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Abstract

Oil-filled transformers have been widely used for many decades, and proven to be
more efficient than transformers of dry type. Oil is used as an insulation, in conjunction
with solid insulation, in addition to its other function as a cooling medium. Mineral oil is
still the most popular oil, but there has been an emerging interest in using natural ester
(vegetable) oil during the last two decades. The main reasons are that natural esters are
readily biodegradable, non-toxic, and possess low fire risk due to their high flash and fire
points, hence, the oils are environmentally friendly. Moreover, the depletion of the resource
is not the case since vegetable oils are plentiful available in nature. In Japan, the Lion
Corporation developed a natural ester of monoester type insulating oil called palm fatty
acid ester (PFAE). The viscosity of PFAE is 0.6 times less than mineral oil makes the
cooling efficiency of the PFAE-immersed transformer better than that of mineral oil. The
oil can be expected to have better oxidation stability than that of the triglyceride type since
the oil contains only saturated fatty acid chains. However, the flash point of the PFAE is
lower than that of the triglyceride type.

This thesis deals with the investigation research on the early deterioration and its
detection methods of PFAE and other monoesters. The gas generations of the oils under
low temperature overheating and under partial discharge (PD) are investigated. The effect
of moisture content on the gas generation of PFAE and PD behavior of the oils are also
explored.

The low temperature overheating is conducted by heating the oils locally at
temperatures ranging from 200 to 300 °C. Local heating is realized using two ceramic
heaters immersed in the oil sample, fed by two DC power supplies. It is shown that natural
monoesters, in general, produce a higher amount of carbon monoxide (CO), but less amount
of methane (CHs) than the mineral oil does. It is also revealed that natural monoesters
having C=C bond in their hydrocarbon chain produce remarkable amount of ethane,
whereas those without C=C bond, and mineral oil of naphthenic type do not. It is then
disclosed that ethane generation, which is previously regarded as the key gas to distinguish
natural esters from mineral oil under thermal fault, is now clear as the difference between
oil having C=C bond in their hydrocarbon chains and those without C=C bond, irrespective
of the oil types. None of the existing DGA fault interpretation methods can be used to

interpret the low temperature overheating fault. Instead, the ratio of CO/CHj is proposed.
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The gas generation under PD is investigated by applying an AC high voltage of 20
kV on a needle-plane electrode configuration immersed in the oil sample. PD pulses are
detected using RC detector, and the detector is connected to an oscilloscope for
measurement. It is found that PFAE does not produce hydrogen, or produce hydrogen in
not significant amount. This differs from that in mineral oil stressed with PD at which
hydrogen is usually found, as mentioned in the literature. It is also obtained that the change
in relative moisture content up to 17 % does not cause a significant difference in PD
behavior of the oil, but the change in PD number does. Among existing DGA fault
interpretation methods, only Duval Triangle method can be used, resulting mainly in the
overestimated interpretation. PD faults mainly considered as the discharge of high energy.

The effect of moisture content on PD behavior of PFAE is studied using two PFAE
samples of different conditions, dry and moist samples. The needle-plane electrode
configuration is still used, but the PD detector used to detect PD pulses is a combination of
R detector, detecting impedance (DI) and a PD monitoring device (CD6). It is observed
that the presence of moisture intensifies PD activities of PFAE oil. The PD number
increases drastically, and occurs mainly at the negative polarity of the AC applied voltage.
The positive PDs still occur, but with a drastic decrease in PD number and with a slight
decrease in PD charge. It is proposed that the change in PD behavior is due to the electronic
affinity of water molecules. A mechanism is then proposed, and the schematic

representation is presented.
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Chapter 1: Introduction

Chapter 1

Introduction

1.1 Background

The transformer is one of the most important and valuable components in electric
power system as it plays a vital role in transmitting and distributing electric power from
generating unit to the electric load. Keeping them work at normal condition and preventing
them from early ended life are important since the loss of a critical unit can cause a large
impact on safety, reliability, and cost of the electric energy supply [1].

The reliability of a power transformer is largely determined by its insulation system
condition [2]. An investigation result on losses of transformers rated at 25 MV A and above,
for the period of 1997 through 2001 in the USA show that 24 out of 94 cases are due to the
insulation failures. The cost of insulation failure corresponds to the amount of
$149,967,277 out of $ 286,628,811, or about 52.3 % of total failure costs. If the failures
caused by oil contamination and by moisture are included then the number of insulation
failures becomes 29 cases, with the cost of $161,978,644, which corresponds to 30.9% of
total failure cases, and 56.5% of total failure costs. Figure 1.1 shows the percentage of
losses of the transformer due to the different causes of failure and the corresponding
percentage of failure costs [3]. The conditions monitoring and diagnostic of insulation
system of a transformer are, therefore, important issues to tackle with [4].

Oil-filled transformers have been widely used for a wide range of voltages and
power rating applications for many decades, and proven to be more efficient than
transformers of dry type. They have been implemented from medium voltage levels of
distributions to the ultrahigh voltage levels of transmissions systems [5]. Oil is used as
insulation, in conjunction with solid insulation, in oil filled transformer, in addition to its
other function as the cooling medium. Mineral oil is still the most popular oil [6], but there
has been an emerging interest in using natural ester (vegetable) oil during the last two
decades. The main reasons are that natural esters are nontoxic, readily biodegradable, and
possess low fire risk due to their high flash and fire points. Moreover, the depletion of the
resource is not the case since vegetable oils are plentiful available in nature [7] [8] [9]. The

distribution transformer filled with vegetable oil was installed for the first time in 1996,
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Chapter 1: Introduction

and then followed by the first installation of vegetable oil filled power transformer in 2002
[10]. However, the main application of natural esters is still in distribution transformer, and
the number of distribution transformers filled with natural ester until 2009 is shown in
Figure 1.2. The natural esters that have been successfully implemented in transformers are

of triglyceride form, which is the original structure of the oils [5] [11].

Percentage of Failure Number and Their Costs

Lightning 3 e
oose Connection 6 [
Flood2 |Im
mproper Maint /Operation 5 Hesm
Line Surge 4  Ham
Fire /Explosion3 ik
Overloading 5  Hlem
Unknown 15 I
Design /Material/Workmanship I
nsulation Failure I —

B Failure Cost mNumber of Failure

Figure 1 1 The percentages of failure number and the corresponding costs of the
transformer's losses in the USA from 1997 to 2001 [3].

Following the successful application of natural ester of triglyceride type as
insulation liquid in the transformer, the natural ester of monoester type was introduced for
the same purpose [12]. The Japanese chemical company Lion Corporation developed a new
type of insulating oil. It is palm fatty acid ester (PFAE), a monoester type insulating oil,
synthesized from palm oil [13]. The viscosity of PFAE is 0.6 times less than mineral oil
makes the cooling efficiency of a PFAE immersed-transformer better than that of mineral
oil. With the dielectric constant 1.3 times higher, the insulation characteristics of PFAE in
paper-and-oil composite insulation systems is better, resulting in size reduction in
comparison to the mineral oil immersed transformers. Having higher flash point causes the
PFAE safer from fire risk than mineral oil. Since the PFAE is synthesized from natural
ester it has high-level biodegradability and nontoxicity [14] [15]. PFAE shows a better

performance than mineral oil under both electrical aging and thermal aging [16] [17].
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Oxidation stability tests performed based on Japanese Industrial Standard (JIS) C2101
showed that breakdown voltage and total acid value of PFAE after aging remained
unchanged at about 80 kV and 0.005 mg KOH/g, respectively. Minor negative effects of

aging on PFAE oil were found in moisture content which slightly rose from 15 ppm to

about 50 ppm, volume resistivity slightly decreased from 10'% - 10'* Q-cm, and tan & rose

to about 2% [18].
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Figure 1 2 The number of distribution transformers filled with natural ester worldwide [10].

In comparison with other esters, the natural ester of tri-ester type (tri-ester) and
synthetic ester, PFAE has some advantages and disadvantages, as indicated in Table 1.1.
The PFAE has the same levels of biodegradability as that of tri-ester and synthetic ester,
which is superior to mineral oil, but the prices of all esters are also at the same levels, which
is inferior to mineral oil. The naturalness of PFAE is comparable with tri-ester, and is better
than that of synthetic ester, whereas its oxidation stability is comparable with synthetic
ester, and is better than tri-ester. The cooling property of the PFAE is better, but its fire

resistance is lower than other two esters.
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Table 1. 1 Characteristics of monoester (PFAE), tri-ester, and synthetic ester, and
comparison with mineral oil [19].

Property PFAE Tri-ester Synthetic
Ester
Biodegradability © © ©
Naturalness © © O
Oxidation stability © O ©
Fire resistance O © ©
Cooling property O A AN
Price AN A A

©: Superior to mineral oil
O: Comparable with mineral oil
/\ ' Inferior to mineral oil

1.2 Problem Statement

During the operation, the transformer insulations are exposed to the stresses like
thermal, electrical, mechanical, and chemical stresses that can degrade the insulations [20].
Combustible gases like hydrogen, methane, ethane, ethylene, acetylene, and carbon
monoxide, as well as carbon dioxide, are usually produced during the degradation process
and these degradation products are left in oil transformer. The oil can then be used as a
diagnostic tool, in addition to its main functions as insulation and as cooling medium [21].
One of the widely used methods to diagnose transformer insulation condition is Dissolved
Gas Analysis (DGA) and associated interpretation techniques [1]. The concentration, the
generation rate, and ratio of various generated gases are used to estimate the type and the
severity of fault which took place [22] [23].

Natural monoester has been implemented in oil filled distribution transformer and
is intended to extend their application to the higher voltage of power transformer [23]. The
need for diagnosis method to assess their performance in service becomes very important.
This is the motivation of the research works presented in this thesis. Generated gases by
thermal and electrical stresses in natural monoesters are investigated. Particular attention
is paid to the early stage of deterioration of the oil, i.e. the deteriorations due to the low
temperature overheating, the low thermal faults having temperatures range up to 300 °C,
and due to the partial discharge. Detection at the early stage of deterioration will help to

prevent insulation from being damage which could lead to the early end of equipment's life.
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It is a common field practice in Japan that moisture content of an oil is not strictly
controlled before being used in distribution transformers. It is also well known that
moisture content of transformer oil in service increases over the time. Water is one of a
degradation product of oxidized oil as well as that of paper insulation [24] [25]. Moisture
ingression could also happen when insufficient dry air entering the transformer’s tank, or
when there was a leakage on the gasket [26]. In addition, natural ester was reported to
attract more moisture than mineral oil from cellulose in oil/paper insulating system under
thermally aged condition [27] [28]. The presence of moisture in the transformer is known
to decrease both mechanical and electrical strengths of transformer insulation, thus degrade
the overall performance of the transformer [29]. The effect of moisture content on the
partial discharge (PD) behavior of PFAE is then important to be investigated.

Based on the above explanations, then the problems need to be answered in this
thesis are:

1. Can the mineral oil-based DGA fault interpretation methods be implemented for
interpreting low temperature overheating fault in natural monoester type insulating
o0il?

2. Can the mineral oil-based DGA fault interpretation methods be implemented for
interpreting partial discharge fault in natural monoester type insulating oil?

3. Does the presence of moisture in relatively high concentration affect PD behavior of

monoester type insulating oil?

1.3  Objectives of the Research

The investigations are conducted to answer the problems stated in the problem
statement above, and the objectives of this research can be broken down as follows:

1. To study gasses generated by natural monoesters type oil insulation under low
temperature overheating and under partial discharge.

2. To evaluate the applicability of mineral oil-based DGA fault interpretation methods
under low temperature overheating and partial discharge for natural monoester type
insulating oil.

3. To study moisture content effect on PD behavior of natural monoester type insulating

oil.
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1.4 Thesis Outline

The contents of this thesis are organized in six chapters, and the explanations of
each chapter are as follows:

Chapter 1: Contains a brief description of the research background, the problem statement,
the objective of the research, and the outline of the thesis.

Chapter 2: Contains a brief description of a literature review. It covers the classification of
insulation oils, research and development of vegetable (natural ester) oil-based
insulating liquid. Particular attention is paid on the natural esters of monoester
type, which is the main sample used throughout the experimental research. The
dissolved gas analysis (DGA) fault interpretation methods, as well as the effect
of moisture content on dielectric properties of insulations oil are also reviewed.

Chapter 3: Contains a brief explanation of the low temperature overheating. This includes
the experimental setup and procedures used in the experiment, the distribution
of generated gases, the main gases generated by each type of investigated oils,
and comparison of generated gases by group of oils with different molecular
structure, as well as that with the results reported in literature. Particular
attentions are paid on the results which significantly differ from those found in
the literature. The proposal of the use of CO/CHy ratio to estimate heating
temperature in insulation oils under low temperature overheating is presented
in this chapter.

Chapter 4: Contains a brief description of the experimental setup, results and discussion on
generated gases by PD in monoester type oil insulation. This includes the
distribution of generated gases, the main generated gases, and comparison with
other experimental results reported in literatures. The DGA interpretation
methods, which are well established for mineral oil, are evaluated in terms of
their applicability for monoester type insulation oil in this chapter. The CO/CH4
ratio, which is previously developed for estimating the temperature of localized
overheating, is used to predict the equivalent temperature of partial discharge.

Chapter 5: Provides firstly an explanation of preliminary consideration on the experimental
method used for detecting PD behavior under different moisture content. The
chapter then continues with a brief description of the experimental setup, results
and discussion on the effect of moisture content on PD behavior of monoester

oil, including partial discharge inception voltage (PDIV), PD charge, PD
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number, and phase distribution of PD pulses. A mechanism of how water
molecules affect PD behavior, as well as the schematic demonstration of the
mechanism is also proposed in this chapter.

Chapter 6: Contains conclusions drawn from the investigation results. It includes the
significant findings obtained in this research, and provides suggestion for future

work in related topic.
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Chapter 2

Literature Review

2.1 Introduction

This chapter is intended to provide an overview of the development of researches
related to the topics studied in this thesis and the position of this research in the research
constellation in the worlds. It begins with the classification of the oil insulation by including
natural ester as a new entity and ends with the review of the specific topics related to those

addressed in this thesis.

