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Chapter 1

1.1.Introduction

Transformers are one of the most important and expensive equipment
associated with the power system network. Catastrophic failure of
transformer interrupts the power flow to the consumer’s end resulting
subsequent loss specially in heavy industries. Being very expensive, it is
utmost priority that transformer should operate reliably in the power system
network. The life and reliable performance of the transformer is almost
entirely determined by the condition of the insulating system. Transformers
are classified in terms of their insulating systems i.e. oil filled, dry type and
gas type. However, oil filled transformers are widely used in power
transmission systems [1]. In the oil filled transformer, paper and pressboard
with insulating oil are used as insulation. Cellulose, a homopolymer
containing D-anhydroglucose units (AGU) joined by a C1-C4 glycosidic
oxygen bond, is the primary component of paper and pressboard insulation
[2]. Mineral oils continue to be the recommended option for insulation and
cooling in liquid-filled transformers because of their affordability, superior
dielectric qualities, and increased compatibility with cellulose materials.
However, mineral oil suffers from high fire risk and low biodegradability. To
eliminate such problem, researchers are working on vegetable oils to use as
an alternative liquid insulation in power transformer. Vegetable oils have the
advantage of higher fire resistance, which ensures the safety of the personnel
and environment [3]. In addition, Natural Esters (NE) exhibit greater
hygroscopicity than mineral oils due to their molecular structure's ester
linkages, leading to approximately 20 times higher solubility at room
temperature than minerals oil. In the late 1990s, FR3 and BIOTEMP were
introduced to the market after preliminary research on the necessary
insulation properties of NEs for retro-filling mineral oil-filled units over the
past 20 years. However, current experience in using NEs for effective and
reliable field applications is very limited. The main result of these studies is
that ester oils are more resistant to paper pulp degradation than mineral oil
due to more hygroscopic nature [3]. Though usage of pure vegetable oils can
eliminate the above problems, yet it has drawback like prone to moisture
ingression etc. when used in high voltage equipment like power transformer.
For the further enhancement of the dielectric properties, nanofluid was first
coined by Choi and Eastman at Argonne National Laboratory in 1995 [4]. It
has been reported that the dispersion of nanoparticles within vegetable as
well as mineral oils improve the oil characteristics [1]. Therefore, there are
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extensive research works going on all over the globe regarding the usage of
nanoparticles-based oil in power transformer. Nanofluids basically consist of
nanoparticles of size less than 100 nm dispersed in the base oil [4]. Based on
the conducting behavior of the nanoparticles, three different types of
nanoparticles, i.e. a conducting nanoparticle of iron oxide (Fe304), a semi-
conducting nanoparticle of titanium dioxide (TiO2) and a non-conducting
nanoparticle aluminium oxide (Al203) can be dispersed within the base oil
(like transformer oil) [5]. However, there is currently insufficient experience
about the nanofluids as a mineral oil substitute for dependable and reasonable
field applications.

Degradation of insulations is also growing concern for the transformer life.
Several factors are responsible for the degradation of liquid insulations such
as temperature which is considered as the most evident factors in the
existence of dissolved oxygen and metal catalyst which govern the rate of
oxidative degradation of oil [6-10]. Therefore, grasping thermo-oxidative
deprivation of the next generation insulating oils is still insufficient to
produce a clear idea for correlating how their physicochemical traits change
to how much their cooling and insulating qualities deteriorate. Based on
statistical data on transformer failures, the considerable percentage of failure
statistics is represented by winding failure brought on by insulation system
flaws [11, 12]. Transformer failures caused by poor insulation are frequently
catastrophic and come with high direct and indirect expenses, such as those
associated with replacement or repair as well as lost revenue from unplanned
outages. For the transformer insulation system to remain in excellent
condition, sufficient maintenance is also necessary. Utilities are forced by a
competitive and independent energy market to modify their maintenance
policies from a time-based approach to condition and reliability-based. In
such a scenario, evaluating a transformer insulation system using reliable
techniques is the fundamental need of contemporary power system operation
to reduce the likelihood of malfunctions and prevent the forced shutdown of
strategically significant units. A number of well-established chemical,
physical, and electrical methods have been developed throughout the years
for assessing the state of mineral oil impregnated paper insulation systems.
The most popular techniques to evaluate the quality of mineral oil in use are
measurements of breakdown voltage, viscosity, acidity value, colour,
interfacial tension and Dielectric Dissipation Factor (DDF). Mineral oil and
ester insulating oil have very distinct chemical structures [13]. Esters, both
synthetic and natural, undergo hydrolysis degradation to produce acids. Short
chain acids, which are more reactive and dangerous, are mainly produced in
synthetic esters. Long chain fatty acids made by NEs are less reactive than
those found in synthetic esters. As vegetable oil aging byproducts are less
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carbonaceous, decay products dissolve more readily in NE, causing a quick
color shift in NE insulating oils [14]. Another insulation degrading factor i.e.
moisture poses a risk to an insulation system in a number of ways, including
quickening the aging process of paper insulation, lowering the permissible
hot spot temperature, making PD inception more significant when the
moisture content of solid insulation exceeds 3% and weakening the insulation
system's dielectric strength [15, 16]. Therefore, in order to improve the
longevity and safety of transformers in operation through corrective
maintenance activities, it is imperative to properly measure the moisture
content in a transformer insulating system using a dependable technique.
Thus, throughout decades, transformer insulation systems' general condition
and moisture content have been assessed using dielectric response measuring
techniques. Return Voltage Method (RVM), Polarization and Depolarization
Current (PDC) and Frequency Domain Spectroscopy (FDS) are three of the
most popular methods for measuring dielectric response [17-19].
Furthermore, these techniques enable to distinguish between the impacts of
solid insulation's moisture content and oil condition on a transformer
insulation system's dielectric response. A transformer insulation system's
dielectric response behavior is influenced by a number of elements, including
temperature, oil conductivity and moisture etc. To minimize the
aforementioned research gap, the primary work represented in this thesis
have been conducted to investigate the dielectric characteristics of the next
generation dielectrics i.e. Mineral oil and NE based nanofluids and ageing
state of the oil-paper considering moisture content have been estimated.

1.2.0verview on Transformer Insulation

The transformer used before 1887, mainly possess dry type insulation and
small in size. In 1887, Elihu Thomson filed a patent for the application of
mineral oil in transformers for the intention to distribute heat from the
transformer's core and extend the lifespan of the equipment [20]. Between the
timeframe of 1890 and 1990, petroleum-based oils were used as dielectric
liquids in transformer due to their insulating strength and high heat transfer
capability [21]. On the other hand, paraffinic oils typically have elevated pour
points because of their high paraffin wax content, making them unsuitable for
power distribution equipment operating in cold conditions. Moreover, the
viscosity of these oils increases because of the formation of sludge as a result
of oxidation which is not soluble. High-viscosity oils decreased heat transfer
efficiency resulting overheating. Later on, transformer oil made from
naphthenic was introduced to address the challenges previously mentioned
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[22]. Even though naphthenic oils are more prone to oxidation than paraffinic
oils, the oxidized substances are still soluble, leading to a decrease in
viscosity. Naphthenic oils have a decreased pour point, allowing them to stay
fluid in transformer systems even at low temperatures. Nevertheless, the issue
with using transformer oil derived from naphthenic compounds is its
tendency to catch fire easily. Askarels, which are synthetic chlorinated
aromatic hydrocarbons, were utilized as insulating oils to improve fire
resistance. The initial transformer to use askarel was in 1932 and was in use
until the 1970s when it was found to be not environment friendly [23]. Later,
silicone oils were introduced as an alternative to chlorine-based oils due to
their excellent electrical insulation, anti-oxidation properties,
higher flash point, low-flammability fluids and high Si-O bond energy, and
excellent thermal stability [21]. It has been used for more than 20 years
[24]. Another way to improve insulation and flash point was to combine high
temperature hydrocarbons (HTH) with silicone fluids [21]. On that time, oils
based on chlorofluorocarbons with good electrical insulation and non-
flammability was also used commercially. However, it was suffered with a
low boiling point and tends to evaporate at operating temperatures. In 1978,
isopropyl biphenyl hydrocarbons, consisting of propylated biphenyl isomers,
were used for electrical insulation for relatively lower flammability than

other commercial fluids. In 1980, Liquid dielectrics based on
tetrachlorethylene were introduced commercially (WECOSOL™)
[25]. WECOSOL™ has a low viscosity and excellent heat

dissipation properties. It was used alone or mixed with transformer mineral
oil to improve lubrication at lower costs [26]. However, its  electrical
insulating properties are relatively low compared to mineral oil which was a
threat to safe operation. Among the various oils, silicone oil, HTH fluids,
chlorofluorocarbon liquid substances like fluorescein, and isopropyl
biphenylene hydrocarbon fluid have excellent electrical insulation properties.
Despite its excellent heat resistance, the properties of silicone oil are not
entirely satisfactory.

To enhance the insulation and thermal performance, Natural ester-based
liquid dielectrics have been significantly utilized over the last 25 years. In
1990, Diana et al. discovered that the breakdown characteristics of esters
were similar to mineral insulating oils [27]. David Sundin also noted that the
reduction in breakdown voltage with repeated breakdowns of polyester is
gradual, and the reclamation procedures are identical to those for mineral oil
[28]. In 1998, Oommen et al. [29] verified that esters are considered low
class flammable liquids because of their elevated fire and flash points. In
1999, McShane et al. [30] found that ester-based dielectric fluids can increase
the thermal stability for transformers after conducting accelerated life tests.
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Rapp et al. [31] studied ester temperature performance and found that ester-
based fluids have a high solidification temperature i.e. the freezing and
melting of esters does not impact their dielectric or physical properties,
making esters suitable substitutes for mineral oils at all operating
temperatures. In 2002, Gockenbach et al. [32] studied the dielectric
characteristics of esters versus mineral oil and endorsed esters for use in
transformers. In 2005, Thomas stated that transformers containing ester are
less likely to pose a danger and can be placed in locations further away from
water bodies, as well as in sensitive structures such as schools and hospitals
[33]. In 2008, the IEEE Standards for Acceptance and Maintenance
Procedures for the use of Esters as Transformer Insulating Fluids were
published [34]. In 2009, Smith et al. [35] monitored an ester-filled
transformer for three years and reported a successful experience. In 2010, a
CIGRE working group studied the requirements and experience of the
performance of ester-based dielectric fluids [36].

1.3.Flashcard of reliable transformer oil’s properties

In this section the basic characteristics of mineral and vegetable oil has
been compared in Table 1.1 [37-38].

Table 1.1 Comparison between mineral & vegetable oil on different primary characteristics

Properties Standard Mineral oil Vegetable oil
Petroleum Crude Crops, Sunflower
Source oil beans, soya beans
etc.
Principal _Complefx Plant based
Components mixture o natural ester
hydrocarbons
Total acidity
(mg KOHI/g) IEC 62021-3 1.2 <0.6
Visual Examination Asl-ggfl D Clear and bright Clear and bright
ASTM D .
Colour 1520 Pale Yellow Light Green
Interfacial Tension
(dyne/cm) ASTM D 971 38 25-30
Fire Safety Class
(according to fire point IEC o1 K2
& calorific value)
Flash Paint (°C) I1SO 2592 >135 Min. 250
Fire Point (°C) 1SO 2719 Limit 170 Limit 300
Calorific Value
(MJ/kg) 1SO 1928 46 375
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. - Method
Blodegradabilty OECD <10% >04%
Y 301F
Pour Point (°C) I1SO 3016 -40 -10
Breakdown Voltage
kV) IEC 60156 >30 >35
Viscosity (cSt) at IEC - 1SO
40°C 3104 <12 <50
Relative Permittivity
at 20°C IEC 60247 2.2 31
Specific Heat
(J/kgK) at 20°C ASTM E1269 1860 1883
Thermal ASTM C1696
Conductivity (W/mK) —20 0.126 0.1644
Power Factor at
95°C 0.02 0.08
Dielectric
Dissipation Factor at IEC 60247 <0.005 <0.05
90°C
. Moisture tends to
Moisture . N N
equilibrium between oil Moisture tends remain in 9|I owing
& naper to remain in paper to its higher
pap hydrophilicity
DC Resistivity at 1 9
20°C (Q-m) IEC 60247 4.36 x 10 4.16 x 10
PDIV for 50 mm
gap, 100 Pc (KV) IEC 61294 38.2 34

1.4.Factors for the Degradation of Insulating Oils

1.4.1.1.Contamination

Mineral oil is made by refining crude oil. So, it contains fractions of sulfur
compounds, such as sulfides and carbon hydride. It is well known fact that
this sulfide's oxidants, sulfoxides and sulfones, lead to a strong electrostatic
charging of the insulating oil [39, 40]. The properties of insulating oils are
also thought to be influenced by degradation products (organic acids,
alcohols, ketones, and esters) having electrically polarized structures like
hydroxyl and carboxyl groups. Sulfur-free corrosion processes have also been
linked to the presence of metals (mostly copper) in mineral oils that do not
include corrosive sulfur-based chemicals. The dielectric dissipation factor
(tan ) rises and the interfacial tension (IFT) decreases when copper is
present in oil, which deteriorates the oil's insulating properties. Moreover, the
oxidative breakdown of insulating oils could be accelerated by dissolved
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copper. Additionally, studies have shown how metals have an oxidative role
in the oxidative deterioration of vehicle oils [41]. Mineral oil, paper samples
(cellulose and Aramid), and metallic catalysts (each 3 g/L of zinc, copper,
aluminum, and iron of cuts) were aged for 1000 hours at 105°C in sealed
container.

