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ABSTRACT

Insulating liquid in the power transformer applications functioning as a coolant and an insulator.
Till now many researcher do many research and find an alternative in replacement of
conventional Mineral Oil (MO) that usually used in the transformer. Besides that, Palm Fatty
Acid Ester (PFAE) oil is one of the Natural Ester Oil (NEO) that offers many advantages and
because of that reason, PFAE oil is preferred and suggested to be used in mixed with MO in
order to enhance the breakdown voltage (BDV) for this project. Thus, the main objective in this
study is to obtain the best ratio of mixed insulating oil between MO and PFAE oil without
reducing too much quantity of MO in order to enhance the BDV and ensuring the best ratio is
non-corrosive and has great flash point. The BDV test is carried out using Megger OTS60PB in
accordance with the ASTM D1816 standards with 1 mm electrode gap and Coulometric Karl
Fischer Titration in accordance with the ASTM D1533 standard is used for the water
measurement. Hence, the measurement of corrosive sulfur is performed using Method B from
ASTM D1275 standard while Pensky-Martens closed cup tester according to ISO 2719:2002
standard is used for flash point measurement. Throughout the experiment that conducted, the
ratio of 70% MO + 30% PFAE represents the best ratio in enhancing the BDV with the
properties for flash point which is 156°C. Besides that, the ratio of 70% MO + 30% PFAE has
great properties for corrosive sulfur where the copper strip that immersed in insulating oil for
this ratio shows slight tarnish or other word is non-corrosive. Hence, it is take into account of
30% of ester content of PFAE oil can improve the dielectric strength without degrade the heat
transfer and gives less significantly BDV when presence of moisture content as well as non-

corrosive with great the flash point measurement.
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ABSTRAK

Penebat cecair dalam aplikasi kuasa pengubah berfungsi sebagai penyejuk dan penebat.
Sehingga kini ramai penyelidik melakukan banyak penyelidikan dan mencari alternatif dalam
penggantian minyak mineral (MO) konvensional yang biasanya digunakan dalam pengubah.
Selain itu, minyak ester asid lemak sawit (PFAE) adalah salah satu daripada minyak ester
semulajadi (NEO) yang menawarkan banyak kelebihan dan kerana sebab itu, minyak PFAE
adalah pilithan dan dicadangkan untuk digunakan dalam campuran dengan MO untuk
meningkatkan voltan kerosakan (BDV) bagi projek ini. Oleh itu, objektif utama dalam kajian
ini adalah untuk mendapatkan nisbah yang terbaik minyak penebat campuran antara MO dan
minyak PFAE tanpa mengurangkan terlalu banyak kuantiti MO bagi meningkatkan BDV dan
memastikan nisbah yang terbaik adalah bukan menghakis dan mempunyai takat kilat yang
bagus. Ujian BDV dijalankan menggunakan Megger OTS60PB mengikut piawaian ASTM
D1816 dengan jurang 1 mm elektrod dan Coulometric Karl Fischer Titration mengikut piawaian
ASTM D1533 digunakan untuk mengukur air. Oleh itu, pengukuran sulfur menghakis dilakukan
dengan menggunakan Kaedah B dari piawaian ASTM D1275 manakala Pensky-Martens tester
mengikut piawaian ISO 2719: 2002 digunakan untuk mengukur takat kilat. Sepanjang
eksperimen yang dijalankan, nisbah 70% MO + 30% PFAE mewakili nisbah terbaik dalam
meningkatkan BDV dengan sifat-sifat untuk takat kilat iaitu 156°C. Selain itu, nisbah 70% MO
+ 30% PFAE mempunyai ciri-ciri yang bagus untuk sulfur menghakis di mana jalur tembaga
yang tenggelam dalam penebat minyak untuk nisbah ini menunjukkan sedikit cemar atau
perkataan lain adalah bukan menghakis. Oleh itu, adalah mengambil kira 30% daripada
kandungan ester minyak PFAE boleh meningkatkan kekuatan dielektrik tanpa merendahkan
pemindahan haba dan memberi kurang ketara BDV apabila kehadiran kandungan kelembapan

serta bukan menghakis dengan potensi yang bagus pengukuran takat kilat.
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CHAPTER 1

INTRODUCTION

1.1 Overview

This chapter will review about the research background and motivations, problem
statement, objectives of this study, scopes of works, contribution of research and end with thesis
outline. The general overview of this study will briefly explain in research background and
motivations. Hence, the issues that need to be solved during this study will be explained in the
problem statement. For objectives of this study and scopes of works will be described about the
main purpose of this study conducted that need to be achieved in order to solve the problems
that have been identified. Lastly, the report outline will shows the summary of chapter provided

in this thesis.

1.2 Research Background and Motivations

In the electric power transmission and distribution system, the transformer has very
important responsibility in providing a reliable and efficient electricity supply. The transformer
is listed as the most critical equipment for high voltage equipment. The liquid that filled in the
power transformers applications are working as an electrical insulation and as a cooling medium.
Usually, mineral oil is one of the liquid insulation that often used in the high voltage transformer
which is associated with the reason of lower cost and good properties besides low in losses of
dielectric, high the strength of electric field and good performance for a long term. However, in
considering the environmental factor makes the mineral oil has a limited point. The first one is

mineral oil is well known as non-biodegradable which can contaminate soil and water when



there is serious oil spills. Hence, mineral oil also is non-renewable because mineral oil is
produced from the base of petroleum and it will run out in the future because of petroleum is
nonrenewable [1].

For that reason, many researchers gives an efforts rapidly on developing a fully
biodegradable insulating fluid that were started in the mid-1990s [2]. Natural ester oil (NEO)
gives more advantages compared to mineral oil in terms of fire safety, environmental friendly
and insulation ageing. In fact, NEO is a non-toxic, more biodegradable, and less flammable and
it will be more suitable that can be used in the transformer insulation system [1, 3]. Malaysia is
well known in palm plantation and palm oil also gives a lot of impact in a variety of application
use. Many researchers [4] are studied to make palm-oil as based transformer oil as one of the
alternative. There are a lot of benefits of palm oil which are the cooling stability of palm oil is
the highest and very good oxidation stability. A knowledge to know about palm oil, it can be
potential to substitute to mineral oil due to has excellent in dielectric properties. Since 2006,
Lion Corporation take initiatives to develop Palm Fatty Acid Ester (PFAE) as an insulation oil
for transformer. PFAE has superior insulation performances in high voltage transformer and
environmental friendly [4, 5].

In recent years, investigations on mixed insulating oil between mineral oil and natural
ester oil are being worked out and become interested from many researchers. I. Fofana [6]
propose the mixed insulating oil in order to enhance its stability of insulating oil which consists
of dielectric, flash point, and thermal properties. Mixed insulating oil which mixtures of mineral
and ester oils have been reported that having a good thermal performance in term of improved
oxidation stability besides to minimize the lower cost of transformer. Since development of the
mixed insulating oil become popular among researcher, a report stated that the optimal ratio of
mixed insulating oil is consists of 80% of mineral oil and 20% of ester oil [7].

In the last decade, the presence of corrosive sulfur compound have been reported as
typical winding failures in transformers and shunt reactors due to the resultant formation of
copper sulfide (CuzS). Corrosive sulfur is discussed as unexpected failure in electric power
transformer and caused the power grid has great loss [8, 9]. In transformer oil, the corrosive
sulfur originates mainly from the refining process of mineral oil in which process there were
residual sulfur ingredients. The content of corrosive sulfur in transformer oil is probably 5% or

more and sulfur was named due to can occur with the copper wire active sulfur. Copper sulfide



is the main component of the deposition on the copper and insulation paper which had
experienced the corrosion. The reaction between the corrosive sulfide in the transformer and the
copper wire at 80~150°C produces the product which is copper sulfide. On the other hand,
Dibenzyl Disulfide (DBDS) is pointed out that the main corrosive sulfide occurred in the
transformer oil. The concentration of oxygen in the oils is take into account that affects the
deposition of copper sulfide on the paper surface [10].

Since insulating oil is taking into account of safety in terms of flammable liquids and
fire hazards, many researchers are carried out the study in terms of physical properties especially
conducting the flash point. The requirement to do study the flash point on insulating liquid due
to quality control purposes as well as for controlling the flammability risk and classification of
liquid where to warn a risk and enable the correct precautions to be taken when using, storing
or transporting the insulating oil [11].

Therefore, many researchers have been carried out the research and gives the efforts to
identify the optimal ratio of mixing of mineral oil and PFAE oil to produce as a liquid insulating
materials for power transformer applications. Besides that, a further studies need to be done to
resolve the issue of corrosive sulfur in transformer oil and propose effective suppression

measures. From this way can ensure the safe and stable operation of the power transformer.



1.3 Problem Statement

Up to now, recent studies showed that mineral oil (MO) as insulating oil that often used
in power transformer application has been reported has weakness in terms of environmental
factors, non-biodegradable, non-renewable and lowest moisture content. Meanwhile, previous
studies stated that PFAE oil based natural ester oil (NEO) has promoted many advantages in
terms of fire safety, environmental friendly, more biodegradable, less flammable, non-corrosive
and highest moisture content. Therefore, the best ratio of mixed insulating oil between MO and
PFAE oil will be produced in order to enhance its stability which consists of breakdown voltage
(BDV) without reducing the quantity of MO too much. Since the effect of corrosive sulfur on
mixed insulating oil is not be done research widely by any researchers and it is thus necessary
gives opportunity to carry out of study the effect of corrosive sulfur on mixed insulating oil. In
ensuring the mixed insulating oil that produced is presents the best ratio of concentration of
mixed insulating oil, the study of flash point is conducted on mixed insulating oil in order to
determine the minimum temperature at which heated of mixed insulating oil gives off sufficient

vapor to form a flammable mixture with air.



1.4

Objectives

There are three objective that need to be accomplished in order to make this project

successful which are:

1.

1.5

To obtain the mixed insulating oil with the best ratio for the concentration of mineral
oil mixed with natural ester oil by assessing the AC breakdown voltage.

To study the effect of the presence of corrosive sulfur compound that react on contact
with copper in the mixed insulating oil.

To study the flash point of insulating oil in order to determine which the ratio of

concentration of mixed insulating oil that gives the best result for the flash point.

Scope of Works

The scopes of this study are:

The ratio of concentration of mixed insulating oil used the types of mineral oil is
Nytro Libra oil and types of natural ester oil used is Palm Fatty Acid Ester (PFAE)
oil. The baseline liquid used in this study is 500 milliliter.

Breakdown Voltage (BDV) measurement performed by following ASTM D1816
standards which using the gap of electrode 1 mm.

The test method for measuring moisture content in insulating oil is complies with
ASTM D1533 standards where the test known as Karl Fischer.

ASTM D1275 standards is applied as test methods to detect corrosive sulfur in
insulating oil while ASTM D130 standards is used as reference of copper strip tarnish
level classifications.

The test method for the test of flash point is performed in according to ISO
2719:2002 standards which using Pensky-Martens closed cup method.



1.6 Contribution of Research

The expected from this research is by mixing of mineral oil (MO) and natural ester oil
(NEO) will give improvement of characteristic and behavior in terms of electrical, chemical and
physical properties. This research will be carried out on various sample of mixed insulating oil
with differences ratio of concentration in identifying which types of ratio of concentration could
enhancing the breakdown voltage (BDV). Since PFAE oil does not contain of any sulfur
compound, it could give an advantage for doing mixed with MO in this experiment and thus can
provide the best protection from corrosive sulfur in producing the mixed insulating that be used
in power transformer application. Hence, the properties of mixed insulating oil can be identified
through this experiment which is the value of flash point for mixed insulating oil that conducted
in the experiment will be compared with the physical properties which is flash point for both
MO and NEO in providing benchmarks. Thus, by this study can acknowledge and identify which
type of ratio of concentration of mixed insulating oil will presents the best ratio of mixed

insulating oil in terms of dielectric strength, corrosive sulfur and flash point.