2.2 Classification of Oil Insulation

The idea of using mineral oil as insulator and coolant that could make transformers
smaller in size and more efficient was patented by Elihu Thomson in 1882. The idea was
then realized in 1892 when General Electric produced the first known mineral oil-filled
transformer [1]. Up to this day, mineral oil derived from petroleum products is still the
most widely used oil as insulation in the oil filled transformer. The oil provides the best
compromise between cost and performance [1]. The oil also has a good compatibility with
other materials used in the construction of transformer. In addition, other alternatives to
mineral were used for special applications. Silicone oils and high molecular weight
hydrocarbons (HMWH) were preferable for applications that require fire safety property.
Synthetic ester dielectric fluids, most commonly aliphatic polyol esters, are used mainly in
special applications such as traction and mobile transformers, due to their high cost
compared to other less-flammable fluids. Moreover, synthetic esters are more readily
biodegradable than mineral oil and HMWH fluids [2]. The summary of main application
of insulating oils is listed in Table 2.1 [3].
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Table 2. 1 The use of insulating oils in different transformer types [3]

Application Mineral Silicon Synthetic | Natural
Oil Oil Ester Ester
Power transformers © AN O O
Traction transformers © © © A
Distribution transformers © © © ©
Instrument transformers © A AN AN

©: Largely used
O Used but less common
/¢ Currently not used

In general, insulation oils can be classified into three main groups: mineral,

synthetic and natural ester (vegetable) oils [4].

2.2.1 Mineral Qil

Mineral oils are extracted from petroleum crude oils through a vacuum distillation
process. The distillate is then subjected to one or more number of processes such as solvent
extraction, sulfuric acid extraction, earth filtration, hydrogenation, re-distillation, filtration,
and dehydration. The intent is to remove waxes, sulfur, nitrogen, and oxygen containing
compounds and aromatic compounds. Sufficient aromaticity must remain, however, to
maintain satisfactory gas absorbing capability and oxidation stability [5]. They are mostly
composed of hydrocarbon compounds and other minor compounds like sulfur compounds,
nitrogen, and oxygen. In general, mineral oils can be split into three major groups:

paraffinic, naphthenic and aromatic hydrocarbons [5].

(1) Paraffinic Hydrocarbons
The paraffinic hydrocarbons are saturated hydrocarbon compounds, which can be
linear or branched hydrocarbon chains, and have a chemical formula of C,Han+o. Figure

2.1 shows the chemical structure of the paraffinic oils [5].

CH,
I
CH;— (CHy,—CH;  CH,— CH—CH,—CH,

(a) Linear type  (b) Branched type.

Figure 2. 1 Chemical structures of the paraffinic hydrocarbons
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(2) Naphthenic Hydrocarbons
The naphthenic hydrocarbons have a saturated cyclic structure. These materials vary
in complexity from cyclohexane to multiple fused ring structures, which can also
contain alkyl substitution. Figure 2.2 shows the chemical structure of naphthenic

hydrocarbons [5].

CH,
|

CH,—CH, — CH— CH,
I |

. CH CH
/Cﬁz\ _~ ~_ 3
CH, C|H2 c|?H2 CH,
CH, CH, CH, CH
~cH,”” “SCH,”~ “NCH,— (CH,)—CH,
(a) Single ring type. (b) Alkyl substituted type.

Figure 2. 2 Chemical structures of the naphthenic hydrocarbons

(3) Aromatic Hydrocarbons
The forms are very similar to naphthenic hydrocarbon, but aromatic type contains C=C
bond within their cyclical structures and having a chemical formula of C,H,. Figure

2.3 shows the chemical structure of aromatic hydrocarbons [5].

CH,
|

CH _ CH, — CH— CH,
|

CH CH
il \C|H |
| |
C CH C
H\CH/ H\CH/ “\CH,— (CH,)— CHj

(a) Single ring type. (b) Alkyl substituted type.

Figure 2. 3 Chemical structures of the aromatic hydrocarbons
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2.2.2 Synthetic Oils

A variety of oils such as organohalogenated oils like askarel (hexachlorobiphenyl),

(C4F9)sN and (C4Fy),0, silicon and synthetic ester oils can be grouped into the synthetic

oils. Organohalogen oils are considered as hazardous materials, and together with silicon

oil are listed as the non-environmentally friendly liquid, so as their application for electrical

apparatus are not preferable [1].

0))

0]

Silicon Oil.

Silicon oil is composed of polydimethylsiloxane. The main component is silicon atom
bonded to the oxygen atom (Si-O) and organic groups which are mainly methyl
compounds, as shown in Figure 2.4. The value of n determines the molecular weight
of oil, as well as its viscosity. It varies from 0 to 2000 which correspond to the viscosity
variation between 0.65 to 2.5000.000 mm?/s [6].

Having a high flash point and self-extinguishing capability, the silicon oil possesses
lower fire risk compared to the conventional transformer oils. Silicon oil has a high
thermal stability, even when it comes in contact with the surrounding air. The
weaknesses are that viscosity of the oil is high, even at relatively higher temperatures,
and the tendency to form a gel under long exposure to arcing. In addition, the

biodegradability of the oil is low [6].

CH, CH, CH,
I I I
CH,—Si— O |—Si— O|—Si — 0—CH,
I I I
CH, CH, CH,

n

Figure 2. 4 Chemical structure of silicon oil

Synthetic Ester.

Synthetic ester is composed of pentaerythritol-tetraester, as shown in Figure 2.5. The
oil is synthesized from pentaerythritol and fatty acids, having the chemical formula of
C(CH2COzR)4. R is a group of alkyl containing 5 to 18 number of carbon atoms [1] [7].
The oil was used in a distribution transformer for the first time in 1978 and has been
used at 230 kV power transformer in 2003. Figure 2.6 shows the timeline of the

development and application of the synthetic ester in transformer [3].
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R,
m—#—&
C=0
0
R, O CH 0 R,
R3—(|3—(|3|—O—CH—(:E—CH—O—ET—(lf—R;;
R, ¢ R,
0
(lj =0
m—%—&
R3

Figure 2. 5 Chemical structure of synthetic ester [1]

First new German utility Transf. for Compact design
synthetic ester retrofill & specifying freight & high high temp.
filled dist. Transf. for new transf speed trains transf. for wind

II\I((II IIIIIIIIII\III
[ )] N\

I I I D O I U I I I
19|76 1978 1992 1995 2000 2005 2009

Formulation ~ PCB was IEC Jordanian utility A230kV Introduction
of Synthetic  retrofilled 61099 was specifying for power to India
ester published transt. in building transformer

Figure 2. 6 Timeline of events and the development of synthetic ester insulating oil [3].

2.2.3 Vegetable (Natural Ester) Oil

Vegetable (natural ester) oils, having the chemical structure shown in Figure 2.7,
are a new entity in oil insulation classification. Vegetable (natural ester) oil is known to
have very high rate of biodegradability [8]. In its original form, the vegetable oil is fully
biodegradable, but an addition of some additives to improve viscosity and oxidation

stability reduces its biodegradation rate to the levels of 95 — 97% [9] [10]. Figure 2.8 shows
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biodegradation rate of some insulation oils. It is shown that the biodegradation rate of

vegetable oil is at the same rate as that of the polyol (synthetic) ester.

CH,-0-C-R,
0

CH -0-C-R

CH,-0-C-R,

Figure 2. 7 Chemical structure of vegetable (natural ester) oil [1]

An overview of the properties of the four different types of insulating oils is

presented in Table 2.2.

100
80
60

40

Biodegradability (%)

20

Vegetable Regular Mineral oil High Temp.
oil/Polyol Ester Mineral Qil

Qil Types

Figure 2. 8 Biodegradation rate of some insulation oils [9] [10]
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Table 2. 2 Overview of properties of transformer insulating fluids [3].

Name Mineral QOil Silicon Qil Synthetic Natural ester
Ester
Type Refined crude
oi.l l?ased Synthetic Synthetic Ve;iggﬁ: doil
distillate
Principal mixture of di-alkyl Pentaerythritol . .
component hydrocarbons I tetra ester Triglyceride
polymer
source Purified from Made from Made from Extracted from
oil chemicals chemicals crops
Biodegradability Slow to Very slow to Readily Readily
biodegrade biodegrade biodegradable | biodegradable
Oxidation stability Good stability Excellent Excellent Ox1dat¥on
susceptible
Wat?r saturation at 55 220 2600 1100
ambient (ppm)
Flash point, °C 160 — 170 >300 >250 >300
Fire point, °C 170 — 180 >350 >300 >350
Fire classification O K K K

2.3 Research and Development of Vegetable (natural ester)-
Based Oil Insulation
2.3.1 Tri-ester (Triglyceride)

The environmentally friendly transformer oil became very desirable since the US
Environmental Protection Agency (EPA) released strict regulations regarding oil spills and
cleanup. Any large spill must be reported, particularly in water where the spill leaves sheen.
Synthetic ester which is highly biodegradable appears first [10]. The research and the
development of vegetable (natural ester) oil for oil filled transformer application had just
re-caught researcher's interest since the decade of the 90s [7], and had been successfully
implemented in small distribution transformer since the late 1990s [2] [3] (see Figure 2.9).
The emergence of this new insulation oil is motivated by the fact that the conventional
insulation oils such as mineral and synthetic oils are not environmentally friendly due to
their low rate of biodegradation. Some of them are even considered as hazardous chemical

material [1].
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First dist. A 60KV, 50 A 161 kV, 200
Research transf. was MVA GSU ASTM MVA GSU was  New 242 New 420
restarts retrofilled was retrofilled  Standard  retrofilled kV reactor kV transf.

VTSSO
ISEARE VAR SAV/A AN

First First dist. Transf. was First power  Utility with 100% A 230 kV was
transf. was available transformer  disth. Transformer retrofilled
trizl installed commercially conversion

Figure 2. 9 Timeline of events and the development of natural ester insulating oil [3]

The original form of natural esters or vegetable oils is triglyceride, and the
chemical structure of the oils is shown in Figure 2.7. Ry, R, and Rj are fatty acids chains
of the same or different type. They can be saturated or unsaturated hydrocarbons [7]. In the
past, the natural esters in triglyceride form were not an interesting choice due to the intrinsic
disadvantages owned by the oils. The oils generally are more susceptible to oxidation, made
them less desirable compared to the mineral oil, though both oils were examined for
insulation purpose around the same time [1]. The higher viscosity and pour point of
triglyceride type natural esters and the plentiful availability of mineral oil at that time were
other factors affecting the choice of mineral oils rather than natural esters of triglyceride
type [10]. The higher viscosity and pour point are resulted from natural ester containing a
higher percentage of saturated fatty acid, which, on the other side, exhibit less vulnerable
to the oxidation. Contrarily, natural esters having a higher percentage of unsaturated fatty
acids have benefit due to the lower viscosity, but they are more susceptible to the oxidation
[11][12]. However, since the environmental consideration becomes an important aspect in
selecting oil insulation in last two decades, the interest in natural esters was renewed. The
weaknesses of the oils were overcome by optimal selection of fatty acids composing the
three branches of triglyceride structures (R, Rz, and Rz in Figure 2.6), and proper choices
of additives added into the oils [11].

Vegetable (natural ester) oil which differs chemically from mineral oil requires
specification standard to ensure its use in the transformer or other electrical apparatus.
ASTM D6871, released in 2003, was the first specification standard available for unused
vegetable oil [13]. Table 2.3 lists the properties and the corresponding limit values of the
standard. In triglyceride form, natural ester typically has high flash and fire points [14] [7],
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and they are reflected by high threshold values in specification standard, 275 and 300 °C,
respectively. High viscosity is also typical for vegetable oil [15], and it is represented by
high specification limits of 50 and 15 mm?/s at 40 and 100 °C, respectively. As the
vegetable oil can hold much high water [16] [17] [18] [19], the water content is allowed up
to 200 ppm. In addition, vegetable oils have higher acidity than mineral oil [20], and the
acid number of the oil is tolerated up to 0.06 mg KOH/g. Natural ester also has a higher

dielectric constant compared to mineral oil [14] [19].

Table 2. 3 As-Received new fluid property requirements [13]

P ¢ Limit ASTM Test
roperty imi Method
Physical
® Color, max 1.0 D 1500
®  Fire point, min, °C 300 D92
®  Flash point, min, °C 275 D92
®  Pour point, max, °C -10 D97
® Relative density, (specific gravity), 15°C/15 0.96 D 1298
°C, max
®  Viscosity, max, mm?/s, at: D 445 or D 88
¢ 100°C 15
¢ 40°C 50
¢ 0°C 500
®  Visual examination Bright & clear D 1254
Electrical
® Dielectric breakdown voltage at 60 Hz
@ Disc electrode, kV 30 D 877
€ VDE electrode, kV at D 1816
» 1 mm(0.04in.) 20
» 2mm (0.08 in.) 35
® Breakdown voltage impulse condition, 25 oC, 130 D 3300
kV, needle-sphere, 25.4 mm (1 in)
® Dissipation factor at 60 Hz, max, % D 924
® 25°C 0.20
¢ 100°C 4.0
®  Gassing tendency, max, mL/min 0 D 2300
Chemical
®  Corrosive sulfur Not Corrosive D 1275
® Neutralization number, total acid number, 0.06 D974
max, mg KOH/g
® PCB content, ppm Not detectable D 4059
®  Water content, max, mg/kg 200 D 1533
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Basic investigation on natural esters show that the AC breakdown voltage of the
oils is equal to or higher than mineral oils [17], but lightning impulse breakdown voltage
of the natural ester oil is lower [21]. However, a test on a sample containing 30 % relative
moisture content results in the similar lightning impulse breakdown voltage of both oil
types [21].

An accelerated thermal aging test also revealed that the breakdown voltage, flash
point and fire point of aged natural esters remained close to the new oil values [2], whereas
the breakdown voltage of aged mineral oil is lower than the new one [17] [22]. Kraft paper
aged in natural ester oil was found to take 5-8 times longer to reach the end of life point as
that aged in mineral oil at 170 °C, and about 2.5 times at 110 °C [23]. These imply that
natural esters have sufficient safety factors for use in a natural ester-filled transformer.
Moisture content, neutralization number, DC leakage, interfacial tension, and dissipation
factor were also higher in aged natural ester than those found in mineral oils, but these
values are typical for the oils and do not have a significant impact on transformer
performance [2].

Streamer inception voltages of esters, under needle plane electrode configuration
utilizing lightning impulse voltage, are comparable to [24], or lower than that of mineral
oils [25], and it applies for both polarities [24] [25]. At the same voltage levels after
inception, streamer in esters propagates faster and further, with more branches, thus induces
lower breakdown voltage in both polarities, than in mineral oil [24]. The inception voltages
of negative and positive streamer are very close, and the negative streamer appears at a
little lower voltage compared to the positive streamer [24], [25]. The conductivity of
positive streamers are higher, propagates faster and further, than those of negative
streamers [26]. At relatively small gaps lightning breakdown voltages of esters are
generally not less than 65% of that of mineral oil under both positive and negative polarities.
However, at large gaps (1000 mm), the positive lightning breakdown voltage of natural
ester is only about 40% of that of mineral oil, whereas negative lightning breakdown

voltage of natural ester is about 50% of that of mineral oil [24].

2.3.2 Natural Monoester

Although the optimal selection of fatty acids composition and the proper choice of
additives have been achieved, the viscosity and pour point of natural esters in triglyceride
form is still significantly high compared to that of mineral oils. The typical viscosity value

of triglyceride form natural ester-based insulating oils that have been commercially
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available, and mineral oils at 40 °C, measured based on ASTM D445 standard, are 33 and
9.2 mm?/s, respectively [1].