1.4.1.2.0verheating

When transformers are in operation, core and coil losses produce a
substantial amount of internal heat that, if not released, can accelerate the
aging of the transformer's non-metallic components and reduce the insulation
system's lifespan. As long as there are no additional thermal or dielectric
flaws, properly constructed transformers can endure up to 55 years or longer,
according to IEC 60076-2 [42]. The development of gas bubbles (dissolved
in the oil) is invariably linked to thermal and electrical defects in power
transformers, raising the possibility of partial discharge initiation. The most
thermally vulnerable material is cellulose, which degrades quickly at
temperatures beyond 90°C [43]. For instance, cellulose pressboards have a
10-year lifespan at 110°C [44]. In addition to loadings, ageing is also highly
dependent on the type of paper, the composition of the pulp, the levels of
moisture and oxygen in the pulp, and the acidity of the oil [45-51]. Electric
fields may hasten aging by increasing the amount of acid products from oil
degradation that precipitate onto paper surfaces [50].

1.4.1.3.Stress

Transformer insulation is exposed to a variety of stresses which expedite
the ageing of the insulation [45-51]. Due to the service environment and the
four-dimensional problems i.e. electrical, thermal, and mechanical stresses.
Water, acids, and other compounds that are somewhat polarizable and
ionizable are formed which are harmful to the transformer insulation [45-51].

1.4.1.4.0xidation

The insulating liquid is exposed to oxygen, water, and rising temperatures
during its life cycle. It will ultimately result in oxidation, the chemical
reaction of oxygen and unstable hydrocarbons due to its interaction with the
windings, tank, the core and copper metals. This reaction is catalyzed by heat
and moisture and is accelerated by mechanical, electrical, and
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copper/aluminum strains. Sludge and organic acid are produced by the
oxidative reaction, and these materials will eventually obstruct the coil and
core's ability to cool. Therefore, the tensile strength of the insulating paper
will deteriorate chemically due to the acid build-up. It has been reported that,
hydrogen is produced during the decomposition of oil in the presence of
oxygen at comparatively low temperatures [52]. Again, the presence of
copper, which encourages the oxidation of the oil and so favorably
accumulates the oxygen, somewhat mitigates the harmful effects of oxygen
on the paper [50].

1.4.1.5.Moisture

The weight of the moisture divided by the weight of the dry, oil-free paper
is the standard formula used to quantify the moisture concentration in paper
as a percentage. The maximum moisture content of paper for reliable
operation is roughly 3%-4% for transformers with voltages not exceeding
120 kV, and 2% for EHV transformers [53].

Air
(water &
Oxygen)
—
\ 4

Metallic particle,
fibres and temperature

Oil/ paper Thermal Mecchanical stress
Electrical stress Degradation

Paper ageing
Oxygen, water Chain scission
Moisture build-up
Tensile strength loss
Polar products and fibres

\4

Oil Degradation:
Acid Contaminants

A

Gas contaminants

Thermal stress

Oil/ paper Thermal
Thermal faults D dati
Overheating egradation
Short-circuit
Discharge processes

Gas bubble
Increased conductivity

Fig. 1.1. Deterioration mechanism of Qil-paper insulation.
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There are four different states of water in paper: vapor, ingested free water,
free water in capillaries and maybe adsorbed to surfaces. Compared to the oil,
the moisture content of the paper can be substantially higher. For instance,
223 kg of water can be found in a 150 MVA 400 kV transformer containing
almost 7 tons of paper [54]. Improper handling during storage or
transportation, may also contribute to a rise in moisture content [53]. Water
has an impact on the insulation's conductivity, which raises the dissipation
factor [55]. As a transformer ages while in service, the oil inside of it gets
more and more contaminated. Particulate matter from the thermal, oxidative,
or electrical deterioration of solid or oil-based insulation, fibers, gas,
moisture, etc. are examples of contaminants. Since, water is a byproduct of
deterioration, the paper insulation's moisture content will accelerate aging.
Previous research [56, 57, 58] showed that the amount of water in the paper
directly correlated with the pace of breakdown. Fig. 1.1 provides an overview
of the mechanisms causing deterioration and failure [47].

1.5.Application of Nanotechnology in Transformer
Insulating Oil

For the establishment of an enhanced dielectric liquid than mineral and
vegetable oil the following properties like better dielectric strength, efficient
cooling, lower dielectric losses, lower electrical conductivity, high fire
resistance, biodegradability, high thermal conductivity etc. must be
possessed. Therefore, there are extensive research works going on all over the
globe regarding the application of nanotechnology in high voltage
engineering. It is to be stated here that, initially micron sized particles were
chosen for dispersion in the oil for improving thermal properties [59].
However, it fails to improve dielectric properties. After 1990s, based on the
current advancements in nanotechnology, nanodielectric has drawn a lot of
attention in this field [59]. Therefore, in this section, a detailed discussion
about the classification, preparation, properties, issue of stability and their
enhancement procedure, applications and challenges of the nanofluids has
been stated.

1.5.1.Classification of Nanoparticles

The nanomaterials have been primarily classified into organic and
inorganic categories [59-60]. Graphite, fullerenes, carbon nanotubes (CNTS),
single-walled carbon nanotubes (SWCNTs), multi-walled carbon nanotubes
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(MWCNTS), and nanofibers are examples of organic nanomaterials. Carbon-
based nanoparticles are the majority of available organic nanomaterials [61].
On the other hand, inorganic nanomaterials are defined as those based on
metals and metal oxides, such as aluminum, zinc, copper, iron, aluminum
oxide, iron oxide, and titanium oxide [62]. Inorganic nanomaterials are also
classified as metalloid nanomaterials, which includes quantum dots like
cadmium selenide (CdSe), zinc sulfide (ZnS), ZnO (zinc oxide) and so on
[63, 64]. The chart in Fig. 1.2 includes a novel type of nanoparticles called
hybrid nanomaterials. Combining organic and inorganic nanomaterials by
synthesis techniques such atom transfers radical polymerization (ARTP),
chemical vapor deposition (CVD) and electrospinning, results in hybrid
nanomaterials [65, 66]. Therefore, the nanoparticles have been dispersed in

different fluids to prepare nanofluids as depicted in Fig. 1.2.
J Fullerene | Eg. C60; C70 |

Cellulose; Bio-cellolose;
GNF

Electrospun

»  Organics Nanotubes | CNT; SWONT; MWCNT |
\ Nanofibres

/4 Metals | Ag; Al; Au; Cu; Zn |
Nano-particles [ Inorganics MctalsOxidcsl Cu0; TiO; ;Fe;04; ALO, I

Quantum CdSe
DOTS (QD) ZnS
Lo} Hybrid

Organics + Inorganics

Inorganics + Inorganics

Nanofluids

Ethylene

Base-fluids

Fig. 1.2. Types of nanoparticles & fluids for preparing nanofluids.
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1.5.2.Preparation of Nanofluids

The first step in perusing nanofluids experimentally is their preparation.
The single-step and two-step preparation procedure are the two main ways to
prepare nanofluids.

1.5.2.1. Single-step preparation process

The one-step synthesis of nanofluids is indicated by the single-step
preparation technique. A number of one-step techniques have been developed
for the preparation of nanofluids [67-70]. A direct evaporation technique with
a single stage i.e. VEROS, vacuum evaporation onto a running oil substrate,
was coined by Akoh et al. [67]. However, separating nanoparticles from
fluids proved to be challenging. Cu vapor is directly condensed into
nanoparticles by contact with flowing low vapor-pressure ethylene glycol in a
modified VEROS process which was pioneered by Eastman et al. [68]. One
benefit of the one-step synthesis approach is the reduction of nanoparticle
aggregation. The main issue, though, is that this kind of operation can only
use fluids with low vapor pressure [70].

1.5.2.2. Two-step preparation process

The synthesis of nanofluids is often accomplished by a two-step
preparation procedure that combines base fluids with commercially available
nano-powders derived from various mechanical, physical, and chemical
processes, including grinding, milling, and sol-gel and vapor phase
techniques [71-76]. To combine nano-powders with base fluids, an ultrasonic
sonicator or greater shear mixing equipment is typically utilized. To reduce
particle agglomeration, stirring and ultrasonication must be used often. A
two-step procedure was utilized by Eastman et al. [68], Lee et al. [71], and
Wang et al. [72] to create alumina nanofluids. Using the similar technique,
Murshed et al. [73] created a TiOp-water nanosuspension. According to
several literatures, preparing nanofluids with oxide nanoparticles is a much
better idea than one with metallic nanoparticles, and a two-step approach is
ideal for this [76]. The strong van der Walls force between the nanoparticles
in the powders makes stability a major problem that is intrinsic to this
process. Despite these drawbacks, this method is still widely used as the most
cost-effective way to produce nanofluids. Fig. 1.3 depicts different nanofluids
preparation procedures.
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Nanofluids
Preparation Methods
]

| ]
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Fig. 1.3. Methods for preparing nanofluids.
1.5.2.3. Other methods

Other than these two processes, there exist other literatures that present
various methodologies. Aqueous organic phase transfer was employed by
Feng et al. [77] to create gold, silver, and platinum nanoparticles. Another
method for preparing Fe;O4 nanofluids with kerosene through the grafting of
oleic acid onto the Fe;O4 surface has been reported in [78]. Wei et al. set up a
continuous flow microfluidic microreactor to create copper nanofluids [79].
Changes in concentration, flow rate, and additives can effectively modify the
microstructure and characteristics of nanofluids. Furthermore, using
ultrasonic and microwave irradiation, a unique precursor transformation
process can be used to generate an aqueous CuO nanofluid [80]. Ammonium
citrate is used to stop nanoparticles from growing and aggregating, which
produces a stable CuO aqueous nanofluid that has a greater thermal
conductivity than nanofluids made using other dispersion techniques [80].
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1.5.3.Properties of Nanofluids

1.5.3.1.Electrical Properties

For the enhancement of the electrical properties of the liquid dielectric,
Nanoparticles are dispersed in the base oil to achieve better resistivity,
dissipation factor, AC and DC breakdown voltage (AC BDV and DC BDV),
partial discharge (PD), and relative permittivity (). Researches revealed that
mineral oil with 0.01 wt% of alumina nanofluids show higher &, and lower
tan 0. From [81], it can be stated that, by dispersing nanoparticle, &, of the
base oil can be enhanced which further ensure uniformity of electric field
within the dielectric which leads to lower electrostatic charging. Dielectric
strength of an insulating medium reveals the maximum voltage (breakdown
voltage) that it can tolerate. Therefore, high BDV is ideal for materials used
as insulation. For different insulation systems, different BDV test
configurations (needle-sphere [82], sphere-sphere [83], needle-plate [84], and
plate-plate [85] can be utilized. The results of [86, 87] show that, 0.0005
weight percent of MWCNT increased the BDV of transformer oil by
approximately 490.6% and 49.5% lightning impulse, whereas a 90% Weibull
distribution showed an improvement of 156% and 1.9% in BDV and
lightning impulse, respectively. The authors of [88] looked into the impacts
of three distinct nanoparticles i.e. Fe304, TiO2, and Al;O3; on the AC BDV of
palm fatty acid ester for the fluid insulation system. Oil samples based on
FesO. NPs produced the best AC BDV results, improving the results by
almost 43%. Again, the impact of distributing ZnO on AC BDV of mineral
TO was taken into consideration by the authors of [89]. The oil with the
highest dielectric strength contained 0.0057 weight percent ZnO. In spite of
the low concentration of nanofiller approximately 0.05 weight percent, the
authors of [90] discovered that the AC BDV of maize oil was vividly
increased when NPs (insulative or semiconductive) were treated with carbon
quantum dots (CQD). Numerous studies have been done on the discharge
phenomena of transformer oil in the presence of nanoparticles [91]. The
effects of TiO, on reducing discharge in mineral TO were investigated in
[92]. When associated to the base oil, the produced nanofluid with 0.0061
weight percent TiO; and 0.1 weight percent CTAB as a surfactant had the
highest corona incept voltage. The nano-insulation system's resistance to the
partial discharge (PD) is an important factor that desires to be taken into
account [93]. When there is high pressure on a small fraction of insulation
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which leads to breaks down of insulation and the area between conductors
does not isolate, which results in PD [94]. The researchers discovered that
when the NPs fraction dispersion ranged from 0 to 1 weight percent. DC
flashover voltage dropped, and it increased when the NPs fraction was
between 1 and 5 weight percent.

