have good electrical 

performances and ageing properties based on a number of previous studies. 

2. Considering the importance of AC breakdown voltage for insulation design and 

condition monitoring, the breakdown characteristics under AC voltages of 

RBDPO and CO under presence of nanoparticles is still not known.  

3. On the other hand, lightning breakdown voltage is among the important 

parameters for insulation design. It is also important to consider the lightning 

breakdown voltages of RBDPO and CO based nanofluids under good and worst 

scenarios which can be represented through quasi and non-uniform fields, 

however there is no study have been conducted to examine the performances of 

lightning breakdown voltages for RBDPO and CO based nanofluids under both 

fields.  

4. In addition, the dielectric properties such as dielectric dissipation factor, 

resistivity and relative permittivity are important to indicate any irregularities 

that occur in the oils. Currently, there is no information can be obtained on the 

effect of nanoparticles on the dielectric properties of RBDPO and CO.  

5. The application of nanoparticles in oils is associated with surfactant mainly to 

improve the stability as well as to reduce the aggregation. Considering this fact, 

it is important to evaluate the overall performance and its mechanisms of 

RBDPO and CO based nanofluids with introduction of surfactant.  

6. Overall, there is still lack of knowledge on the electrical properties of RBDPO 

and CO under presence of TiO2 and Centrimonium Bromide (CTAB). It is 

anticipated through measurements such as the AC and lightning breakdown 

voltages and dielectric properties, the properties of RBDPO and CO based TiO2 

nanofluids can be further learned for the benefits towards further studies in the 

future and it would beneficial knowledge to the asset engineer and management. 
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1.3 Research Aim and Objectives 

The main aim of this study is to investigate the breakdown characteristics and dielectric 

properties of RBDPO and CO based TiO2 nanofluids with and without CTAB. In order 

to achieve the aim of this research, a number of objectives are outlined as follows: 

1. To investigate the AC breakdown voltages of RBDPO and CO based TiO2 

nanofluids with and without CTAB and its mechanisms.  

2. To evaluate the lightning breakdown performances of RBDPO and CO based 

TiO2 nanofluids with and without CTAB under quasi and non-uniform fields.  

3. To examine the characteristics of dielectric dissipation factor, resistivity and 

permittivity of RBDPO and CO based TiO2 nanofluids with and without CTAB. 

  

1.4 Scope and Limitations of the Project 

The scope and limitations of the project are outlined as follows: 

1. This research only considers only one type of nanoparticles, namely TiO2. 

2. The volume concentrations of TiO2 under study are from 0.001% to 0.050%. 

3. The surfactant considered in this research is only CTAB at volume 

concentration of 0.02%. 

4. This research focuses on the AC and lightning breakdown voltages, dielectric 

dissipation factor, relative permittivity and resistivity of RBDPO and CO based 

TiO2 nanofluids. 

 

1.5 Contribution of the Research 

1. The knowledge derived regarding the effect of the various concentrations of 

TiO2 with and without CTAB on the electrical properties of RBDPO and CO 

based TiO2 nanofluids can be further applied in future research and 

development in relation to the practical application in transformers. 

2. The analysis of the AC and lightning breakdown voltages of RBDPO and CO 

based TiO2 nanofluids can be utilized for insulation design. Coupled with 

information from its thermal performances, a comprehensive design of 

transformers can be carried out. 

3. The characteristics of dielectric dissipation factor, resistivity and relative 

permittivity of RBDPO and CO based TiO2 nanofluids can be used as a 

condition monitoring reference for application in transformers in the future.  
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1.6 Thesis Outline 

This thesis is divided into 5 chapters. A summary of all of the chapters presented in this 

thesis is as follows: 

 

Chapter 1 Introduction  

This chapter introduces the background and the problem statement of this study. Also 

describes the research aim and objectives, together with the scope, the limitations and 

the contribution of the research, are also elaborated. 

 

Chapter 2 Literature Review 

This chapter provides a detailed overview of the insulation materials in transformers and 

a brief introduction of nanoparticles and surfactant in dielectric insulating fluids. The 

synthesis process of nanofluids are described along with the most recent studies on 

mineral oil and vegetable oil based nanofluids. 