In order to obtain the less viscous natural ester-based insulating oil, natural
monoesters synthesized from fatty acids which are derived from palm oil, and other
vegetable oils are introduced. The chemical structure of the oils is shown in Figure 2.10.
R4 is fatty acid chains of saturated or unsaturated type, whereas Rs is alkyl of low molecular
weight, which is mostly of methyl (CH3) or ethyl (C,Hs). The production of monoesters for
insulation purpose involves fatty acid methyl ester as an intermediate product based on the
equation (1). The methyl group is then substituted with the desired alkyl group through a
trans-esterification reaction based on equation (2). The appropriate selection of R4 and Rs
further resulted in the oils having lower viscosities, and thus higher fluidity [27]. The
viscosity of commercially available natural monoester, PFAE, is 5.1 mm?/s, which is lower
than the typical viscosity value of mineral oils. The viscosities and other properties of
PFAE and a commercially available triglyceride type natural ester based-insulating liquid,
as well as those of mineral oil, are listed in Table 2.4. In addition, moisture content, acid

number and pour point also improve.

R;-0-C-R,
O

Figure 2. 10 Chemical Structures of Natural Esters

CH,0COR CH,0H
| |
CHOCOR + 3CH,OH JRCOOCH; 4 CHOH

CH,OCOR CH,OH )
Fat and Oil methanol Fatty acid methyl ester ~ Glycerin

R*‘COOCH; + R0OH — R*COOR’ + CH;O0H ()
Fatty acid methyl ester Alkyl alcohol Fatty acid alkyl ester Methanol

Fortunately, the change in chemical structure of natural esters from tri-ester to

monoester does not cause a significant decrease in the breakdown voltage of the oils. The
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breakdown voltages of one of the commercially available triglycerides natural ester-based
insulating oil, Envirotemp FR3, is 73 kV, whereas that of the commercially available
natural monoester, PFAE, is 81 kV (2.5 mm gap electrode) [28].

In addition to some advantages mentioned above, changing the chemical structure
of natural esters from triglyceride (tri-ester) to monoester resulted in the oils having a lower
flash point, and thus fire point than that in original form. The typical flash point values of
commercially available triglyceride form natural ester-based insulating oils, and that of
natural monoester based insulating oil (PFAE) is 310 — 330 [1] [7] and 176 °C [29],
respectively. However, the flash point of natural monoester oils is still better than that of
mineral oil, which is about 152 °C [29]. Dielectric constant (relative permittivity) also

seems to slightly degenerate to 2.96.

Table 2. 4 Some properties of PFAE (monoester) and the corresponding values of FR3
(trimester) and mineral oil

Property PFAE FR3~ Mineral Oil
Physical
® Density (40 °C), g/cm?3 0.86 0.92 0.88
® Flash point, °C 176 320-330 152
® Pour point, °C -32.5 -23--18 -45
® Kinetic viscosity (40 °C), mm?/s 5.06 32-34 8.13
Electrical
® Breakdown voltage (2.5 mm gap), kV 81 73 70-75
® Relative Permittivity (80 °C) 2.96 - 2.2
® Dissipation factor, % 0.31(80 °C) 0.02 (90 °C) 0.001
® Volume resistivity (80 °C), Ohm.cm 7.1x10"2 - 7.6x10"
Chemical
® Total acid number, mg KOH/g 0.005 0.013 —0.042 <0.01
® Moisture content, ppm 10 4-50 <10

* “Envirotemp FR3 Ester Fluid”, www.envirotempfluids.com/content/uploads/2013/12/FR3-fluid-sell-
sheet-11-13.pdf

2.4 Dissolved Gas Analysis of Natural Ester Oil

Gases generated by mineral oil under thermal and/or electrical faults have been
well recognized, and fault interpretation methods based on dissolved gases in oil, called
Dissolved Gas Analysis (DGA), have been well established for mineral oil filled
transformer. The gases are H,, CH4, CO, C,H4, C2Hs and C;H, for combustible gases, and
CO; and N, for non-combustible gases [30] [31]. There are several DGA based fault
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interpretation methods available, but the most commonly used methods are IEC 60599 ratio,

Duval triangle and the key gas methods [32]:

(1) Key Gas Method.
Each type of fault is identified by the key gas which is obtained from the percentage of
the gas based on total combustible gas dissolved in the oil. For instance, partial
discharge (PD) in mineral oil mainly produces H,, accompanied by a trace amount of
other hydrocarbon gases, so the key gas for PD is H». The occurrence of PD in mineral
oil can be predicted if the percentage of the amount of hydrogen reaches 85 % of the
total combustible gases dissolved in the oil. The key gases for each type of faults and

the percentage of gas amount are summarized in Figure 2.11 [33].
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Figure 2. 11 Key gases and their percentages

(2) IEC 60599 Ratio Method.
Three different gas ratios are used as can be seen in Table 2.5. For each set interval of

ratio, the type of fault causing the generation of such gases can be obtained.
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Table 2. 5 Fault interpretation according to IEC 60599 method

Fault Type C:H»/C:H4 C:2H4/H2 C:H4/C:Hs
Partial discharge (PD) NS <0.1 <0.2
Discharge of low energy (D) >1 0.1-0.5 >1
Discharge of high energy (D) 0.5-2.5 0.1-1.0 >2
Thermal fault of low Temperature (T1) NS >1 <1
Thermal fault of medium Temperature (T2) <0.1 >1 1-4
Thermal fault of high Temperature (T3) 0.2 >1 >4

NS: Not specified

(3) Duval Triangle Method.

The classical Duval Triangle or DT is shown in Figure 2.12. Each zone in the triangle

represents the fault type, and the interpretation plot is defined by the percentage of the

amount of three gases, CH4, C,H», and C,Ha. Recently, Duval developed a new triangle

version called Duval triangle 3 (DT3) to accommodate the application of non-mineral

oil. DT; for biotemp is shown in Figure 2.13 [34].

100 )

Figure 2. 12 Duval Triangle 1 (Classical Duval Triangle)
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Legend:
PD : Partial discharge
T1 : Thermal fault, temperature less than 300 °C
T2 : Thermal fault, temperature between 300 °C and 700 °C
T3 : Thermal fault, temperature greater than 700 °C
D1 : Low energy discharge (sparking)
D2 : High energy discharge (arcing)
DT : Mix of Thermal and electrical faults

PD

100 A 0

% C,H,

Figure 2. 13 The Duval Triangle 3 which is specially developed for Biotemp

Legend:
PD : Partial discharge
T1 : Thermal fault, temperature less than 300 °C
T2 : Thermal fault, temperature between 300 °C and 700 °C
T3 : Thermal fault, temperature greater than 700 °C
D1 : Low energy discharge (sparking)
D2 : High energy discharge (arcing)
DT : Mix of Thermal and electrical faults

Investigation on the gases generated by natural ester oils to anticipate the use of
DGA method to diagnose the presence of faults in natural ester immersed transformer in
service has caught the interest of many researchers. The differences in the type of atom
composing oil molecule and in chemical structure with mineral oil could lead to the
difference in the type and the concentration of gases generated by vegetable oil under

thermal and/or electrical faults.
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Thermal decomposition of vegetable oil produce the similar gases to that of mineral
0il [9]. The gases are hydrogen (H») and hydrocarbon gases, in addition to carbon monoxide
(CO) and carbon dioxide (CO») [32] [35]. Vegetable oil produces a larger amount of CO
and CO», which is due to the presence of —COO- link in its molecular structure [7]. Carbon
monoxide and carbon dioxide are the key gases for thermal fault involving cellulose
degradation [36]. The higher the temperature, the smaller the ratio of CO,/CO is [37].
Nevertheless, another literature report that the amount of carbon dioxide developed in
natural esters is comparable to the amounts developing from mineral oil [38], while other
reports show a lower tendency of natural ester than mineral oils in the development of CO
[38] [39]. Moreover, natural ester was reported as generating less amount of methane than the
mineral oil does [32] [38] [39] [40]. Ethylene and acetylene start to appear at a higher
temperature (>400 °C) [37].

Differing from [7] and [9], instead of excessive amount of CO and CO,, other
literature report a higher amount of ethane (C,Hs) produced by vegetable oil than that by
mineral oil under thermal faults [36] [37] [39] [41] [42] [43] [44]. Reference [37] claims
that a consensus has been achieved that ethane is produced in a higher amount by the natural
ester compared to that of the mineral oil under thermal fault. The ethane was then suggested
to be the key gas for natural ester under thermal fault [36] [39]. For mineral oil, the key gas
is methane under low temperature [41] [45], and ethylene at higher temperature [45].
Ethane is also found in the higher amount in the natural ester filled transformer in service
[43] [44], which is commonly developed according to peroxidation of lipids of omega-3
unsaturated fatty acid type [38]. However, natural ester develops higher amounts of
hydrogen and ethane than mineral oils under a normal operation condition of transformer
[39][43] [46].

For electrical faults, the generation rate of fault gases was much higher in ester oil
than in mineral oil due to the much higher repetition rate of PD in natural ester oil, but the
generation rate per-unit energy is comparable [47]. Hydrogen is the key gas for partial
discharge, and acetylene for low energy discharge [36] [47]. The patterns of gases
generated under sparking fault using a lightning impulse waveform were also similar,
except carbon monoxide which is detected in significant amount in natural ester oil but
absent in mineral oil [35]. Hydrogen was the key gas in both liquids, followed by acetylene
[47]. The different results are reported in [40]. Although producing the same gases type,

the natural ester oils produce smaller quantities of dissolved gases than the mineral oil does.
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Acetylene was generated in the highest quantities, followed by hydrogen gas, ethylene, and
methane [40].

When interpreting the DGA results, the interpretation methods generally
underestimate thermal faults as low temperature fault, thus need adjustment to get the
correct fault interpretation [35]. In the classical Duval triangle, for example, the thermal
fault that should be in the region of T2 was diagnosed to be in the T1 region. Only Rogers
Ratios correctly places the faults into the thermal fault of medium temperature, T2 [35].
The different interpretation results are reported in [36]. There, the temperature range of the
fault is overestimated for the tests involving the ester. However, Duval triangle and IEC
methods, generally, are more applicable than the key gas method [36].

Hydrogen and acetylene are the main gases detected by the natural ester oil under
low energy discharges, confirming the applicability of key gases method [32]. The classical
Duval Triangle (DT:) method correctly identifies the low-energy arcing fault in [32] [36].
The application of IEC 60599 method also shows that the natural ester oils had equal
diagnoses, coherent with the type of stress applied to the oils [40]. The Dornenburg, Rogers
Ratios, Duval Triangle, Muller-Schliesing-Soldner, and IEC 60599 also correctly diagnose
sparking type gas as the discharge of low energy (D1), so no specific adjustment should be
made [35]. In general, it can be said that most of the DGA interpretation methods can be

used to detect electrical faults in natural ester oils.

2.5 Moisture Effect on Dielectric Properties of Qil Insulation

It is well known that the presence of moisture up to a certain level degrades the
dielectric capability of insulating liquid. The moisture decreases both AC breakdown
voltage [3] [48] [49] [50] [51] [52] and lightning breakdown voltage [53], decreases the
resistivity [52], and increases the electrical conductivity of insulating liquids [51]. The
combination with particles enhances the degradation effect of moisture on the capability of
the insulating liquid [49]. The moisture effect firstly takes place when an emulsion of
moisture is formed in the oil [51], by providing charge carriers [48].

However, the literature discussing the effect of moisture on PD activities in the
insulating liquid are still rare. Moisture content is believed to alter the PD behavior of
insulating oil, although its effect, whether the increase in moisture content intensifies PD
activities or vice versa, has not been concluded [54]. The apparent charge was reported to

decrease slightly with the increase in moisture content of mineral oil due to the shorter
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duration of PD pulses in moist oil, whereas PD number increases significantly [55].
However, the different results were reported in [56]. There, PD number was found to
decrease as the moisture content rose, although the PDIV decreased. The remarkable
reduction in PDIV was observed in the sample with the presence of water droplet [56]. It
is clear from the mentioned literature that there has not been a consensus about how the

presence of moisture influences PD activities of insulating oil.
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Chapter 3
Gas Generation of Monoesters under Low Temperature

Overheating

3.1 Introduction

Gases generated by natural esters under thermal faults have been a topic of
investigation of many researchers [1] [2] [3] [4] [5][6] [7]. It is widely accepted that ethane
is produced in higher amount by the natural ester than by the mineral oil under thermal
fault [2]. Natural ester immersed transformer in service was also reported to generate ethane,
accompanied by hydrogen, in high amount [3] [4]. The ethane was then suggested to be the
key gas of natural ester for thermal faults [5]. Moreover, natural ester was reported as
generating less amount of methane [5] [6], and higher amount of carbon monoxide than the
mineral oil does [7].

However, most of the previous results were obtained from the investigation on
natural esters of triglyceride form. The results on natural ester which is monoester type are
still rare. This paper presents gas generation under low thermal fault of PFAE and other
fatty acid monoesters as well as mineral oil. The differences of generated gases between
fatty acid mono esters having C=C bond in their molecular structure and those without C=C
bond are discussed. Comparison of the gas generation tendency between tested oils and
commercially available natural ester insulation oil reported in the previous literature, as
well as mineral oil are also elaborated. The possibility of generating gas ratio method to

expect the overheating temperature is also evaluated.

3.2 Experiment
3.2.1 Samples

Study on natural ester oils having different molecular structure is important as the
difference in molecular structure could lead to the difference in gas generation behaviors
of'the oils. For instance, under PD stress, hydrocarbon gases are more likely to be produced
by monoester oils without C=C bond in their hydrocarbon chains than those by monoesters

having C=C bond [8]. Samples used in the experiment were natural monoesters synthesized
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from palm oil (PFAE, M12, 2H-08, and M 182) and rice bran methyl ester oils. PFAE stands
for palm fatty acids esters and was developed to be used for oil filled transformer, M12 is
made of lauric acid methyl ester, 2H-08 consists of caprylic acid 2ethyl-hexyl ester,
whereas M 182 consists of stearic/oleic/linoleic acids methyl esters. The chemical structure
of PFAE and rice brand oils is shown in Figure 2.8. The chemical structures of M12, 2H-
02 and M182 oils are depicted in Figure 3.1. All monoester oils were manufactured and
supplied by LION Co., Ltd. Japan. Mineral oil of naphthenic type was also used for
comparison. Some properties of the natural monoester oils are listed in Table 3.1. Iodine
value is often used to determine the amount of unsaturation in fatty acids and their
derivatives. The higher the iodine value, the more C=C bonds are present in the fats and
their derivatives. Accordingly, rice bran and M 182 oils contain significant number of C=C

bond, whereas PFAE, M12, and 2H-08 do not.