1.5.3.2.Thermal Properties

Pour point, flashpoint, viscosity, interfacial tension (IFT), thermal
conductivity, hotspot temperature and top oil temperature have been studied
in the presence of nanoparticles. According to [95], many nanoparticles have
very high thermal conductivity like Al,O3 with 38-42 W-m™'-K"!, ZnO with
60 W-m™'-K™!' and AIN with 150-220 W-m™!-K"'. Flash point is an important
factor to decide the point of fire hazard of the transformer which should be
high for insulation [96]. The fire point is particularly important since, it
establishes the temperature at which oil may catch fire [97]. To increase the
flash and fire points, the authors of [98] TiO. nanoparticles have been
dispersed in synthetic ester oil. By adding 0.05 weight percent of TiO, the
flash and fire points were enhanced by 4.72% and 8.5%, respectively, while
the thermal conductivity enhanced by 8.3% and 5.5% for 25°C and 80°C,
respectively. Pour point and viscosity are two important thermal properties of
insulations. Pour point stands for the lowest temperature at which oil begins
to flow. Oil ceases transferring heat below this threshold, which is regarded
as interfering with the cooling cycle. The fluid flow’s resistance is inversely
related to temperature, is known as viscosity. Insulating oil's viscosity should
be as low as feasible to reduce resistance to the heat flow of oil [99]. The
viscosity of oil will rise when NPs are dispersed. As a result, the ideal
amount of nanoparticle is needed to balance viscosity with other
characteristics [100]. By adding 0.05 weight percent of ZrO, and 3.8% of
TiO,, respectively, the viscosity increased by 21.9% and 33.1%, and the
flashpoint was enhanced by 2.5% and 3.8% when 0.01 weight percent of
ZrO; and TiO2 was added. Top oil is the median between the temperature of
the oil in the tank and the temperature of the oil at the tank outlet and
hotspots are the areas inside the transformer that are not cooled by
convection. Using nanoparticles these parameters can be reduced [101]. The
effects of adding FesOs to mineral oil were examined electrically and
thermally in [101] which revealed that nanofluids have far lower hot spot and
oil top temperatures than base oil without altering the dielectric
characteristics of the base oil. IFT i.e. a marker of the attracting forces
between oil and water molecules, should be high for pure oil [102]. The
capacity of a material to transfer heat is known as its thermal conductivity.
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An insulating system's generated heat must be released. Metal, by nature,
conducts heat far more effectively than liquids. Consequently, thermal
conductivity is increased when metal nanoparticles are added to a fluid [103].
The authors of [104] focused on adding varying amounts of TiO; and BT to
mineral oil in order to increase its thermal conductivity. In mineral TO, the
addition of 0.01 weight percent TiO2 and 0.005 weight percent BT increased
heat conductivity by 33% and BDV by 45%. According to [105], at 45 °C,
NF with Eh-BN increased thermal conductivity by approximately 37.87%
with 0.01 weight percent of nanoparticles added, but TiO2 only demonstrated
a 3.07% boost. The addition of BN to mineral oil in [106] greatly increased
the thermal conductivity and made it possible for the heat produced to
disperse proportionately with the mass fraction growth from 0.01 to 0.1 wt%.
The effects of FesO4 and BT on the thermal conductivity of mineral oil were
examined by the authors of [107]. The findings demonstrated that adding
FesO. improved the BDV and improved thermal conductivity with the
increment of BN concentration this is due to the fact that, FesO4 has good
electrical qualities and BT has good thermal properties. Temperature
increases lead to an increase in thermal conductivity, which is correlated with
Brownian motion [108]. In addition to the rapid motion of the fluid's
molecules, the scattered particles in the fluid that are created by their
collisions move randomly which is known as the Brownian motion of NPs.
The reduction of NP aggregation and sedimentation can be attributed to the
Brownian motion, as it increases the number of particle collisions caused by
the absorption of kinetic energy [109].

1.5.3.3.Chemical, Mechanical and Rheological Properties

Various chemical, mechanical and rheological characteristics of insulating
oils, including sheer rate, moisture, acidity, pH effect, mechanical strength
and magnetic field should be taken into contemplation for choosing an
insulating oil. It should be mentioned here that, the size and structure of NPs,
suitable surfactant type have impact on stability [110]. Various properties
like dynamic viscosity depends on several environmental factors like
temperature etc. which should be considered during experiments [111].
Furthermore, the viscosity of various base fluids varies and can be affected in
distinct ways by temperature changes. Examining the stability of oil-
impregnated insulating paper is crucial since the cellulose paper that gets into
connection with the mineral oil produces various hazardous byproducts, such
as oxides, peroxides, and sludges. The chemical, mechanical, and electrical
qualities of cellulose paper are impacted by these contaminants [112]. The
authors of [113] looked for ways to enhance the pressboards mechanical
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capabilities in transformers. While researchers employed nano-fibrillated
cellulose instead of other forms of paper for the study, they discovered a
considerable improvement in the tensile strength of insulating pressboard.
Both AC BDV and DC BDV were enhanced by the obtained nanocellulose
[113]. A study on adding 0.01 weight percent of Eh-BN to mineral oil in
order to improve the electro-mechanical stability of kraft paper was
conducted in [114]. The resulting NF improved mechanical stability
throughout a range of thermal aging times in the lab and decreased the early
polymerization of kraft paper in mineral oil. One way to achieve a stable NF
is to regulate the fluid's pH level to prevent particle agglomeration and the
sedimentation process by creating repulsive forces [115]. The electrical
charge density on the surfaces of the NPs that affect fluid stability is
correlated with the pH level. However, as documented in the literature, there
is a relationship between Zeta potential and pH level [116, 117]. The
behavior of the NF, which is Newtonian or non-Newtonian fluid, presents
another stability concern. The primary factors influencing this attribute are
the kind of NPs and the base fluid. The connection between the shear stress
and the shear rate [118] can be used to estimate it. The fluid is Newtonian if
the apparent viscosity, or the relationship, is linear. If not, non-Newtonian
fluid is indicated by a non-linear relation or shear rate-dependent viscosity
[119]. In [120], three NPs (Al,Os, TiO., and SiOz) were added in varying
quantities to study the heat transmission of mineral oil. The linear
relationship between the shear rate and the shear stress indicated that the NFs
behaved like Newtonian fluids and the addition of 0.001 weight percent SiO;
showed the best improvement in heat transmission. The heat transmission of
mineral oil when MWCNT was dispersed was examined and found to be
enhanced which ensure the Newtonian behavior for different nanofluids
[121]. Another crucial matter is to examining how moisture affects the
electrical characteristics of insulating systems with various nanoparticles
[122]. Moisture can cause breakdown by warping the electrical field. TiO;
nanoparticles have the ability to absorb moisture which leads to lessen
electric field distortion and stop start decomposition. As a result, oil
containing nanoparticles might be stated to be more resistant than base oil to
moisture deterioration [123]. The Karl Fischer titration is typically used to
determine the amount of dissolved water present in insulating oil [124]. On
the other hand, acidity influences both insulating paper and the oil’s BDV
strength [125]. Acidity is associated with both moisture and dissolved gases.
Excessive acidity in nanofluids can therefore result in excessive oxidation
and inadequate stability [126]. So, to extend the life of the insulation system,
a low acid number is necessary to minimize metal corrosion and electrical
conduction [127]. The oxidation and aging of the insulating system in the
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presence of nanoparticles can be predicted based on several studies in the
literature about moisture and acidity. Researchers found in [128] that
dispersing Fe3O4 to transformer oil enhanced the amount of soluble water
present, particularly when NP content was increased. But nanofluid's BDV is
superior to base oil. It was revealed that, fullerene C60 was found to slow
down the oxidation and aging processes. The inclusion of nanomagnetic
particles to create an insulating fluid as a magnetic nanofluids has drawn
significant consideration from researchers to prepare stable nanofluids [129].
Additionally, magnetic nanoparticles can improve the dielectric qualities of
certain insulating fluid [130]. In order to obtain NPs with appropriate
magnetic characteristics and create stable insulating fluids, it is crucial to
investigate the magnetic properties (such as high saturation magnetization
and high magnetic permeability) of various metal NPs [131]. The majority of
the targeted magnetic nanoparticles (NPs) are iron oxides, such as hematite,
magnetite, and maghemite [132], as well as ferrites with the formula MFe20s4,
where M can be any metal precursor, such as Fe, Co, Cu, Ni, Zn, Mg, Mn,
Ba, Au, Ag, and Cu, or any oxide, such as Al,O3; and CuO, carbide (SiC and
TiC), and nitride (AIN and SiN) [133]. These magnetic nanoparticles can
enhance the PD resistance of the base oil [134]. However, larger size of
magnetic nanoparticles might increase the internal local electric field and
cause a breakdown [135].

From the above discussion, it can be stated that, using nanoparticles the
properties of the base oil can be enhanced. However, nanofluids that are
prone to coagulation may lose their ability to transport heat [115]. As a result,
research into stability is a necessary topic that can change the thermophysical
characteristics of nanofluids for use in applications. It is also critical to
examine the variables that affect the stability of these suspensions.

1.5.4.Stability of Nanofluids

This section includes an overview of the stability mechanisms pertaining
to nanofluids, as well as approaches for improving stability.

1.5.4.1. Stability evaluation methods for nanofluids
1.5.4.1.1. Zeta potential analysis

The potential difference between the stationary fluid layer attached to the
particle and the dispersion medium is known as the zeta potential. The degree
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of repulsion between neighboring, similarly charged particles in dispersion is
indicated by the zeta potential. Therefore, colloids with low zeta potentials
tend to flocculate or coagulate, whereas those with high zeta potentials
(positive or negative) are electrically stabilized. It is considered that
nanofluids with zeta potentials between 40 and 60 mV exhibit good stability.
Zeta potential analysis was employed by Kim et al. [136] to determine the
stability for Au nanofluids. The zeta potential of alumina-water based
nanofluids was determined by Zhu et al. [137] at various pH levels and
SDBS concentrations. To calculate the attractive and repulsive potentials, the
DLVO theory (coined by Derjaguin, Landau, Verwey, and Overbeek in 1940)
was used.

1.5.4.1.2. Sedimentation method

The simplest technique for evaluating nanofluids’ stability is
sedimentation [138]. To initiate the sedimentation of nanoparticles in the
nanofluids, an external field is introduced. The stability of nanofluids is
shown by the volume or weight of the sediment. If the supernatant particle
concentration doesn't change over time, nanofluids are usually regarded as
stable. Zhu et al. measured the stability of graphite suspension using the
sedimentation method [139]. Utilizing a camera has shown to be an effective
tool for taking sedimentation photos so that the stability of nanofluids may be
observed [140]. The duration required to take pictures is correlated with the
quality of the nanofluids during preparation to produce a stable nanofluids.
Wei et al. took pictures of their samples 24 hours after they were prepared.
The procedure for measuring the sedimentation of an alumina-water
nanofluid was followed by Wang et al. [141].