 

Chapter 3 Methodology 

This chapter describes the properties of oils and characteristics of nanoparticles and 

surfactant are also explained, followed by the steps to prepare the all oil samples. The 

detailed explanation of AC and lightning breakdown voltages and dielectric properties 

measurement are also presented. 

 

Chapter 4 Results and Discussion 

This chapter investigates the electrical properties on the AC and lightning breakdown 

voltage, as well as the dielectric properties of RBDPO and CO based TiO2 nanofluids 

with and without CTAB. The AC and lightning breakdown voltages result were analysed 

using statistical analysis to determine the withstand voltages. 

 

Chapter 5 Conclusions and Recommendations  

This chapter summarises and concludes the main findings in this research. It also 

provides the recommendations for future works on electrical properties of RBDPO and 

CO based TiO2 nanofluids with and without CTAB. 

 

 

 

 

 

 

 

 

 

 

 

 



© C
OPYRIG

HT U
PM

63 

 

REFERENCES 

[1] Y. Du,  a. V. Mamishev, B. C. Lesieutre, M. Zahn, and S. H. Kang, “Moisture 

solubility for differently conditioned transformer oils,” IEEE Transactions on 

Dielectrics and Electrical Insulation, vol. 8, no. 5, pp. 805–811, 2001. 

[2] C. Booth and J. R. McDonald, “The use of artificial neural networks for 

condition monitoring of electrical power transformers,” Neurocomputing, vol. 

23, no. 1–3, pp. 97–109, 1998. 

[3] J. Singh, Y. Sood, and R. Jarial, “Condition monitoring of power 

transformers-bibliography survey,” IEEE Electrical Insulation Magazine, vol. 

24, no. 3, pp. 11–25, 2008. 

[4] S. D. J. McArthur, S. M. Strachan, and G. Jahn, “The design of a multi-agent 

transformer condition monitoring system,” IEEE Transactions on Power 

System, vol. 19, no. 4, pp. 1845–1852, 2004. 

[5] N. Azis, “Ageing Assessment of Insulation Paper with Consideration of In-

service Ageing and Natural Application,” PhD Thesis, University of 

Manchester, vol. 1, 2012. 

[6] T. O. Rouse, “Mineral insulating oil in transformers,” IEEE Electrical 

Insulation Magazine, vol. 14, pp. 6–16, 1998. 

[7] S. Renardihres and R. Pineau, “Vegetal Oils as Substitute for Mineral Oils ,” 

International Conference on Properties and Application of Dielectric 

Materials, pp. 491–494, 2003. 

[8] T. V. Oommen, C. C. Claiborne, and J. T. Mullen, “Biodegradable electrical 

insulation fluids,” IEEE Conference on Electrical Manufacturing and Amp; 

Coil Winding, pp. 465–468, 1997. 

[9] S. Tenbohlen and M. Koch, “Aging performance and moisture solubility of 

vegetable oils for power transformers,” IEEE Transactions on Power 

Delivery, vol. 25, no. 2, pp. 825–830, 2010. 

[10] S. Chandrasekar and G. C. Montanari, “Analysis of partial discharge 

characteristics of natural esters as dielectric fluid for electric power apparatus 

applications,” IEEE Transactions on Dielectrics and Electrical Insulation, 

vol. 21, no. 3, pp. 1251–1259, 2014. 

[11] U. U. Abdullahi, S. M. Bashi, R. Yunus, Mohibullah, and H. A. Nurdin, “The 

potentials of palm oil as a dielectric fluid,” National Power & Energy 

Conference (PECon), pp. 224–228, 2004. 

[12] N. A. Muhamad, B. T. Phung, T. R. Blackburn, and K. X. Lai, “Comparative 

study and analysis of DGA methods for transformer mineral oil,” IEEE 

Lausanne Power Tech, pp. 3–5, 2007. 

[13] H. Borsi and E. Gockenbach, “Properties of ester liquid Midel 7131 as an 

alternative liquid to mineral oil for transformers.” IEEE International 

Confrence on Dielectric Liquids, 2005. 

[14] A. Darwin, C. Perrier, and P. Foliot, “The use of natural ester fluids in 

transformers,” Proc. MATPOST, 2007. 