1.7 Thesis Outline

In general, this thesis is covers five (5) chapters. Chapter 1 is an overview of the research
project. The problem statement, objectives, and scopes of projects are defined in this chapter.
The objectives and scopes that have been stated will assist the research of works to be done.
Chapter 2 is presents the literature review. This chapter consists of the theory related to this
research such as the development of insulating liquid, types of insulating liquid, mixed
insulating liquid, corrosive sulfur, flash point, and the importance of transformer insulating
liquid testing. It also explained and discussed the review of previous related works regarding to
this research. Chapter 3 is illustrated methodologies that apply in order to get required output of
the project. This chapter includes the selecting of MO and NEO, pre-processing of MO and
NEO, BDV and moisture content of MO and NEO following standard, mixture process between
MO and NEO by differences ratio, BDV performed on differences ratio of mixed insulating oil,
corrosive sulfur and flash point. Chapter 4 is interpreting and discussion of this study. It is
includes present moisture content and the breakdown voltage (BDV) on oil samples with
differences ratio of concentration of mixed insulating oil, corrosive sulfur and flash point.

Lastly, Chapter 5 is conclusions that have been made throughout of this project.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter will described about the literature review that related in this study. Thus,
any related theory and relevant information such as development of insulating liquid, types of
insulating liquid, mixed insulating liquid, corrosive sulfur, flash point, the importance of
transformer insulating liquid testing and Weibull distribution are studied and discussed in this
chapter. Meanwhile, the mixed insulating liquid that has been done by from previous researcher

also discussed to relate the project conducted.

2.2 Development of Insulating Liquid

Electrical insulation commonly known as critical part in electrical equipment. Insulating
liquid has been used worldwide for billion liters in the power electrical equipment for example
transformers , resistors, reactors, capacitors, cables, bushings, circuit breakers, tap changers, and

etc. Figure 2.1 shows the applications of insulating liquid used in electrical power equipment

[6].



Figure 2.1: Applications of insulating liquid used in electrical power equipment [6]
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In the transformers, insulating liquid plays role as acoustic dampening media and
responsible for maintaining the power transformer in good condition. Besides that, insulating
liquid has taken responsibility of the functional serviceability of the dielectric insulation system
and determine the life span of power transformer application. The information of incipient
electrical and mechanical failures can be provided by doing the testing of physicochemical and
electrical properties on insulating liquid. Since 1990s, mineral oil based-petroleum has been
widely used and become a main insulating liquid in industrial power system due to good aging
behavior, low viscosity, low cost and ready availability. In early 1930s, polychlorinated
biphenyl (PCB) based insulating liquid has been used in power transformer because of
requirement in use high fire security standards. Hence, PCB-free liquid was replaced the PCB
since increasing the population density in 1970s. Due to safer nonflammable and
environmentally concern, it has been alternative to replace mineral oil and many achievement
of significant advances has been made in the last four decades. The properties of insulating

liquid used in the last 50 years as shown in Table 2.1 [6].
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Table 2.1: The properties of insulating liquid used in the last 50 years [6]

Category

Type of Liquid

Applications

Particular Properties

Mineral oils

Naphthenic, Paraffinic

Liquid-filled
power equipment
(transformers,
circuit breakers,
load tap changer,
etc.)

¢ Good resistance to oxidation
¢ Good viscosity index

e Relatively low fire point

e Low moisture tolerance

e Possible sulfur corrosion

High-molecular-

Paraffinic

Transformer, load

¢ High flash point

weight hydrocarbons tap changer
Vegetable oils Castor, soybean, Capacitors, e Low dielectric losses at frequency
cotton, palm, etc. transformers higher that 1 kHz
e Readily biodegradable
e Low oxidation stability
Synthetic Polybutenes Cables ¢ Low dielectric losses
hydrocarbons ¢ Adjustable viscosity
Alkylbenzenes Bushing, cables, | e Gas absorbing under partial
capacitive discharges
dividers e Good lightning impulse breakdown
strength
Alkylated Capacitors e Good lightning impulse breakdown
hyrdocarbons with strength
condensed aromatic
rings (DIPN)
Alkylbiphenyls (MIPB) | Capacitors e Readily biodegradable
e Gas absorbing under partial discharge
Alkyldiarylalcanes Capacitors e Good lightning impulse breakdown
(BT, DBT) strength
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Halogenated
hyrdocarbons

Askarels (PCB) Capacitors and ¢ Nonflammable
distribution e Thermal stability
transformers

Polychoro-diphenyl Transformers ¢ Nonflammable

methanes ¢ Biodegradable

Polychoro-alchanes Transformers

e Thermal stability

Silicone oils

Poly-dimethyl

Traction and

¢ Good viscosity index

siloxanes or PDMS, distribution e High flash point
Poly-methylphenyl transformers e Gas absorbing under partial
siloxanes discharges
¢ High oxidation stability
e Low biodegradability
Organic esters Simple esters Capacitors e Relative permittivity at 20°C higher

than 5

Phtalates

PCB substitute

e Used to increase flash points of some

liquids

Complex esters,

Traction and

¢ High flash point

tetraester of distribution e High moisture tolerance
pentaerythritol transformers e Readily biodegradable

e High oxidation stability

Other liquids Ethers (alkyl-diphenyl | Capacitors e Relative permittivity higher than 3 at

ether, ditolyl-ether) 20°C

e Adaptability
Nanofluids Transformers e Adaptability
Mixed liquids Capacitors, e Adaptability

transformers

Cryogenic dielectric Superconductivity | e Reduction or suppression of Joule

liquid (nitrogen)

and cryogenic

applications

heating
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2.3  Types of Insulating Liquid in Transformer

Insulating liquid that used in the power transformer applications can be divided into
different types based on their chemical structures and fire point. Basically, there are (2) types of
insulating liquid that commonly used which are; mineral oil (MO) and natural ester oil (NEO).

These types have differences of behavior and dielectric properties in the use on its applications.

2.3.1 Mineral Oil MO)

Since a long time ago mineral oil (MO) has been used widely as oil-immersed
transformer due to MO has an excellent insulation performance and lower cost [12]. Basically,
MO known as petroleum-based oil and this type of oil is complex mixture where there is
hundreds of different compounds consisting of carbon and hydrogen mainly in molecules with
different structures [5, 6]. During the distillation of petroleum crude stock, carbon and hydrogen
be produced from the refining a fraction of the hydrocarbons that are collected. .The

hydrocarbons present in crude petroleum are classified into three (3) general types:

a. Paraffinic

The chemical properties for the paraffinic crude oil is (C H, ,,). Paraffinic crude oil

contains small amount quantity of naphthenic hydrocarbons. This crude oil can be divided into
two (2) types which are normal paraffins and isoparaffins. The molecules of paraffins is straight
chain wax type. Meanwhile, isoparaffins is branched molecules. Isoparaffins has lower pour
points and this type is more preferred compared to normal paraffins. Besides that, the contain

waxes in paraffinic crude oil is much higher than contain wax in naphthenic crude oil [6].
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b. Naphthenic

Naphthenic crude oil has chemical properties (C_H, ) which means this crude oil has

high pour points and lower viscosities than paraffinic crude oils. The existence of naphthenic
compound in this crude oils is much higher than paraffinic crude oils. Normally, the
manufactured of naphthenic crudes oil is from the process of solvent refining with

hydroprocessing/hydrotreating or mild hydrofinishing [6].

C. Aromatic

There are many names for aromatic crude oil can be called which are; polynuclear
aromatics, polycyclic aromatics, and polyaromatic hydrocarbons. The chemical properties for

this crude oil (C H, ) and the molecules is unsaturated ring. The factor in determine the
differences of water solubility of different oils from the aromatic contained. Besides that,

polyaromatic hydrocarbons can causes the health concern and naphthenic oils with more than

2% of polyaromatic hydrocarbons also give causes the carcinogenic which dangerous for health

[6].
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Figure 2.2 shows the form molecules in differences of crude oil. Thus, in producing the
new mineral oil have to be following in accordance with the ASTM D3487 or IEC 60296 [13].
Normally, ASTM D3487 standards are covers the criteria of new mineral oil regardless of their
crude oil base and origin prior to any processing. This standards also is defines into two (2)
types which are: Type I has normal oxidation resistance and Type II has greater oxidation
resistance. Hence, Type I does not require any addition of an oxidation inhibitor as it has already

contain of naturally occurring inhibitors and Type II are inhibited artificially [14].

Figure 2.2: Chemical forms of mineral oil [15]
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2.3.2 Natural Ester Oil (NEO)

Natural ester (tri-ester) also known as vegetable oil consists of triglycerids which are
naturally synthesized by esterification of the tri-alcohol (glycerol) with three fatty acids that
obtained from the plant [16, 17]. The chemical composition of vegetable oil is crucial in fully
qualify as a dielectric fluid. The oil color of crude vegetable oils that extracted from the seeds
is dark. Besides that, crude vegetable oils contains solid constituents such as protein, fibers, and
liquids (fats and oils). Triglycerids esters of fatty acids presents both fats and oils where fats has
relatively high percentage of saturated triglycerids and can be freeze to solid at below room
temperature. Usually, the part of oily remains as liquid when temperature is above 0°C. Besides
that, oil with high unsaturation remain as liquid at temperature -15°C and 30°C. The molecules
of tryglycerids ester may be presented as; CH2-OOCR 1, CH-OOCR: and CH-OOCR3 where R1,
R> and R3 are same or different types of fatty acid chains [18]. Basically, the fatty acids are
composed through the linear hydrocarbon chains and it is ended by a carboxylic function. Thus,
the molecules of these have an even number of carbon atoms which typically from 8 to 22 in
tryglycerids and the chain can be saturated or mainly mono-, di- and tri- unsaturated [16].
Transesterification reaction (mono-ester) or mixture of mono and tri-ester is the other process
to allow the final product to be obtained [13]. The composition of fatty acid of some vegetable
oil as shown in Table 2.2 [6]. In the middle of the nineteen nineties, a fully biodegradable
insulating liquids became interesting study and started in development of vegetable oils. Palm
Fatty Acid Ester (PFAE) recently has been proposed as a new vegetable-based insulating oil for
power transformer [6]. The development of natural ester as insulating liquid as shown in Figure

2.3[17].



Table 2.2: Typical fatty acid composition of some vegetable oils [6]
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Canola oil* 7.9 55.9 22.1 11.1
Corn oil 12.7 242 58 0.7
Cottonseed oil 25.8 17.8 51.8 0.2
Peanut oil 13.6 17.8 51.8 0.2
Olive oil 13.2 73.3 7.9 0.6
Safflower oil 8.5 12.1 74.1 0.4
Safflower oil, high oleic content 6.1 75.3 14.2 -
Soybean oil 14.2 22.5 51 6.8
Sunflower oil 10.5 19.6 65.7 -
Sunflower oil, high oleic content 9.2 80.8 8.4 0.2
*Low erucic acid variety of rapeseed oil. Recently canola oil with more than 75%
monounsaturated content has been developed.

Figure 2.3: The development of natural ester as insulating liquid [17]
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2.3.2.1 Palm Fatty Acid Ester (PFAE) Oil

Palm Fatty Acid Ester (PFAE) oil is fatty acid alkyl ester (R'COOR?) derived from palm
oil and it has great potential for use as insulating medium for transformer such as good
biodegradability, superior insulation performance, lower viscosity, high cooling ability, good
oxidation stability, high productivity, excellent dielectric properties and environmentally
friendly [4, 12]. In the year of 2000s, palm oil and palm kernel oil become the most abundant
and consistently supplied among vegetable oil in the world including soybean and rapeseed oil.
A photograph of palm nut as shown in Figure 2.4 [19]. Since palm derived shows the highest
productivity, its crop yield per unit area is 7 to 10 times higher than other vegetables seed oil

[12].