CH3_ (CHz)lo_C_O_CH3
[l
O
(a). Lauric acid methyl ester (M12)
CHS_ (CHZ)G_%_O_CSH]J
O
(b) Caprylic acid 2ethyl-hexyl ester (2H-08)
CH3_ (CHz) 16_%_O_CH3
0
(c).i. Stearic acid methyl ester (M182)
CH3 - (CHz) 7CH:CH (CH2)7_CI}_O_CH3
0O
(c).ii. Oleic acid methyl ester (M182)
CH,— (CH,) 5 (CH,CH=CH),(CH,),—C—0—CH,
Il
0

(c).iii. Linoleic acid methyl ester (M182)

Figure 3 1 Chemical structure of monoesters; (a) M12, (b) 2H-08, and
(c) M182
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Table 3. 1 . Some properties of tested oils

P G Palm Qil Rice
roperties PFAE | MI2 | 2H-08 | Mi182 | bran
Iodine value (g/100g) 0 0 0 91 107
Kinematic viscosity at 40 °C (mm2/s) 5.1 24 2.8 4.6 43
Molecular weight (gram) - 214 256 296 292
Breakdown voltage (kV/2.5 mm) 81 84 91 91 89
Flash point (°C) 176 126 153 184 -

The molecular weight of PFAE is not known, but it can be approached using
equation (3):

n = KM, 3)
where 7 is viscosity, K and a, are constants, and M is molecular weight of a compound.
The relationship between the viscosity and the molecular weight of a natural monoester can
be obtained by using four sets of data in Table 3.1 (exclude PFAE), as follows:

7 =0.00004 M08

The molecular weight of PFAE is obtained by substituting its viscosity value, and

the calculated value is 329 gram.

3.2.2 Experimental Arrangement

Figure 3.2 shows photographic and schematic views of the equipment used in the
experiment. They consist of two DC power supplies, temperature and time controller, oil

chamber and a graph recorder [9] [10].
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Figure 3 2 Experimental setup for low temperature overheating
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Two DC power supplies, each with the capacity of 18 V DC and 2.5 A, are used in
low temperature overheating experiment, to provide DC current for ceramic heaters

immersed in the oil sample. The photograph of the power supplies can be seen in Figure
3.3.

A
TRACKING

Current
.

Voltage

Figure 3 3 DC power supplies

The controller worked to maintain the heater temperature at a given value and to
stop the heating process, when the oil temperature reaches 84 °C, or when the heater
temperature reach a desired levels (200, 225, 250, 275 or 300 °C), as well as when the
setting duration of heating time is achieved. The photograph of the controller is depicted in

Figure 3.4.

Heater temp; Trip lamp

= : - —
On/off lamp —— e ﬁ Oil temp; Trip lamp
Timer Q f /'—k; Heater temperature
| \pnsas ShaAR), [ Arak Oil temperature

Remaining time

Actual temp.

. Setting temp.
w

Setting time

Timer switch

Reset

) Buttons
Heaters switch

Buzzer reset button

Figure 3 4 Photograph of Controller
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The oil sample was placed in a cylindrically shaped chamber made of acrylic in
which heater element was immersed. The cover and the base of the chamber are made of
stainless steel and acrylic, respectively. O-rings made of nitrile butadiene rubber were used
at the interface of cylindrical acrylic and the cover, and at the interface of cylindrical acrylic
and its base, to realize a tightly sealed chamber system. The photograph of the chamber is
shown in Figure 3.5. Heating element consists of two ceramic heaters which are clamped
with two copper plates. A thermocouple sensor was inserted in the middle of two adjacent
ceramics for heater’s temperature measurement. The photographic view of the heating
element is shown in Figure 3.6. Another thermocouple immersed in the oil sample, floating

at about 1/4 of oil’s height, was used for oil’s temperature measurement.

o
¢ :11 TR : Thermocouple for oil
i : temperature measurement

LK

Heating
element

'a) Assembled chamber

&
o

() Disassemble chamber

Figure 3 5 Oil chamber used for low temperature overheating experiment.
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Copper Plates

Thermocouple

Ceramic heater Copper plate

(b)

Thermocouple

Figure 3 6 Heating element, consist of two ceramic heaters (white color) which are clamped
with two copper plates; Thermocouple is inserted between two ceramics for heater’s
temperature measurement; (a) photographic view, (b) schematic view

The graph recorder was used to continuously monitor and record heater and oil

temperatures. The photograph of the graph recorder is shown in Figure 3.7.

Groupl —
Real trend r»j 1nvdiv
HT-1 :

Figure 3. 7 Graph recorder

Gas analysis was conducted using a gas chromatograph (GC-2014 model, Shimazu

Corp. Japan), as depicted in Figure 3.8.
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(T

Figure 3. 8 Gas chromatograph (GC-2014 model, Shimazu Corp. Japan)

3.2.3 Sampling Procedure

The photographic view of sampling procedure is shown in Figure 3.9. The oil
sample was firstly placed in a stainless steel container (A). A vacuum pump is connected
to the oil chamber through an oil trap (C) so that the oil sample is resisted from entering
the pump during the operation. The air inside the chamber was firstly evacuated before the
oil sample was introduced using a vacuum pump. After about ten minutes evacuation, the
oil sample was withdrawn into the chamber without interrupting the vacuum pump
operation, and the filling process was stopped when the volume of oil reach 1000 ml. The
oil sample was filtered while being inserted into the chamber using a glass filter attached
on the ceiling of the chamber. With this system, the most part of the oil mist, moisture, and
air dissolved in sample oil can be removed [11]. After degassing the oil, argon gas was
introduced to occupy the space above the oil and bring the oil system to the ambient

pressure, so that contamination by surrounding air can be minimized.
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Figure 3 9 Schematic diagram for oil filling in process

3.2.4 Experimental Procedure

Low temperature overheating experiment was performed, in laboratory scale, to
simulate local heating which is usually the case in the transformer. In order to obtain the
more stable heater temperature, an ON/OFF automatic control was changed to the manual
control in the current heating experiment. This procedure differs from that utilized in [12]
where the ON/OFF automatic control was used. The detail explanation of the ON/OFF and
the manual controls of temperature controller is placed in Appendix A. The DC current
from the DC power supplies is manually adjusted to suit a desired setting temperature of
the heater. Based on this operation, the heating durations of each oil sample are not uniform.
Consequently, the term of generation rate (ul/hour) is used in presenting generated gases
in the next results and discussion section, instead of concentration in mL or ppm.

Two gas samples were prepared for analysis. The first one was taken from the gas
part, the oil-free space on the upper part of the chamber, whereas, another one was taken
from the oil part. Dissolved gas in the oil was extracted using the so-called headspace
method. Gas sampling procedures are explained in more detail in Appendix B. Gas samples

were then analyzed using a gas chromatograph (GC-2014 model, Shimazu Corp. Japan).
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3.3 Results and Discussion
3.3.1 Gases Generation Tendency

Among combustible gases, ethylene and acetylene were not found in all tested oils
under low thermal faults within the temperatures from 200 to 300 °C. Therefore, the gases
to be discussed are carbon monoxide, methane, ethane, and hydrogen, and the typical graph
of the distribution of combustible gases generated by natural monoesters and mineral oil,
taken at the temperature of 250 °C, is shown in Figure 3.10. Gas generation tendency of
PFAE and other natural monoesters containing only C-C single bond in their hydrocarbon
chains such as M12 and 2H-08 oils are more similar to that of mineral oil, rather than to
that of natural monoesters having C=C bond like M 182 and rice bran oils. Both natural
monoesters containing only C-C single bond in their hydrocarbon chains and mineral oil
only produced methane and carbon monoxide, or in some rare cases generated hydrogen in
not significant amount [13]. The remarkable difference between groups of oils having C=C
bond and those without C=C bond as well as mineral oil is ethane generation. A small, but
distinguishable amount of hydrogen was also found in oils having C=C bond [12]. Ethane

phenomenon and hydrogen generation will be discussed further in the next sections.

Combustible Gases Distribution
100
= /
5 80 // —PFAE
%- 6.0 / —MI2
E 4.0 / / —2H-08
g 20 N ; Ricebran
N/
500 A M182
P H2 CH4 C2H6 C2H4 C2H2 CO MO
@
&) Gas Type

Figure 3 10 Generation rates of combustible gases of natural monoesters and
mineral oil under low thermal faults.

Carbon monoxide was the most dominant combustible gas generated by all tested

oils. The presence of carbon monoxide in oils is due to ingression by surrounding air, and/or
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the oxidation of oil molecule, as schematically shown in Figure 3.11 [14]. Comparing the
carbon monoxide generation between natural monoesters and mineral oil (Figure 3.12), in
spite of deviations found in PFAE at 250 to 300 °C, it is quite clear that natural monoesters,
in general, produce a larger amount of carbon monoxide than the mineral oil does. The
difference in carbon monoxide generation between both oils is due to the existence of —
COO- group in natural monoester oils [7]. The thermal energy inserted into the oil firstly
breaks the weakest bond of oil molecules, namely -COO- bond in fatty acid monoester oils.
The existence of oxygen atom, which have higher electronegativity than carbon atom, cause
the depletion of electrons around -COO- bond and hence, the -COO- bond is more likely
to be cut than C-C bond in oil molecule [12].

i
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Figure 3 11 How the carbon monoxide present in (mineral) oil [14]

The effect of the —COO- group can be seen in the generation of carbon monoxide
by M12, 2H-08, and PFAE. These three oils belong to a group of monoesters without C=C
bond in their structures, and are derived from the same source, palm oil. The difference
among the oils is the number of C atoms present in their hydrocarbon chains, which are
indicated by their viscosity and molecular weight, as listed in Table 3.1. The less number
of C atoms are present in oil’s molecule, the lower its viscosity and molecular weight, thus

the smaller its molecule size is [15]. Hence, the ratio of —COO-/1000 mL sample oils in
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descended order is M12>2H-08>PFAE, which is in line with the amount of CO generated
by the oils, as can be seen in Figure 3.12. It should be noticed that thermal tests at 300 °C
on M12 and 2H-08 oils - both oils have the lowest viscosities (Table 3.1) - were not
conducted due to the current capacity limitation of DC power supplies. In lower viscosity
oils, heat generated locally by the heater is spread easier into the bulk oil, resulting in the
faster increase in oil’s temperature than in higher viscosity oils. The effect is more
pronounced at higher heater’s temperatures as indicated by the temperature of the oils at
the end of thermal tests, particularly the temperatures of M12 and 2H-08 oils at heater
temperatures of 250 and 275 °C, shown in Table 3.2. As a consequence, the instant heater’s
temperature decreases more rapidly in lower viscosity oils than in higher viscosity oils.
Therefore, to generate the similar local heater’s temperature, the lower viscosity oils require

higher energy than the higher viscosity oils [13].

Carbon monoxide

20.0
o M200 ®225 ®250 m275 m300

=

S 150

S

o 100

~—

g

= 50

=]

§ 0.0

~ PFAE  M12  2HO8 Ricebran M182 MO
Y

O

Oil Type

Figure 3 12 Generation rates of carbon monoxide of natural monoesters and
mineral oil under low thermal faults.
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Table 3. 2 The temperature of oils at the end of thermal test at various
temperature levels of the heater

End Oil Temperature at Heater
Oil Type Temperatures
200°C | 225°C | 250°C | 275°C | 300 °C
PFAE 71 77 80 81 81
M12 70 77 &3 83 -
2H-08 71 77 - 83 -
M182 72 - 81 - 81
Rice bran 70 78 81 81 82
Mineral oil 67 72 77 80 77

Methane generation by all tested oils is shown in Figure 3.13. In spite of deviations

found in mineral oil samples heated at 225 and 275 °C, it can be seen that, in general,

methane is produced by mineral oil in a higher amount than that by natural monoesters oils,

confirming earlier results [6] [12]. Mineral oil composed of hydrocarbon such as paraffinic,

naphthenic and aromatic hydrocarbons. The most vulnerable point where the hydrocarbon

would be cut by inserted thermal energy is at the end of carbon chain in the oil molecule.

Then, CHs4 is produced by combining with H» after cleavage at the end of carbon chain [12].
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Figure 3 13 Generation rates of methane of natural monoesters and mineral oil

under low thermal faults
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3.3.2 Ethane Generation Phenomena

It is mentioned in our previous report [12] that natural monoesters of different
molecular structures exhibited different behavior related to the ethane generation under low
thermal faults within the temperature range of 200 to 300 °C. Natural monoesters having
C=C bond in their hydrocarbon chains like Soybean and Rice bran produced ethane in
remarkable amount, whereas those without C=C bond like PFAE, M12, and 2H-08, did not
generate ethane, or in some rare cases generated ethane in not significant amount. Mineral
oil of naphthenic type, heated under the similar temperature range also did not generate
ethane at all temperature levels. These results lead us to a conclusion that the difference in
ethane generation phenomenon among insulating oils under low thermal faults was due to
the difference between oils having and without C=C bond in their hydrocarbon chains. This
slightly differs from the conclusion found in the literature that the difference in ethane
generation was about the difference between natural esters and mineral oils [1] [2] [4] [5]
[6] [14]. If the ethane will be adopted as the key gas for thermal faults in natural esters,
then it can only be used for oils having C=C bond in their structure.

The ethane generation mechanisms from oils having C=C bond in their
hydrocarbon chains under thermal faults have not been well understood yet. The ethane
generation, according to [5] [14], is strongly related to the oxidation. They suggested that
the ethane is developed according to the peroxidation process of lipids which commonly
takes place in omega-3 unsaturated fatty acids [ 14]. Their experimental results demonstrate
the coincidence of the change in the amount of generated ethane, as well as other stray
gassing phenomena, with the change in the amount of oxygen in oil in a reverse way, which
can be interpreted that the oxygen was consumed during the process [2]. The phenomenon
is not uniquely owned by ester oils, because some mineral oils were also reported to
generate a significant amount of ethane either from simulated low thermal fault in
laboratory experiment [2] or from the transformer in service [16]. However, they found that
ethane generation is more pronounced in natural esters than in mineral oil. These
observation results led them to the suggestion of using ethane as the key gas for natural
esters under thermal fault [5] [14]. To put these into the same perspective with our
experimental results, and thus with our claim regarding the ethane generation phenomenon,
it should be noticed that the commonly used natural esters in the previous studies were FR3
or Biotemp which are known to be in triglyceride form. In triglyceride structure, fatty acid
chains occupying three branches of triglyceride are a random combination of saturated and

unsaturated hydrocarbons.
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Nevertheless, our experimental results on M182 provide quite distinct evidence
that the ethane is not only produced by the oils containing C=C bond of omega-3
unsaturated fatty acids type (Figure 3.14). Namely, M182 oil which is synthesized from
stearic/oleic/linoleic acids methyl esters evidently produced ethane in remarkable amount
although the oil does not contain unsaturated fatty acids of omega-3 type [13].