[15] M. A. G. Martins, “Experimental study of paper aging in vegetable oil versus 

mineral oil,” IEEE Electrical Insulation Magazine, vol. 26, no. 6, pp. 7–13, 

2005. 

[16] E. Gockenbach and H. Borsi, “Natural and synthetic ester liquids as 

alternative to mineral oil for power transformers,” Conference on Electrical 

Insulation and Dielectric Phenomena (CEIDP), pp. 521–524, 2008. 

 



© C
OPYRIG

HT U
PM

64 

 

[17] J. R. Lucas, D. C. Abeysundara, C. Weerakoon, K. B. M. I. Perera, and K. C. 

Obadage, “Coconut oil insulated distribution transformer,” 8th Annual 

Conference of the IEE Sri Lanka, pp. 1–5, 2001. 

[18] N. A. Mohamad, N. Azis, J. Jasni, M. Zainal, and A. Ab, “Investigation on 

the dielectric , physical and chemical properties of palm oil and coconut oil 

under open thermal ageing condition,” Journal of Electrical Engineering & 

Technology, vol. 11, no. 3, pp. 690–698, 2016. 

[19]  A.A. Suleiman, N. A. Muhamad, N. Bashir, N. S. Murad, Y. Z. Arief, and B. 

T. Phung, “Effect of moisture on breakdown voltage and structure of palm 

based insulation oils,” IEEE Transactions on Dielectrics and Electrical 

Insulation, vol. 21, no. 5, pp. 2119–2126, 2014. 

[20] S. Suwarno, F. Sitinjak, I. Suhariadi, and L. Imsak, “Study on the 

characteristics of palm oil and it’s derivatives as liquid insulating materials,” 

International Conference on Properties and Applications of Dielectric 

Materials, vol. 2, pp. 495–498, 2003. 

[21] A. Rajab and S. Aminuddin, “Properties of RBDPO Oleum as a candidate of 

palm based-transformer insulating liquid,” International Conference on 

Electrical Engineering and Informatics, vol. 2, pp. 548–552, 2009. 

[22] R. Kurnianto, M. Taufan, Z. Nawawi, M. Nagao, and N. Hozumi, “Breakdown 

strength of biodegradable dielectric liquid : The effect of temperature and 

viscosity,” IEEE 22nd Australasian Universities Power Engineering 

Conference (AUPEC)., 2012. 

[23] B. S. H. M. S. Y. Matharage, M. A. R. M. Fernando, M. A. A. P. Bandara, G. 

A. Jayantha, and C. S. Kalpage, “Performance of coconut oil as an alternative 

transformer liquid insulation,” IEEE Transactions on Dielectrics and 

Electrical Insulation, vol. 20, no. 3, pp. 887–898, 2013. 

[24] T. Kano, T. Suzuki, R. Oba, A. Kanetani, and H. Koide, “Study on the 

oxidative stability of Palm Fatty Acid Ester (PFAE) as an insulating oil for 

transformers,” IEEE International Symposium on Electrical Insulation (ISEI), 

pp. 22–25, 2012. 

[25] N. Azis, J. Jasni, M. Z. A. Ab Kadir, and M. N. Mohtar, “Suitability of palm 

based oil as dielectric insulating fluid in transformers,” Journal of Electrical 

Engineering & Techology, vol. 9, pp. 662–669, 2014. 

[26] O. K. . Abeysundara D.C , Weerekoon C. , Lucas J.R. Gunantunga K.A.I, 

“Coconut Oil as an Alternative to Transformer Oil,” ERU Symp., 2001. 

[27] S. S. Sinan, S. N. Shawaludin, J. Jasni, N. Azis, M. Z. A. A. Kadir, and M. N. 

Mohtar, “Investigation on the AC breakdown voltage of RBDPO Olein,”  

IEEE Innovative Smart Grid Technologies - Asia (ISGT ASIA), pp. 760–763, 

2014. 

[28] N. S. Mansor, M. Kamarol, M. Y. Yusnida, and K. Azmi, “Breakdown voltage 

characteristic of biodegradable oil under various gap of quasi-uniform 

electrode configuration,” IEEE International Conference on Power and 

Energy (PECon), pp. 732–735, 2012. 