Figure 2.4: Photograph of palm nut [19]



Table 2.3: Composition of fatty acid in oils [19]

19

Fatty Acid Soy- Rape- Sunflower Palm Coconut | Beef
bean oil seed oil oil Palm oil | Palm kernel oil oil fat
C8: caprylic acid - - - - 33 7.8 -
C10: capric acid - - - - 3.1 7.6 -
C12: lauric acid - - - - 45.7 44.8 -
C14: myristic acid - - 0.2 1.1 16.4 18.1 2.0
C16: palmitic acid 6.7 54 7.1 44.4 8.9 9.5 325
C18: stearic acid 3.3 2.0 2.8 4.3 2.3 2.4 14.5
C18: oleic acid 41.7 68.0 30.0 39.9 17.1 8.2 48.3
C18: linoleic acid 41.3 21.0 59.5 9.4 2.7 1.5 2.7
C18: liolenic acid 5.9 - - - - - -
Others 1.1 3.6 0.4 0.9 0.5 0.1 -

Basically, palm derived oil has carbons 8 to 18 and wide composition of fatty acids as

shown in Table 2.3 [19]. Triglyceride of C16 and C18 fatty acid presents for palm oil. The
chemical reaction of PFAE that supplied by Equation (2.1) and (2.2) [12, 19]:

CH>OCOR CH.OH
| |
CHOCOR + 3CH30H — 3RCOOCH3 + CHOH
| |
CH>OCOR CH,OH
Fat and oil Methanol Fatty acid Glycerin
and methyl ester
R'COOCH; + R?0OH———— R!COOR?> + CH;OH
Fatty acid and  Alkyl alcohol Fatty acid Methanol

methyl ester

alkyl ester

2.1)

(2.2)
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Specifically, 99% purity of fatty acid methyl ester is using palm derived oil as a raw
material as shown in Equation (2.1) [12, 19]. Fatty acid methyl ester at lower temperature has
been through transesterification with other alkyl alcohol in order to improve the liquidity.
Hence, fatty acid alkyl ester R'"COOR? stands for PFAE oil is synthesized from Equation (2.2)
[12, 19] by transesterification from various fatty acid methyl ester with fatty acid moieties of 8
to 18 carbon atoms which means to improve liquidity at low temperature. Besides that, PFAE
oil has biodegradability is about 60% which means PFAE oil is more safe for the environment
in the event that contamination occurrence of soil or water. PFAE oil has received Eco Mark
registration standards due to environmentally friendly [19]. Thus, the properties of PFAE oil

and mineral oil as shown in Table 2.4 [5].

Table 2.4: Properties of PFAE oil and mineral oil [5]

Property PFAE oil Mineral Oil
Density at 15°C [g/cm’] 0.86 0.88
Kinetic viscosity at 40°C [mm?/s] 5.1 8.1
Flash point [°C] 186 152
Pour point [°C] -32.5 -45
Total acid value [mg KOH/g] 0.005 <0.010
Moisture [ppm] 15 <10
Relative permittivity at 80°C 293 2.20
Tan § at 80°C [%] 0.310 0.001
Volume resistivity at 80°C [Q.cm] 1.9x 108 7.6 x 101
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24 Mixed Insulating Liquid

Generally, the importance of mixed insulating liquid to improve the electrical parameters
(dielectric strength, specific resistance, and dielectric dissipation factor), chemical parameters
(water content and acidity) and physical parameters (viscosity, flash point, and pour point).
There are commonly types of insulating liquid that frequently used to be mixed which are;
mineral oil, synthetic ester oil, natural ester oil, rapeseed oil. In fact, each oil has their advantage

with regard to the other.

2.4.1 Mineral Oil mixed with Synthetic Ester

Mineral oil and synthetic ester are commonly used in producing the mixed insulating oil
for improvement of power transformer applications. By mixing these two oil can be improved
the characteristic in terms of heat transfer, breakdown voltage (BDV), ageing stability and
electrostatic charging tendency (ECT). Basically, the ratio of the concentration used for
producing mixed insulating oil is 80% of mineral oil and 20% of synthetic esters due to non-
degrading its viscosity and ECT. The types of mineral oil used is naphthenic mineral oil which
means this oil is uninhibited and mostly used in large power transformer. Meanwhile, there are
two (2) types of synthetic ester used which are; the first type using tetraesters and the second
type using based on pentaerythritol (high water solubility) [20]. The properties of naphthenic

mineral oil and synthetic ester oil as shows in Table 2.5 [20].
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Table 2.5: The properties of naphthenic mineral oil and synthetic ester oil [20]

Type of Oil Naphthenic Mineral Synthetic ester
Oil Tetraesters Pentaerythritol

Properties (IEC)
Density (20°C) g/cm? 0.89 0.97 0.96
Viscosity (40°C) mm?/s 8.9 30 35
Pour point °C -57 -48 -50
Thermal conductivity (20°C) 0.13 0.16 0.15
W/m.K
Flash point °C (PM method) 148 257 > 250
Dissipation factor (90°C) <0.001 0.004 0.02
Dielectric constant (20°C) 2.2 3.2 33
Breakdown voltage (kV) >70 >75 >75
Max. water solubility (25°C) ppm 70 2500 2500

Hence, the previous shows the mixture are homogenous before and after the ageing. The
process of miscibility by put the mixed insulating oil in a closing vessel and three ageing stages
at 105°C for 168 hour, after that room temperature for 21 days and the last part at -40°C. Besides
that, the BDV test conducted according IEC 60156 standard with gap of the electrode is 2.5 mm
and the voltage uniformly increased (2.0 +0.2 kV/sec) while the oil stirred during the test. The
BDV result shows that synthetic ester oil have higher BDV. By mixed 20% of synthetic ester
oil enable improvement of BDV average value of mineral oil and avoid its dielectric strength to
be reduction after ageing process. In addition, the result of BDV does not follow the “mixture
law”. Considerably, BDV depends on the water content. Thus, from the BDV result can be
analyzed synthetic ester oils have solubility of water so that can reduce the humidity on mineral
oils. The probability study on BDV with 32 measurement as shown in Figure 2.5. Then, Figure
2.6 shows the evolution of BDV of oils and mixtures before and after ageing of product alone

with 6 measurements [20].




Figure 2.5: The probability study on BDV with 32 measurement [20]

Figure 2.6: The evolution of BDV of oils and mixtures before and after ageing of product

alone with 6 measurements [20]
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2.4.2 Mineral Oil mixed with Natural Ester

In order to produce new type of liquid insulating material where environmental friendly
and excellent in dielectric properties, natural ester is the appropriate liquid in mixture with
mineral oil. Natural ester oil is the insulating liquid that has superior characteristic of dielectric
strength and water solubility but the losses factor and viscosity are inferior. In addition, mineral
oil as mentioned is good thermal properties to evacuate heat from transformer but the factor of
ageing and biodegradability are inferior. Thus, through mixing both natural ester oil and mineral
oil can be enhanced the dielectric as well as thermal properties of the insulating liquid. The type
of mineral oil used is Shell Diala B where its density is 0.873 g/cm® meanwhile natural methyl
ester oil that obtained from palm oil is presented as natural ester oil. [21].

Hence, by applying the breakdown voltage (BDV) that complies IEC 156 and ASTM
D877 standards which the gap of electrode is 2.5mm and the frequency 50 Hz with increasing
rate of 2 kV/s on mineral oil mixed with natural ester oil, the result shows that the BDV is
increased when the content of natural methyl ester is increased as shown in Figure 2.7. Besides
that, the BDV test on pure of natural methyl ester is significantly larger than BDV test on pure
mineral oil. It can be conclude that the improvement of the quality of mixture can be improved
by increasing the content of natural methyl ester. Besides that, the temperature and the relative
water content, Wy can affected the BDV result. The BDV test be reduction due to the increasing
the relative water content. Natural ester is known as has much higher saturation water content
and thus natural methyl ester oil be able to dissolve much water. Figure 2.8 shows the result of
BDV test depends on temperature affected and Figure 2.9 shows the limitation of water

saturation for mineral oil and methyl ester that functioning absolute the temperature [21].



Figure 2.7: Dependence of BDV on the content of ester [21]

Figure 2.8: Dependence of BDV on temperature [21]
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Figure 2.9: The limitation of water saturation for mineral oil and methyl ester that functioning

absolute the temperature [21]
The BDV is increased significantly with the temperature at the range of temperature
which is from 30°C to 70°C due to the water solubility is increased in the liquid. Equation (2.3)

[21] states the temperature dependence of maximum water solubility in the liquid where W, is

in ppm unit and H is in Kelvin unit.

W, = W, exp (_T—H) (2.3)

Table 2.6: The value of W, and H for mineral oil and methyl ester oil [21]

Parameters Wo H
Types of Oil (ppm) (Kelvin)
Mineral oil 19.2x10° 3805

Methyl ester oil 2.61x10° 1340
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Table 2.6 shows the value of W, and H for mineral oil and methyl ester oil [21]. Thus, it
can be conclude that the ester content is the main factor in affected the properties of mixed
insulating liquid between mineral oil and natural ester oil. With the increasing of ester content
are be able to enhance the BDV test and 50% of ratio of concentration considered as suitable to

be used in high voltage insulating liquid [21].
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2.5 Corrosive Sulfur

Corrosive sulfur is defined as an elemental sulfur and thermally unstable sulfur
compounds in insulating oil that can cause corrosion of certain transformer metals such as
copper and silver [Appendix I]. Since 21% century, ABB, Doble, Toshiba, Areva, Siemens, Sea
Marconi, and other factories begun to do the research in finding the solution to deal with
corrosive sulfur problem in 2005 as well CIGRE was set up A2-32 with the same purpose [22].
The corrosive sulfur in transformer oil is originates mainly from the refining process of mineral
oil (MO) where the process there were residual sulfur ingredients. It can be 5% or more for the
content of the corrosive sulfur in transformer oil and sulfur was named in which can happened
with the copper wire active sulfur. Copper sulfide (CuxS) is the main component deposition on
the copper and insulation paper which has experienced the corrosion. In the transformer and the
copper wire at 80°C to 150°C, Cuzs is the product formed in the reaction between the corrosive
sulfides. Besides that, Dibenzyle-disulfide (DBDS) is pointed out that the main corrosive sulfide
in the transformer oil. Meanwhile, the oxygen concentration in oils is take into consideration
that affects the deposition of Cu;S on the paper surface [10]. There have been a number of
problems and failures of power transformer, shunt reactors, load tap changers and bushings that
associated with corrosive sulfur in electrical insulating oil which is using mineral oils (MO)
[23]. Besides that, transformer oil is not the only substance in a transformer which may contain
sulfur. It could be happened from the gaskets, glues, copper and processing equipment
probability contain sulfur as well [24]. Figure 2.10 illustrates the copper sulfide deposits on
copper conductor [24].

Figure 2.10: Copper sulfide deposits on copper conductor [24]
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The testing for corrosive sulfur is usually referring to ASTM D1275 standard which is
well known as standard test method for corrosive sulfur in electrical insulating oil. There are

two (2) methods for ASTM D1275 standards which are Method A and Method B.

a. ASTM D1275A

ASTM D1275A also can be known as Method A for ASTM D1275 which represents the
old parameter and this traditional test has been used for decades. By conducting this method,
the oil is exposed to the copper strip and heated to temperature of 140°C for 19 hours in a sealed
environment. In determine whether this test is pass or fail is by looking the amount of deposition
and discoloration of the copper surface. IEC standards: DIN 51353 is one of the similar test with
the Method A for ASTM D1275 which is the oil is exposed to silver strip and heated to
temperature of 100°C for 18 hours but the experiment is conducted in an open air environment.
It also use the same evaluation with ASTM D1275 which is by looking the amount of deposition

and discoloration of the copper surface can be determined the test is pass or fail [24].

b. ASTM D1275B

ASTM D1275B is well known as Method B for ASTM D1275 and this method is the
current edition of test method for copper corrosion procedure. Because of traditional test has
made several case of transformers failing due to corrosive sulfur, thus it need ASTM DI1275A
to be replaced with ASTM D1275B. In 2006, the ASTM D1275B is a modified test and has
been approved for test method for corrosive sulfur. This method also is similar to ASTM
D1275A where the oil is exposed to copper conductor but the temperature to be heated is about
150°C for 48 hours. From this method can give more aggressive test where can enable to better
identify corrosive sulfur in oil because of temperature is higher and duration is longer. Thus,
some sulfur compounds may be breakdown and create more reactive compounds when exposed
to intense heat through this method. Therefore, ASTM D1275B @ Method B for ASTM D1275

is recommended in doing test method for corrosive sulfur for all new transformer oil [24].
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2.6 Flash Point

In general, flash point is defined as the lowest temperature corrected to a barometric
pressure of 101.3 kPa (760 mm Hg), at which application of a test flame causes the vapor of a
specimen to ignite under specified conditions of test [Appendix I]. The flash point in simple
word is the minimum temperature at which heated oil gives off sufficient vapor to form a
flammable mixture with air and it is an indicator of the volatility of the oil. To assess the safety
hazard of a liquid or semi-solid with regard to its flammability and then classify the liquid into
a group is the fundamental reason for the requirement of flash point measurements is conducted.
This classification is then used to warn of a risk and to enable the correct precautions to be taken
when using, storing or transporting the liquid [25]. Basically, there is two (2) standard that
usually used to perform the flash point test which are; ASTM D92 which known as Cleveland
Open Cup Tester as shown in Figure 2.11 [26] and ISO 2719:2002 which known as Pensky-
Martens Closed Cup as shown in Figure 2.12 [26, 28].

