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In recent years, various types of vegetable oils have been introduced as alternatives for 

Mineral Oil (MO) due to its biodegradability, environmentally friendly, and high 

flash/fire safety. Palm Oil (PO) has been found as a viable option to be considered as 

dielectric insulating fluids in transformers. Currently, only some information can be 

obtained related to the pre-breakdown streamer propagation and lightning performances 

of vegetable oils such as natural ester i.e. rape seed based. However, there is no 

information on pre-breakdown streamer propagation for PO either under positive or 

negative polarities. In addition, the knowledge on the impact of the pressboard on the 

streamer propagation of the PO is still not available. Furthermore,  the effect of the 

insulative nanoparticles on the lightning properties of the PO has not been examined in 

previous studies.  

The aim of this study is to investigate the pre-breakdown and breakdown performances 

of 2 types of refined, bleached, and deodorized palm oil olein. The streamer propagation 

and breakdown event in PO either with or without pressboard interface were investigated 

under both positive and negative lightning voltages. The influence of nanoparticle 

namely Aluminium Oxide, Al2O3 on the lightning performance of the PO was also 

considered with and without surfactant. The type of surfactant used in the study was 

Cetyl Trimethyl Ammonium Bromide (CTAB). MO was also examined for comparison 

purposes. The lightning impulse voltage tests for all studies were carried out under the 

needle-plane electrodes configuration at a gap distance of 25 mm based on the rising 

voltage method. A high-speed camera was used to obtain the streamer propagation with 

and without pressboard interface while the photomultiplier tube was used to detect the 

weak emitting light signal in the presence of Al2O3 and CTAB. 

It is found that the positive lightning performances i.e. streamer propagation and 

breakdown of both PO are comparable with MO. However, due to different chemical 
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structures, the negative streamers of the PO have more branches and propagate faster 

than MO. These phenomena lead to the lower negative lightning breakdown voltage of 

the PO as compared to MO. The positive and negative lightning breakdown voltages for 

both PO impregnated pressboards are slightly higher than open oil gaps. At the same 

voltage level, streamers on PO impregnated pressboards propagate further and have 

lower lightning breakdown voltage than MO impregnated pressboard. After subjected to 

ageing, the lightning breakdown voltage for both PO and MO impregnated pressboard 

decrease under both positive and negative polarities. The introduction of Al2O3 can 

improve the positive lightning breakdown voltages of PO and MO at certain volume 

concentrations. In addition, the effects of Al2O3 and CTAB on the positive streamer 

propagation of PO and MO are quite small based on light signal analyses. CTAB can 

provide a slight further improvement in the positive lightning breakdown voltage at 

0.001% concentration Al2O3 for both PO. However, it is apparent that the light signals 

of all samples increase as the applied voltage increases for both PO and MO. 
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Sejak kebelakangan ini, pelbagai jenis minyak sayuran telah diperkenalkan sebagai 

alternatif untuk minyak galian (MO) kerana biodegradasinya, mesra alam, dan 

keselamatan kilat / kebakaran yang tinggi. Minyak Sawit (PO) telah dijumpai sebagai 

pilihan yang layak untuk dianggap sebagai cecair penebat dielektrik dalam pengubah. 

Pada masa ini, hanya beberapa maklumat yang dapat diperoleh berkaitan dengan 

penyebaran penjurus pra-pemecahan dan persembahan kilat minyak sayuran seperti ester 

semula jadi iaitu berasaskan biji rogol. Walau bagaimanapun, tidak ada maklumat 

mengenai penyebaran penjurus pra-pemecahan untuk PO sama ada di bawah kutub 

positif atau negatif. Di samping itu, pengetahuan mengenai kesan penjurus pada papan 

penekan daripada PO masih tidak boleh didapati. Tambahan pula, kesan nanopartikel 

insulative kepada sifat-sifat kilat PO belum diperiksa dalam kajian sebelum ini. 

 

 

Tujuan kajian ini adalah untuk mengkaji prestasi pra-pemecahan dan voltan kegagalan 

kilat bagi 2 jenis minyak sawit olein yang diperhalusi, diputihkan, dan dihilangkan bau. 