[29] W. Yu and H. Xie, “A review on nanofluids: preparation, stability 

mechanisms, and applications,” Journal of Nanomaterials, vol. 2012, p. 17, 

2012. 

[30] S. M. S. Murshed, K. C. Leong, and C. Yang, “Enhanced thermal conductivity 

of TiO2 - water based nanofluids,” International Journal of Thermal Sciences., 

vol. 44, no. 4, pp. 367–373, 2005. 

[31] W. Daungthongsuk and S. Wongwises, “A critical review of convective heat 

transfer of nanofluids,” Renewable and Sustainable Energy Reviews, vol. 11, 



© C
OPYRIG

HT U
PM

65 

 

no. 5, pp. 797–817, 2007. 

[32] A. Utomo, H. Poth, P. Robbins, and A. Pacek, “Experimental and theoretical 

studies of thermal conductivity, viscosity and heat transfer coefficient of 

titania and alumina nanofluids,” International Journal of Heat and Mass 

Transfer., vol. 55, pp. 7772–7781, 2012. 

[33] R. Saidur, K. Y. Leong, and H. a. Mohammad, “A review on applications and 

challenges of nanofluids,” Renewable and Sustainable Energy Reviews, vol. 

15, pp. 1646–1668, 2011. 

[34] Z. Haddad, C. Abid, H. F. Oztop, and A. Mataoui, “A review on how the 

researchers prepare their nanofluids,” International Journal of Thermal 

Sciences, vol. 76, pp. 168–189, 2014. 

[35] C. G. Azcarraga, A. Cavallini, and F. Negri, “Ferrofluid Effect in Mineral Oil : 

PDIV , Streamer , and Breakdown Voltage,” International Conference on 

High Voltage Engineering and Application (ICHVE), pp. 3–6, 2014. 

[36] M. Hanai, S. Hosomi, H. Kojima, N. Hayakawa, and H. Okubo, “Dependence 

of TiO2 and ZnO nanoparticle concentration on electrical insulation 

characteristics of insulating oil,” Conference on Electrical Insulation and 

Dielectric Phenomena (CEIDP), pp. 780–783, 2013. 

[37] C. Choi, H. S. Yoo, and J. M. Oh, “Preparation and heat transfer properties of 

nanoparticle in transformer oil dispersions as advanced energy efficient 

coolants,” Current Applied Physics, vol. 8, pp. 710–712, 2008. 

[38] T. Andritsch, I. A. Tsekmes, R. Kochetov, P. H. F. Morshuis, and J. J. Smit, 

“Properties of mineral oil based silica nanofluids,” IEEE Transasctions on 

Dielectrics and  Electrical Insulation, vol. 21, no. 3, pp. 1100–1108, 2014. 

[39] E. G. Atiya, D. A. Mansour, and A. M. Azmy, “Dispersion behavior and 

breakdown strength of transformer oil filled with TiO2 nanoparticles,” IEEE 

Transactions on Dielectrics and Electrical Insulation, vol. 22, no. 5, pp. 

2463–2472, 2015. 

[40] J. Kudelcik, P. Bury, P. Kopcansky, and M. Timko, “Dielectric breakdown in 

mineral oil ITO 100 based magnetic fluid,” Physics Procedia, vol. 9, pp. 78–

81, 2010. 

[41] B. Du, J. Li, B.-M. Wang, and Z.-T. Zhang, “Preparation and breakdown 

strength of Fe3O4 nanofluid based on transformer oil,” International 

Conference on High Voltage Engineering and Application, pp. 311–313, 

2012. 

[42] J. Li, Z. Zhang, P. Zou, S. Grzybowski, and M. Zahn, “Preparation of a 

vegetable oil based nanofluid and investigation of its breakdown and dielectric 

properties,” IEEE Electrical Insulation Magazine, vol. 28, no. 5, pp. 43–50, 

2012. 

[43] J. Li, R. Liao, and L. Yang, “Investigation of natural ester based liquid 

dielectrics and nanofluids,” International Conference on High Voltage 

Engineering and Application, vol. 56, pp. 16–21, 2012. 

[44] W. M. L. B. Naranpanawe, M. A. R. M. Fernando, J. R. S. S. Kumara, E. M. 