1.5.4.1.3. Centrifugation method

The sedimentation process takes a lot of time since it necessitates extended
observation. Therefore, the centrifugation method was created to assess
stability. Sing et al. [142] assessed the stability of a silver nanofluid made by
decreasing AgNO3 and using PVP (polyvinylpyrrolidone) as the stabilizer
using the centrifugation method. PVP's protective function, which slows
down particle agglomeration through steric action, was discovered to
contribute to the exceptional stability of silver nanofluids.

-18-


https://www.sciencedirect.com/topics/engineering/derjaguin

Investigations on Dielectric Properties of Biodegradable Oil Based Composite Insulation in HV
Equipment

1.54.1.4. Spectral analysis method

Examining the spectrum with a UV-vis spectrophotometer is an advanced
method for assessing the stability of nanofluids. The benefit of UV-vis
spectroscopy over other techniques is that it provides quantitative findings
that match the concentration of nanofluids. The stability of MWNT
nanofluids was examined by Hwang et al. [143] through the measurement of
MWNT's UV-vis absorption at various sedimentation times. The stability
evaluation procedure can be conducted by combining the three methods
mentioned above. For instance, Li et al. [144] conducted sedimentation
photography, absorbency and zeta potential examination for copper
nanofluids at various concentrations, pH levels, and dispersion kinds.

1.5.4.1.5. 3wMethod

This approach allows for the evaluation of suspension stability while
taking into account the increase in thermal conductivity brought on by the
sedimentation of nanoparticles throughout a broad range of nanoparticle
volume fractions [145]. According to [146], this technique can be used to
verify the stability of nanofluids.

1.5.4.1.6. Electron Microscopy and Light Scattering Methods

Two common ways to observe particle aggregation are light scattering
techniques and electron microscopy, which measure the particle size
distribution. The term "electron micrograph™ refers to the digital image of
nanoparticles that is captured using very high-resolution microscopes like
TEM and SEM [147, 148]. If the microstructure of the nanofluids is not
altered during preparation, cryogenic electron microscopy can also be
employed for the same objective [149]. Complex nanosuspensions can also
be studied using the light scattering approach using Dynamic Light Scattering
methods.

1.5.4.2. Stability Enhancement Procedures
1.5.4.2.1. Addition of Surfactants

Usually, dispersants or surfactants are used to stabilize the nanofluids.
When surfactants are added, the surface tension of the base fluids is lowered
and particle immersion is increased. Chemical substances applied to
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nanoparticles with the purpose of decreasing liquid surface tension and
increasing particle immersion are known as surfactants. Numerous researches
discuss the addition of surfactant to nanoparticles in order to prevent rapid
sedimentation; in each given situation, though, the particle should receive an
adequate amount of surfactant. Various surfactant types have been used in
studies for wvarious sorts of nanofluids. Gum Arabic [150],
Hexadecyltrimethylammonium bromide (HCTAB) [151], Sodium dodecyl
sulfate (SDS) [152], Salt and oleic acid [153], Dodecyl trimethylammonium
bromide (DTAB) [154], and Polyvinylpyrrolidone (PVP) [155] are a few
significant surfactants. It should be mentioned that this method is not suitable
for use with high-temperature nanofluids due to the possibility of damaging
the link between the surfactant and nanoparticle. Surfactants may also
prevent heat transfer and cause foaming during heating. Moreover,
surfactants may improve the heat resistance between base fluids and
nanoparticles, which could reduce the increase of thermal conductivity [157].

1.5.4.2.2. Surface modification techniques

The surfactant-free approach is discussed in this section. Long-term
stability of nanofluids can be achieved by injecting functional nanoparticles
into the basic fluids. These types of alteration approaches come in many
forms. For instance, in the initial nanoparticle solutions, Yang et al. [157]
grafted silanes directly onto the surface of silica nanoparticles. One unique
characteristic of the nanofluids was that, following a pool boiling operation,
no deposition layer developed on the heated surface. The addition of
hydroxyl groups to the surface of carbon nanotubes (CNTs) can enhance their
stability [158]. Diamond nanoparticles' surface can be altered by plasma
treatment to enhance their water-soluble dispersion characteristics [159].

1.5.4.2.3. pH control of nanofluids

As nanofluid's electro-kinetic characteristics directly affect its stability,
altering its pH can make it more stable because of strong repulsive forces.
For instance, a straightforward acid treatment could result in CNT stability in
water [160]. According to [160], different pH values for Al,O3 nanofluid, Lee
et al. [141] observe a decrease or increase in agglomeration in response to pH
changes. In addition, it should be mentioned that every sample has a different
ideal pH value. For example, alumina, copper, and graphite dissolved in
water have ideal pH values of approximately 8, 9.5, and 2, respectively [159].
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1.5.4.2.4. Ultrasonic agitation

Agglomeration may happen after the nanofluids are prepared, which
increases the downward body force and causes the nanoparticles to settle
quickly. Manson et al.'s investigation [161] involved two distinct nanofluids:
silver-silicon oil and carbon black-water. Using this method, particle clusters
have been broken up using high cavitation energy or ultrasonic agitation.

1.5.4.3. Stability Mechanisms

Particle aggregation can cause problems with stability, which is the most
important factor to study. The combination of the attraction and repulsive
interactions between particles causes nanoparticles to aggregate. When
attractive forces outweigh repulsive ones, particles group together to form
clusters. Therefore, stability may be ensured and particle aggregation can be
avoided by increasing repulsive forces over attractive forces. Two strategies
are available for enhancement: electrostatic stabilization and steric
stabilization. A brief discussion of these two mechanisms is given here.

1.5.4.3.1. Electrostatic stabilization

One important source of kinetic stability is the presence of an electric
charge on particle surfaces. lons adsorb to the electrophilic metal surface to
cause electrostatic stabilization. A Columbic repulsion force develops
between the nanoclusters as a result of adsorption, which produces an
electrical double or multilayer. However, the application of electrostatic
stabilization is restricted as it is sensitive to pH.

1.5.4.3.2. Steric stabilization

By adhering (grafting or chemisorbing) macromolecules such polymers or
surfactants to the particle surfaces, stem cell stability of nanoparticles is
achieved. Large adsorbents that provide a steric barrier to keep particles from
getting too near to one another are what cause the stabilization. For instance,
PVP's protective function in preventing nanoparticle aggregation due to the
steric effect is responsible for the stability of graphite nanofluids [139].
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1.5.5. Advantages of Nanofluids [162-163]

i.High specific surface area, which increases the surface area available for

heat transmission between fluids and particles.

ii.Particles moving mostly in a Brownian motion with high dispersion
stability.

iii.Less pumping power needed to obtain the same intensity of heat transfer as
compared to pure liquid.

iv.Less particle clogging than with traditional slurries, which encourages
system downsizing.

v.Modifiable qualities that can be tailored to various applications by changing
the particle concentration, such as surface wettability and thermal
conductivity.

1.5.6. Limitations of Nanofluids [162-166]

i.The manufacture of nanoparticles is highly expensive due to the need of
complex technology.

ii.In the absence of surfactant, there is an issue of nanofluid stability.

iii.The fluid's density and viscosity raise the pumping power and pressure
drop, respectively. Compared to the basic fluid, the density and viscosity of
the nanofluid are substantially higher. Consequently, the pressure drop and
pumping power of the nanofluid are greater than those of the base fluid.

iv.The specific heat of a nanofluid is less than that of a basic fluid.

v.Nanoparticles are thought to be far more harmful than micron-sized
particles because of their extremely reactive nature. The nanosized particles
can readily enter into the nasal canal, which may cause serious health
problems. For human lungs, iron oxide is thought to be disastrous.
According to [165], alumina nanoparticles are somewhat harmful, while
Zn0O nanoparticles are very poisonous.

vi.The worldwide guidelines express concerns about nanoparticles and the
risks they pose to occupational health and safety (OHS). Nanoparticles have
the potential to seriously harm the ecology when they penetrate the
atmosphere, soil, and water during the production, transportation, and
processing stages.
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1.5.7. Applications of Nanofluids

Numerous industries, including the automotive, medicinal and energy
sectors, use nanofluids. Coolants, nanofluids in heat exchangers, cancer
treatment, solar cells, solar absorption, energy storage, nanodrugs, and
automotive braking and shock absorbers are a few examples of specific
applications. The function of nanofluids in various applications represented
in the Fig. 1.4 [167].

—p-| Heat Exchanger & Diesel combustion, Corrugated plate HX,
Transportation Car Radiations, Engine coolant

Coolant in domestic refrigerator & air
conditioning systems

—» HVAC systems
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Electrical Cooling in electric generators, machine
5 ; s g2 process, Insulation purpose, nuclear
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Electronic & other Microelecrochemical systems,
— - licati microdevices, cameras, display, space
application defense and ships, grinding process

Fig. 1.4. Various field for application of nanofluids.

1.5.8. Challenges in Implementation of Nanofluids as
Transformer Insulating Oil

Before the practical application of nanofluids as transformer insulating oil,
there are a number of problems and difficulties related to nanofluids that need
to be resolved. The primary problems are (i) inconsistencies in the results
outcome from the experimental data and between the results and predictions
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of the theoretical model; (ii) inadequate characterization of the nano
suspensions; and (iii) ignorance of the intricate physical processes underlying
the unusual behavior of nanofluids [168]. The preparation of nanofluids
comes with a number of economical and technological difficulties. The
primary technical challenge lies in achieving a uniform suspension of
nanoparticles, mostly because of the strong Van der Waals interactions that
force the particles to constantly agglomerate [168-169]. The practical
applications of nanofluids heavily depend on their stability. The features of
the base fluid and suspended particles, such as their chemical structures and
shape, have a significant impact on the stability of the nanofluid [170].
Aggregation and sedimentation are hence two processes that are essential to
the stability of nanofluid. In the study of CuO-—ethylene glycol nanofluid,
Kwak et al. [171] found that significant increases in thermal conductivity in
relation to particle concentration are only possible when particle
concentration is below the dilute limit. This is because, according to
rheological properties, the volume fraction at the dilute limit is 0.002, which
is significantly smaller than the value based on the shape of individual
particles as a result of particle aggregation. By tracking the changes in
particle size and distribution over time, the aggregation of particles is
observed. Since only tens to hundreds of particles are measured out of a large
number of particles, the SEM and TEM are useful tools for observing
nanoparticles in nanofluids but are insufficient for statistical analysis. In
order to verify the particle size over a larger sample size, the DLS (Dynamic
Light Scattering) method was used to measure the particle size. Particles in
suspension smaller than tens of micrometers move randomly via Brownian
motion in the presence of heat. The Stokes—Einstein equation describes the
variation in particle movement speed as a function of particle size. Larger
particles move more slowly, while smaller particles move quicker [172].
High production costs, unusually high thermal conductivity, high viscosity,
low specific heat, and higher-pressure drop-in comparison to the base fluid
are the other major issues with nanofluids. Overcoming these obstacles will
make the effective commercialization of nanofluids possible and lead to
significant advancements in a wide range of applications.

1.6. Background on Composite Oil-paper Insulation

Cotton fabric covered in paper or broiled in oil served as the first
insulation for transformers. In the 1920s, the cellulose-oil composite
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insulation of kraft paper-insulating oil first arose as a result of an increase in
transformer voltage class [173-175]. In addition to being utilized more
frequently in transformers, synthetic materials were first created in the 1950s.
Excellent performance is also exhibited by the composite insulating paper
composed of synthetic and cellulose materials. It has been demonstrated that,
in comparison to pure cellulose paper, composite paper made of cellulose
paper and polymer film has superior dielectric characteristics [176]. The
primary raw material used to make cellulose-rich insulating paper is the
plant. Coniferous wood from the Pinaceae family has long fibers and a high
cellulose content which makes it a popular material for making insulating
paper [177]. Natural cellulose insulating paper has reduced production costs
and is more affordable and environmentally friendly than composite
insulating paper such as Nomex insulating paper. The insulating paper
created from natural cellulose has the advantages of great mechanical
strength and easy size control because of its long length. The cellulose
insulating paper works well with transformers and has outstanding electrical
performance. Sufficiently dried cellulose has a resistivity of about 1018 Q/cm
and a dielectric strength of about 250 kV/mm, which is higher than most
dielectrics [178]. The primary insulating materials between winding turns and
wire cakes are insulating paper and insulating cushion block, which also
serve as isolation and support elements. In addition, strong mechanical
qualities are needed because the insulating paper is wound on the copper
conductor. Even though cellulose insulating paper has numerous benefits,
over time, as transformers operate, it ages due to a variety of factors like
temperature, electric field, moisture, oxygen and so on, and its performance
will irrevocably change. The degree of polymerization decreases together
with the breakdown of cellulose and several aging products are created
throughout this process. The service life of transformers will decrease when
the cellulose insulating paper begins to gradually lose its mechanical and
electrical properties. Till date, there has been little progress in the creation of
pure cellulose insulating paper.