The omega-3 type unsaturated fatty acids are the fatty acids containing C=C bond
located at the third carbon atom counted from the omega end side of hydrocarbon chains.
The simplest omega-3 unsaturated fatty acid is linolenic acid (C18:3), and the chemical
structure of the acid is shown in Figure 3.15a, and the numbering of C atoms in its

hydrocarbon chain is shown in Figure 3.15b.
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Figure 3 14 Generation rates of ethane of natural monoesters and mineral oil
under low thermal faults
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Figure 3 15 The simplest omega-3 unsaturated fatty acid, linolenic acids (C18:3); (a) Chemical
structure, (b) Carbon atom numbering in its structure.

3.3.3 Hydrogen — Accompanying Gas

Another alternative mechanism is reported to explain how the ethane is generated
from natural esters having C=C bond in their hydrocarbon chains [17]. There, it is
suggested that the ethane generation is due to recombination process between intermediate
products of ethylene and hydrogen during the thermal cracking process. Although their
experimental setup differs from ours and also differs from those mentioned in literature,
they also found the higher amount of ethane, accompanied by hydrogen, generated in
natural ester oils than that in mineral oil.

Based on our experimental result, hydrogen is also generated in natural monoester
oils having C=C bond in their hydrocarbon chains (Figure 3.16). Although the generation
rate of hydrogen is small in the overall results, it is clearly distinguishable from the oils
without C=C bond in their structure. This evidence could possibly be used to support the
mechanism proposed in [17]. Nevertheless, the fact that no ethylene generation was
observed in all tested oils leads us to a question: “Can the proposed mechanism be justified
by assuming that the oils having C=C bond in their hydrocarbon chains initially produce
ethylene, and then the ethylene completely recombines with excessive amount of hydrogen,
producing ethane, and leaving the hydrogen in small amount?” It is still doubtful because

ethylene and hydrogen are found to coexist in many DGA results.

Kyushu Institute of Technology, Dept. of Electrical and Electronics Engineering 47



Chapter 3: Gas Generation of Monoesters under Low Temperature Overheating

Hydrogen
_ 250
= m200 m225 m250 EW275 m300
£ 2.00
-
= 150
&
= 1.00
Pl
= 050 I
= i
= 0.00 e
P
= PFAE  M12  2HO8 Ricebran M182 MO
v
C Oil Type

Figure 3 16 Generation rates of hydrogen of natural monoesters and mineral
oil under low thermal faults

3.4 Fault Interpretation: CO/CH4 Ratio

Several fault interpretation methods, based on DGA data, have been developed to
diagnose the presence of thermal or electrical faults in mineral oil filled transformer [18].
Ratio methods, such as IEC 60599, Rogers, Doernenberg, and Duval Triangles 1 and 3,
were evaluated their applicability for natural ester oils in [ 19] and found that Duval Triangle
3 (DTs) shows the best performance based on the number of correct predictions on
overheating and electrical faults. It was an expected result since the DT3 is a modified
method to be used for natural ester oils, particularly Envirotemp FR3 and Biotemp [20].

However, under the low thermal faults where the amount of generated gases is very
low, the conventional gas ratio methods cannot be applied. Instead, an alternative gas ratio
is sometimes used to expect the heating temperatures. For instance, the ratio of CoHs/CH4
was used in [21] to estimate the overheating temperature within the range of 100 to 200 °C.
Based on our results, it is indicative from Figures 3.12 and 3.13 that an activation energy
for generating methane is larger than that of carbon monoxide. Thus, it seems possible to
use the ratio of CO/CHy to estimate the temperature within the range of 200 to 300 °C
(Figure 3.17). For instance, the ratio greater than 10 and 16 for PFAE and Rice bran oils,
respectively, indicates the temperatures of less than 300 °C. For mineral oil, the

temperature-dependent of CO/CHy4 ratio can be neglected. However, further investigations
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are required to obtain a more comprehensive understanding of how the ratio of CO/CH4

varies to the change in the overheating temperature [13].
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Figure 3 17 The variations of CO/CHy4 ratio against temperature change for
different kinds of oils.

3.5 Summary

Gases generated by various natural monoesters having and without C=C bond in

their molecular structures, as well as mineral oil have been investigated under the low

thermal faults. Some conclusions can be made as follows:

1.

Types of gases produced by natural monoesters without C=C bond in their structures
are more similar to those produced by mineral oil, rather than those produced by natural
monoesters having C=C bond.

In general, the natural monoesters studied here tend to produce a higher amount of
carbon monoxide, but less amount of methane than the mineral oil does.

The natural monoesters having C=C bond tend to generate noticeable amount of ethane,
accompanied by small amount of hydrogen, whereas those without C=C bond and
mineral oil do not.

If the ethane would be used as the key gas for the low thermal faults in natural ester
oils, then it is only applied for the oils having C=C bond in their structures.

It seems that the ratio of CO/CH4 could possibly be used to estimate the temperature

of the low thermal faults.
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Chapter 4
Gas Generation of PFAE under Partial Discharge

4.1 Introduction

Monoester type insulation oil has been widely implemented in distribution
transformer in Japan. The implementation of the oil is intended to be extended to the higher
voltage of power transformer. The need for diagnosis method to assess their performance
is important. Particular attention is important to be paid on the early stage of deterioration
of the oil molecules due to the partial discharge. This chapter deals with the investigation
results on the gas generation of PFAE oil under partial discharge. The generated gases by
three PFAE samples having similar moisture content condition under different number of
PD is investigated. The effects of moisture content up to 188 ppm or about 17% relative
moisture content on generated combustible gases of PFAE are also discussed. The
applicability of the Duval triangle 3 method to interpret PD fault in oil samples is also
evaluated. The CO/CHa ratio which is previously developed for estimating the temperature

of localized overheating, is used to predict the temperature of partial discharge.

4.2 Experiment
4.2.1 Experimental Arrangement

The Schematic diagram of PD experimental setup is depicted in Figure 4.1. It
consists of a high voltage transformer, RC detector, coupling capacitor, oil chamber, and
oscilloscope [1].

The high voltage transformer was a single phase two winding transformer, with the
capacity of 25 kVA and the photograph of the transformer is depicted in Figure 4.2a. The
voltage ratio of primary and secondary windings are 100 (200) V and 50 kV. The primary
winding was connected to the power source of 100 V, whereas the secondary winding was
connected to the oil chamber through the resistor of 100 k€(Figure 4.2b). No phase shift
between voltage waveforms of primary and secondary windings was observed during the

calibration process.
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Figure 4. 1 Experimental setup for PD measurement
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Figure 4. 2 The high voltage transformer and the resistor used for
PD measurement.

A hand made coupling capacitor used in the experiment was constructed from two
capacitors of 2000 pF connected in series, thus resulting in a 1000 pF capacitance. The
photograph of the coupling capacitor is shown Figure 4.3. The coupling capacitor is
important to provide a path for a discharge current to flow, and together with 100 kQ

resistor to prevent the current from entering the transformer [2].
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Figure 4. 3 The coupling capacitor

The oil sample was placed in a cylindrically shaped chamber made of acrylic in
which electrode pairs of needle-plane configuration were immersed. The cover and the base
of the chamber were made of stainless steel and acrylic, respectively. O-rings made of
nitrile butadiene rubber were used at the interface of cylindrical acrylic and the cover, and
at the interface of the cylindrical acrylic and its base, to realize a tightly sealed chamber
system. The photograph of the chamber is shown in Figure 4.4a. The needle having the tip
radius of 10 um was used in conjunction with a plane electrode having diameter and
thickness of 68 mm and 5 mm, respectively. With an acrylic of Smm thick on the plane
electrode surface, the gap between the needle and acrylic was 5 mm. The schematic view

of electrode configuration is shown in Figure 4.4b.

(@) (b)

Figure 4. 4 Oil chamber used for PD measurement (a), and electrode configuration (b).
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An RC impedance was used to detect PD signal. The output of the detector
corresponds to the apparent charge transfer of the discharge. The photographs and the

equivalent circuit of the RC detector are shown in Figures 4.5a and 4.5b, respectively.

1000 pF
1 1
LI |
5 =
z =2 L= S
= S TS ~
< < S N

(b)

Figure 4. 5 RC detector for detecting PD pulse, (a) photographic view, (b) equivalent circuit

An oscilloscope of Tektronix DPO 7504 type was used to display and to record the
PD waveform. The oscilloscope has 4 channels with the bandwidth up to 500 MHz, and
the sampling rate up to 5 GS/s. The photograph of the oscilloscope is shown in Figure 4.6.

w DPO 7054 Digital Phosphor Oscillos -

Figure 4. 6 Oscilloscope, Tektronix, DPO 7504 type

4.2.2 Oil Sampling Procedure
Gas generation by PD is studied under two different conditions. The first one is to
study gas generation by three kinds of PFAE samples having different moisture content,

stressed at the same level of voltage, and the same number of PD. The second one is to
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study gas generation by three PFAE samples having similar moisture condition, stressed at
the same level of voltage, but with different number of PD. The first sample (S:) was
prepared by degassing the sample in the way as that mentioned in section 3.2.3; the
differences are only in the type of chamber (Figure 4.4a) and the volume of oil used (this
time 350 mL). The photographic view of sampling procedure is shown in Figure 4.7. The
second sample (S2) was prepared by mixing 50 % degassed oil and 50% as-received oil;
The sample was firstly degassed until the volume of oil reaches 50% of required oil volume,
and the remaining 50% oil volume was withdrawn into the chamber while the vacuum
pump was turned off. The third sample (S3) was an as-received sample; the chamber was
firstly vacuumed for about 10 minutes, and then followed by introducing the oil into the
chamber while the vacuum pump was turned off. For all sampling procedures, argon gas

was introduced to occupy the oil-free space on the top oil inside the chamber.

Figure 4. 7 Schematic diagram of oil filling process.

4.2.3 Experimental Procedure
Partial discharge (PD) was generated in each oil sample by applying an AC high
voltage on the electrode pairs of the needle plane configuration immersed in the oil. To

generate enough amounts of combustible gases in the oil sample, the AC voltage of 20 kV
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was applied. PD pulses were detected using RC integrated circuit, and PD measurement
was conducted using an oscilloscope (Tektronix, DPO 7504 type).

Two kinds of procedures were conducted. The first one was stressing three kinds
of PFAE samples having different moisture content with constant PD number of 8000. The
8000 number of PDs was achieved by utilizing the fast frame mode operation of the
oscilloscope. The second one used three different samples of the same condition (thus the
same moisture content), and varying the PD number applied to the oils, 5000, 8000 and
12000.

Two gas samples for each oil were prepared for gas analysis. The first one was
taken from the gas part, the oil-free space on the upper part of the chamber, whereas another
one, was taken from the oil part. Dissolved gas in the oil was extracted using the headspace
method. Gas samples were then analyzed using a gas chromatography (Shimazu Corp.

Japan, GC-2014 model).

4.3 Results and Discussion
4.3.1 Gas Generation under Different Moisture Content

The types of combustible gases generated by 8000 number of PD, stressed at 20
kV under the needle plane electrode configuration, in PFAE samples of three different
moisture content levels are found to be methane, ethylene, acetylene, and carbon monoxide,
as depicted in Figure 4.8 [3]. It is interesting that methane is dominant gas produced by the
oils for all moisture content levels. Ethane, on the other hand, was not found in all oil
samples. Carbon monoxide, which is expected to be generated in a higher amount due to
the existence of —COO- link in PFAE’s structure, was found to be even lower than the

amount of generated ethylene.
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Combustible Gases in PFAE by PD-20 kV - 8000 N
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Figure 4. 8 Generated combustible gases in PFAE samples of different
moisture content levels by PD at 20 kV with PD number of 8000.

Another interesting point that can be drawn from Figure 4.8 is that hydrogen is
produced by PFAE oil in not significant amount, and this behavior applies for all tested
samples with different levels of moisture content. These results differ from those usually
found in mineral oil under PD stress. It is well known that hydrogen is the key gas
indicating the presence of PD stress in mineral oil. Hydrogen was also reported to be
dominant in concentration found in a vegetable oil-based insulating liquid of triglyceride
type, FR3, under PD stresses [4].

Our results are similar in tendency, except ethane generation, to those reported in
[5], but quite distinct from those in [6], although the samples used in our experiment and
experimental conditions have a lot of similarities to those in [5] and [6]. Figures 4.9 and
4.10 show combustible gases generated by various natural monoester and mineral oil,
reproduced from [5] and [6], respectively. PFAE (used in our experiment and in [5]), Pastell
2H-08 (used in [5] and [6], and Pastell M12 (used in [6]) are of natural monoester type (see
Figure 2.8), and these oils do not have C=C double bond in their hydrocarbon chains.
Therefore, PFAE, M12, and 2H-08 possess the same chemical structure. Moreover, all oil
types are derived from the same source, palm oil. All sample oils were stressed by PD under
AC high voltage utilizing the needle-plane electrode configuration. The significant
differences to be noted are the applied voltage levels being experienced by the oils during
the PD stresses, and their durations. The applied voltage level in our case was 20 kV,

whereas those in [5] and [6] are 17 and 25 kV, respectively. The duration of applied voltage
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in our case was about 30 minutes, whereas that in [5] was 120 minutes. The duration of
voltage application in [6] is unknown. Hence, the difference in gas generation mentioned
above is attributed to the differences in the applied voltage levels and their application

durations.

Combustible Gases in Monoesters [5]

14
12
é 10 W 2H-08
2 g W PFAE
3 6 B Mineral Qil
<
» -
D 2 L

0 L

H2 CH4 C2H6 C2H4 C2H2

Gas Type

Figure 4. 9 Generated combustible gases by PD at 17 in various natural monoesters and
mineral oil. The graph was reproduced from [5].

Combustible Gases in Monoesters [6]
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Figure 4. 10 Generated combustible gases by PD at 25 kV in two kinds of natural
monoesters. The graph was reproduced from [6].

The average magnitude of 8000 number of PD pulses detected in PFAE samples
with three different moisture content levels are listed in Table 4.1. The amount of generated

combustible gases per PD magnitude is shown in Figure 4.11. No moisture dependence of
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generated combustible gases of PFAE can be seen in Figure 4.11. This is the consequence
of the independency of PD behavior of PFAE oil on the change of moisture content up to

188 ppm (17%), as will be seen later in chapter 5.

Table 4. 1 PD charge of PFAE samples of different
moisture content levels.