S. N. Naramapanawa, and C. S. Kalpage, “Performance analysis of natural 

esters as transformer liquid insulation - coconut, castor and sesame oils,” 

International Conference on Industrial and Information Systems (ICIIS), pp. 

105–109, 2013. 

[45] Y. Zhong, Y. Lv, C. Li, Y. Du, M. Chen, S. Zhang, Y. Zhou, and L. Chen, 

“Insulating properties and charge characteristics of natural ester fluid 

modified by TiO2 semiconductive nanoparticles,” IEEE Transactions on 

Dielectrics and Electrical Insulation, vol. 20, no. 1, pp. 135–140, 2013. 



© C
OPYRIG

HT U
PM

66 

 

[46] B. Du, J. Li, B. Wang, J. Xiang, and Z. Zhang, “Influence of water content on 

the electrical properties of insulating vegetable oil-based nanofluids,” 

Electrical Insulation Conference , pp. 49–51, 2013. 

[47] B. Wang, J. Li, B. Du, and Z. Zhang, “Study on the stability and viscosity of 

Fe3O4 nano-particles vegetable insulating oils,” International Conference on 

High Voltage and Application, pp. 307–310, 2012. 

[48] T. V. Oommen and T. A. Prevost, “Cellulose insulation in oil-filled power 

transformers: Part II - maintaining insulation integrity and life,” IEEE 

Electrical Insulation Magazine, vol. 22, no. 2, pp. 5–14, 2006. 

[49] C. Krause, “Power transformer insulation - history, technology and design,” 

IEEE Transactions on Dielectrics and Electrical Insulation, vol. 19, no. 6, pp. 

1941–1947, 2012. 

[50] L. E. Lundgaard, W. Hansen, D. Linhjell, and T. J. Painter, “Aging of oil-

impregnated paper in power transformers,” IEEE Transactions on Power 

Delivery, vol. 19, no. 1, pp. 230–239, 2004. 

[51] K. Giese, “Electrical strength of pressboard components for transformer 

insulations,” IEEE Electrical Insulation Magazine, vol. 12, no. 1, pp. 29–33, 

1996. 

[52]  “Experience in Service with New Insulating Liquids,” CIGRE Working 

Group A2.35, October, 2010. 

[53] M. Eklund, “Mineral insulating oils; functional requirements, specifications 

and production,”IEEE International Symposium on Electrical Insulation, pp. 

68–72, 2006. 

[54] Nynas AB, “Base Oil Handbook,” pp. 13–14, 18–20, 2001. 

[55] Hyrax Oil Sdn.Bhd, “Hyrax Hypertrans Transformer Oil,” Product 

Information, 2003. 

[56] Hyrax Oil Sdn.Bhd, “Hyrax Hypertrans HR Transformer Oil,” Product 

Information, 2013. 

[57] C. P. McShane, “Vegetable-oil-based dielectric coolants,” IEEE Industry 

Application Magazine, vol. 8, pp. 34–41, 2002. 

[58] M. Ra, Y. Z. Lv, Y. Zhou, K. B. Ma, W. Wang, C. R. Li, and Q. Wang, “Use 

of vegetable oils as transformer oils – a review,” Renewable and Sustainable 

Energy Reviews, vol. 52, pp. 308–324, 2015. 

[59] E. Aluyor and M. Ori-Jesu, “The use of antioxidants in vegetable oils–a 

review,” African Journal of Biotechnology, vol. 7, no. 25, pp. 4836–4842, 

2008. 

[60] T. V Oommen, “Vegetable Oils for Liquid-Filled Transformers,” IEEE 

Electrical Insulation Magazine, pp. 6–11, 1995. 

[61] Q. Liu and Z. D. Wang, “Streamer characteristic and breakdown in synthetic 

and natural ester transformer liquids with pressboard interface under lightning 

impulse voltage,” IEEE Transactions on Dielectrics and Electrical Insulation, 

vol. 18, no. 1, pp. 1908–1917, 2011. 

[62] www.midel.com, “Midel ® 7131,” pp. 1–2, September 2014. 

[63] Cargill, “Envirotemp FR3 - natural ester fluid,” vol. 53, no. 9, pp. 1689–1699, 

2013. 