1.7. Condition Monitoring of Oil Immersed Transformer
Insulation

Transformer health mainly depends on the condition of the insulation used
in it which is a major concern for every power sectors. According to the
health of insulation, condition-based maintenance has been considered. To
check the health of the transformer insulation a number of tests are being
performed as presented in Fig. 1.5 [179].
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1.7.1. Thermal Methods

It is a known fact that the purpose of the oil used in transformers is to
perform both the tasks of insulation and cooling. Therefore, in this context,
the physical and thermal properties of the fluid become instrumental in the
development of nanofluids synthesized for the function of ensuring electrical
insulation. Some of the physical and thermal parameters are thereby been
discussed herein.

1.7.1.1. Thermal conductivity

Thermal conductivity is the trait of a material by the virtue by which it
conducts heat. The fluids required for the transformer should act as a heat
transfer medium. Hence, thermal conductivity is an important factor for
enhancing the heat transfer capability of a transformer fluid. It is, therefore,
utmost necessary for the oil to hold high thermal conductivity which decides
the course for the selection of the materials as transformer liquids. The

thermal conductivity can be measured by heat flow meters according to ASTM
C1696 — 20 [37-38].

1.7.1.2.Flammability

Flammability of the transformer oil is a hazardous and an intricate safety
issue. Hence, a few parameters like the flash Point and fire Point have, thus,
been defined in the context of flammability of a transformer oil [182-183].
The lowest temperature at which a volatile fluid's surface releases enough
vapors to create an ignitable combination in air is known as the fluid's flash
point. The temperature at which vapors ignite and continue to burn is known
as the fire point. It is the minimum temperature at which a fire will start in
the sample. One of the finest quality indicators to assess the likelihood of a
fire danger is flash point. To measure the Flash Point and Fire Point, 1SO
2592 and ISO 2719 has been followed [37-38].
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[179].

1.7.2.Chemical Based Techniques

A number of chemical-based diagnostic methods have been employed for
many years to evaluate the state of transformer paper and oil insulation.
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1.7.2.1.Karl Fischer Titration (KFT) method

This method is the most often used chemical-based methods to assess the
level of moisture content in insulation as per the procedure outlined in IEC
Std. 60814 [37-38].

1.7.2.2.Interfacial Tension (IFT) and colour

The molecular attractive force at the interface between water and oil which
do not mix, is measured by interfacial tension, or IFT. IFT is a helpful metric
to detect the existence of polar impurities that are soluble and originate from
solid insulators and oil degradation products. A high IFT is typically seen in
new, quality oil. Contaminants from oil oxidation do reduce the IFT.

One of the main indicators of the level of deterioration and potential
contamination of oil during usage is its colour. When expressing colour
changes, a numerical value based on international colour standards (ASTM
D1500) is typically utilized.

1.7.2.3.Dissolved Gas Analysis (DGA)

Irregular conditions in an oil-filled transformer like insulation overheating,
arcing, pump failure, and overloading, produce intense heat that produces
low-molecular combustible gases, such as hydrogen (H2), methane (CH.),
acetylene (CzH2), methylene (C2Ha), ethane (CzHg), carbon monoxide (CO),
and incombustible gases, such as carbon dioxide (CO2). For identifying early
defects and characterizing the aging of insulation, dissolved gas analysis
(DGA) can be performed according to the procedure described in IEC 60567
[37-38].

1.7.2.4. Furfural Analysis

When a class of heterocyclic compounds is broken down by cellulose
paper insulation used in electrical equipment, 2-furfural aldehyde (2-FAL), 2-
acetylfuran (2-ACF), 2-furoic acid, 5-methyl-2-furfural (5-MEF), 2-
furfurylalcohol (2-FOL), and 5-hydroxymethyl-2-furfural (5-HMF), are
produced. The furfural analysis according to IEC Std. 61198, can be used to
determine these chemicals, which are partially dissolved in oil medium based
on High-Performance Liquid Chromatography (HPLC).
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1.7.2.5.Neutralization Number

For oil insulation, a rise in the neutralization number primarily indicates
the oil's degree of deterioration in an oxidizing environment. Acceptable
maximum neutralization numbers are 0.2 mg KOH/g [175] and 0.3 mg
KOHY/g [103] for in-service mineral and NE oils of voltage class less than 69
kV, respectively.

1.7.2.6.Viscosity

Viscosity measurement can help to investigate the binding effect of the
nanoparticles with the base oil. Estimation of viscosity of oil insulations have
been conducted through employing different viscometer.

Additionally, some of the literature has cited the use of thermogravimetry
analysis, gel permeation chromatography (GPC) for molecular weight
measurement, and FTIR spectroscopy for cellulose paper insulation [184-
185].

However, in these thermal and chemical methods, the difficulty of
obtaining insulation samples from an operational transformer hinders the
practical application of these paper-based approaches. Therefore, modern
researches have primarily focused on the condition monitoring of the
transformer insulation based on electrical methods.

1.7.3.Electrical Methods

Breakdown voltage (BDV), partial discharge (PD) measurements,
insulation resistance (IR), dielectric absorption ratio (DAR), polarization
index (PI), power frequency loss factor (DDF), polarization and
depolarization current (PDC), recovery voltage measurement (RVM), and
frequency domain spectroscopy (FDS) are typical electrical-based traditional
diagnostic tools that have been used to assess the quality of oil-paper
insulation in transformers both individually and collectively [186-187].

1.6.3.1. Power Frequency Breakdown Voltage Measurements

The most widely used method to evaluate insulating oil quality is BDV at
power frequency. It essentially gauges the oil's resistance to electrical strains.
When impurities such water, cellulosic fiber, dirt and conductive particles are
present in the liquid insulation, breakdown voltage of the insulation has been
affected. ASTM Std. D1816-4 and IEC Std. 60156 specify the standard test
protocol for determining the breakdown voltage of liquid insulations derived
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from petroleum, different electrode types, electrode spacing, voltage ramp
rates, stir durations between tests and sample sizes. IEEE Std. C57.147-2008
advises a longer rest period before analyzing the BDV of ester oil in order to
allow air bubbles to remove because ester-based insulating oils have a higher
viscosity than ordinary mineral oil [188].

1.6.3.2. Overview of IR, DAR and Pl measurements

One fundamental dielectric parameter that can be used to evaluate a
transformer’s insulation system is IR. This method involves applying a DC
step voltage across the insulation under investigation and measuring the
charging current over a one-minute period as presented in (1.1). This test is
usually run on a regular basis, and a significant decline in IR over time
suggests that the insulation needs to be under maintenance. The dielectric
parameters for DAR and PI, which are extensions of IR measurement, are
computed using the IR values at 30 seconds, 1 minute, and 10 minutes as
provided by (1.2) and (1.3). Three types of current flow through an insulating
item under a DC step voltage are the charging current, the absorption current
and the conduction current. It is believed that absorption current, which is the
polarization current caused by molecule charge shifting in the insulator, will
eventually decay to zero. As a result, DAR and PI should both have values
higher than 1 [103]. DAR and PI values of well-maintained insulation are
typically higher than 1.6 and 2, respectively [189].

Applied voltge

IR = Insulation resistanceatlmin = - 1.1)
Current atlmin
Imininsulation resistance readin
DAR = T ISLRAon Test P
30secinsulation resistance reading
10 mininsulation resistance reading
Pl = 1.3)

~ 1mininsulation resistance reading

1.6.3.3. Dielectric Dissipation Factor Measurement

For decades, transformer insulation status has been effectively evaluated
using DDF, a dimensionless metric measured at power frequency [186, 189,
190]. A transformer's DDF primarily describes the insulation system's level
of contamination and moisture. In field measurements, the test voltage is
usually between 100 V and 10 kV AC. The majority of field experiments are
carried out at rated voltage or up to 10 kV [190]. A current flows through an
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insulator when an AC voltage is put across it. Capacitive and resistive
currents make up the two main components of this current. DDF, referred to
as tand, is essentially the resistive current to capacitive current ratio. When an
insulation system is in good working order, the resistive current is pointedly
less than the capacitive current. As a result, DDF is extremely minimal
because the source voltage is almost 90 degrees lag the source current. DDF
largely depends on temperature, therefore in order to accurately draw
conclusions from DDF measurement findings, it is important to take
measurement temperature into account. This is to be stated here that DDF is a
dimensionless parameter that is independent of the insulation's geometrical
properties. This is a single frequency test; hence the transformer's insulation
state can only be evaluated to a limited extent. Furthermore, DDF lacks
sufficient data to address the distinct impacts of solid and oil insulation. DDF
at power frequency mostly describes the state of the oil insulation in older
transformers. These shortcomings in the single frequency DDF measurement
could cause the state of the transformer solid insulation to be interpreted
incorrectly. The maximum allowable DDF of new NE-based insulating
liquids, as per IEEE Std. C57.147-2008, is 0.002 at 25°C using the test
procedure outlined in ASTM D 924. At 90 °C, that of newly developed
synthetic ester insulating liquids is 0.03 [191]. The limiting value for DDF of
both serviced aged mineral oil and NE insulating liquids at 25°C is 0.005,
following IEEE Std. C57.152-2013. However, for service-aged NE insulating
oils at 25°C, IEEE Std. C57.147-2008 proposes a temporary acceptable
limitation value of 0.03.

1.6.3.4. Dielectric response Measurement

For a vacuum insulated electrode arrangement, the flux density D is
proportional to electric field vector E. If homogenous isotropic dielectric
medium is used instead of vacuum, then polarization (P). D can be regarded
as (1.4)

D =¢,E+P where P = y¢,E (1.4)

Here, y is the electrical susceptibility of the material. If the electric field is
generated by a time varying function, then polarization function can be
written as (1.5).

P(t) = x()e E() (1.5)
Similarly, the electric flux density D(t) can be expressed as (1.6).
D(t) = £, E(1) + P(t) = &, L+ x(D)E() (1.6)
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The polarization process, P(t), is comprised of the combined effect of all
the polarization mechanisms. As all the polarization take a long time to settle
and finally becomes static i.e. P(+—) = Ps. When a step voltage Vg is
applied to dielectric medium the polarization vector P(t) maintains as
monotonically increasing profile can be expressed as (1.7).

P =(Ps —P,)gt-t)+P,o(t-1,) ()
Where d(t-to) is dirac-delta function which is considered for the fast

polarization processes and g(t-to) is monotonically increasing function, is
considered for the interfacial polarization process as shown in Fig. (1.6).

L e mm e ————

P: 7777

P(t) or x(t)

p mmmmfmes s ea e ————————————————————

Fig. 1.6. Response for polarization process.

Where, g(t —t,) >0, 99t —t) _ 4 foran t; <t <oo
dt

g(t-t,)=0 forall t<t;; g(t-t,)=1 when t —> o0

Using (1.8) the polarization vector P(t), due to electric field at any time
instant can be expressed by the following equation.

P =solx. +(xs — x.)9(t —1)]E() (1.8)

Since, susceptibility is related to the permittivity of the dielectric medium
so the polarization can be expressed as (1.9).

P(t) =¢&ol(s.. -1 + (65 —£,.)9(t —1,)]E(D) (1.9)

In general, a material cannot polarize instantaneously in response to an

applied field. The polarization is a convolution of the electric field at

previous times with time dependent susceptibility. So, P(t) can be expressed

by (1.10).

P(t)=¢,(s, —DE() + &, j f(t—7)E(r)dz (1.10)

—o0
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Where, f(t) is dielectric response function. It is monotonically decreasing
function as presented in (1.11).

f(t—1)= (e _gw)% (1.12)

Therefore, under an electric field E(t) total current density J(t) in the
dielectric medium can be expressed as (1.12).