Moisture Content PD Charge (pC)
(ppm) Min Max | Average
102 2408 | 42691 24539
144 1532 | 42691 21840
188 1970 | 39188 | 22659

Generated Gases/pC in PFAE by PD-20 kV - 8000 N
0.20
'g_ 188 ppm m144ppm  m 102 ppm
= 0.15
£
2 0.10
sy
£
3 0.05
£
< 0.00
t] C2H6 C2H4  C2H2
Gas Type

Figure 4. 11 Generated combustible gases/pC in PFAE samples of different moisture
content levels by PD at 20 kV with PD number of 8000

4.3.2 Gas Generation under Different PD Number

The types and the patterns of combustible gases generated by PD stresses at 20 kV
in three similar PFAE sample conditions, but different in PD number, are similar to those
found in previous results, as depicted in Figure 4.12. No ethane generation was observed,;
hydrogen is found in not significant amount, and methane was observed to be the main gas.
However, it is clear from the Figure 4.12 that the increase in the number of PD greatly

influences the amount of generated combustible gases.
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Combustible Gases in PFAE by PD - 20 kv

5.00
- 5000 N
= 4.00 m 8000 N
‘g’ 3.00 B 12000 N
£
£ 2.00
8 1.00
g L

0.00 —

H2 CH4 C2H6  C2H4  C2H2 co
Gas Type

Figure 4. 12 Generated combustible gases by PD at 20 kV under different PD
number in three PFAE samples having relatively constant moisture content

4.4 Fault Interpretation: Duval Triangle 3 (DT3)

Duval Triangle (DT) 1, which is also called classical Duval Triangle, is a well-
established method used to interpret electrical and thermal faults in mineral oil filled
transformer. The increase in the usage of non-mineral oils motivates the appearance of
Duval Triangle (DT) 3. Two types of DT3 were developed to accommodate two natural
ester-based insulating liquids, Envirotemp and Biotemp [7], but only the DT3 for
Envirotemp is used to evaluate its applicability for PFAE oil in this paper.

Three kinds of gases (Duval triangle gases) are required in implementing DT3
method; CHa, C;H4, and C;H, [7], and all of these gases are found to be dissolved in the
PD stressed PFAE samples. To interpret a fault occurring in the sample oil, the percentage
of the amount of each gas to the total amount of Duval triangle gases must be firstly

calculated based on the equations (4) — (6).

[C H,]

0, — 0,

WIC Hal = foi e, ricomy < 100 % “)
_ [CoH,]

“lCH,] = [CHIICoH Gy < 100 % )

%[C,H,] = [C,H] x 100 % (6)

[CH4]+[CoH,L]+[C2H,]
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4.4.1 Gas Generation under Different Moisture Content

The percentages of Duval triangle gases of the three PFAE samples having
different moisture content, stressed at 20 kV with PD number of 8000, calculated based on
equations (4) — (6) are tabulated in Table 4.2, and the plots in Duval Triangle 3 are depicted
in Figure 4.13. It can be seen that DT3 incorrectly interprets all PD fault cases. The samples
with moisture contents of 102 and 188 ppm are diagnosed to be the discharge of high energy
type (D2), whereas the sample with the moisture content of 144 is mistakenly put into the

combined thermal and electrical faults area in DT.

Table 4. 2 The percentage of Duval gases in PFAE samples
having different moisture content stressed with PD at 20 kV, with

8000 PD number.
Percentage
Gas Type 102 ppm 144 ppm 188 ppm
CH4 55.5 423 44.1
CyH4 25.0 413 38.2
C,H, 19.5 16.4 17.7

100 ‘

% C,H,

Figure 4. 13 Fault interpretation of PFAE samples of different moisture
content, stressed by PD at 20 kV with PD number of 8000, using Duval
Triangle 3 (DT3) method.

M S1 (102 ppm); M: S2 (144 ppm); M : S3 (188 ppm).
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4.4.2 Gas Generation under Different PD Number

The percentages of Duval triangle gases for the three PFAE samples, stressed at 20
kV with different number of PDs, 5000, 8000, and 12000, calculated based on equations
(4) — (6) are listed in Table 4.3, and the plots in Duval Triangle 3 are depicted in Figure
4.14. It can be seen that DT3 incorrectly interprets all PD fault cases. The samples stressed
with 8000 and 12000 number of PDs are diagnosed to be the discharge of high energy type
(D2), whereas the sample stressed with 5000 number of PDs is mistakenly put into the low
thermal fault region in T1. The absence of C,H, in the sample stressed with 5000 number
of PDs is attributed to a low total energy dissipated by discharge, and it is indicated by its
total PD charge which is much lower than other cases [8]. The total and average PD charge

produced by the oils is shown in Figure 4.15.

Table 4. 3 The percentage of Duval gases in PFAE samples
stressed with three different number of PDs

Percentage
GasType ~5550N | 8000N | 12000N
CHa 793 55.5 314
CoH, 20.7 25.0 403
C.H, 0.0 19.5 283

100 DUV 0

% C,H,

Figure 4. 14 Fault interpretation of PFAE samples, stressed by PD at 20 kV
with different PD number, using Duval Triangle 3 (DT3) method.

M : 5000 N; M : 8000 N; H: 12000 N.
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PD Charge for Different PD Number
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Figure 4. 15 The total and the average PD charge produced by discharge in PFAE
samples stressed with different number of PD.

4.4.3 Estimation of the Discharge Temperature

The mechanism of gas generation in oil under PD differs from that under low
temperature overheating. However, during the discharge the temperature of the oil rises
locally at the discharge site. This temperature is estimated using the CO/CHjy ratio which
was previously proposed to estimate localized overheating in section 3.4. The relationship
between CO/CH4 ratio and temperature for PFAE (see Figure 3.16) can be expressed by
the equation (7):

CO/CH, Ratio (PFAE) = 543.03 exp (-0.0157), (7)

where T is the temperature of discharge area (in this case, the temperature of the needle
electrode). Using the gas generation data of PFAE samples stressed by PD with PD
numbers of 5000, 8000, and 12000, then the temperatures of discharge are estimated, and
the results are listed in Table 4.4. It can be seen from the Table 4.4 that the estimated
temperatures of the discharges are about 500 °C. It should be noticed that the estimated
temperature is equivalent temperature not the real temperature increase. This is because PD

and local heating are different phenomena.
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Table 4. 4 Generated gases, CO/CHy4 ratio, and the estimated temperature
of PD stressed PFAE samples

5000 N 8000 N 12000 N
CH4 3.2 pL/hr. 4.05uL/hr. 4.02pL/hr.
CcO 1.92uL/hr. 2.03ulL/hr. 3.69ulL/hr.
CO/CH4 0.6 0.5 0.92
Estimated 523.27°C 537.1°C 490.56 °C
Temperature

4.5 Summary

The gases generated by the oil under PD have been investigated. Some conclusions
can be drawn as follows:

1. Hydrogen, which is considered as the main gases for triglyceride type natural ester
under PD stress, is not observed in PFAE oil.

2. IEC method for DGA cannot be used to interpret PD in PFAE oil.

3. DT3 method overestimates PD faults with PD numbers of 8000 and 12000 by put them
into the discharge of high energy (D2) area. For sample stressed with 5000 PD number,
DT3 mistakenly interprets it as a low thermal fault (T1).

4. Variation of moisture content does not cause a significant difference in generated

combustible gases, but the variation of PD number does.
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Chapter 5
PD Behavior of PFAE under Different Moisture Content

5.1 Introduction

The investigation on the effect of moisture content on PD behavior has been made
on mineral oil [1] [2], and on natural ester [3]. It has not been concluded whether the
increase in moisture content intensifies PD activities in insulation oils, or vice versa [3].

Since the application of monoester type insulation oil is still limited at the
distribution transformer, and the moisture content of the oil is not strictly controlled under
distribution transformer implementation, then the effect of moisture content on PD
behavior of the oil need to be investigated. This chapter deals with the investigation results
of PD behaviors of PFAE sample oils under of two different moisture content conditions,
dry and moist samples. PD properties like partial discharge inception voltage (PDIV), as
well as PD number and average PD charge at different applied voltage levels, are
investigated and analyzed. The polarity of applied voltage at which PD pulses have
occurred is discriminated and explored. A mechanism of the water molecules effect on PD

behavior is proposed and demonstrated schematically.

5.2 Preliminary Consideration

At first trial in investigating the effect of moisture content on PD behavior of PFAE,
five kinds of PFAE samples with different moisture contents were used. The first sample
(S1) was prepared by degassing the sample in the way as that mentioned in section 4.2.2.
The third sample (S3) was an as-received sample, the sample without pre-treatment before
being used as the experimental specimen. The second sample (S2) was prepared by mixing
50 % of S; and 50% of Ss. The fifth sample (Ss) was prepared by adding a 5 ml of water
into a 1000 ml of the oil sample, and then mixing the sample at 500 rpm at the temperature
of 40 °C for about 12 hours using a magnetic stirrer as shown in Figure 5.1. The fourth
sample (S4) was a mixture of 50 % of S; and 50 % of Ss. The procedures of filling-in for
samples S, and Ss are similar to those of S, and S3, respectively, as mentioned in chapter 4.

The moisture content of all samples is listed in Table 5.1.
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(a) Photograph (b) Chamber and magnetic stirrer

Figure 5. 1 Addition of water into the oil sample to realize the moist sample; Photographic
view, (b) the chamber containing a stirrer.

It should be noticed that at first trial, PD measurement was conducted by
considering only the positive PD, and the PD pulses were measured using solely RC
detector connected in series with the oil chamber, instead of a combination of R detector,
detecting impedance (DI) and CD6. The experimental arrangement and procedure are
described in section 4.2. This based on the previous report explaining that the PD charge
of negative PD is much lower than that of positive PD [4].

Table 5. 1 Moisture content of PFAE samples

Sample Condition Moisture Content
Actual (ppm) | Relative* (%)
Si 100 % Degassed (DG) 102 9.27
Sz 50 % DG + 50 % Non-DG 144 13.09
S3 100 % Non-DG 188 17.09
S4 50 % NDG + 50 % water added 333 30.27
Ss 100 % water added sample 463 42.09

* Assuming water solubility of PFAE is 1100 ppm

5.2.1 PD Inception Voltage (PDIV)

PDIV is defined as the lowest applied voltage at which the first PD with the
magnitude of equal to or greater than 100 pC, according to IEC61294, takes place. Using
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this definition, then the PDIV of five different oil samples having moisture content levels
of 102, 144, 188, 333, and 463 ppm are found to be 12, 10, 12, 9 and 7 kV, respectively, as
listed in Table 5.2. The change of PDIV levels against moisture content change is depicted
in Figure 5.2. The PDIV levels of oil with the moisture content up to 188 ppm seem to be
independent of the moisture content levels [5]. The 10 kV PDIV of oil sample containing
moisture of 144 ppm is more likely to be due to the existence of a weak point in the oil at
the time of voltage application. It could be a small bubble inclusion during the oil filling
process which was failed to be completely removed. However, the PDIVs decrease to 9
and 7 kV when the moisture content of the oils increases to 333 and 463 ppm, respectively.

These results are in line with the results in mineral oil, as reported in [2].

Table 5. 2 PDIV of PFAE samples of different moisture

content.

Moisture Content PDIV
Actual (ppm) Relative (%)* (kV)

102 9.27 12

144 13.09 10

188 17.09 12

333 30.27 9

463 42.09 7

From the PDIV viewpoint, it is indicative that moisture affects PD activities in a
similar way to that of a total breakdown in insulating oil. Namely, it is reported that the
moisture content up to 300 ppm does not cause a decrease in breakdown voltage (BDV) of
the natural ester. In general, it is concluded that the relative moisture content up to about
10% and 30% of unclean and clean insulation oils, respectively, do not significantly affect
the breakdown voltage of oils, irrespective of oil type [6]. Figure 5.3 shows the moisture
content dependence of breakdown voltage of clean natural ester, synthetic ester, and
mineral oils [6]. The figure closely resembles with the Figure 5.2. Since the oil samples
were filtered before being subjected to PD, they were considered to be clean oil. With the
moisture solubility of PFAE at room temperature is 1100 ppm (assumed), it is reasonable
to state that relative moisture content up to about 17% do not have a significant effect on
PDIV of PFAE, but moisture content of equal to or larger than 30 % remarkably change
PDIV levels of the oils. Figure 5.4 shows a direct comparison between PDIV and BDV of

PFAE oil as a function of moisture content, from which the similar tendency of the
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dependency of both parameters on moisture content can be seen. Data for constructing

BDV curve are taken from [7].

PDIV - Relative Moisture Content
14
12 * *
~ 10 I ——
-
> T
o]
= 4
2
0
0 10 20 30 40 50
Relative Moisture Content (%)

Figure 5. 2 PDIV of PFAE under various moisture content levels

BDV - Relative Moisture Content

—Mineral Oil
—Midel 7131
—FR3
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Relative Moisture Content (%o)

Figure 5. 3 Breakdown Voltage of clean insulating oils under various relative
moisture contents reproduced from [6].
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Figure 5. 4 Comparison between PDIV and BDV of PFAE oil. BVD curve is
reproduced from [7].

5.2.2 PD Number and PD Charge versus Applied Voltage

Figures 5.5 and 5.6 show relations between, respectively, PD number and average
PD charge (from now on called PD charge) and applied voltage. It can be seen that the
change in PD number and PD charge of oils against applied voltage variation under
different moisture contents up to 188 ppm (17 %) is not significantly different [8]. Further
increase in moisture content up to 333 ppm (30.27 %) and 463 ppm (42.09 %) reveals an
interesting phenomenon. Both oil samples show a similar PD behaviors; PD charge of both
samples decrease slightly, and their PD number reduce drastically and almost disappear.

The reason for these will be discussed later in discussion section.
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Figure 5. 5 Relationship between PD number and applied voltage for 2 minutes
in PFAE of different moisture content
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Figure 5. 6 The relationship between PD charge and applied voltage for 2
minutes in PFAE of different moisture content.

Based on the results of PDIV and voltage dependence of PD number and PD charge,
it was concluded that no significant difference in PD behavior of the PFAE samples having
relative moisture contents up to the 17 %, or degassing process does not give a significant
effect on PD behavior of PFAE samples. The addition of water up to 30 % relative moisture

content causes the PD charge to reduce slightly and causes the PD number drop drastically.
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This seems to be an anomaly. The PDIV decreased, but both PD charge and PD number
also decreased. The investigation was then carried on by taking the negative PD into the
consideration in addition to the positive PD, and only examined the PD behaviors of dry
and moist samples. The dry sample was represented by the as-received oil (S3), whereas

moist sample was represented by the sample with additional 5 ml of water (Ss).

5.3 Experiment
5.3.1 Experimental Arrangement

Schematic diagram of experimental setup to measure PD is depicted in Figure 5.7.
It consists of a high voltage transformer, resistor, coupling capacitor, oil chamber, PD
detectors, and oscilloscope. All of the equipment used in this experiment are of the same

as those described in chapter 4 section 4.2.1, except PD detectors.