[64] “Palm Oil Production in the World,” 2016. [Online]. Available: 

http://www.indexmundi.com/agriculture. [Accessed: 01-Jul-2016]. 

[65] Sime Darby Plantation, “Palm Oil Facts & Figures,” April 2014, vol. 2012, p. 

8, 2014. 

[66] L. Kamariah,  A. Azmi,  A. Rosmawati, M. G. Wai Ching, M. D. Azlina,  A 

Sivapragasam, C. P. Tan, and O. M. Lai, “Physico-chemical and quality 



© C
OPYRIG

HT U
PM

67 

 

characteristics of virgin coconut oil – A Malaysian survey,” Journal of 

Tropical Agriculture and Food Science, vol. 36, no. 2, pp. 000–000, 2008. 

[67] T. S. T. Mansor, Y. B. Che Man, M. Shuhaimi, M. J. Abdul Afiq, and F. K. 

M. Ku Nurul, “Physicochemical properties of virgin coconut oil extracted 

from different processing methods,” International Food Research Journal, 

vol. 19, no. 3, pp. 837–845, 2012. 

[68] F. Dayrit and O. Buenafe, “Standards for essential composition and quality 

factors of commercial virgin coconut oil and its differentiation from RBD 

coconut oil and copra oil,” Philippine Journal of Science, vol. 136, no. 

December, pp. 119–129, 2007. 

[69] Y. J. Hwang, Y. C. Ahn, H. S. Shin, C. G. Lee, G. T. Kim, H. S. Park, and J. 

K. Lee, “Investigation on characteristics of thermal conductivity enhancement 

of nanofluids,” Current Applied Physics, vol. 6, pp. 1068–1071, 2006. 

[70] S. M. S. Murshed, K. C. Leong, and C. Yang, “Thermophysical and 

electrokinetic properties of nanofluids - A critical review,” Applied Thermal 

Engineering, vol. 28, no. 17–18, pp. 2109–2125, 2008. 

[71] X. Q. Wang and A. S. Mujumdar, “A review on nanofluids - Part I: theoretical 

and numerical investigations,” Brazillian Journal of Chemical Engineering, 

vol. 25, no. 4, pp. 613–630, 2008. 

[72] T. P. Das, Sarit K. , Stephen U. S. Choi, Wenhua Yu, Nanofluids - Science 

and Technology, no. 1. 2008. 

[73] J. Mergos, M. Athanassopoulou, T. Argyropoulos, and C. Dervos, “Dielectric 

properties of nanopowder dispersions in Paraffin Oil,” IEEE Transactions on 

Dielectrics and Electrical Insulation, vol. 19, no. 5, pp. 1502–1507, 2012. 

[74] B. Du, J. Li, L. Yang, W. Yao, and S. Yao, “Dielectric properties of vegetable 

oil modified by monodisperse Fe3O4 nanoparticles,” International Conference 

on High Voltage Engineering and Application (ICHVE), pp. 4–7, 2014. 

[75] L. Blaney, “Magnetite (Fe3O4): Properties, synthesis, and applications,” 

Lehigh Review, vol. 15, pp. 32–81, 2007. 

[76] M. Rafiq, Y. Lv, and C. Li, “A review on properties , opportunities , and 

challenges of transformer oil-based nanofluids,” Journal of Nanomaterials, 

vol. 2016, 2016. 

[77] H. E. Patel, T. Sundararajan, and S. K. Das, “An experimental investigation 

into the thermal conductivity enhancement in oxide and metallic nanofluids,” 

Journal of Nanoparticle Research, vol. 12, no. 3, pp. 1015–1031, 2010. 

[78] D. Li, W. Xie, and W. Fang, “Preparation and properties of copper oil based 

nanofluids,” Nanoscale Research Letters, pp. 1–7, 2011. 

[79] H. Jin, P. H. F. Morshuis, J. J. Smit, and T. Andritsch, “The effect of surface 

treatment of silica nanoparticles on the breakdown strength of mineral oil,” 

IEEE International Conference on Liquid Dielectrics, pp. 1–4, 2014. 