Figure 2.11: Cleveland open cup tester [26]
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Figure 2.12: Pensky-Martens closed cup tester [26, 28]

By using Cleveland open cup method, the measuring flash point is conducted in a vessel
where this method is exposed to the air outside. The temperature of the substance is gradually
raised and an ignition source is passed over the top of it, until it reaches a point at which it flash
and ignites. The precision of open-cup tests is somewhat poorer than closed-cup tests as the
vapors produced by heating the test specimen are free to escape to the atmosphere and are more
affected by local conditions in the laboratory. When open cup tests are carried out at
temperatures above ambient the result is usually higher than a result from a closed cup test due
to the reduced concentration of vapors [27, Appendix H].

Besides that, closed cup is mostly used in product specifications and regulations due to
its better precision. ISO 2719:2002 standards using the Pensky-Martens closed cup tester for
determining the flash point of combustible liquids, liquids with suspended solids, liquids that
tend to form a surface film under the test conditions and other liquids. Thus, this standard is
suitable be applied for liquids with a flash point above 40°C. Hence, there are two (2) procedures
for ISO 2719:2002 standards which are; Procedure A is used for the determination of the flash
point of paints and varnishes that do not form a surface film, unused lubricating oils and other
petroleum products not covered by Procedure B. Meanwhile, Procedure B is used for the
determination of the flash point of residual fuel oils, cutback bitumens, used lubricating oils,
liquids that tend to form a surface film, liquids with suspensions of solids and highly viscous

materials such as polymeric solutions and adhesives [28].
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2.7  The Importance of Transformer Insulating Liquid Testing

2.7.1 Breakdown Voltage

The purpose of Breakdown Voltage (BDV) on insulating oil is to determine the ability
of the insulating oil to withstand the electric stress without failure. The standard known that
available and frequently used for BDV test on insulating oil which are; ASTM D1816, MS IEC
60156:2012 and ASTM D877 [29]. Megger Transformer Testing Equipment is very popular
equipment that used to measure the BDV test on the insulating oil. There are a lot of transformer
testing equipment by Megger for example Megger OTS60AF/2, Megger OTS80AF/2, Megger
OTS100AF/2, Megger OTS80PB, Megger OTS60PB and etc. [30]. Figure 2.13 shows Megger
OTS60PB that made from Megger [30]. Table 2.7 shows the details features of Megger
OTS60PB [29, 30].

Figure 2.13: Megger OTS60PB [30]



Table 2.7: Details features of Megger OTS60PB [29, 30]

Test Voltage -30 to +30 Vrms / 60 kV (Max)
Operating Temperature 0°C to 40°C
Operating Humidity 80% Relative Humidity at 40°C
Voltage Resolution

1 kV, £1%, +2 digits

The Megger OTS60PB test set is a portable set and it is a fully automatic testing that has
a battery. Table 2.8 shows the test specification parameters for ASTM D1816, ASTM D877 and

MS IEC 60156:2012 [29].

Table 2.8: Test specification parameters [29]

ASTM A I mm, 3 min 0.5kV/s Continuous
D1816 2 mm
ASTM C 2.54 mm 2 min, 3kV/s -
D 877 20s

MS IEC 60156: A B 2.5 mm 3 min 2kV/s 2 min
2012

The electrodes of Megger as shown in Table 2.9 have four (4) types of electrodes shape
which are; electrode shape A known as mushroom type, electrode shape B known as spherical

type, electrode shape C and electrode D are known as cylindrical type.
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Table 2.9: Differences of shape of oil testing electrodes [30]

Types of Electrode Figures of Electrode Shape Description
e Mushroom / semispherical
Electrode Shape A * F ¢ 36 mm diameter
e Spherical
Electrode Shape B ‘ * e 12.7 mm diameter
e Cylindrical
Electrode Shape C i r e 254 mm diameter
e Cylindrical
Electrode Shape D e 25.44 mm diameter with

1F

0.5 mm edge radius
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2.7.2 Moisture

Moisture or known as water (H>O) is one of the contaminant and enemy that can affect
the dielectric properties of insulating oil. Based on Naidu et al. [31] stated that the maximum
amount of water present in the oil of a good quality is less than 50 ppm at an atmospheric
temperature which about 30°C or less. Usually, certain amount of moisture which is happened
from water vapor and a very little amount of water will present in the insulating oil when the oil
temperature is decreased. The water content is measured in parts per million (ppm) or mg/l.
There are three (3) stages of water can be exist in oil which are; dissolved water, emulsified
water, and free water. For the stage of dissolved water, the molecules of water are dispersed
alongside oil molecules when the saturation level is below and thus resulting in water in the oil
become not visible. Meanwhile, for the stage of emulsified water, the oil is no longer able to
absorb more water molecules when the amount of dissolved water exceeds the saturation point.
This characterized by a hazy or cloudy that appear of the oil. For the last stage which is known
as free water, further increments of water content in oil will result in separate levels between oil
and water forming of its higher density, the water forms the lower layer, settling at the bottom
of the sump, with the oil floating on top. Figure 2.14 shows the dissolved water, emulsified

water and free water [32].

Figure 2.14: Dissolved water, emulsified water and free water [32]
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To measure the moisture content in insulating oil is divided into two types of off-line
methods which are Karl Fischer reaction method and the pressure gauge method. The Karl
Fischer reaction test is selected to be used in this study as shown in Figure 2.15 [33]. ASTM D
1533 test known as Karl Fischer titration method have been used from many previous
researchers and this standard test method used to measure the water content in the insulating oil.
By using this standard, it is based on the reaction of halogens with water in the presence of
anhydrous sulfur dioxide. In addition, high selectivity and sensitivity make this standard is very

popular in doing the test of moisture content in oil. [34].

Figure 2.15: Metrohm Coulometric Karl Fischer Titration [33]
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2.8 Weibull Distribution

The Weibull distribution provide the best fit of life data and simple graphical solution.
The preference of using Weibull because it can provide a reasonable accurate failure forecast
and failure analysis with extremely small samples in which the small samples are allowed cost

effective component testing.

The mathematical of Weibull distribution can be defined as follows:

F(t) =1—e(/mF (2.4)
Where;
F(t) = Fraction failing
t = Failure time
n = Characteristic life or scale parameter

= Slope or shape parameter

From the equation (2.4) [35] can be stated that F(t) is always 63.2% when t is equal to
n and it does not matter what the value of f is. This tells that the unique feature of the
characteristic life is that it occurs at the 63.2% regardless of the Weibull distribution. Thus, it

can be proved that with the Weibull equations which is:

F(t) =1- e(t/n)ﬁ
=1-0.368
F(t) = 0.632 regardless the value of 8

This Weibull statistical technique can be applied after getting the data of AC breakdown
voltage for lower failure probabilities at 63.2% in order to estimate the breakdown voltage on
the insulating oil that tested. In fact, the Weibull distribution can gives better fits than normal

distribution [35].
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Review of Previous Related Works
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The focus in this study is more on enhancing the breakdown voltage (BDV) of mineral

oil (MO) mixed with natural ester oil (NEO). There is some research conducted by some

researchers that related in this study before this study is implemented.

Table 2.10: Paper review on enhanced the BDV of mixed insulating liquid

Author Paper Review Findings Ref
(year)
C. Perrier | e Improvement the characteristic of mineral | ¢ Mixture between 80% of mineral | [20]
(2006) oil by mixing with synthetic ester oil and 20% of synthetic ester is
e Using Naphthenic as the type of mineral oil | the good compromise as better
and 2 types of synthetic ester in mixture | mixed insulating liquid and
which are; Tetraesters and Pentaerythritol improve the BDV average value of
e Other insulating liquid used in mixture | mixture between mineral oil and
which ~ is  silicon oil based on| synthetic ester
polydimethylsiloxane
e This paper reports the comparison of heat
transfer, BDV, ageing stability and
electrostatic charging tendency (ECT)
L. S. e This paper focused on development of | e The ester content is strongly | [21]
Darma dielectric properties of mixtures between | affected the properties of mixture
(2008) mineral oil and natural ester oil between mineral oil and natural

e The mixtures used conventional mineral oil
which is Shell Diala B and methyl ester as
natural ester oil

e The mixtures conducted from 0% to 100%

of concentration of ester

ester oil

e The increase of ester content in
mixtures gives the result of higher
acidity, losses factor and enhanced
the dielectric breakdown

¢ 50% of ester content considered as
the of ratio of

best result

concentration in mixture
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P. Krishna | e This paper reports the enhancing of critical | ¢ Sample 3  presents mixture | [36]

kumar parameters which are BDV, flash and fire | between 75% of mineral oil and
(2014) point of mixed insulating liquid with nano | 25% of sunflower oil gives the
materials and antioxidants. highest BDV and low viscosity at

e The investigation of mixture used many | higher temperature compared to
types of insulating oil which are; mineral | other mixture samples
oil (MO), used transformer oil (UTO), | ¢ Sunflower oil basically based on
sunflower oil (SFO), rice bran oil (RBO) | the natural ester oil

and silicone oil (SO)
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2.10 Summary and Discussion of the Review

In this chapter, the development and the details types of insulating liquid that currently
used in the power transformer as complies with their standard have been discussed. The types
of insulating liquid that commonly used are mineral oil (MO) and natural ester oil (NEO) where
Palm Fatty Acid Ester (PFAE) oil is usually used among other natural ester oil in nowadays.
However, this study is focusing on mixed insulating oil between MO and NEO in order to
enhance the breakdown voltage (BDV). In reaching the objective of this research, there is
needed a detailed study to find the best ratio of the concentration of MO and NEO by referring
to the previous related works in terms of dielectric properties, physical properties, chemical
properties, moisture measurement, and etc.. Previous research shows that with the adding of
ester content about 20% will give a good compromise and improve the BDV. Thus, the
investigation on the mixture of MO and NEO with using the suggestion of ratio given is required
in proving the fact including the investigation on differences of the ratio of concentration from
0% to 100% of MO and NEO. Besides that, the content of moisture in the insulating oil will
affects the result of BDV. Hence, the corrosive and flash point as the last test process that
conducted on the best ratio of mixed insulating oil for identifying the physical and chemical
properties for that mixed insulating oil. The next chapter will presents the research methodology

used in this study.



CHAPTER 3

METHODOLOGY

3.1 Introduction

This chapter will describe the process involved that will be taken in order to achieve the
project objectives and scope. To make the project systematically in procedures, flowchart is

illustrated the project implementation.

3.2  Flowchart of Project Implementation

The project implementation is described based on the Figure 3.1. The process involved
in this project is divided into several parts which starting from selecting the mineral oil (MO)
and natural ester oil (NEO) and ending up with analysis the result. Besides that, the previous
research for methods or procedures from previous researchers that have been done are related
and will be applied in the case of this study. However, the type of natural ester oil used to be

mixed with mineral oil for this study is the main differences from other previous research.
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A4

Mineral Oil (MO) and Natural Ester Oil (NEO) selection

\4

Pre-processing of MO and NEO
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BDV & Moisture Content as in the following standard:

BDV =20 kV (1mm gap)
MO (ASTM D3487) & NEO (ASTM D6871)

Moisture Content < 35 ppm for MO (ASTM D3487)
Moisture Content < 200 ppm for NEO (ASTM 6871)

l Yes

Mixture process between MO and NEO by differences ratio

A

BDYV test on differences ratio of mixed insulating oil

v

Performing test method for corrosive sulfur according ASTM D1275 &
Analyze copper strip based on ASTM D130

'

Performing test method for flash point complies with ISO 2719:2002
standards

A

Analysis the result

I

Figure 3.1: Flowchart of project implementation
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3.2.1 Mineral Oil (MO) and Natural Ester Oil (NEO) Selection

The mineral oil (MO) that be used in this experiment is Nytro Libra (IEC 60296, Ed. 4)
which the properties is uninhibited mineral oil that sourced from Nynas AB (M), Sweden [37]
and for natural ester oil (NEO) that be used is Palm Fatty Acid Ester (PFAE) oil sourced from

the Lion Corporation, Japan.