+ 100kQ '

—
L )

100 V50 EV+

DIa-'L] 1: 38

I

CDé+

Figure 5. 7 Experimental setup for PD measurement

There were two detectors used in the experiment, R detector and detecting
impedance (DI). DI was used in combination with a PD monitoring device (CD6) whose
output corresponds to the apparent charge transfer of the discharge. The photographs of R
detector, DI and CD6 are shown in Figure 5.8.
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(c) CD-6

Figure 5. 8 PD detectors; (a) R detector, (b) Detecting impedance, and (¢) CD6

5.3.2 Experimental Procedure

Partial discharge (PD) was generated in each oil sample by applying an AC high
voltage on electrode pairs of needle plane configuration. PD measurement was performed
using a combined resistor (R), detecting impedance (DI) and the PD detection system
(CD6) to compare PD magnitude and PD phase distribution of PFAE at both positive and
negative polarities of AC voltage application. The schematic diagram of the PD
measurement is shown in Figure 5.7. R detector was used to discriminate the polarity of
PD pulses, whereas combined DI and CD6 detectors were used to measure the charge of
PD pulses by integrating PD current using the capacitor of DI.

To investigate voltage dependence of PD charge and PD number, the experiment
was conducted by varying applied voltage. The application of voltage (Va) was started at 7
kV, and increased with the increment of 1 kV up to 21 kV. At each voltage level, the applied
voltage was kept for about 2 minutes for conducting the measurement. PD measurement
was conducted by utilizing the fast frame mode operation of the oscilloscope.

To study phase distribution of PD pulses R detector was removed and the PD pulses
were detected by the combined DI and CD6 detector. The 60 Hz AC voltage waveform
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taken from the primary winding of transformer was also detected for reference. A voltage
probe having a voltage ratio of 10:1 was used to step down the amplitude of AC voltage
before being connected to the oscilloscope. The PD pulses occurring within 30 cycles of
applied voltage wave were captured using the “single” mode operation. The PD phase

distribution for 120 cycles is constructed by combining 4 measurement results.

5.4 Results
5.4.1 PD Pulse Shape

The formation mechanisms of negative and positive PD in insulating oil are
different, and it also applies for those in PFAE oil. When the needle is negative initial
electrons required to trigger PD are injected from the field enhancement site at the tip of
the needle electrode, resulting in PD pulse burst which contains one to several discreet PD
pulses [9]. An example of negative PD pulse burst which contains 4 discrete pulses and the
corresponding integrated charge, obtained in dry PFAE sample at 15 kV, is shown in Figure
5.9a. When the needle is positive, the initial electron comes from the oil side through a field
ionization mechanism [10], resulting in a more irregular and erratic PD pulses [9], having
a duration between 0.5 to 6 us. An example of positive PD pulse and the corresponding
integrated charge, obtained at the same condition as that of negative one, is shown in Figure
5.9b. It can be seen that magnitude of positive PD is much larger than the negative one.
This behavior applies to both dry and moist samples, as will be further elaborated in the

next section.

PD Current (mV/50)
PD Charge (Vx55.38)

«©» 2.0V/div |Ae® / 320mv |[ s.0psidiv 1.06s/s 1.0nsipt
@ 100mvidiv Single Seq

Time (us)
a. Negative PD
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Figure 5. 9 Examples of PD current pulse shape and integrated PD charge in
dry PFAE sample, taken at 15 kVrms; (a) Negative PD, and (b) Positive PD;
Horizontal scale (time), 5 ps/div.;
Vertical scale: blue - 100 mV/div.,
Yellow - 2 V/div, (attn.: 10)

5.4.2 Voltage Dependence of PD Number and PD Charge in Dry and
Moist Samples
Figures 5.10.a and 5.10.b show the dependency of PD number on applied voltage
in dry and moist samples, respectively. Under dry condition (Figure 5.10a), PD numbers
of both polarities increase with applied voltage, and the increase of positive PD number
(red color) is much larger than the negative one (blue color). The situation is changed under
moist sample (Figure 5.10b) PD number of positive polarity falls drastically, whereas that

of negative polarity increases drastically. This will be elaborated later in discussion section.
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(b) Moist sample (463 ppm, 42.09 %)

Figure 5. 10 Relationship between PD number and applied voltage for two
minutes in PFAE; (a) dry sample, (b) moist sample

Figures 5.11a and 5.11b show the dependency of PD charge on applied voltage in
dry and moist samples, respectively. PD charge of both polarities increase with applied
voltage, and again, the increase of positive PD charge (red color) is much larger than the
negative one (blue color). No polarity reversal tendency of PD charge was obtained when
the moisture content of the sample increased. The change only affects PD charge in the
way that the increase in positive PD charge is slightly less in the moist sample than that in

the dry sample, while negative PD charge in both dry and moist samples increase to a
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comparable level, confirming results in [11]. The results of PD charge are in line with the
observation on mineral oil reported in [1]. There, it is stated that the increase in moisture
content leads to a slight reduction in PD charge of mineral oil, which is due to the decrease

in PD pulse duration [1].
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(a) Dry sample (188 ppm, 17 %)
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(b) Moist sample (463 ppm, 42.09 %)

Figure 5. 11 Relationship between PD charge and applied voltage for two minutes in
PFAE; (a) dry sample, (b) moist sample.
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5.4.3 Phase Distribution of PD Pulses

Figures 5.12 and 5.13 show phase distribution of PD pulses for 120 cycles of
applied voltage, taken at 20 kVrms, in dry and moist PFAE samples, respectively. It is clear
from Figure 5.12 that for the dry sample, most PD pulses with large PD charge take place
at the positive polarity of applied voltage. Very few pulses with small charge take place at
the negative polarity. On the other side, under moist sample (Figure 5.13), PD pulses
dominantly occur at the negative polarity of applied voltage with significantly low in
magnitude. Though PD pulses still occur at the positive polarity of applied voltage, the
magnitude is significantly lower than in dry sample and much less in number. This will be

elaborated in the next section.
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Figure 5. 12 Phase distribution of PD pulses in dry PFAE sample for 120
cycles of applied voltage, taken at 20 kVrms.
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Figure 5. 13 Phase distribution of PD pulses in moist PFAE sample for 120
cycles of applied voltage, taken at 20 kVrms.

5.5 Discussion

Far below saturation level, under dry condition, water molecules present in the
form of being bonded to esteric and etheric oxygen atoms of ester molecules, or are trapped
between two ester molecules [12]. At this level, the presence of water does not give a
significant effect on the dielectric behavior of ester oils [6]. Moisture content up to 188
ppm or about 17% relative moisture content does not cause a significant difference in PD
properties of PFAE [13]. When the concentration of water is high, water molecules are
distributed randomly in oil, or join together forming water clusters. Under this condition,
PD activities are enhanced, which are indicated by the decrease in PDIV, and the drastic
increase in the number of PD. These intense PD activities mostly occur at the negative
polarity of applied voltage. PD pulses still occur at the positive polarity of applied voltage
under moist condition, but the PD charge of positive PD is significantly lower than in dry
sample and much less in number.

It was mentioned in literature review (section 2.5) that researchers who deals with
PD in insulating oil have not come to a consensus about how the presence of moisture
affects PD behaviour of the oil. Hence, the argument to explain our experimental result on
PD behavior of PFAE samples of different misture content is picked up from the argument
used to explain streamer in the oil. The reasons for this come from the conclusions in [13]

that the PD observed in dielectric fluids are associated with the appearance of streamers
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and represent discharges occurring within these streamers, and in [14] that PDIV and
streamer inception voltage (SIV) are interrelated.

From literature study conducted on the streamer in insulating oil, it was found that
the existence of fluorine atom having high electron affinity in Galden D-40 fluid was
suspected to be the main reason for the different behavior of Galden D-40 from Ugilec C
101 and Baylectrol 4900 liquids. Unlike two other fluids, PDIV and SIV of Galden D-40
are lower and took place at the negative polarity of applied voltage [13]. In cyclohexane,
an addition of electron-attaching additives was proven to increase the negative streamer
velocity [15]. In mineral oil, the addition of electron scavenger additives accelerate
negative streamer. Polyaromatic components of the mineral oil increase velocities of both
positive and negative streamers. The effect on negative streamer is due to their electron
scavenger property, whereas the effect on positive streamer is due to the low ionization
potential characteristic of aromatic compounds [10]. The existence of oxygen atom which
is highly electronegative is suspected to be the reason of the faster and the further
propagation of negative streamer in esters than in mineral oil at the same level of applied
voltage [16]. Finally, it is highlighted in [17] that molecular structure has a significant
effect on the streamer propagation. The main parameter affecting streamer propagation is
the electronic affinity of the liquid molecules.

Terms electron affinity, electron-attaching property, and electron scavenger
property, as well as electronegativity, are interchangeable terms used by different
researchers to designate the tendency of a substance to attract electrons. Hence, referring
to our experimental results, the difference in PD behavior of PFAE samples of dry and
moist conditions is attributed to the electronic affinity of the water molecule (water

molecule contains oxygen atom which has high electron affinity).

5.5.1 Mechanism

Based on our experimental results and the literature review, then a mechanism of
the effect of water molecules on PD behaviors of PFAE oil is proposed, as shown
schematically in Figure 4.14. Under the dry condition, free water, and water cluster does
not exist in the oil. The move of electrons is merely influenced by forces due to the electric
field, and restriction by oil molecules.

Under the moist condition, neglecting the restriction force by oil molecules, the
move of the electron is controlled by two types of forces, namely, the force resulted from

electric field (Fef), and the force resulted from the attraction of water molecules due to their
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electronic affinity (Fen). When the needle is negative, electrons are injected from the needle
electrode through a field emission process. The electrons are accelerated into the oil side
due to the superposition of Fer and Fe, (Figure 5.14a). This acceleration enhances PD
activities of moist oil under negative polarity. When the needle is positive, electrons are
extracted from the oil side through a field ionization process. The electrons are decelerated
toward the needle electrode since accelerating force (Fe) was diminished by water
molecules attractions (Fen) (Figure 5.14b). This deceleration reduces PD activities of moist
oil under positive polarity.

Moreover, since the relative permittivity of water (80) is much larger than that of
oil (2.9), water molecules under high voltage tend to move into the high electric field area
between the needle and the plane electrodes, as schematically shown in Figure 5.15. This

will enhance the effect mentioned in the previous paragraph.
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Figure 5. 14 Schematic demonstration of the mechanism of the effect of water molecules on
PD behavior of PFAE oils. Fer and Fe., represent forces due to the electric field application and
due to the electronic affinity of water molecule.

—_— The direction of forces.

T The direction of the electron's move.
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(a) wihtout electric field (b) with applied electric field (-)

Figure 5. 15 Schematic demonstration of the movement tendency of water molecule under
influence of electric field. Attraction forces of water molecules under electric field are
aligned that lead to the enhancement of resultant force (Feqr)-

5.5.2 Practical Implication

It has been shown that the increase in moisture content intensifies PD activities in
PFAE sample which are indicated by the significant decrease in PDIV and the drastic
increase in PD number. The PD pulses in moist sample mostly took place at the negative
polarity of applied voltage. The average charge of these negative PDs is remarkably lower
than that of positive ones. The positive PD pulses still occurred, but with the significant
reduction in the PD charge and with the drastic reduction in PD numbers.

It can be said that the increase in moisture content, under our experimental
conditions, does not aggravate the PFAE oil performance. The drastic increase in PD
number at negative polarity in moist oil is compensated by the remarkably lower PD charge

compared to that at positive polarity under dry condition.

5.6 Summary

PD behaviors of PFAE sample oils under the dry and moist conditions have been
investigated. The effect of moisture content can be summarized as follows:
1. Under positive polarity, both PD charge and PD number reduce significantly and

drastically, respectively.
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2. Under negative polarity, PD charge remains constant, but PD number increases
drastically.

3. The reason is due to the electronic affinity property of water molecules which in
negative polarity accelerate electrons triggering PD, whereas in positive polarity
decelerate them.

4. The drastic increase in PD number under negative polarity is compensated by the small
average PD charge. As a consequence, the change in the moisture content does not
aggravate the PFAE oil performance.

5. From the industrial viewpoint, PFAE can be used without degassing for the moisture

content below 200 ppm.
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Chapter 6

Conclusions

6.1

Significant Findings

In this thesis, the gas generations under low temperature overheating, gas

generation under PD and PD behavior under different moisture contents of natural

monoester, with special emphasis on PFAE have been investigated. The significant

findings obtained in this work are as follows:

1.

Ethane generation phenomenon under thermal fault, which is previously regarded as
the key gas to distinguish natural esters from mineral oil, is now clear as the difference
between oil having C=C bond in their hydrocarbon chains and those without C=C bond,
irrespective of the oil types. Namely, it was found that ethane is generated from oils
having C=C bond in its chemical structure.

It is revealed from the ethane generation of M 182 that the existence of unsaturated fatty
acids of the omega-3 type in the chemical structure of oil is not a condition required
for the oil having C=C bond to generate a noticeable amount of ethane under low
thermal faults. M 182 does not contain fatty acids of omega-3 type, but the oil generates
a remarkable amount of ethane. It is said in the literature that ethane generation by
natural ester under thermal fault is commonly due to the peroxidation of unsaturated
fatty acids of omega-3 type.

None of the existing mineral oil based DGA interpretation methods can be used to
interpret low temperature overheating fault in natural monoester. Instead, the ratio of
CO/CHy is proposed.

For Gas generation under PD, among the existing DGA interpretation methods, only
Duval Triangle method can be evaluated, and the method generally overestimates the
PD faults as discharges of low energy, instead of PD.

As the PFAE has a lower viscosity, thus has better cooling property compared to
mineral oil and other kinds of ester oils, thermal diffusion from a hot spot (heaters for
LTOH and top of the needle for PD) in the PFAE is better than that in mineral oil and
other kinds of ester oils. Hence, the conventional diagnostic methods cannot be used

for PFAE.
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6. The presence of moisture in significant amount (up to 33% relative moisture content)

intensifies PD activities in natural monoester (PFAE at this moment). These intense
PD activities mostly occur at the negative polarity of applied voltage with small PD
charge. The positive PD still occur, but with a slight reduction in PD magnitude, and a
drastic decrease in PD number.

The moisture effect on PD behavior of PFAE oil is attributed to the electronic affinity
of the water molecule, and the graphical representation of water molecules effect on

PD behavior is proposed.

6.2 Future Works

In order to get a better understanding of the subject studied in this research, future

works on the following items would be valuable:

1.

For gas generation under thermal fault, the clarifications of ethane phenomenon and
the applicability of CO/CHjs ratio at higher levels of temperature up to 700 °C or more
are important to be performed. In addition, the mechanism of ethane generation by oils
having C=C bond in their structures but do not have omega-3 type unsaturated fatty
acids, such as M 182, under thermal fault would be a great challenge to deal with.

For gas generation under electrical fault, the comparison with other natural monoesters,
as well as with mineral oil would be an interesting work, before moves to an
investigation on gas generations by monoesters under the discharge of low energy and
discharge of high energy.