OE(t oP(t

I(t) = o, Et) + £, aE ) +7a(§)) (112)

Where oo is dc conductivity of the dielectric medium and & is the

permittivity in free space. For a homogenous material, the total current

through the dielectric medium can be written as (1.13).
i=c[Zum+e YO ij f(t — 2)U (£)d 7]
*Te, Todt °dts

(1.13)
Where, Co is geometric capacitance. In the above equation first term is
considered for the conductivity of the test sample and the other is owed to the
different polarization processes occurring within the test sample. This
equation is valid for a single as well as an arrangement of several dielectric
materials in series or parallel. This dielectric spectroscopy can be classified
into two categories named as time domain spectroscopy and frequency
domain spectroscopy. The time domain dielectric diagnosis mainly includes
Polarization and depolarization current (PDC) and Return \oltage (RV)
Measurement methods. The frequency domain method is known as
Frequency Domain Spectroscopy (FDS)

1.6.3.5. Polarization and Depolarization Currents measurements

This method captures the insulation's charging and discharging currents.
One method to study the slow polarization processes in the time domain is to
measure the polarization and depolarization currents (PDC) after a dc voltage
step. Prior to the PDC measurement, the test object's dielectric memory needs
to be purged. To accurately capture the tiny polarization current, the voltage
source needs to be devoid of noise and ripple. The test setup for the PDC
measuring method is displayed in Fig. 1.7. Applying a dc charging voltage of
magnitude Uc to the test object over an extended period of time (for example,
10,000s) is the process. The polarization current Iy (t) through the test object
is measured during this period. This current results from the polarization
process being activated with varying time constants that correspond to
various insulation materials and the conductivity of the object, which has
been carefully discharged beforehand.
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| pot (V=CoVgo 22+, f (1] (114)

The depolarization current (also known as the discharging or de-sorption
current) lgepor(t) in the opposite direction can then be measured without the
conductivity's contribution by removing the voltage and short-circuiting the
item at t=tc. If the current becomes stable or extremely low, the polarization
current measurement can typically be halted. The abrupt drop in voltage Uc
to zero is considered a negative voltage step at time t=tc in accordance with
the superposition principle. The dielectric response function f(t) is
proportional to the depolarization current if the test object is charged over an
extended period of time such that f(t+ tc)=0.

Idepol (t)=—CqVyc [T ()-F (t+t,)] for O<t<oo (1.15)

Therefore, for long charging time t; the value of f(t + tc) is very low with
respect to f(t) and can be neglected. Hence the depolarization current
equation can be rewritten as (1.16).

The Fig. 1.8 shows the principle of polarization and depolarization current.
The insulation between windings is charged by the dc voltage step Uo. A long
charging time is required (10,000 s) in order to assess the interfacial
polarization and paper condition. The initial time dependence of the
polarization and depolarization currents (<100 s) is very sensitive to the
conductivity of the oil while the moisture content of press board influences
mainly the shape of the current at much longer time. Further, the dc
conductivity can be from the PDC curves by subtracting the depolarization
current from the polarization current at larger values of time. Therefore, the
dc conductivity oo can be expressed by (1.17).

£
ao=ﬁ[| pol (t)_ldepol (M1 (1.17)
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1.6.3.6. Return Voltage Measurement

This approach involves applying a step voltage of U; across the totally
discharged test object for a duration of t; seconds. Thereafter, the test object
is short circuited for ty seconds, and step voltage is eliminated. After tq
seconds, the discharging process is interrupted and a high impedance
voltmeter is associated across the test object's terminals to perform Return
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Voltage measurement. Activated polarization processes with varying time
constants are relaxed to different degrees over the short-circuited time period
(ta). As a result, charge redistribution takes place in the system shortly after
the voltmeter is attached, producing a voltage across the test object's
terminals as shown in Fig. 1.8. The recovery voltage U(t) that builds up
across the test object's electrodes is presented in (1.18). If the insulation
material's DC conductivity (oo), high frequency permittivity (e.), and
dielectric response function f(t) are known, Ur(t) can be analytically
calculated using (1.18) [192].

dUr(t) ¢ !
oUr(t)+gOT+gOU0{f(t)—f(t—tc)}+50& ] f(t—r)Ur(r)dr
t +
c'd
(1.18)
=0 efortc+td<t<oo Ur(t:tc+td):0

1.6.3.7. Frequency Domain Spectroscopy Measurement

Dielectric response in the frequency domain is another alternative method
to study the polarization phenomena. In this test, dielectric dissipation factor,
power factor, complex permittivity, complex capacitance are measured as a
function of frequency over a range of mHz to kHz. The dielectric is energized
with sinusoidal voltages with variable frequencies and the response current is
measured. The impedance is then calculated which helps in the evaluation of
power factor, capacitance, dissipation factor, permittivity etc. The
relationship between the applied voltage V(w) and measured current /() can
be written as (1.19) [193].

o . .
I (@) =C,[-2V (@) + joe V() + joF (o) ()] (1.19)
&g
Here, F(w) is the Fourier transform of the dielectric response function f(t).
F(w) is actually related to the susceptibility of the dielectric media as
represented in equation (1.20).

F(@) = x(0) = x'(0) - j2"(0) = T f (t) exp(— jot)dt (1.20)

Here, y(w) represents the complex susceptibility of the dielectric sample.
x'(w) and y"(w) is the real part and the imaginary part of the y(w)
respectively. Therefore, the resultant dielectric response current, /(w) can be
written as (1.21).

() = jo[C'(®) — IC"(@N (@) (121
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From the above equation, C(w) is the frequency dependent complex
capacitance of insulating medium. The frictional loss due to interactions
among the dipoles under sinusoidal excitation, is represented by the
imaginary part C"(w). The energy storage in the dielectric medium during
polarization is represented by the real part C'(w).

The dielectric dissipation factor is defined as the ratio of energy loss to the
energy storage in dielectric media, can be represented as (1.22).

o-0 "
we T (@) C"(w)

tan 6 (@) = —2—— == (1.22)
e, +x'(w) Cl(w)

Therefore, pure sinusoidal excitation over a wide frequency range (mHz —
KHz) is applied to the insulation under test in order to investigate its
dielectric behavior over the entire frequency range so that interactions among
different dipolar groups can be estimated.

1.6.3.8. PDC and FDS Measurements as Transformers Condition
Monitoring Method

The literature has extensively examined the usage of PDC response
measurement for power transformer insulation condition monitoring [194-
199]. PDC response in the initial time range (1000 s) polarization and
depolarization currents are primarily influenced by the condition of paper
insulation [198, 200, 201]. The solid and liquid insulation conditions
uniquely define the overall form and size of a transformer's PDC response at
various time ranges. The initial feature of the exponentially decreasing
current between them is the interfacial polarization phenomena that forms at
the contact between the oil and paper insulation. The insulation system's
geometry has a significant impact on the interfacial polarization effect.
Initially polarization and depolarization currents generally depend on the oil
conductivity. Conversely, prolonged polarization and depolarization currents
rise as a result of increased conductivity in the paper insulation. With age and
moisture, the conductivity of both oil and paper insulation changes
significantly. As a result, it offers details regarding the ageing and moisture
content of oil and paper insulation. The conductivity of oil and paper
insulation separately can be considered with the assumption of the proportion
of paper insulation in a transformer's composite insulation system [202]. In
order to explain the PDC response of linear dielectric materials, the well-
known R-C equivalent circuit is used in the majority of PDC interpretation
methodologies suggested for transformers [203, 204, 205, 206, 207]. In this
instance, a sequence of Debye relaxation processes with various time
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constants is used to characterize the dielectric polarization behavior of a
transformer insulation system [205]. The PDC responses of paper and oil
insulation with different R-C equivalent circuits were presented by T.
Leibfried et al. [207]. After that, in order to represent the entire transformer
insulation, an equivalent hierarchical circuit was created by taking into
account the geometry of the insulation system as well as the R-C models of
the oil and paper insulation. In this method, they suggest utilizing the R-C
equivalent circuit characteristics of paper and oil insulation with known
qualities to calculate the PDC response of a transformer. This can be
compared to the observed response to determine the insulation system's state.
According to Der Houhanessian et al. [204, 208], a transformer's insulation
system is made up of multiple layers of paper and oil insulation. According to
Saha et al. [205, 206], a transformer's insulation system is a "black box," and
the PDC response of the entire system is represented by a single level R-C
equivalent circuit. They interpret the physical behavior of the model
parameters so that the paper insulation condition can be inferred from the
magnitudes of R-C elements of the larger time constant branches, and the oil
condition can be observed from the R-C values corresponding to the smaller
time constant branches. Furthermore, lower initial polarization and
depolarization currents result from the tendency of capacitance values to fall
and R values of the smaller time constant branches to grow in high-quality
insulating liquid. Conversely, the lower R values and higher C values of the
smaller time constant branches indicate that the insulating oil is of poor
quality. A comparable interpretation that makes use of the R-C characteristics
of large time constant branches has been put forth to analyze the quality of
paper insulation. This method's primary benefit over previous R-C equivalent
circuit based PDC analysis techniques is its ability to clearly assess the state
of both oil and paper insulation without requiring prior information of their
respective arrangements.

According to a number of academic studies, ageing, moisture, and
temperature all have a significant impact on the frequency domain dielectric
response of oil-impregnated cellulose paper insulation by enhancing the
polarization and conduction processes [209, 210]. As a result, a rise in both
temperature and moisture leads the dielectric response to shift upward in
frequency. Arrhenius equation can be used to characterize the frequency shift
caused by a change in temperature. The dielectric response's degree of
temperature dependence is indicated by the activation energy Ea. [211].
According to Chandima et al. [210], the activation energy of oil-impregnated
paper insulation ranges from 0.8 to 1.1 eV and tends to rise with moisture.
Koch et al. [209] propose an activation value of 0.9 eV to characterize the
temperature dependency of cellulose material. The activation energy of
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mineral oil is between 0.4 and 0.5 eV, and that of oil-impregnated paper is
normally in the range of 0.9 to 1 eV, according to [212]. According to Saha et
al. [213], real and imaginary permittivity increase with increasing moisture
content, and this behavior is dependent on temperature and frequency
measurements. The conductive action of oil is responsible for the dissipation
factor's increase in the midfrequency range (10 -100 Hz. The peak caused by
the interfacial polarization which is caused by the buildup of space charges at
the oil-paper interface. The response of the composite system follows the
dielectric characteristics of paper insulation at even lower frequencies. The
moisture and ageing byproducts in the paper insulation have a noteworthy
impact on the dielectric response in this frequency range [209, 186]. A
method for determining moisture content has been presented in [209, 211]. It
involves comparing the observed FDS of a transformer across a broad
frequency range to a theoretically modeled dielectric response. The
cylindrical insulation structure between a transformer's low and high voltage
windings is represented mathematically by the X-Y model where X is the
ratio calculated by adding together all of the barriers' thicknesses in the duct,
dividing that total by the duct width [214]. Y is the ratio of the oil duct's
perimeter length to the combined width of all spacers. X typically has a value
between 20 and 50 percent, while Y typically has a value between 15 and 25
percent. This technique is used by the majority of commercially available
FDS-based moisture diagnostic systems, such MDOS [214]. However,
research on the FDS behavior for ester based insulating oil and the effects of
temperature, moisture, and aging on this behavior is limited.

1.8.Scope of the Thesis

The primary objective of this thesis is to outline a comprehensive
framework to reduce the research gap towards the applicability of the
nanofluids based on mineral and biodegradable oil as a next generation liquid
dielectric used for high voltage equipment. Moreover, the dielectric behavior
of multi nanoparticles in a base oil or nanofluids based on mixed oil (mixing
of two base oil) need more exploration. From the literature survey it can be
inferred that, moisture is regarded as main culprit for the degradation of
transformer insulation. Henceforth, the suitability of established electrical-
based condition monitoring methods created for insulating systems of the
future i.e. nanofluids based on mineral and biodegradable oil insulation is
thoroughly studied. The framework of this thesis has been presented in Fig.
(1.9).
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Chapter 2 provides the details of developed Experimental set-up for
dielectric response measurement, DLS measurement, viscosity measurement
of the prepared insulating samples.

Chapter 3 presents the preparation of nanofluids considering two types of
nanoparticles and two types of base oil. Thereafter, the physical & electrical
based condition monitoring of the prepared nanofluids have been established.
Interpretation of the corresponding results have also been analyzed duly.