Peristiwa penyebaran dan kerosakan penjurus dalam PO dengan dan tanpa kehadiran 

papan penekan disiasat di bawah voltan impuls kilat positif dan negatif. Pengaruh 

nanopartikel Aluminium Oksida, Al2O3 terhadap prestasi kilat PO juga dipertimbangkan 

dengan dan tanpa surfaktan. Jenis surfaktan yang digunakan dalam kajian ini adalah Cetil 

trimetil amonium bromida (CTAB). MO juga diperiksa untuk tujuan perbandingan. 

Ujian voltan impuls kilat untuk semua kajian dilakukan di bawah konfigurasi elektrod 

satah jarum pada jarak jurang 25 mm berdasarkan kaedah voltan meningkat. Kamera 

berkelajuan tinggi digunakan untuk mendapatkan penyebaran penjurus dengan dan tanpa 

kehadiran papan penekan sementara tiub fotopendarab digunakan untuk mengesan 

isyarat cahaya pemancar yang lemah semasa ujian dengan kehadiran Al2O3 dan CTAB. 

 

 

Didapati bahawa prestasi kilat positif dalam penyebaran penjurus dan voltan kegagalan 

kilat untuk kedua-dua PO setanding dengan MO. Walau bagaimanapun, kerana struktur 

© C
OPYRIG

HT U
PM



iv 

 

kimia yang berbeza, penjurus negatif PO mempunyai lebih banyak cabang dan menyebar 

dengan lebih cepat berbanding dengan MO. Fenomena ini membawa kepada voltan 

kegagalan kilat negatif PO yang lebih rendah berbanding dengan MO. Voltan kegagalan 

kilat positif dan negatif untuk kedua-dua PO yang diserapi papan penekan lebih tinggi 

daripada minyak terbuka. Pada tahap voltan yang sama, penjurus pada PO yang diserapi 

papan penekan menyebar dengan lebih jauh dan mempunyai voltan kegagalan kilat yang 

lebih rendah daripada MO yang diserapi papan penekan. Setelah mengalami penuaan, 

voltan kegagalan kilat untuk kedua-dua PO dan MO yang diserapi papan penekan 

menurun di bawah kutub positif dan negatif. Pengenalan Al2O3 dapat meningkatkan 

voltan kegagalan kilat positif PO dan MO pada kepekatan isipadu tertentu. Di samping 

itu, kesan Al2O3 dan CTAB pada penyebaran positif PO dan MO agak kecil berdasarkan 

analisis isyarat cahaya. CTAB dapat memberikan sedikit lagi peningkatan selanjutnya 

dalam voltan kegagalan kilat positif pada kepekatan 0.001% Al2O3 untuk kedua-dua PO. 

Walau bagaimanapun, jelas menunjukkan isyarat cahaya dari semua sampel meningkat 

apabila voltan yang dikenakan meningkat untuk kedua-dua PO dan MO. 
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CHAPTER 1 

 

INTRODUCTION  

 

1.1  Research background 

 

 

Various types of vegetable oils have been considered for application as a dielectric 

insulating fluid in transformers. The main function of the dielectric insulating fluid used 

in transformers is to act as electrical insulation, cooling medium, an information carrier. 

The advantage vegetable oils are biodegradable, non-toxic, eco-friendly, and have higher 

flash and fire points compared with the conventional Mineral Oil (MO). Over the past 

few years, there are significant interests in the application of vegetable oils as alternative 

dielectric insulating fluids [1-5]. Palm Oil (PO) is among one of the vegetable oils that 

have been examined extensively in recent years. PO is low cost to produce and it is 

readily available in South East Asian especially in Malaysia and Indonesia [6].    

 

 

A number of studies have been carried out on PO covering on several aspects such as the 

dielectric, chemical/physical, and ageing properties [6-16]. Parameters such as the AC 

breakdown strength, lightning breakdown strength, dielectric dissipation factor, relative 

permittivity, and resistivity of PO have been examined under dielectric properties [17-

20]. Currently, only a few studies have been carried out to investigate the lightning 

breakdown performances under different electrode geometries and nanoparticle effects 

of PO [19-27]. However, there is still no investigation on the pre-breakdown lightning 

impulse streamer propagation of PO either in the presence of pressboard or insulative 

nanoparticle. 