The moisture effect on PD behavior of other monoesters as well as mineral oil needs
to be performed to clarify the proposed mechanism that has been made on PFAE oil.
To approach the real condition in the transformer, repeating all works by incorporating

paper insulation in the investigations are also important.
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Appendix A

Temperature Control of Heaters

There were two ceramic heaters used in the low temperature overheating
experiment, and each of the heaters is fed by one DC power supply. One of the power
supply is connected directly to the ceramic heater, whereas another one is connected to the
ceramic heater through a temperature controller. The temperature control of the heaters can
be performed in two ways. The first one is to let the controller work automatically (ON/OFF
operation mode) resulting in a fluctuated temperature profile. It took about 3 minutes to for
the heater to reach a prescribed temperature. An example of the temperature profile is
shown in Figure A.l. The second one is manual operation mode. Under this mode of
operation, the temperature of the heater is continuously adjusted to suit the desired heater

temperature. Figure A.2 shows an example of temperature profile operated manually.

300 |-

Temperature ( UC)

10 20 30 40 120
Time (minutes)

Figure A.1. Example of temperature profile resulted from automatic ON/OFF
operation of the controller at 300 °C
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300 |

Temperature (OC)

10 20 30 40 120
Time (minutes)

Figure A.2. Example of temperature profile resulted from automatic ON/OFF
operation of the controller at 300 °C
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Gas Sampling Procedure

B.1. Introduction

When the oil sample is inserted into the chamber, some part of the chamber is left
unoccupied by the oil called the gas phase. Gas samples prepared for gas analysis are taken
from two different part of the chamber, the oil phase, and the gas phase, as indicated in

Figure B.1.

Gas Phase

>

° °
o
o

o o °

il °
Oil Phase A ° —— Gas molecules
o
o T

Figure B.1. Illustration of oil phase and gas phase inside the oil chamber

B.2. Sampling from the QOil

Preparation of gas sample from the oil phase was conducted in the way as
demonstrated in Figure B.2. About 11 mL of oil was taken from the bottom channel of the
chamber using a syringe (Figure B.2a). The oil was inserted into a small vial, and about 12
mL of argon gas is inserted to occupy space on the upper part of the vial (Figure B.2b). The
vial was shaken for about 5 minutes before gases accumulated on the upper part of the vial

was taken using another syringe (Figure B.2c).
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11 mL Oil

(a) The oil sample is taken from (b) The oil is inserted into the small
the bottom of the chamber vial

(¢) Gas sample is taken from the vial
after shaking the vial for about 5

Figure B.2. Sampling procedure of gas from the oil phase.

B.3. Sampling from the Gas Phase

Figure B.3 shows the procedure for sampling the gas from the gas phase of the
chamber. The left aluminum bag in Figure B.3a was firstly filled with argon gas. When the

aluminum bag was pressed, the argon gas flows into the chamber, and this flow forces the
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generated fault gases to escape and the gases were collected in another aluminum bag

(right-hand side). The gas sample was then taken using another syringe (B.3b).

(a) Gas sample was collected in an aluminum bag (b) Gas sample was taken using a syringe

Figure B.3. Sampling procedure of gas from the oil phase.
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Gas Amount Calculation

C.1 Introduction

Figure C.1 shows examples of chromatogram resulted from gas analysis using gas
a chromatograph (GC-2014 model, Shimizu Corp. Japan). The chromatogram provides
information of peak area values of each gas, which is further converted into the amount of

each gas.

[Time: 4416 ] H>

=)

[ Time: 8.726 02

—®

[ Time: 15.358 N>

Time Peak Area
[ 4.422 2723
, 8.732 159817

15.218 523979

i vANE
: ‘ #

(a) Gas phase
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H>
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{! 15.218 523979

(b) Oil phase

Figure C.1. Examples of resulted chromatogram. Peak at the retention time of about
4.4 represent hydrogen.

C.2 Calculation for Gas taken from Gas Phase

The amount of each gases are calculated based on the equation (C1):
Ggp (L) = Gc x Pax Vg x 107, (CD)
where Ggp is the amount of gas in the gas phase, Gc is the gas coefficient of each gas

(Table C.1), and Pa is the peak area read from the chromatogram. Vg is the volume of oil-

free space inside the chamber in mL.
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Table C.1. Gas coefficient of each gases.

Gas Type

Coefficient

H;
CH4
C,He¢
C,H4
C,H;

CO

0.000245
0.001400
0.000701
0.000656
0.000723
0.001410

C.3 Calculation for Gas taken from Qil phase

The first step is to calculate the gas amount taken from the gas phase in the vial

(Ggp) using equation (C1) with Vg =12 mL (the volume of oil-free space inside the vial).

The next step is converting the value resulted from the first step to the volume of gas in oil

using equation (C2):

Gop (WL) = Ggp x 11/12 x Vix Gec' x 1073, (C2)

where Gop is the amount of gas in oil, Vi is the volume oil sample inside the chamber in

mL, and Gec is the gas extraction coefficient of each gases (Table C.2).

Table C.2. Gas extraction coefficient of each gases.

Extraction

Gas Type Coefficient
H» 0.862
CH4 0.527
C,Hs 0.198
CoHy 0.306
CHs 0.431
CO 0.717

C.4 Calculation of Total amount of generated Gas

The total amount of generated gas or amount of generated gas is a sum of generated

gas detected in the gas phase and generated gas detected in the oil phase (equation C3):

Gg (WL) = Ggp (L) + Gop (uL)

(C3)
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Charge Calibration for PD Measurement

D.1 Introduction

The relationship between an apparent charge transfer by a partial discharge and the
measured voltage displayed on the screen of the oscilloscope is usually obtained first before
the real PD measurement is conducted. The relationship is developed by injecting a set of
known charges into the oil chamber without energizing the transformer, and determining

the set of the corresponding voltages displayed on the oscilloscope.

D.2 Calibration of RC detector

The schematic diagram of RC calibration system is depicted in Figure D.1. The
relationship between the calculated charge and the measured voltage is shown in Figure

D.2.

Pulse
generator 1000 nC

[ ] : T asnas

[ ] ] T RK]
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® @ 0 O

Oscilloscope

RC -—

Figure D.1. Schematic diagram of charge calibration of the RC detector.
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PD Charge- Measured Voltage
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Figure D.2. Relationship between the calculated charge and the measured voltage
for RC detector.

D.3 Calibration of CD6 detector

The schematic diagram of RC calibration system is depicted in Figure D.3. The
relationship between the calculated charge and the measured voltage is shown in Figure

DA4.

Pulse
generator 1000 pC Oscilloscope
™ . CD6
. . aEsmen
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Figure D.3. Schematic diagram of charge calibration of combined R, DI, and CD6 PD
detection system.
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PD Charge-Measured Voltage
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Figure D.4. Relationship between the calculated charge and the measured voltage
for R-DI-CD6 PD detection system.
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Matlab Codes

E.1 Introduction

The sizes of .csv files recorded by oscilloscope are very big, hence, Matlab codes
were developed to read the files, analyzing them, and then returning them to the excel file

to make the uniform graph format.

E.2 Voltage Dependence of PD Charge and PD number for RC
Detector

clear;
cle;
PDIV = input('Please input PDIV: ");
HV = input('The highest applied voltage: ");
for j=PDIV:HV;
[cobal] = uigetfile('*.csv");
A=dlmread(cobal, '), 0, 4);
[m,n] = size (A);
m=m/1000;
fori=1:m;
B(1:1000,i) = A(1000*(i-1)+1:1000%*i);
end;
C = (max (B));
D = (min (B));
clear i;
clear A;
clear B;
clear cobal;
fori=1:m;
if C(i) >= 2*(abs (D(1)));
Pos(i) = C(i);
else
Pos(i) = 0;
end;
end;
Pos =Pos*6101;
PPDNu = nnz(Pos);
if PPDNu == 0;
PPDMa = 0,
PPDMi = 0;
PPDAv =0;
else
PPDMa = max(nonzeros(Pos));
PPDMi = min(nonzeros(Pos));
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PPDAvV = mean(nonzeros(Pos));
end;
Result(j,:) = [j,PPDNu, PPDMa, PPDAv, PPDMi];
clear i,
clear C;
clear D;
clear Pos;
clear PPDNu;
clear PPDMa;
clear PPDMi;
clear PPDAv;
end;
%xlswrite('RC-Result.xIsx', Result);
x=T7:HV;
plot(x,Result(x,2:5));
xlabel('Applied Voltage (kV)"), ylabel('PD Charge (pC)');

E.3 Voltage Dependence of PD Charge and PD number for
R-CD6 Detector

clear;
cle;
PDIV = input('PDIV ? :");
HV = input('The last measured voltage ? : ');
for j=PDIV: HV;
[cobal] = uigetfile('*.csv");
A=dlmread(cobal, '), 0, 4);
clear cobal;
[m,n] = size (A);
m=m/1000;
fori=1:m;
B(1:1000,i) = A(1000*(i-1)+1:1000%*1);
end;
C = (max (B));
D = (min (B));
clear A;
clear B;
clear i;
clear n;
[coba2] = uigetfile("*.csv");
E=dlmread(coba2, '), 0, 4);
clear coba2;
fori=1:m;
F(1:1000,i) = E(1000*(i-1)+1:1000%1);
end;
G = (max (F));
att = input(' Attenuation ? : ");
G = G*att*55.38;
clear E;
clear F,;
clear i,
fori=1:m;
if C(i) > abs (D(i));

Kyushu Institute of Technology, Dept. of Electrical and Electronics Engineering 105



Appendix E

Pos(i) = G(i);
Neg(i) = 0;
elseif C(i) < abs (D(i));
Pos(i) = 0;
Neg(i) = G(i);
else
Pos(i) = 0;
Neg(i) = 0;
end;
end;
PPDNu = nnz(Pos);
if PPDNu == 0;
PPDMa = 0;
PPDMi = 0;
PPDAv = 0;
else
PPDMa = max(nonzeros(Pos));
PPDMi = min(nonzeros(Pos));
PPDAvV = mean(nonzeros(Pos));

end;

NPDNu = nnz(Neg);

if NPDNu == 0;
NPDMa = 0;
NPDMi = 0;
NPDAv = 0;

else

NPDMa = max(nonzeros(Neg));
NPDMi = min(nonzeros(Neg));
NPDAvV = mean(nonzeros(Neg));

end;

Result(j,:) = [PPDNu,PPDAvV,NPDNu,NPDAV];

% Hapus tanda '%' kalau mau hasil di excel

xlswrite('/RDC6Result.xIsx', Result);

clear i;

clear m;

clear C;

clear D;

clear G;

clear Pos;

clear Neg;

clear PPDNu;

clear PPDMa;

clear PPDMi;

clear PPDAv;

clear NPDNu;

clear NPDMa;

clear NPDMi;

clear NPDAv;

end;

x =T7:HV;

plot(x,Result(x,:));

xlabel('Applied Voltage (kV)"), ylabel('PD Charge (pC)");
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E.4 PD Pattern

clear;

cle;

cycle = input('Number of Cycle ? =");

input('Select file of Sine wave !");

[cobal] = uigetfile('*.csv'); %Open file containing sine wave
A=dlmread(cobal, ', 0, 4);

[m,n] = size (A);

period = m/cycle; % period is length of 1 cycle sine wave
periodl = ceil(period); % round up the period length

B = A(1:periodl); % B is one sine wave at any starting point
% ------- %

[C,Ind] = min(abs(B)); % Detecting indeces for set "0" point

E = [B(Ind(1):periodl,:);B(1:Ind(1)-1,:)];
% E is one sine wave starting at point 0
% Distribusi PD
input('Select file of PD Signal !");
[coba2] = uigetfile('*.csv'); % Open file containing PD Pulses
F=dlmread(coba2, ', 0, 4);
Att = input('Attenuation ? =");
for i = l:cycle;
if floor(period*i) - floor(period*(i-1)) < periodl;
G(periodl,i) =0;
G(1:periodl-1,i) = F(floor(period*(i-1))+1:floor(period*i));
else
G(1:periodl,i) = F(floor(period*(i-1))+1:floor(period*1));
end;
end;
H =[G(Ind(1):periodl,:);G(1:Ind(1)-1,:)]; %eChange the 0 point based on sine wave
AHA = abs(min(nonzeros(H))); % absolute value of min of nonzero H elemen
for i = 1:periodl; %Deleting noises
for j = l:cycle;
if H(i,j) <= 1.5*AHA;
H(i,j) =0; % 0 changes to NaN”
end;
end;
end;
for i = 1:periodl; % Reverse negative polarity of PD
if E(i) < 0;
HA(,:) =- H(,:);
else
HA(,:) = H(i,:);
end;
end;
HA = HA*Att*55.38; % Change mearused voltage to real V, then pC
Em = max(max(abs(HA)));
% - Create Sine Wave - %
z = l:periodl;
y(z) = 0;
w(z) = z*360/periodl;
Ei(z) = 1.05*Em*sin(w(z)*pi/180);

% - DELETE or PUT "%" in front of HA if the PD and sine wave different - %
%HA =[HA(ceil((1+period)/2):periodl,:);HA(1:floor((1+period)/2),:)];
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% %
EH = [y\Ei'HAJ;
x = l:periodl;

plot(x,EH(x,:));
xlabel('Time (ms)"), ylabel('PD Charge (pC)');
xIswrite('Singgah.xIsx', HA);

% %
%PD Pattern: Taken from the Excel

clear;

cle;

H=xlsread('Singgah.xlsx");

[m,n] = size (H);

fori=1:m; %Deleting noises
for j = L:n;
if H(i,j) == 0;
H(i,j) = NaN; % Change 0 to NaN
end;
end;
end;

% - Create Sine Wave - %
Em = max(max(abs(H)));
z=1:m;
y(z) = 0;
w(z) = z*360/m;
Ei(z) = 1.05*Em*sin(w(z)*pi/180);

% %
EH = [y'Ei'H];
x=1:m;

%plot(x,EH(x,:));
plot(w(x),EH(x,:));
xlabel('Phase Angle (Deg)"), ylabel('PD Charge (pC)");
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Appendix F

Flowcharts of Investigation Procedures

There were 3 kinds of investigations performed and reported in this thesis; the investigation
of gas generation by monoesters under low temperature overheating (LTOH) and under PD, and the
investigation of the effect of moisture content on PD behavior of monoester. All of the investigation
are independent each other and can be performed separately. However, the first 2 investigations deal
with gas analysis, and they only differ in fault or stress given to the oils samples, then the flowchart
of both investigation are unified, as depicted in Figure F.1. Another flowchart for investigating the

moisture content effect on PD behavior of monoester is depicted in Figure F.2.
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Figure F.1. Flowcharts for investigating on Gas Generation of monoesters under LTOH and PD.
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Figure F.2. Flowchart for investigating moisture content effect on PD behavior of PFAE oil.
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