Insulation & Moisture Content Estimation

[ Develop Framework for Condition Monitoring of Nanofluids as Transformer )

. x Development of Development of Oil-paper
Stage | Rrep ::::::.::ififmmc Experimental Set-up in Insulation with Various
) Controlled Environment Moisture Content

Oil Experiments Qil-Paper Experiments

Stage I Viscosity PDC
DLS‘ DS
:g; Temperature Impact
Moisture Impact
Temperature Impact

4
U

Stage M

® Check the applicability of Various Nanofluids as Transformer Insulation
e Compatibility of Nanefluids with Cellulose Paper

e Temperature dependent Dielectric relation establish

o Moisture content Prediction

Guidelines to Assess the Insulating Quality of Different Nanofluids Based on
Dielectric Response Measurements

Fig. 1.9. Comprehensive framework of this thesis.
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Chapter 4 delivers the preparation of hybrid-nanofluids considering two
types of nanoparticles in various ratios hence dispersed in either mineral or
vegetable oil. Following that, the status of prepared hybrid nanofluids was
monitored both physically and electrically. The associated results
interpretation has also been thoroughly examined.

Chapter 5 presents the overview of mixed oil. Mixed oils were prepared
with mixing of two base oil i.e. mineral and vegetable oil in certain ratios.
Moreover, nanofluids were prepared with those mixed oils After that, the
prepared samples were subjected to electrical based measurement methods
and analyses of the corresponding results have also been conducted.

Chapter 6 delivers the comparative study of different prepared samples
considering the breakdown voltage and ac conductivity which actually
provides the information of the quality of those prepared insulating oils.

Chapter 7 briefly discuss the compatibility of the prepared nanofluids
with cellulose insulation. The impact of moisture has also been discussed
based on dielectric relaxation current based approach.

Chapter 8 enumerates the key conclusions and research findings from this
thesis. In addition, recommendations for further research are provided.

1.9.0riginality of the Thesis

To the best of the author's knowledge, the current work has made the
following original contributions:

> Preparation of the stable nanofluids taking mineral oil or vegetable oil as
base oil and compare their dielectric properties with mineral and
vegetable oil.

»Development of an experimental set up to investigate dielectric
parameters in Time and Frequency domain.

»Effect of the multi nano particles presence in base oil on the dielectric
properties.

»Preparation of the stable mixed oil based nanofluids and check their
applicability as transformer oil in terms of dielectric properties.

»Addressing the issue of temperature and moisture effect on nanofluids.
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Chapter 2

Development of Experimental Setup for
Investigation of Biodegradable Insulation

2.1 Introduction

This thesis primarily emphases on finding the next generation alternative
liquid dielectric of mineral oil used as transformer insulation. For this
purpose, the applicability of the prepared liquid insulation was ensured by
conducting a series of experiments. Therefore, in this chapter, the
experimental details have been presented which includes the selection of
materials, various equipment like magnetic stirrer, ultrasonic sonicator,
breakdown voltage measurement setup, dielectric response analyser
(DIRANA), insulation diagnostic analyser (IDAX), heating oven, vacuum
chamber etc. involved in the whole work. Besides, detailed discussion about
experimental procedures like breakdown voltage measurement, viscosity
measurement, polarization and depolarization current measurement, dynamic
light scattering measurement have been presented in this chapter.

2.2 Equipment & Materials Used

2.2.1. Choice of Nanoparticles

On the basis of electrical property i.e. conductivity, the nanoparticles are
classified into conducting, semiconducting and insulating types. However,
conducting nanoparticles have the tendency to agglomerate faster than other
two types. Considering this fact, in this thesis, a semiconducting type
nanomaterial and an insulating type nanomaterial were considered for the
preparation of nanofluids by dispersing in mineral and vegetable oil. The two
nanoparticles and two base oils used in the present work of this thesis have
been presented in Fig. 2.1. The nanoparticles chosen for this work were as
follows.

1. Semi-conducting nanoparticle: Titania- TiO; (Rutile) of diameter 20 nm.
2. Non-conducting nanoparticle: Alumina- Al,O3 (Alpha) of diameter (20-

30) nm.
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Fig. 2.1. materials user for preparing nanofluids: (a) TiO, (b) Al,O; (c) mineral oil (MO) (d)
vegetable oil (VO).

These two nanoparticles were chosen for preparing nanofluids for the reasons
discussed in the following [215- 217].

i High thermal conductivity: Both TiO, and Al,Os nanoparticles
have high thermal conductivity, which means they can efficiently transfer
heat from the surrounding fluid to the nanoparticles, enhancing the overall
thermal conductivity of the nanofluid. This is particularly important in
transformer oil, as it helps to dissipate heat generated by the transformer's
windings.

ii. Stability and dispersion: Titania and alumina nanoparticles are
known for their excellent dispersion stability in transformer oil, which
ensures that the nanoparticles do not settle or aggregate over time. This is
crucial in transformer oil, as aggregation can lead to reduced thermal
conductivity and even damage to the transformer.

iii. Low viscosity: The viscosity of the base oil does not increase to
large extent with the addition of TiO; or Al,O3 nanoparticles comparing the
other nanoparticles.
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iv. Corrosion inhibition: Both TiO, and Al,O3; are known for their
corrosion-inhibiting properties, which can help to protect the transformer's
internal components (mainly metal conductor) from corrosion caused by
moisture, salt, or other contaminants in the oil.

V. Environmental benefits: The use of nanofluids with TiO, or Al,Os
nanoparticles can also offer environmental benefits, such as reduced energy
consumption, lower greenhouse gas emissions, and a longer lifespan for
transformers.

Vi. Low cost: Compared to other nanoparticle materials, TiO, and
Al,Os are relatively less expensive and widely available, making them a cost-
effective choice for preparing nanofluids. The typical values of thermal and
electrical characteristics of these nanoparticles have been presented in Table
2.1.

Table 2.1. Basic properties of nanoparticles [218]

PARAMETERS ALUMINA | TITANIA
Density(g/cm®) 3.96 4.2
Electrical Conductivity(S/m) 1012 101
Relative Dielectric Constant 9.9 100
Relaxation Time Constant(s) 12.2 77
Thermal Conductivity(W/m.K) 30 7.6

Next aspect to be examined was the choice of carrier oils. The most obvious
choice was the conventional petroleum based mineral oil used in the
transformers owing to its excellent compatibility with the transformer and its
electrical and dielectric properties. But in the recent times, the concern
regarding environmental conservation has become a primary focus for
utilities. The disposal of the oil is imminently challenging due to its non-
biodegradable nature. As a result, several naturally obtained and synthetically
procured oils are eventually desired by the power industry. These are
expected to serve as potential alternatives to the conventional mineral oil
primarily due to their biodegradable nature and several other enhanced
attributes specific to the purpose of insulation in a transformer. One of such
biodegradable alternatives is FR3 (a natural ester). Considering these facts,
mineral oil and FR3 were considered for nanofluids preparation in this thesis.

2.2.2. Equipments Used

Several equipment was employed in the preparation of the nanofluid samples
as well as in the subsequent experimental procedures. The major equipments
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have been, thereby, pictorially represented and their details have been
elaborated in the following paragraph.

2.2.2.1. Magnetic Stirrer

A magnetic stirrer or magnetic mixer, as shown in Fig. 2.2, is a laboratory
device that uses a spinning magnetic field to quickly spin a stir bar
submerged in a liquid, churning it. Either a revolving magnet or a group of
fixed electromagnets positioned underneath the liquid-filled vessel have
produced the spinning field. In this application, the stir bar was rotated at
1200 rpm. It was employed for preliminary mixing the nanoparticles with the
base liquid, prior to carrying out sonication. The magnetic stirrer just
mechanically agitates the mixture for uniform mixing. Voltage rating of the
stirrer is 220-240 volts at 50 Hz made by REMI.

Fig. 2.2. Magnetic Stirrer.
2.2.2.2 Ultrasonic Sonicator

The probe sonicator is a device used for generating waves of ultrasonic
frequencies (20 kHz) through the probe as shown in Fig. 2.3. The mixture
obtained from magnetic stirring, which when subjected to these ultrasonic
waves result in generation of bonds between the nanoparticle and the base oil
by means of dispersion. The stable and homogeneous suspensions which
were prepared through probe sonication were used for further
experimentation. The major functions of the probe sonicator were to provide
uniform and stable dispersion in colloidal liquid, prevent the possibility of
deagglomeration and reduction of particle size of the dispersing materials i.e.
nanoparticles.
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Fig. 2.3. Ultrasonic Probe Sonicator (Voltage rating 220V and Power rating 700 W).
2.2.2.3. Heating Oven

The heating oven, as shown in Fig. 2.4, maintains a controlled temperature in
an isolated chamber by means of a thermostat. This oven not only used for
conducting the experiments at various temperature but also prevent the stray
capacitance during different measurement. The prepared samples were
initially subjected to the heating oven for removal of moisture.

Fig. 2.4. Heating Oven (Voltage rating 220V, Temperature rise upto 100°C).
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2.2.2.4. Vacuum Chamber

The vacuum chamber, shown in Fig. 2.5, ensured extremely low pressures
close to that of vacuum. It is used for degasification process for the removal
of dissolved gases from liquids, specifically the nanofluid in this work. This
process was carried out in a specialised vacuum chamber. The principle being
followed is Henry's Law which states that, the partial pressure of a liquid
determines how much of a dissolved gas is present in it. Therefore, the
dissolved gas becomes less soluble when a solution is put under lower
pressure. The degasser, therefore, removes the dissolved gases from the
nanofluid, which would otherwise form bubbles. Vacuum action is created
with a help of a pump, which pulls out the air from the chamber, resulting in
reduced pressure. In this work, degassing was performed at less than 1kPa
pressure.

Fig. 2.5. Vacuum Chamber.

2.2.2.5. Particle Size Distribution Measurement

In order to study the uniformity of the nanoparticles throughout the base oil,
the diameter distribution of the prepared samples was evaluated by Dynamic
Light Scattering (Particle size analyser) instrument as shown in Fig. 2.6
whose particle size rating 0.2 to 1000 nm, having 785 nm laser light source.
The typical variation of the nanoparticle’s diameter should be within 100 nm
in the base oil. This fact from the particle size distribution measurement
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indicates that nano particles are uniformly dispersed within the base liquid
dielectric.

Fig. 2.6. DLS instrument.

2.2.2.6. Oil Breakdown Test Kit

Breakdown voltage measurement setup (as shown in Fig. 2.7) was developed
in the laboratory which consists of a test cell of 400 ml and spherical
electrodes of 125 mm diameter moved apart by 2.5 mm [219]. AC
breakdown voltages of oil were measured according to the IS 6792:2017
(similar to IEC 60156:2018) [219]. For this purpose, Next, the prepared
sample was poured in the test cell and wait for 30 minutes to eliminate the
possible air bubble during pouring. The voltage increment for the
measurement was retained constant at 2kV/s. For each sample, 4
measurements were conducted and each measurement set was done on a new
oil. The time gap between two consecutive measurement was kept at 5
minutes. The same measurement was repeated 4 times keeping a time gap of
30 minutes. This time delay was necessary for the self healing of the prepared
samples. Total 16 measurements of each sample were performed and average
value of those measurement was considered for analysis.

Fig. 2.7. Oil breakdown test kit.
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2.2.2.7. Viscosity Measurement

For investigating the binding effect, the dynamic viscosity measurement of
the prepared oil samples have been estimated through using Brookfield
Viscometer (as shown by Fig. 2.8) Model DV2T (speed 0.1 - 200 rpm, £1.0%
of full scale range for viscosity accuracy, spindle LV01)

Fig. 2.8. Brookfield Viscometer for Viscosity measurement.
2.2.2.8. Dielectric Response Analyser

Dielectric Response Analyser (DIRANA), shown in Fig. 2.9. determine the
state of dielectric response analysis-equipped high voltage insulation
systems, such as those found in power transformers, cables, bushings, and
generators. In the present work, it was used for polarization and
depolarization Current (PDC) measurement in order to analyse the oil
samples dielectric properties. Measurement voltage rating 200 Vpeak
Maximum continuous output current rating 50 mApeak, measurement time
within 1 hour 44 minutes.