[80] M.S. Deodhar,  A.R. Shirode, and V.J. Kadam, “High performance 

nanoparticle fluid suspensions ( nanofluids ): A future of pharmaceutical 

nanotechnology,” International Journal of Pharmaceutical Sciences and 

Drug Research, vol. 6, no. 4, pp. 263–270, 2014. 

[81] Y. Lv, X. Li, Y. Du, F. Wang, and C. Li, “Preparation and breakdown strength 

of TiO2 fluids based on transformer oil,” Conference on Electrical Insulation 

and Dielectric Phenomena, pp. 1–3, 2010. 

[82] Y. Hwang, J. K. Lee, J. K. Lee, Y. M. Jeong, S. I. Cheong, Y. C. Ahn, and S. 

H. Kim, “Production and dispersion stability of nanoparticles in nanofluids,” 

Powder Technology, vol. 186, no. 2, pp. 145–153, 2008. 

[83] S. S. Sonawane, R. S. Khedkar, and K. L. Wasewar, “Effect of sonication time 



© C
OPYRIG

HT U
PM

68 

 

on enhancement of effective thermal conductivity of nano TiO2 – water, 

ethylene glycol, and paraffin oil nanofluids and models comparisons,” 

Journal of Experimental Nanoscience, vol. 8080, no. June 2014, pp. 1–13, 

2013. 

[84] S. Kakaç and A. Pramuanjaroenkij, “Review of convective heat transfer 

enhancement with nanofluids,” International Journal of Heat and Mass 

Transfer, vol. 52, no. 13–14, pp. 3187–3196, 2009. 

[85] V. Sridhara and L. N. Satapathy, “Al2O3 - based nanofluids : A review,” 

Nanoscale Research Letters, pp. 1–16, 2011. 

[86] D. Wen, G. Lin, S. Vafaei, and K. Zhang, “Review of nanofluids for heat 

transfer applications,” Particuology, vol. 7, no. 2, pp. 141–150, 2009. 

[87] X. Q. Wang and A. S. Mujumdar, “A review on nanofluids - Part II: 

experiments and applications,” Brazillian Journal of Chemical Engineering, 

vol. 25, no. 4, pp. 613–630, 2008. 

[88] S. W. Lee, S. D. Park, and I. C. Bang, “Critical heat flux for CuO nanofluid 

fabricated by pulsed laser ablation differentiating deposition characteristics,” 

International Journal of Heat and Mass Transfer, vol. 55, no. 23–24, pp. 

6908–6915, 2012. 

[89] V. Sridhara, B. S. Gowrishankar, Snehalatha, and L. N. Satapathy, 

“Nanofluids - A new promising fluid for vooling,” Transactions of the Indian 

Ceramic Society, vol. 68 , pp. 1–17, 2009. 

[90] D.E.A. Mansour and A.M. Elsaeed, “Heat transfer properties oil-based 

nanofluids filled with Al2O3 nanoparticles,” IEEE International Conference 

Power and Energy (PECon), vol. 176, pp. 1903–1908, 2005. 

[91] D. E. A. Mansour, E. G. Atiya, R. M. Khattab, and A. M. Azmy, “Effect of 

titania nanoparticles on the dielectric properties of transformer oil - based 

nanofluids,” Conference Electrical and Insulation Dielectric Phenomena 

(CEIDP), pp. 295–298, 2012. 

[92] Y. Du, Y. Lv, C. Li, M. Chen, Y. Zhong, J. Zhou, X. Li, and Y. Zhou, “Effect 

of semiconductive nanoparticles on insulating performances of transformer 

oil,” IEEE Transactions on Dielectrics and Electrical Insulation, vol. 19, pp. 

770–776, 2012. 

[93] J. G. Hwang, M. Zahn, F. M. O’Sullivan, L.A.A Pettersson, O. Hjortstam, and 

R. Liu, “Effects of nanoparticle charging on streamer development in 

transformer oil - based nanofluids,” Journal of Applied Physics, vol. 107, 

2010. 

[94] R. Liu, L. A. A. Pettersson, T. Auletta, and O. Hjortstam, “Fundamental 

research on the application of nano dielectrics to transformers,” Conference 

on Electrical Insulation and Dielectric Phenomena, pp. 423–427, 2011. 