 

 

Generally, a non-uniform field lightning breakdown study is carried out to represent an 

event where discharge is initiated by an apparent defect in a transformer. Such a non-

uniform field can be created by needle-plane or needle-sphere configurations which can 

simulate the imperfections that could occur in transformers [28]. One of the most 

important factors that can affect the lightning breakdown voltages under a non-uniform 

field is the polarity of the lightning impulse voltage [29, 30]. The mechanism of the 

breakdown in the fluid is different under positive and negative polarities. Under a 

negative polarity, electrons are injected into the fluid if there is a high electrical field to 

initiate the streamer [31]. The interaction between the electrons and the molecules in the 

fluid will cause Joule heating and create gas bubbles. If these gas bubbles are long-lived, 

electrons traveling through this channel will acquire more energy to eject more electrons 

and if the process continues, it will cause an avalanche [32]. Due to the presence of 

positive space charge, a higher voltage is required to cause the breakdown under negative 

polarity [32]. On the other hand, under positive polarity, the source of the electrons is 

obtained from the ionisation of the fluid molecules themselves [32]. These electrons will 

accelerate toward the positive electrode and the further ionisation of the induced positive 

charge in the gas channel will cause an electron avalanche and streamer propagation [31, 

32].  
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A number of studies have reported that the lightning breakdown voltages of dielectric 

insulating fluids under negative polarity tend to be higher than under positive polarity 

[33-38]. In one of the studies, the breakdown voltages of MO under negative polarity can 

be 60% higher than under positive polarity at a gap distance of 5 mm [37]. Previous study 

also found that in a hydrocarbon fluid such as MO, electrons exhibited greater mobility 

than positive ions [39]. Under negative polarity, the high mobility electrons produced a 

smaller space charge, whereas higher negative applied voltages were needed for an event 

breakdown to occur [39]. The polarity effect is also apparent for esters where the 

breakdown voltages under negative polarity can be 63% higher than for positive polarity 

[40]. Similar findings were observed for esters at a gap distance from 2 mm to 200 mm 

[41-43]. In another study, it was observed that the differences between breakdown 

voltages of MO and esters between negative and positive polarities increased as the gap 

distance increased [38]. In addition, it was found that the increment of the breakdown 

voltage for MO was much steeper under negative polarity as compared to positive 

polarity as the gap distance increased [38, 40]. There are still several characteristics of 

PO that need to be investigated such as the streamer propagations and breakdown 

performances under lightning impulse voltage.  

 

 

In this study, refined, bleached, and deodorized palm oil was used and MO was used as 

a benchmark. Both PO and MO have different chemical compositions that could behave 

differently under lightning impulse voltage. Furthermore, the presence of pressboards 

and nanoparticles could also influence its streamer and breakdown characteristics. 

 

 

1.2  Problem statement 

 

 

Vegetable based insulating liquids, an eco-friendly product, have been introduced as an 

interesting alternative for MO in transformers due to its high fire safety, biodegradable, 

and environmentally friendly. There are different types of vegetable oils that have been 

examined not only at the laboratory level but also tested in-service. Natural esters have 

been used as alternative to MO and applied in low or medium voltage transformers [44, 

45]. Most of the natural esters that have been examined are soya, rapeseed and sunflower 

based. However, natural ester has poor oxidation stability as compared to other types of 

insulation fluids, which could create thermal issues in transformers [46-48]. Previous 

studies on PO reveals that it has better oxidation stability whereby the acidity maintain 

low even after subjected to high temperature and open air ageing conditions [46-48]. 

Considering this factor, PO offers promising alternative especially to be used for either 

for free breathing or sealed transformers. Several works have been carried out to examine 

PO viability as a possible candidate for application in transformers.  