Figure 3.2:
Blue barrels which written of Nynas is containing Nytro Libra oil and green barrel is

containing PFAE oil
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3.2.2 Pre-processing of Mineral Qil (MO) and Natural Ester Oil (NEO)

In this process section, it is very important to mineral oil (MO) and natural ester oil
(PFAE oil) to undergo the pre-processing in order to get both in normalized properties before
used in the whole experiment. Thus, this second stage of project implementation is required for
filtering insulating liquid and standardized to keep the insulation oil purity and composition as
well as with parameters of temperature, electric field, electrical strength and water content [38].
The insulating oil filtering treatment method will be performed at the beginning of the
experiment. Then, the two (2) types of test will conducted which are; water content and BDV
test as complies with the standard will be conducted on MO and PFAE oil for the purpose for

keeping both insulating oil in fresh oil.
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3.2.2.1 Insulating Qil Filtering Treatment Method

The insulating oil filtering treatment method is as follows:

1. Insulating oil is pumped out from the barrel into a beaker and the beaker is wrapped with
plastic for prevent the moisture of insulating oil increased.
2. The apparatus of vacuum pump, filter flask, fritted funnel glass, fritted glass disk,

clamper and filter paper with approximately 0.5 cm are set up as in Figure 3.3.

Figure 3.3: Set up the apparatus for filtering treatment process

3. The insulating oil is poured into the fritted funnel glass until the maximum level. Then,
the fritted funnel glass is wrapped with plastic to prevent the moisture or unwanted
contaminants entered into the insulating oil during filtering process occurred.

4. The switch of vacuum pump is turned on and the process is starting to suck out the air
in the filter flask and the insulating oil is starting to filtered.

5. The insulating oil is refill into fritted funnel glass and the process is repeated until the

amount of insulating oil want to be used is completed to be filtered.
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3.2.2.2 Water Content Test

The water content test on MO and PFAE oil are complies with ASTM D1533 standards

using Coulometric Karl Fischer Titration [33, 39]. The procedure to conduct the water content

test 1s as follows:

1. STOP button is pressed to switch on KFC as in Figure 3.4.

~&
< _ ©)
= é22§t;3

Figure 3.4: Instrument’s keypad

2. The desired method (KFC) is selected as in Figure 3.5

Met hod KFC

Ini
1Dz
Sample size 1.8
Unit 3 |

Figure 3.5: Method selection

3. START button is pressed to start conditioning and waiting until the screen is display

“Conditioning OK™ as in Figure 3.6.

KFC cond. ok
Conditioning 0K

++0ri ft 1.7 pa-min

St irrer

Figure 3.6: KFC is in a ready condition
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4. A syringe with needle will be loaded with 5 ml of oil sample that need to be tested as in

Figure 3.7. For this stage, ensure there is no bubble presence in the syringe.

Figure 3.7: 5 ml of oil sample loaded into a syringe with needle

5. Digital analytical balance is used for weighed the oil sample as shown in Figure 3.8.

Hence, the size of oil sample will be used later.

Figure 3.8: Weighing the sample inside syringe

6. Start button is pressed after the screen displayed “Conditioning OK”. Then, oil sample

is added as in Figure 3.10 when the screen displayed as in Figure 3.9.
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KFLC
Add sample E =

Stirrer

Figure 3.9: KFC Screen displayed add sample

Figure 3.10: Oil sample is added

7. Hence, the screen displayed oil sample size which need to be entered as in Figure 3.11.

Press [START] key to continue

Figure 3.11: Sample size is inserted

8. The size of oil sample after weighed by using digital analytical balance is entered and
OK button is pressed. Then, START button is pressed to start the titration.

9. The results dialog displayed as shown in Figure 3.12 after the titration is completed.
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Figure 3.12: Results dialog displayed the moisture content of the oil sample

10. To ensure the accuracy of the results, the process is repeated for another four oil samples.
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3.2.2.3 BDV Test

Breakdown voltage (BDV) test will be performed after the water content test on MO and
PFAE oil are conducted. The BDV test on MO and PFAE oil are complies with ASTM D1816
standards using Megger OTS60PB as in Figure 3.13 where the type of VDE electrode used is

electrode shape A and the electrode spacing is set to 1 mm.

HYV Indicator // Oil

Light | Sample

/

\

Test
Chamber

T Chamber

Cover

Figure 3.13: Megger OTS60PB
. The procedure to conduct BDV test is as follows:
1. Oil sample is filled into the vessel where level mark for oil sample is about 500 ml.

Ensure there is no formation of bubble in the oil sample and check the temperature of oil

sample is at room temperature which is 20°C to 30°C as in Figure 3.14.



Figure 3.14: Measure initial temperature of oil sample

2. The gap spacing of VDE electrode shape A is set to 1 mm as in Figure 3.15.

Figure 3.15: 1 mm of gap spacing of VDE electrode

3. Oil sample is placed in the test chamber as in Figure 3.16.

Figure 3.16: Place the oil sample in the test chamber
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4. Megger OTS60PB is switched ON after the chamber cover is closed.
5. Then, ASTM D1816 standard is selected from the main menu as in Figure 3.17.

Figure 3.17: Selection standard from main menu

6. The screen of Megger OTS60PB will display as in Figure 3.18 to confirm the standard
and START button is pressed to proceed the next process.

Figure 3.18: Standard confirmation and gap spacing used

7. Next, Megger OTS60PB started the initial stirrer process for 3 minutes as in Figure 3.19.
After completed 3 minutes, Megger OTS60PB is readily for the dielectric strength
testing as in Figure 3.20.
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Figure 3.19: 3 minutes required for initial stirrer process

Figure 3.20: BDV testing is in progress

The process in step 5 is repeated to get 30 data of BDV test for each sample for the
purpose of large sample of data can give better accuracy.
. Hence, calculation (3.1) is used for calculation of the mean for 30 data of BDV test for

each oil sample.

30

1
Mean BDV = 30 ZXi (3.1)

i=1
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3.2.3 Insulating QOil Following Standard

The standard measurement for mineral oil (MO) and natural ester oil (PFAE oil) that be
used in this experiment are ASTM D3487 and ASTM 6871. Table 3.1 shows the comparison of
standard properties for both insulating oil in order to ensure to get the best result when
conducting the experiment [40]. The maximum water saturation permissible for fresh mineral
oil according to ASTM 3487 is 35 ppm while natural ester oil according to ASTM 6871 is 200
ppm. Thus, ASTM D1533 or known as Karl Fischer Titration method is required to test the
water content for both insulating oil. Hence, Breakdown Voltage (BDV) test with complies of
standard ASTM D1816 will be performed in ensuring the mineral oil and PFAE oil reach their

standard for dielectric strength properties.
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Table 3.1: Comparison of standard properties for fresh mineral oil and natural ester oil [40]

Electrical Dielectric strength (kV) D1816 (1mm gap) =20 =20
D1816 (2mm gap) =35 =35
Dissipation (%) | 25 (°C) D924 <0.05 <0.02
100 (°C) - <0.30 <4.0
Chemical Water content (ppm) D1533 <35 <200
Acid number (mg KOH/g) D974 <0.03 <0.6
Physical Color D1500 <0.5 <1.0
Visual examination D1524 clear & bright clear & bright
Relative density D1298 <0.91 <0.96
Flash point (°C) D92 >145 >275
Fire point (°C) D92 - >300
Viscosity | 100 (°C) D445 <3.0 <15
40 (°C) - <12 <50
Pour point (°C) D97 <-40 <-10
Interfacial tension (dyne/cm) D971 >40 -
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3.2.4 Mixture Process between MO and NEO by Differences Ratio

The experiment will be carried out with various samples of mixed insulating oil. Each
sample has differences ratio of concentration of mineral oil (MO) and PFAE oil. Table 3.2 shows
11 samples with differences ratio of concentration of mixed oil will be tested. In this experiment,
500 ml is selected as based quantity of sample for mixed oil process. Hence, the mixture process
between mineral oil (MO) and PFAE oil will be used magnetic stirrer of 400 rotations per minute
(RPM) with temperature level is 90°C and time taken for mixture process to complete is about

1 hour [41].

Table 3.2: Ratio of concentration of mixed insulating oil

o Ska,lyp._les Types of Sample
" 1 | 100% MO + 0% PFAE
2 0% MO + 100% PFAE
3 90% MO + 10% PFAE
4 80% MO + 20 % PFAE
5 70% MO + 30 % PFAE
6 60% MO +40% PFAE
7 50% MO + 50% PFAE
8 40% MO + 60% PFAE
9 30% MO + 70% PFAE
10 20% MO + 80% PFAE
11 10% MO + 90% PFAE
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3.2.4.1 Mixture Process Procedure

1. A beaker with volume 1000 ml will be used for entire the process
2. Mineral Oil (Nytro Libra oil) is filled into the beaker including the magnetic stirrer rod

as in Figure 3.21.

P
o

Figure 3.21: Magnetic stirrer rod and MO are filled into the beaker

3. The beaker is put on the plate of magnetic stirrer equipment as in Figure 3.22.

Figure 3.22: Placing the beaker on the plate of magnetic stirrer equipment
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4. Rod of temperature is set down to the beaker and ensure the rod does not touch body of

the beaker as in Figure 3.23.

Figure 3.23: Set down the rod of temperature to the beaker

5. The temperature is set to 90°C and the speed is set to 400 RPM as in Figure 3.24.

Figure 3.24: Temperature and speed are set to 90°C and 400 RPM

6. After the temperature is reached to 90°C, PFAE oil is started to fill into the beaker and

the time is set to 1 hour as in Figure 3.25.
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Figure 3.25: PFAE oil is poured into the beaker when temperature is reached 90°C

7. When approaching 1 hour of mixed process, the temperature of oil sample will be

measured during the notification of the first beep sound as in Figure 3.26.

Figure 3.26: Taking measurement of oil sample temperature before the mixed process ended

8. After completed 1 hour, the oil sample is filled into the bottle and waiting about 5

minutes to cooling down the sample as in Figure 3.27.
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Figure 3.27: Oil sample is filled into the bottle and 5 minutes taken for cooling down process

9. The bottle is blanketed with nitrogen gas and kept in the dark places for overnight as in
Figure 3.28.

Figure 3.28: The bottle kept in the dark places for overnight after blanketed with nitrogen gas



61

3.2.5 BDYV Test on Differences Ratio of Mixed Insulating Oil

After completed preparing oil sample for all ratio of concentration of mixed oil, the BDV
test is carried out for all of oil sample. Before BDV test is conducted, oil sample for all ratio of

concentration of mixed oil are going through the procedure as follows:

1. Oil sample that kept in the bottle which blanketed with nitrogen for overnight is poured

into conical flask (Erlenmeyer flask) as shown in Figure 3.29.

Figure 3.29: Pour oil sample into conical flask

2. Oil sample is undergoing water content as in Chapter 3.2.2.1 and the result of water
content is recorded.

3. Bubble nitrogen through oil sample in conical flask for 15 minutes as in Figure 3.30.
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Figure 3.30: 15 minutes for bubble nitrogen through oil sample in conical flask

Then, the test of water content as in Chapter 3.2.2.1 is repeated and the result of water

content is recorded.

Oil sample is poured into vessel as in Figure 3.31 and BDV test is performed with the

same procedure as in Chapter 3.2.2.2.

Figure 3.31: Pour oil sample into vessel
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3.2.6 Performing Test Method for Corrosive Sulfur

The test method to detect corrosive sulfur in insulating oil is performed using Method B
from ASTM DI1275 standards. Based on ASTM D1275 standard, 250 ml non-filtered oil is
selected as based quantity of oil sample and copper strip with measurement 6 mm x 25 mm are
used in test method for corrosive sulfur process For this experiment, Method B where the main
aging parameters about 48 hours at 150°C are applied as test method for corrosive sulfur that
conducted on oil sample with ratio of 100% MO, 100% PFAE, 80% MO+20% PFAE and 70%
MO+30% PFAE,,.