[95] Z. Zhang, J. Li, P. Zou, and S. Grzybowski, “Electrical Properties of Nano-

Modified Insulating Vegetable Oil,” Conference on Electrical and Dielectric 

Phenomena (CEIDP), pp. 3–6, 2010. 

[96] Y. F. Du, Y. Z. Lv, J. Q. Zhou, X. X. Li, and C. R. Li, “Breakdown properties 

of transformer oil-based TiO2 nanofluid,” Conference on Electrical and 

Dielectric Phenomena (CEIDP), pp. 3–6, 2010. 

[97] Q. Wang, M. Rafiq, Y. Lv, C. Li, and K. Yi, “Preparation of three types of 

transformer oil-based nanofluids and comparative study on the effect of 

nanoparticle concentrations on insulating property of transformer oil,” 

Journal of Nanotechnology, vol. 2016, 2016. 

[98] Sigma-Aldrich, “Cetyltrimethylammonium Bromide ,” Material Safety Data 

Sheet, pp. 1–5, 2008. 



© C
OPYRIG

HT U
PM

69 

 

[99] M. I. 60247:2014, “Insulating liquids - Measurement of relative permittivity, 

dielectric dissipation factor and d.c resistivity,” Department Standard 

Malaysia, 2012. 

[100] R. Liu, C. Törnkvist, V. Chandramouli, O. Girlanda, and L. A. A. Pettersson, 

“Geometry impact on streamer propagation in transformer insulation liquids,” 

Conference on Electrical Insulation and Dielectric Phenomena (CEIDP), pp. 

5–8, 2010. 

[101] R. Liu and C. Törnkvist, “Ester fluids as alternative for mineral oil : The 

difference in streamer velocity and LI breakdown voltage,” Conference on 

Electrical Insulation and Dielectric Phenomena (CEIDP), pp. 543–548, 2009. 

[102] P. Rozga, “Streamer propagation in small gaps of synthetic ester and mineral 

oil under lightning impulse,” IEEE Transactions on Dielectrics and Electrical 

Insulation., vol. 22, no. 5, pp. 2754–2762, 2015. 

[103] W. Lu and Q. Liu, “Effect of cellulose particles on impulse breakdown in ester 

transformer liquids in uniform electric fields,”  IEEE Transactions on 

Dielectrics and Electrical Insulation, pp. 8–13, 2015. 

[104] ASTM D1816, "Standard Test Method for Dielectric Breakdown of Insulating 

Liquid using VDE Electrodes”  

[105] IEC 60897, “Methods for the determination of the lightning impulse 

breakdown voltage of insulating liquids,” International Electrotechnical 

Commission, 1987. 

[106] Y. Du, Yuzhen Lv, C. Li, M. Chen, Y. Zhong, S. Zhang and Y. Zhou, “Effect 

of nanoparticles on charge transport in nanofluids-impregnated pressboard,” 

Journal of Applied Physics III, vol. 111, no. 12, pp. 12-16, 2012. 

[107] A.A. Abdelmalik, J.C. Fothergill, and S.J. Dodd, “Electrical conduction and 

dielectric breakdown characteristics of alkyl ester dielectric fluids obtained 

from palm kernel oil,” IEEE Transactions on Dielectrics and Electrical 

Insulation, vol.19, pp. 1623-1632, 2012.  

[108] Yee Von Thein, Norhafiz Azis, Jasronita Jasni, Mohd Zainal Abidin Ab Kadir, 

Robiah Yunus, Mohd Taufiq Ishak and Zaini Yaakub, “Evaluation on the 

lightning breakdown voltages of palm oil and coconut oil under non-uniform 

field at small gap distances,” J Electr Eng Technol, vol. 11, pp. 1921-718, 

2016. 

[109] Nur Aqilah Muhammad, Norhafiz Azis, Jasronita Jasni, Mohd Zainal Abidin 

Ab Kadir, Robiah Yunus, Mohd Taufiq Ishak and Zaini Yaakub, 

“Investigation on the dielectric, physical and chemical properties of palm oil 

and coconut oil under open thermal ageing condition,” J Electr Eng Technol, 

vol. 11(3), pp. 690-698, 2016. 

 

 

 

 

 

 

 