 

 

Lightning could significantly impact the electrical power networks and equipment either 

through a direct strike or induced effects. Therefore, it is important to devise approaches 

that could protect these components. It is well acknowledged that insulation is one of the 

protection barriers that could provide safe operation of the transformers. MO is known 

could provide the required protection against lightning impulses.  With the introduction 

of vegetable oil such as PO, this aspect needs to be re-examined due to the differences in 

molecular structures and chemical compositions as compared to MO. Previous studies 

with MO have shown that these properties could affect the streamer propagations and 
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breakdown characteristics which in turn influence the lightning breakdown voltages. To 

date, there is knowledge of lightning impulse breakdown performances of PO and still 

no available knowledge on its streamer propagation aspects for PO which could be useful 

to identify the underlying mechanisms for breakdowns [19-21, 26, 49]. 

 

 

Apart from dielectric insulating fluids, pressboards are one of the common insulations in 

transformers. Pressboards are mainly used to provide an additional barrier to prevent 

flashover in the oil gaps of transformers. However, the introduction of pressboards could 

initiate creepage discharges whereby the streamers propagate along the surface. While 

this behavior is well examined in MO, the knowledge for PO is still limited and it requires 

further examination. In addition, it is known that pressboards can be subjected to in-

service ageing. Based on the study of MO, it is found that aged pressboards could affect 

the overall electrical and physiochemical performances of the insulation in transformers. 

To date, there was previous research on the streamer and breakdown characteristics in 

synthetic and natural ester with pressboard interface but for the knowledge on the impact 

of PO impregnated aged pressboards on lightning breakdown performances is still 

unknown [50]. Furthermore, there is still no available knowledge on the nature of 

streamers along the surface of the PO impregnated aged pressboards.  

 

 

MO is known to have superior electrical performances as compared to vegetable oils. 

Based on previous studies, MO based Al2O3 nanofluid show the most optimum 

improvement of the positive lightning impulse breakdown voltage as compared to MO 

based Fe3O4  and MO based TiO2 nanofluid [51, 52]. Significant efforts have been 

undertaken to improve the electrical performances of vegetable oils through the 

introduction of nanoparticles. Similar exercises have been carried out on PO especially 

on examining the properties of AC breakdown voltages [27, 53, 54]. However, the 

knowledge of the lightning breakdown characteristics for the PO in the presence of 

nanoparticles is still unclear. In addition, the roles of surfactants especially to aid the 

nanoparticles on the improvement of the lightning breakdown performances of the PO 

need to be further examined in order to improve the understanding of the overall 

mechanisms of breakdowns. 

 

 

1.3 Research objectives 

 

 

The aim of this project is to examine the lightning breakdown performances and 

characteristics of the PO with consideration on the pressboard and nanoparticle. To 

achieve the aim of the project, several objectives have been devised as follows; 

 

a. To evaluate the lightning breakdown voltages and pre-breakdown streamers 

characteristics such as shape, length and velocity of PO under non-uniform field 

configuration. 

b. To explore the effect of new and aged pressboards on the pre-breakdown 

streamers shape, length and velocity as well as breakdown voltages of PO 

through high-speed imaging.  

c. To assess the impact of nanoparticle, Al2O3 and surfactant, CTAB on the 

breakdown voltage and its characteristics such as velocity and light intensity of 

PO based on the light signal analysis. 
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1.4   Hypothesis of work 

 

 

The hypothesis of work are; 

 

a. The pre-breakdown streamer shape for PO has more branches, the propagation 

rate for PO is 2nd mode, and the breakdown voltage of PO is expected to be 

almost the same as the performance of natural ester which is in the range from 

80 kV to 100 kV under positive polarity and 140 kV to 160 kV under negative 

polarity [33].  

b. The introduction of new pressboard is expected has no influence on the PO 

streamer stopping length and does not affect the lightning breakdown voltage. 

As the aged pressboard duration increased, the PO streamer will propagate 

faster and reduce the lightning breakdown performances.  

c. The adding of nanoparticle, Al2O3 and surfactant, CTAB can enhance the 

lightning impulse breakdown performances of PO. 