The procedure to conduct test method for corrosive sulfur is as follows:

1. Copper foil as in Figure 3.32 is cut into measurement 6 mm x 25 mm as in Figure 3.33.

Figure 3.32: Copper foil

Figure 3.33: Copper strip with measurement 6 mm x 25 mm after being cut
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2. 240-grit silicon carbide paper (sandpaper) is used for rubbed both surface of copper strip

6 mm x 25 mm as in Figure 3.34.

Figure 3.34: Copper strip 6 mm x 25 mm after rubbed with sandpaper

3. Then, copper strip 6 mm x 25 mm is polished with pad of absorbent cotton moistened

with a drop of acetone as in Figure 3.35.

Figure 3.35: Polished copper strip with cotton that moistened with acetone

4. Copper strip is wiped with fresh pads of cotton for clean all metal dust and abrasive.
5. Then, copper strip is bent into V-shape at approximately 60° angle as in Figure 3.36 and
wash successively in acetone, distilled water, and acetone as in Figure 3.37 and Figure

3.38.



Figure 3.36: Bend copper strip into V-shape at approximately 60° angle

Figure 3.37: Copper strip V-shape washed with acetone

Figure 3.38: Copper strip V-shape washed with distilled water
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6. In the meantime, 220 ml of oil sample non-filtered are filled in heavy-walled bottle 250

ml as in Figure 3.39.

Figure 3.39: Heavy-walled bottle 250 ml are filled with 220 ml of o0il sample non-filtered

7. Hence, copper strip V-shape is dried in oven for 3 to 5 minutes at 80°C to 100°C as in
Figure 3.40 and copper strip V-shape is immediately immersed in heavy-walled bottle
that filled with oil sample. Ensure that copper strip V-shape standing on its long edge so

that no flat surface lies along the glass bottom.

Figure 3.40: Dry copper strip V-shape in oven for 3 to 5 minutes at 80°C to 100°C
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8. Bubble nitrogen through oil sample in the heavy-walled for 5 minutes as in Figure 3.41

and quickly screw with the PTFE plug equipped with fluoro-elastomer O-ring.

Figure 3.41: 5 minutes for bubble nitrogen through oil sample in heavy-walled bottle

9. Heavy-walled bottle are placed in the oven at 150°C as in Figure 3.42. If needed, after
15 minutes of heating at 150°C, partially unscrew the PTFE plug to release the pressure
and then screw it back down. Heating heavy-walled bottle in the oven for 48 hours + 20

minutes at 150 + 2°C as in Figure 3.43.

Figure 3.42: Placed heavy-walled bottle in the oven at 150°C
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Figure 3.43: Heating heavy-walled bottle about 48 hours + 20 minutes at 150 £ 2°C

10. After completed for heating for 48 hours at 150°C, remove the bottle from the oven and

allow to cool down.

11. Copper strip V-shape is taken out from the heavy-walled bottle with carefully as in
Figure 3.44.

Figure 3.44: Carefully take out copper strip from heavy-walled bottle
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12. Copper strip V-shape washed with acetone to remove all of oil sample and let air dry.

13. Observed by hold the copper strip in such manner so that light reflected from it an angle
of approximately 45°

14. ASTM D130 standards as in Figure 3.45 is used for interpretation of results.

Figure 3.45: Copper strip tarnish level classification, test method ASTM D130 standards

15. If the specimen is borderline or unclear which means between noncorrosive and
corrosive, the strip is cut in half along the bent portion of the copper strip.

16. Retain one half and take other half of copper strip to submerge completely in a 1:1
solution of hydrochloric acid (HCI) and distilled water at room temperature and wait 20

+ 2 minutes while gently swirling on occasion as in Figure 3.46.

Figure 3.46: Submerge completely copper strip in 1:1 solution of HCI and distilled water
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17. If the deposit in question is still present and did no fade or discolor, then the result is
reported as corrosive. Meanwhile, if the deposit has been removed or has turned

tan/beige, then corrosive sulfur is not present and the result is reported as noncorrosive.



71

3.2.7 Performing Test Method for Flash Point

In this part, the test method for flash point is performed according ISO 2719:2002
standards using Pensky-Martens closed cup method. Based on ISO 2719:2002 standard, 500 ml
non-filtered oil is selected as based quantity of oil sample and Pensky-Martens closed cup tester
as in Figure 3.47 are used throughout this experiment [26, 28]. Oil sample with ratio 80%
MO+20% PFAE and 70% MO+30% PFAE are selected in flash point test that conducted.

Figure 3.47: Pensky-Martens closed cup tester [26, 28]

The procedure to conduct test method for flash point is as follows:

1. Barometer is set the accuracy to 0.1 kPa. At the test of time, ambient barometric pressure
in the vicinity of the apparatus is recorded.

2. Test cup is filled with the test portion to the level indicated by the filling mark. The lid
is placed on the test cup and put in the heating chamber. Ensure that the locating or
locking device is properly engaged and the thermometer is inserted.

3. The test flame is light up and it adjusted to a diameter of 3mm to 4mm, or the alternative
ignition source is switched on. Heat flame is light up or the electric heater and supply
heater are switched on at such a rate that the temperature of the test portion as indicated

by the thermometer increases at 5°C/min to 6°C/min. This heating rate is maintained
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throughout the test. The test portion is stirred in a downward direction at a rate 90 r/min
to 120 r/min.

When the test portion is expected to have a flash point of 110°C or below, the application
of the ignition source is made first when the temperature of test portion is 23°C + 5°C
below the expected flash point and thereafter 1°C intervals. Stirring is ceased and the
ignition source is applied by operating the mechanism on the cover which controls the
shutter and ignition source so that the source is lowered into the vapour space of the test
cup in 0.5 second, left in its lowered position for 1 second and quickly raised to its high
position.

When the test portion is expected to have a flash point of 110°C or below, the first
application of the ignition source is made when the temperature of test portion is 23°C
+ 5°C below the expected flash point and thereafter 2°C intervals. Stirring is ceased and
the ignition source is applied by operating the mechanism on the cover which controls
the shutter and ignition source so that the source is lowered into the vapour space of the
test cup in 0.5 second, left in its lowered position for 1 second and quickly raised to its
high position.

Preliminary test is conducted at a suitable starting temperature when testing a material
of unknown flash point. The first ignition source application at 5°C above the starting
temperature is made and the procedure as in procedure (4) and procedure (5) are
followed.

The flash point is observed and recorded on the temperature of test portion read on the
thermometer at the time when the ignition-source application causes a distinct flash in
the interior of test cup. Ensure does not confuse the true flash point with the bluish halo
that sometimes surrounds the ignition source at applications preceding the actual flash
point.

The result is not valid if the temperature at which the flash point is observed is less than
18°C or greater than 25°C from the temperature of the first application of the ignition

source.

The test using a fresh test portion is repeated with adjusting temperature of the first

application of the ignition source until a valid determination is obtained which is the
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flash point is 18°C to 28°C above the temperature of the first application of the ignition
source.
Lastly, correction of observed flash point to standard atmospheric pressure is calculated

using equation (3.2)

Tc=To+0.25(101.3 -P) (3.2)
where
To is the flash point at ambient barometric pressure in (°C)

P is the ambient barometric pressure in (kPa)
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3.2.8 Analysis the Result

The process of analysis the result will be conducted at the last session of experiment
after gathered the data and information. The data will be analyzed to determine which ratio of
concentration of mixed oil will be selected through the test of water content, BDV, corrosive
sulfur and flash point. Thus, the analysis of the experiment should relate to objective in this

study and finally conclusion can be made from it.

33 Summary

Overall, Nytro Libra oil represents as mineral oil (MO) and Palm Fatty Acid Ester
(PFAE) oil represents as natural ester oil (NEO) are selected in this study. The selected method
for conducting the experiment is based on research background that has been done. There are
11 samples for ratio of concentration of mixed oil that need to be carried out using the mixture
process from previous research method. Hence, oil sample which has been selected is need to
undergo the further test such as corrosive sulfur test and flash point test after going through the
water content test and BDV test to ensure that oil sample is presents the best ratio for the
concentration of mineral oil mixed with natural ester oil. In the next chapter will presents the

results and discussion that obtained based on the experiments that have been done.



CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

In this chapter will be discussed and analyzed the recorded data based on the experiment
that has been done. The experiment that successfully conducted which are; breakdown voltage
(BDV), moisture content, corrosive sulfur and flash point are comply with the standard in order
to fulfill the objectives of this study. The mineral oil (MO) used in this experiment is Nytro
Libra which the characteristic is uninhibited MO while Palm Fatty Acid Ester (PFAE) oil is
selected to be used as natural ester oil (NEO). The details discussion for analysis the result is as

follows.

4.2  Project Achievement and Analysis

The data that collected and recorded are based on the laboratory experiment. The results
in this experiment are cover the experimental of moisture content and BDV of fresh MO and
fresh PFAE oil, moisture content and BDV of all samples of ratio of concentration of mixed
insulating oil, corrosive sulfur and flash point on insulating oil that selected. Following are the

analysis of the experimental result.
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4.3 Results of the Fresh MO and Fresh NEO
4.3.1 Moisture Content for Fresh MO and Fresh PFAE Oil

In initial stage for the process of experiment procedure, Coulometric Karl Fischer
Titration according to ASTM D1533 standards is used for conducted of moisture content test.
The result of moisture content for fresh MO before and after filtering treatment are recorded in

Table 4.1 and Table 4.2.

Table 4.1: Result of moisture content test for fresh MO before filtering treatment

Fresh MO Test 1 0.9627 37.6 37.3
Test 2 0.8917 38.4
Test 3 0.8847 35.8

Table 4.2: Result of moisture content test for fresh MO after filtering treatment

Fresh MO Test 1 0.9647 27.2 28.4
Test 2 0.8922 28.8
Test 3 0.8907 29.1

From the result obtained for both Table 4.1 and Table 4.2, it can be seen that there are
three (3) reading have been conducted for fresh MO before and after filtering treatment and the
average value is calculated to ensure data recorded are accurate and complies with the standard.
For Table 4.1, the average value of moisture content for fresh MO before filtering treatment
which means the condition of MO after taking out from the barrel is 37.3 ppm. This result of
moisture content shows that is not complies with the ASTM D3487 standard for MO in which
the value of moisture content must be <35 ppm. Since MO has lowest moisture content, this
can be justify MO is easily to absorb the water from the surrounding even though MO is kept

into the barrel. Thus, insulating oil filtering treatment is performed to treat the MO and to
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remove the unwanted substances but at the same time it can be reduced the moisture content in
MO. From the result shows in Table 4.2, the average value of moisture content for fresh MO
after filtering treatment is 28.4 ppm after conducted the three test of moisture content. Hence,
the result of moisture content after filtering treatment is meet the requirement and conditions for
ASTM D3487 standards.

Hence, the result of moisture content for fresh PFAE oil has been recorded in Table 4.3

and the test conducted is three times to get average value of moisture content.