 

 

1.5 Scope of work 

 

 

The scope and limitations of this research work are; 

 

a. The type of PO used in the research is the Refined Bleached and Deodorized 

Palm Oil (RBDPO), which are the cooking oil that is readily available in the 

market.  

b. This research considers the lightning impulse streamer propagation and 

breakdown voltages of the PO under the strong non-uniform field in order to 

consider the worst-case senario. 

c. This research considers only an insulative nanoparticle, Al2O3 and cationic 

surfactant, CTAB which shown greatest enhancement in previous study.  

d. The volume concentration of Al2O3 under this study are from 0.001% to 

0.050%, in order to result uniform dispersion and stable suspension of 

nanoparticles in fluids. 

e. Only positive applied lightning impulse voltage is considered to evaluate the 

performance of PO based Al2O3 nanofluid with and without CTAB, which can 

represent the worst-case senario. 

 

 

1.6 Contribution of the research 

 

 

Among the main contributions of this research are as follow; 

 

a. The knowledge on the streamer shapes, branches, lengths, and velocities of PO 

can be used to further understand the mechanisms of lightning discharge 

propagations in vegetable based oils. In addition, the statistical analysis of 

lightning breakdown voltage can be used for the design purpose of transformers 

filled with PO in the future.  

b. Further understanding of the surface discharge of vegetable oils can be obtained 

through PO impregnated new pressboard lightning impulse study. Additional 
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knowledge can be obtained on the in-service streamer propagations through PO 
impregnated aged pressboard which can be beneficial to evaluate the condition 
of the insulation in transformers filled with PO in the future  

c. The knowledge obtained from the positive lightning impulse of PO based 
nanofluids without and in the presence of surfactants can be used to understand 
the breakdown characteristics, which is important for justification of 
nanoparticle application in transformers in the future. 

 
 
1.7 Thesis layout 
 
 
This thesis consists of five chapters, namely, the introduction, literature review, 
methodology, result and discussion which comprised of pre-breakdown streamer and 
breakdown characteristics, in the presence of pressboard and aged pressboard, in the 
presence of nanoparticle and surfactant, conclusion and recommendations for future 
work. 
 
 
Chapter 1 Introduction  
 
This chapter describes the general background of this research, the overview of the thesis, 
as well as the problem statement and objectives.  
 
 
Chapter 2 Literature review  
 
This chapter presents a comprehensive review of related studies in the existing body of 
literature, which comprises insulation paper and fluids in transformers and the types of 
nanoparticles, the streamer, and breakdown studies along with the influence of several 
parameters that affect the breakdown strength of oils.  
 
 
Chapter 3 Methodology 
 
Chapter three elaborates on the types of fluids to be tested and on the preparation 
procedures for the sample fluids. The test setup and test cell configuration are described 
and consists of several testing configurations for the streamer propagation and 
breakdown voltages. The result of data processing and methods of the statistical analysis 
used in the study are also discussed.  
 
 
Chapter 4 Result and discussion  
 
Chapter four investigates the propagation of streamer and the lightning impulse 
breakdown voltage of the PO. The streamer propagations of PO are investigated for both 
positive and negative polarities. Based on the high-speed camera results, streamer lengths 
and streamer velocities are obtained. The breakdown performances of the PO are also 
discussed. Secondly, experiments the propagation of streamer and the lightning impulse 
breakdown voltage of PO in the presence of pressboard and aged pressboard. The 
streamer propagations of PO with different ageing duration aged pressboards are 
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investigated under both positive and negative polarities. Based on the high-speed camera 
results, streamer lengths and streamer velocities are obtained. The breakdown 
performances of PO with and without pressboard and aged pressboard are investigated. 
Lastly, experiments only the positive lightning breakdown voltage of PO in the presence 
of nanoparticle and surfactant. This effect of nanoparticle at variation of concentration 
and the presence of surfactant on the lightning breakdown voltages of PO are 
investigated. Based on the emission of light signals, the patterns of light signals for PO 
based nanofluids are obtained. 
 
 
Chapter 5 Conclusion and recommendations 
 
The final chapter summaries the conclusions on the findings and objectives of this 
research and the recommendations are provided for future work on investigating the 
behaviour of PO under lightning impulse voltage. 
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