Table 4.3: Result of moisture content test for fresh PFAE oil before filtering treatment

Fresh PFAE Test 1 0.4537 89.5 82.7
Test 2 0.4411 82
Test 3 0.4073 76.7

From the ASTM D6871 standards that used for references of NEO standard properties,
the water content that permissible for NEO is <200 ppm. However, the average value for the
result of moisture content for fresh PFAE oil before filtering treatment is 82.7 ppm. Thus, it
shows that the moisture content of PFAE oil after taking out from the barrel is meets the
requirement and conditions for ASTM D6871 standards for NEO. From the result obtained for
the moisture content of PFAE oil can be conclude that PFAE oil has capability to absorb much
more moisture content compared to MO due to PFAE oil has the highest moisture content
absorption. Thus, the PFAE oil that used in this experiment is not necessary for undergoing the

insulating oil filtering treatment.
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4.3.2 BDYV for Fresh MO and Fresh PFAE Oil

The test of breakdown voltage (BDV) in this experiment is conducted by using Megger
OTS60PB according to ASTM D1816 standards with electrode gap spacing 1mm. The result of
BDV test for fresh MO and PFAE oil are plotting using Weibull probability plot as in Figure
4.1 and Figure 4.2.
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Figure 4.1: Result of BDV using Weibull probability plot for fresh MO
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Figure 4.2: Result of BDV using Weibull probability plot for fresh PFAE oil
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Breakdown Voltage for Fresh MO and PFAE oil
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Figure 4.3: BDV for fresh MO and fresh PFAE oil

There are 30 data that recorded in Appendix A in this experiment. Apart from that, the
purpose of using Weibull probability plot is to measure the best value of data as it has been
widely used for voltage endurance to insulating oil specimens and measured the breakdown
voltage in the experiments. The probability value of the data falls at 63.2% where it is the point
corresponds to the time of failure of the specimen under test. Based on Table B.1 from Appendix
A, the minimum BDYV for MO is 14 kV and the maximum is 36 kV. Meanwhile, the minimum
BDV for PFAE oil is 8 kV and the maximum 44 kV. By applying Weibull probability plot, the
approximate value of BDV for both MO and PFAE oil that intersects the 63.2% unreliability
line are 25.9940 kV for MO as in Figure 4.1 and 36.6771 kV for PFAE oil as in Figure 4.2.
Thus, from the Figure 4.3, PFAE oil has the highest BDV compared to MO with differences of
10.6831 kV. This is due to PFAE oil has highest absorption of moisture content than MO.
Moreover, both MO and PFAE oil are meets the requirement and their standard properties for

BDV which are >20 kV with using 1 mm of gap spacing of electrode.
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4.4  Result of the Differences Ratio of Concentration of Mixed Insulating Oil

4.4.1 Moisture Content for Differences Ratio of Concentration of Mixed Insulating Oil

The measurement of moisture content on differences ratio of concentration of mixed
insulating oil are conducted before the process of bubble nitrogen through oil sample in which
for undergoing of BDV test by referring to the previous research method. The measurement of
moisture content is using Coulometric Karl Fischer Titration in accordance to ASTM D1533
standards. The result of moisture content for all ratio of concentration of mixed insulating oil
before the process of bubble nitrogen through oil sample are recorded in Table 4.4 while Table
4.5 shows the result of moisture content for all ratio of concentration of mixed insulating oil

after the process of bubble nitrogen through oil sample.

Table 4.4: Average moisture content before the process of bubble nitrogen through oil sample

Test 1 0.8754 i 33.6

10% PFAE Test 2 0.8716 353

Test 3 0.8332 37.0
80% MO + Test 1 0.5457 473 46.0
20% PFAE Test 2 0.8871 42.5

Test 3 0.6575 481
70% MO + Test 1 0.9776 61.3 56.3
30% PFAE Test 2 0.9077 54.8

Test 3 0.8266 52.7
60% MO + Test 1 0.9232 72.9 71.2
40% PFAE Test 2 0.8629 70.3

Test 3 0.8574 70.5
50% MO + Test 1 0.8555 65.3 67.4
50% PFAE Test 2 0.8793 65.2

Test 3 0.6601 71.7




40% MO + Test 1 0.9753 94.2 91.5
60% PFAE Test 2 0.9162 92.1

Test 3 0.8783 88.2
30% MO + Test 1 1.1088 109.9 114.1
20% PFAE Test 2 0.9902 112.8

Test 3 0.7384 119.6
20% MO + Test 1 0.9635 116.6 112.8
80% PFAE Test 2 0.9195 111.8

Test 3 0.845 110.0
10% MO + Test 1 0.9204 134.1 131.0
90% PFAE Test 2 0.8035 129.9

Test;3 0.7731 128.9
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Table 4.5: Average moisture content after the process of bubble nitrogen through oil sample

90% MO + Test 1 0.9071 10.8 10.3
10% PFAE Test 2 0.8836 9.9

Test 3 0.8474 10.3
80% MO + Test 1 0.7605 10.7 12.93
20% PFAE Test 2 0.7392 12.2

Test 3 0.776 15.9
70% MO + Test 1 1.0012 16.4 15.0
30% PFAE Test 2 0.877 13.6

Test 3 0.8284 15.1
60% MO + Test 1 0.9752 16.5 16.8
40% PFAE Test 2 0.8651 16.7

Test 3 0.7896 17.2




50% MO + Test 1 0.7557 15.9 16.0
50% PFAE Test 2 0.7922 16.5

Test 3 0.7365 15.6
40% MO + Test 1 0.7557 25.2 25.1
60% PFAE Test 2 0.7922 23.3

Test 3 0.7365 26.8
30% MO + Test 1 1.0457 30.3 28.2
70% PFAE Test 2 0.895 28

Test 3 0.8928 26.4
20% MO + Test 1 1.0428 26.7 26.2
80% PFAE Test 2 1.0018 16.2

Test;3 0.9207 35.6
10% MO + Test 1 1.0531 49.5 42.4
90% PFAE Test 2 0.8705 46.6

Test 3 0.8256 31.2
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From Table 4.4, it shows that the result of moisture content of all oil samples which are

after kept in the dark places for overnight before the process of bubble nitrogen through oil

sample conducted. The ratio of 90% MO + 10% PFAE shows the lowest average of moisture

content while the ratio of 10% MO + 90% PFAE shows the highest average of moisture content.

The ratio of 10% MO + 90% PFAE gives the advantages compared with other oil samples due

to this ratio has a lot of ester content to be mixed with MO. This reinforces the reason of NEO

can absorb much water and can withstand until 200 ppm of moisture content. Meanwhile, Table

4.5 shows that result of moisture content after under through the process of bubble nitrogen

through oil sample. The ratio of 10% MO + 90% PFAE is remain shows the highest average of

moisture content even though the process of bubble nitrogen through oil sample is conducted.

Thus, from the Table 4.4 and Table 4.5, it can be conclude that the more ester content that added

to be mixed with MO, the average of moisture content for oil sample is significantly increased.



4.4.2 BDYV for Differences Ratio of Concentration of Mixed Insulating Oil

There are eleven (11) samples with differences ratio of concentration of mixed insulating
oil that conducted in this experiment and 500 ml is set as based quantity of each samples. The
samples are prepared as implement by previous research method which are 400 RPM, 90°C for
temperature level and the duration for mixing between MO and PFAE oil is about 1 hour. Then,
the experiment for conducting the BDV test is performed by using Megger OTS60PB in
according ASTM D1816 standard with 1mm gap spacing. The result of BDV for all ratio of
concentration of mixed insulating oil are plotting using Weibull probability plot as shown in

Figure 4.4, Figure 4.5, Figure 4.6, Figure 4.7, Figure 4.8, Figure 4.9, Figure 4.10, Figure 4.11

and Figure 4.12.
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Figure 4.4: Result of BDV using Weibull probability plot for 90% MO + 10% PFAE
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Figure 4.5: Result of BDV using Weibull probability plot for 80% MO + 20% PFAE
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Figure 4.6: Result of BDV using Weibull probability plot for 70% MO + 30% PFAE
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Figure 4.7: Result of BDV using Weibull probability plot for 60% MO + 40% PFAE
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Figure 4.8: Result of BDV using Weibull probability plot for 50% MO + 50% PFAE
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Figure 4.9: Result of BDV using Weibull probability plot for 40% MO + 60% PFAE
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Figure 4.10: Result of BDV using Weibull probability plot for 30% MO + 70% PFAE
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Figure 4.11: Result of BDV using Weibull probability plot for 20% MO + 80% PFAE
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Figure 4.12: Result of BDV using Weibull probability plot for 10% MO + 90% PFAE
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Figure 4.13: BDV of all ratio of concentration of mixed insulating oil

The breakdown voltage (BDV) plays an important role in determine the best ratio of
concentration of mixed insulating oil. Since the mixed insulating oil between MO and NEO is
not done research widely, through this study have displayed out the result of all ratio of
concentration of MO by mixing with PFAE oil with increment 10% of PFAE oil. Hence, from
the Figure 4.13 shows that the result of all concentration of mixed insulating oil using Weibull
probability plot. Besides that, the result of breakdown voltage for the ratio of 100% MO and
100% PFAE are referring to the fresh MO and fresh PFAE oil as in Chapter 4.3.2. There are 30
data that recorded for each ratio of concentration of mixed insulating oil in Table B.2 from
Appendix A in this experiment.

Based on the Figure 4.13 of Weibull probability plot, the approximate value of BDV that
intersects the 63.2% unreliability line for all ratio of concentration are as follows; 20.3867 kV
for ratio of 90% MO + 10% PFAE as shown in Figure 4.4, 29.9250 kV for ratio of 80% MO +
20% PFAE as shown in Figure 4.5, 30.6520 kV for ratio of 70% MO + 30% PFAE as shown in
Figure 4.6, 27.3950 kV for ratio of 60% MO + 40% PFAE as shown in Figure 4.7, 26.3637 kV
for ratio of 50% MO + 50% PFAE as shown in Figure 4.8, 27.6868 kV for ratio of 40% MO +
60% PFAE as shown in Figure 4.9, 35.2658 kV for ratio of 30% MO + 70% PFAE as shown in
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Figure 4.10, 32.5863 kV for ratio of 20% MO + 80% PFAE as shown in Figure 4.11, and
35.7131 kV for ratio of 10% MO + 90% PFAE as shown in Figure 4.12.

From the experimental result, the mixed insulating oil of ratio of 10% MO + 90% PFAE
has the result of BDV is 35.7131 kV which means this ratio shows the highest BDV among
other samples. This is due to PFAE oil is higher absolute water inside and much higher of water
solubility in which can gives the best combination when mixing with MO. By putting much
ester content to be mixed with MO can affects the properties of the sample and then significantly
enhance the BDV.

However, as focus to the objective for conducting this study is to find the best mixed
insulating oil between MO and NEO without reducing the quantity of MO too much. Thus, the
ratio of 50% MO + 50% PFAE is set as reference for enhancement of BDV and below than that
ratio is considered as does not meet the purpose for the objective of this study. Then, the ratio
of concentration of mixed insulating oil that selected for measuring the enhancement of BDV

are as in Table 4.6.

Table 4.6: Enhancement of BDV for sample with differences ratio of concentration of mixed

insulating oil

Samples BDV (kV) Enhancement (%)
50% MO + 50% PFAE 26.3637 References
90% MO + 10% PFAE 20.3867 -22.67
80% MO + 20% PFAE 29.9250 13.51
70% MO + 30% PFAE 30.6520 16.27
60% MO + 40% PFAE 27.3950 3.91

From the analysis that recorded in Table 4.6, it shows that the ratio of 70% MO + 30%
PFAE has 16.27% for enhancement of BDV which is represents the greatest for enhancing the
BDV compared with other samples by set the 50% MO + 50% PFAE as references of
enhancement of BDV. The ratio of 70 % MO + 30% PFAE has differences of BDV enhancement
with the ratio of 80% MO + 20% PFAE which is 0.727 kV and 2.76% for enhancement of BDV.
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Thus, it is interesting to note that by adding 30% of PFAE oil enable to improve the
BDV average value of MO and to avoid the reduction of its dielectric strength after mixing. In
addition, PFAE oil is listed as NEO which is has high water solubility and thus enable to reduce
the influence of humidity on MO. Thus, the factors of the chemical interactions is take into
account which is the result of BDV is considerably depends on the presence of contaminants,

such as moisture content, dirt, or other conducting particles in the oil.
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4.4 Result of the Corrosive Sulfur

The test method that applied for conducting corrosive sulfur detection in this experiment
is complies with Method B in ASTM D1275 standards which are using copper strip with
measurement 6 mm x 25 mm, 250 mL non-filtered as based quantity of oil sample and the main
aging parameters is about 48 hours (@ 2880 minutes at 150°C. On the other hand, the Method B
in ASTM D1275 is applied due to this method is more sensitive, long of exposure time and
enable to indicate correctly the presence of corrosive sulfur in the evaluated oils. There are four
(4) samples that selected for under through the corrosive sulfur test which are; 100% MO, 100%
PFAE, 80% MO + 20 PFAE and 70% MO + 30% PFAE. These 4 samples are selected because
of to make 100% MO and 100% PFAE as reference for reaction of sulfur corrosion while 80%
MO + 20 PFAE and 70% MO + 30% PFAE as the sample which have the highest BDV and thus
it is important in determining which of the 2 samples will shows the best result under this test.
Hence, the result of reaction of sulfur corrosion is referring to ASTM D130 standards for
classification of copper strip tarnish level. The result of corrosive sulfur four 4 samples are as

in Figure 4.14, Figure 4.15, Figure 4.16 and Figure 4.17

Figure 4.14: Result of corrosive sulfur for copper strip after immersed in 100% MO



Figure 4.15: Result of corrosive sulfur for copper strip after immersed 100% PFAE

Figure 4.16: Result of corrosive sulfur for copper strip after immersed in 80% MO + 20%
PFAE
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Figure 4.17: Result of corrosive sulfur for copper strip after immersed in 70% MO + 30%
PFAE

Basically, the resultant formation of copper sulfide (CuxS) and particulate matters are
the factors of typical winding failures in transformers and shunt reactors. Normally, MO is
referred as the insulating oil which contains of sulfur compound and thus it supported with the
reason of the corrosive sulfur in transformer oil originates mainly from the refining process of
MO in which process there were residual sulfur ingredients [10]. Thus, through the experimental
result shows that the above statement is proved in Figure 4.14 which is the copper strip that
immersed in MO after the corrosive sulfur test is classified as 3a in classification of copper strip
tarnish level of ASTM D130. The result of copper strip color that immersed in MO is dark
tarnish with the description is the color of copper strip is magenta overcast on brassy strip. Table
4.7 shows the summarized the result of copper strip that immersed in the samples after corrosive

sulfur test is classified in classifications of copper strip tarnish level in ASTM D130
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Table 4.7: Result of copper strip that immersed in the samples after corrosive sulfur test is
classified in classifications of copper strip tarnish level in ASTM D130

Freshly polished Unable to reproduce upon aging so | Copper strip for
strip no description is provided 100% PFAE
1 Slight a | Light orange, almost the same
tarnish as freshly polished strip
b | Dark orange Copper strip for
70% MO + 30%
PFAE
2 Moderate |a | Claret red
tarnish b | Lavender

¢ | Multicolored with lavender
blue or silver or both, overlaid
on claret red

d | Silvery
e | Brassy or gold
3 Dark tarnish | a | Magenta overcast on brassy | Copper strip for
strip 100% MO
Copper strip for
80% MO +20%
PFAE

b | Multicolored with red and
green showing (peacock), but
no gray

4 Corrosion | a | Transparent black, dark gray
or brown with peacock green
barely showing

Graphite or lusterless black

¢ | Glossy or jet black

The result of copper strip that immersed in PFAE oil after corrosive sulfur test is
classified as freshly polished as in Figure 4.15 due to PFAE oil is categorized as NEO where it
is derived directly from renewable natural sources. Thus, the characteristic of NEO is
biodegradable and free form corrosive sulfur compounds [42]. Hence, the result of copper strip
for the ratio of 80% MO + 20% PFAE after conducted the corrosive sulfur test is classified as
dark tarnish as in Figure 4.17 with the description which is the color of copper strip after

immersed is magenta overcast on brassy strip. This shows that PFAE has less ester content
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which is about 20% that be mixed with MO. Thus, the possibility can be made that the ester
content does not affects the properties of mixing between MO and PFAE oil since the quantity
of MO is much highest than PFAE oil. It can be conclude that there is still the presence of
corrosive sulfur compound for this ratio. Meanwhile, the result of copper strip for 70% MO +
30% PFAE after conducted the corrosive sulfur test is classified as slight tarnish. This is because
of the color of copper strip after been through the test is dark orange. Thus, it shows that more
ester content that added to be mixed with MO can affects the properties of mixed insulating oil
and reduced the presence of corrosive sulfur compound.

Based on the experimental result that has been made, the ratio of 70% MO + 30% PFAE
is represents the best mixed insulating oil in terms of corrosive sulfur and this mixed insulating

oil is suitable for used in the power transformer applications.
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4.5 Result of the Flash Point

The test method of flash point is performed according ISO 2719:2002 standards using
Pensky-Martens closed cup method. There are four (4) mixed insulating oil with differences
ratio that selected to be tested of flash point in order to get the best mixed insulating oil after

many test are conducted in this study. The result of flash point for 4 oil samples as shown in

Figure 4.18.
Flash Point of Differences Ratio of Mixed Insulating
Oil
200
180
160
O 140
E 120
S 100
= 80
<
= 60
40
20
0
PEAE 80/20 70/30
Samples

Figure 4.18: Flash point of differences ratio of mixed insulating oil

Generally, the purpose of doing flash point is to determine the minimum temperature at
which heated oil gives off sufficient vapor to form a flammable mixture with air. It is an indicator
of the volatility of the oil. The aim to do close cup is to simulate the situation of a liquid spill in
a closed environment. A fire or explosion is a possibility when exposed to a potential ignition if
the liquid is at or above of its flash point. Hence, the result as shown in Figure 4.18 is the flash
point for 100% MO, 100% PFAE, the ratio of 80% MO + 20% PFAE and the ratio of 70% MO
+ 30% PFAE that be used in this experiment. Moreover, 100% MO and 100% PFAE are act as
references in determine to select the best result of flash point for both ratio of 80% MO + 20%
PFAE and 70% MO + 30% PFAE.
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From the result obtained in Figure 4.18, it shows that the ratio of 80% MO + 20% PFAE
with the temperature of 158°C has a higher flash point compared to the ratio of 70% MO + 30%
PFAE with temperature of 156°C. Thus, at the temperature of 158°C for the ratio of 80% MO
+ 20% PFAE shows the lowest temperature corrected to a barometric pressure of 101.3 kPa to
cause a flammable. Although the flash point for PFAE is the highest compared to other oil
samples, it can gives the conclusion that by adding certain amount of ester content to be mixed
with MO gives the possibility to enhance the flash point of mixed insulating oil. Thus, this
analysis is taking into account of the flash point result is affects from the factor of contaminants
in insulating oil since the oil that need to be tested for this flash point are not undergoing the
process of filtering after taking out from the barrel. Apart from that, to conclude that the higher
the value of flash point can give the best properties for the insulating oil. Otherwise, lower the

flash point can gives the greater the fire hazard.
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4.6 Summary

Table 4.8: Results for the four test that conducted on oil samples

Test Moisture Breakdown Corrosive sulfur Flash point
Oil content voltage (kV) | (classification of strip) O
samples (ppm)
100% MO 28.4 25.994 Dark tarnish (3a) 135
(set as reference)
100% PFAE 82.7 36.6771 Freshly polished strip 186
(set as reference)
80% MO + 20% 12.93 29.9250 Dark tarnish (3a) 158
PFAE
70% MO + 30% 15.0 30.6520 Slight tarnish (2b) 156
PFAE

From this chapter, it has displayed the results of mixed insulating oil between Mineral
Oil (MO) and Palm Fatty Acid Ester (PFAE) oil since the research on both oil is not done widely
by many researcher. Many test are conducted throughout this study in order to find the best ratio
of concentration of mixed insulating oil in which will give contribution to be applied in power
transformer application. Based on the Table 4.8, it found that the mixed insulating oil with the
ratio of 70% MO + 30% PFAE gives the best result in terms of breakdown voltage (BDV),
moisture content and corrosive sulfur although the disparity of flash point with the flash point
other oil sample is little differences. Then, the conclusion that conclude all the project
implementation that have been done and the recommendation to improve for future studies are

discussed in the next chapter.



CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

Overall, each oil sample with differences ratio of concentration of mixed insulating oil
have been through the experiment of moisture content and breakdown voltage (BDV).
Meanwhile, the mixed insulating oil which shows the best ratio is selected for undergoing the
further test which is the measurement process of corrosive sulfur and flash point. ASTM D3487
and ASTM D6871 standards are applied from the beginning of the experiment that conducted
in selecting the insulating oil due to for ensure the fresh MO and the fresh NEO are complies
with their standard properties. Meanwhile, all the experiment that conducted in this study are
performed according to the standard that has been set such as the test of breakdown voltage
(BDV), moisture content, corrosive sulfur and the flash point are referring to ASTM D1816,
ASTM D1533, ASTM D1275 and ISO 2719:2002 standards.

Throughout the mixture process conducted in this study, the ratio of 70% MO + 30%
PFAE represents the best compromise of the mixed insulating oil between MO and NEO in
which this ratio enable to enhance the breakdown voltage (BDV) and thus fulfill the objective
of this study which is to produce best ratio of the mixed insulating oil without reducing too much
quantity of MO. Due to the characteristic of PFAE oil can withstand the moisture until 200 ppm,
superior insulating performance, lower viscosity, biodegradability, good oxidation stability and
excellent dielectric properties, thus, it interesting to note that by added 30% of ester content of
PFAE oil to be mixed with MO in this study can be improved the electrical, chemical and
physical parameter for example high dielectric strength, more absorption of water content, non-
corrosive for corrosive and great potential for flash point. Since there is no standard properties

for mixed insulating oil between MO and NEO to be referred and thus through this study can
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acknowledge the properties for each of ratio of concentration of mixed insulating oil in terms of
moisture content, dielectric strength, corrosive sulfur and flash point. Lastly, the investigation
on the mixture between MO and NEO, it can be conclude that the ester content is strongly affects
the properties of mixture between MO and PFAE oil due to each MO and NEO shows that it

has one advantage with regard to the others

5.2 Recommendation

Based on this study, it clearly shows that ester content is affecting the properties of
mixture between MO and NEO. There a few suggestions for future plans study related to this

project:

1. Study the investigation of the measurement of corrosive sulfur and flash point on all ratio
of concentration of mixed insulating oil that has not been done.

2. Study the Total Acid Number (TAN) measurement on all ratio of concentration of mixed
insulating oil for identifying the properties of each of mixed insulating oil.

3. Study the effect of variation of heat of mixed insulating oil on the value of breakdown

voltage (BDV).
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APPENDIX A: Result of Breakdown Voltage (BDV)

Table B.1: Breakdown voltage for fresh MO and fresh PFAE

Samples | Breakdown Voltage (kV)
Fresh MO | Fresh PFAE
Test 1 29 13
Test 2 29 8
Test 3 25 20
Test 4 35 30
Test 5 26 27
Test 6 28 21
Test 7 36 22
Test 8 29 32
Test 9 32 37
Test 10 25 38
Test 11 27 42
Test 12 24 33
Test 13 24 35
Test 14 26 40
Test 15 22 32
Test 16 18 38
Test 17 15 42
Test 18 18 36
Test 19 15 38
Test 20 14 34
Test 21 22 38
Test 22 24 38
Test 23 23 37
Test 24 23 44
Test 25 23 40
Test 26 19 41
Test 27 21 38
Test 28 23 38
Test 29 19 41
Test 30 22 39
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Table B.2: Breakdown voltage for all ratio of concentration of mixed insulating oil

Samples Breakdown Voltage (kV)
90/10 | 80/20 | 70/30 | 60/40 | 50/50 | 40/60 | 30/20 | 20/10 | 10/90
Test 1 21 17 25 25 21 29 21 28 14
Test 2 20 17 6 20 14 29 31 26 36
Test 3 15 21 8 27 27 35 33 27 36
Test 4 9 21 9 14 17 31 29 29 38
Test 5 8 16 34 14 23 32 29 36 37
Test 6 25 20 25 15 21 28 28 38 40
Test 7 24 21 28 21 27 35 32 30 38
Test 8 22 36 28 21 21 28 34 33 38
Test 9 21 34 34 17 12 27 35 36 38
Test 10 21 34 30 28 28 29 36 35 11
Test 11 22 30 33 26 29 29 37 36 39
Test 12 25 B2 36 26 26 27 34 34 42
Test 13 24 34 34 26 29 26 34 31 34
Test 14 19 36 31 25 30 ot 38 35 32
Test 15 17 28 =5 23 28 24 37 32 35
Test 16 13 30 26 32 29 24 38 29 35
Test 17 13 31 28 28 27 23 36 35 41
Test 18 20 34 32 31 27 23 34 33 36
Test 19 21 36 29 2] 26 17 36 25 29
Test 20 19 29 39 30 28 23 37 32 40
Test 21 18 28 32 18 28 25 28 33 34
Test 22 17 26 31 34 27 26 31 32 27
Test 23 19 30 30 36 21 21 33 32 33
Test 24 20 26 32 24 30 21 37 29 32
Test 25 19 30 34 29 19 21 31 25 35
Test 26 21 32 30 26 22 28 38 30 34
Test 27 20 26 28 32 32 17 36 30 30
Test 28 21 24 25 24 19 17 36 28 30
Test 29 16 27 29 29 22 27 36 27 28
Test 30 15 21 31 28 24 19 37 21 28
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APPENDIX C: Nytro Libra Datasheet
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