Fig. 2.9. DIRANA model no. VEHP0072.
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2.2.2.9. Insulation Diagnostic Analyzer

Insulation Diagnostic Analyzer, abbreviated as IDAX is a DFR (Dielectric
Frequency Response) insulation diagnostic tool as shown in Fig. 2.10. DFR is
the measurement of capacitance and losses (tan ¢ or PF) over a wide range of
frequencies. The measured DFR curve is affected by the shape of the
insulation, moisture, oil conductivity, and temperature. The model humber of
the one in the High-Tension Laboratory is IDAX-300 (manufactured by
MEGGAR). It was employed to determine the prepared oil samples condition
based on the frequency domain spectroscopy (FDS).

|

Fig. 2.10 IDAX 300.

2.2.2.10. Electrode Set-Up

A pair of Aluminum sheet of 16 cm x 4 cm separated by 1.79 mm is taken as
an electrode as shown in the Fig. 2.11. For surface preparation of the
electrode, Mechanical polishing has been adopted. For this purpose, Texmet
pads have been used. After completing mechanical polishing, electrode has
been rinsed with distilled water followed by few minutes of sonication in
distilled water to remove unwanted particles. After sonication those
electrodes were subjected to heat treatment for fully removal of moisture.
Then those were dipped in the oil samples to conduct PDC and FDS
measurement.

Fig. 2.11. Electrode set-up.
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2.2.2.11. Transformer Insulation Prototype

Oil-paper samples emulating the transformer insulation (as presented in Fig.
2.12) were prepared in the laboratory for conducting the dielectric response
measurement. For this purpose, kraft paper, pressboard and copper sheet were
taken. The specifications of these samples have been provided in Table 2.2.
Pressboard cylinders of 70 mm diameter were prepared on which a layer of
unimpregnated kraft paper was wrapped. Over the unimpregnated kraft paper
layer, a layer of copper foil was placed to form the low voltage winding of
the traction transformer. Thereafter, two layers of unimpregnated kraft paper
were wrapped over the copper foil. In between two layers of unimpregnated
kraft paper, pressboard strips were placed which serve as oil ducts. Another
layer of copper foil was wrapped to form the high voltage winding of the
traction transformer. Lastly, a layer of unimpregnated kraft paper was placed
to complete the test samples [27]. Then, the insulation prototypes were
immersed in the base oils were kept at a constant pressure at 30°C for 72
hours to ensure proper impregnation process. Once the impregnation process
was over, the impregnated samples were subjected to PDC and FDS
measurement.

Kraft Paper

Fig. 2.12. Transformer insulation prototype.

Table 2.2. Basic properties of paper samples & Cu sheets

Pressboard Kraft-paper Cu sheet
Length 55 cm 55 cm 55 cm
Width 7cm 7cm 5cm

0.5 mm for low voltage
1 mm for high voltage

Thickness 2mm 0.12 mm (80 GSM)
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2.2.3. Experimental Procedure

An experimental set-up was established in the laboratory to investigate
the dielectric characteristics of the prepared nanofluids. The schematic
diagram of the experimental set-up has been shown in Fig. 2.13. This
experimental set-up mainly consists of AC voltage source, DIRANA™
(for PDC measurement) or IDAX 300 (for FDS measurement),
Temperature control oven and data acquisition system. It should be
mentioned here that, during the experiment, stray capacitance has been
minimized by grounding the shielded oven where the prepared samples
were placed.

A Temperature Control
Syslem
HV Lead Il ’.:" “3.
'----K:.---.‘-q"---~
J; '*.‘J l \
: Liguid // i :
DIRANA / IDAX 1 |Dielectric| ¢ o N
[ g . ey |
Sample W e
' ) e 0
AC > N\
VOLTAGE > | . P \X i :
Source . SR e K
f— ‘-.. ...-.-“:‘,.--.
LV Lead ,' Stray Capacitance

Fig. 2.13. Schematic of eexperimental set-up.

The PDC of the test samples were conducted under different voltage
magnitude (50V, 100V, 150V, 180V and 200V) for nonlinearity study in
conduction current whereas for FDS measurement, the voltage level was
fixed at 140Vms. Both the measurements were conducted at different
temperatures (25°C, 40°C, 50°C, 60°C, 70°C and 80°C) to have a clear idea
about the temperature effect on their dielectric properties. Dielectric
characteristics of the prepared samples were investigated through conducting
PDC and FDS measurements employing DIRANA™ and IDAX 300,
respectively. The developed experimental setup for PDC and FDS
measurement have been presented in Fig. 2.14 and Fig. 2.15, respectively.
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Fig. 2.15. Samples under FDS measurement.

2.3 Conclusions

This chapter has covered in brief the equipment and materials used in the
search for a new type of insulation to replace mineral oil. These experimental
procedures were followed by the electrical and chemical based
methodologies for that insulation's quality assessment. Chapters 3 to 7 in this
thesis have adhered to the scheme described in this chapter.
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Chapter 3

TiO2 and Al:0Os Nanofluids: Insulation
Properties Investigation by Dielectric
Spectroscopy

3.1. Introduction

From the detailed discussion about the oil insulation used over years for
the transformer, it is essential for searching next generation enhanced
dielectric liquid than mineral oil with the following properties like better
dielectric strength, efficient cooling, lower dielectric losses, lower electrical
conductivity, high fire resistance, biodegradability, high thermal conductivity
etc. [220]. Therefore, there are extensive research works going on all over the
globe regarding the usage of nanoparticles-based oil in power transformer.
Though usage of nanofluids improves the electrical as well thermal properties
[221], however, it has to withstand various stresses (like thermal, chemical,
electrical etc.), which results in its degradation. The degradation of insulating
material in transformer reduces its operating life span, which in turn results in
its premature failure [1]. In order to prevent premature failure of transformer,
the condition of transformer insulation should be monitored at regular
intervals. The dielectric response analysis has become an important basis for
assessing the insulation condition of transformer. This analysis is mainly
categorized into ttime domain and frequency domain. polarization and
depolarization ccurrent (PDC) and return voltage measurement (RVM) are
two methods in time domain spectroscopy [222]. On the other hand, the
condition assessment in frequency domain is known as frequency domain
spectroscopy (FDS) or tand measurement [223, 224].

In this chapter, TiO; (titania) and Al;Oz (alumina) have been chosen for
dispersing in mineral or vegetable oils to prepare nanofluids in the laboratory.
Next, the prepared samples were subjected to viscosity, PDC and FDS
measurements. In order to investigate the dielectric properties due to the
presence of above-mentioned nanoparticles, a comparative study on the
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experimentally obtained parameters has been done. Besides, the variation of
parameters at various temperatures has been studied to investigate the effect
of temperature on the nanoparticle based mineral and vegetable oils. Brief
theory on the parameters obtained from PDC and FDS has been discussed in
the next section.

3.2. Brief Theory on Activation Energy obtained from PDC

For investigation of the prepared dielectric samples, PDC measurement is
conducted. From the measured polarization and depolarization current, an
important parameter i.e. dc conductivity of different samples has been
calculated using (3.1). Again, as discussed in Section 1.4, temperature is a
dominating factor for the degradation of insulation. It is to be stated here that,
polarization process in dielectric medium depends on the mobility of charge
which further highly affected in different temperatures [225]. Moreover, it is
revealed in [226] that, the time constant of the dipole changes with
temperature which leads to the variation of the conductivity. The change in
conductivity with the change in temperature is associated with the activation
energy (Eg) and it is represented by (3.1). An estimation of activation energy
of a dielectric specimen signifies the barrier potential that the trapped charges
would need to possess in order to carry conduction in the dielectric material.

Eq 1
o=Ae KT (3.1)
Where, Eq4 stands for the Activation Energy, Ais a constant. K stands for the
Boltzmann constant i.e. 1.38064852 x 102 m?kg s? K. The activation
energy has been graphically figured out using the Arrhenius equation.
Therefore, by taking log both side (3.1) can be written as (3.2).

E
In(e) =In(A) ——= 32
KT 32
It is quite clear that this equation resembles the equation of a straight line as

in (3.3).
y=mxX+C (3.3)
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Therefore, the graph for logarithm of conductivity versus the inverse of
absolute temperature has been plotted to get the slope i.e. E¢/K. The
regression technique was applied on the obtained curve. The value of
activation energy was obtained by the product of the slope of the linear
equation and the negative of the value of Boltzmann constant as presented in
(3.4).

E, =—Kxslope (3.4)
From (3.4),the values of activation energy has been calculated in J. Then Eq
in eV can be obtained from 1eV= 1.6 x 10°°J.

3.3. Brief Theory on Low Frequency Dispersion (LFD)
obtained from FDS

For the evaluation of the dielectric properties of different prepared
samples, FDS measurement is conducted. From the FDS measurement of oil,
dielectric parameres like complex capacitance, tand can be evaluated as
presented in (Chapter 1, Equation 1.21) and (Chapter 1, Equation 1.22),
repectively. Therefore, it can be observed that the peak in the dielectric
parameres like complex capacitance, tano etc. is occurred at low frequency
[227]. Again, maximum dispersion of those parameters are observed to be
within 100 Hz. Therefore, Low Frequency Dispersion (LFD) i.e. change in
real capacitance (AC) at low frequency can be favorable parameter to indicate
the condition of the liquid dielectrics and has been presented in (3.5).

AC = Cl‘mHz - C1IOOHZ (3:5)

At low frequency dielectric behaviour of oils depends on space charge
polarisation. lon conduction and peak of tano profile at low frequency
indicate the space charge polarisation [227]. In that frequency range, due to
space charge polarisation charge carriers near the electrode suface reduces
which results in rise in capacitance but ac conductivity reduces [228].
Another fact can be noticed that with the increment in temperature in some
cases tano profile reduces also at low frequency region. For this case change
of real capacitance (AC) can be favorable parameter to indicate the condition
of the liquid dielectrics. Akmal et al [227] have studied a correltaion between
the increment of capacitance at low frequency and ageing condition of
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insulating liquid. Then from the study in [229], ac conductivity(c) can
correlate with the low frequency dispersion (change of real capacitance (AC))
with the following expression (3.6).

-b(™)

AC =A(T)xexp ° (3.6)

Where A, b are constant and depends on the temparature and electrode
material. Therefore an investigation has been done for correlating the Low
frequency dispersion characteristics and dielectric dissipation factor for
different samples in section 3.4.5.

3.4. Preparation of Nanofluids & Experimental Procedures

In this work, nanofluids have been prepared by mixing up the nanoparticles
with the base oil using the steps as depicted in Fig. 3.1. A beaker filled with
400ml of base fluid (mineral Oil/FR3) with 80 mg of surface modified using
(5 ml of ethanol as dispersant and 2ml of oleic acid as surfactant)
nanoparticles (TiO2/Al,O3) was subjected to prepare a nanofluid
concentration of 0.2g/l. Using a magnetic stirrer, mechanical agitation of
nanoparticles was continued upto 45 minutes @ 1200 rpm. Next, the mixture
was placed within an ultrasonic probe sonicator for sonication process and
kept for 6 hours. During the sonication process, the sample was allowed to
relax for 30 minutes after every 2 hours. After sonication process, it was
observed that, few microbubbles were formed within the mixture. In order to
remove these microbubbles, the mixture was heated at 50°C for 30 minutes in
a controlled oven followed by vacuum in a chamber at less than 1kPa for
about 2 hours. After that, the mixture was allowed to settle down for a period
of 2 hours to reduce the thermal agitation of the nanofluids which is
introduced during the ultrasonic sonication process. The nanofluids thus
prepared were then used for experimental purpose. In the present work, FDS
has been conducted within 24 hours after preparation of nanofluids to avoid
significant agglomeration. According to variation of base oil and mixing
particles, the nanofluids are categorized, although the preparation techniques
remained the same. It should be mentioned here that, the diameter
distribution of both types of nanofluids has been estimated through using
DLS instrument [230]. The typical diameter size of both types of
nanoparticles in the prepared nanofluid has been shown in the Fig. 3.2. It may
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be observed from Fig. 3.2 that, the typical variation of nanoparticle diameter
is from 40 nm to 80 nm.

[

I

I

I Weighing of

I Nano-particles I
| I
| I
| I
\ Preparations at Vacuum Ultrasonic Sonication with I

Chamber for Degasing Probe Sonicator 2

Fig. 3.1. Preparation of nanofluids.

Nonseparation of the constituent parts like nanoparticles of the composite
liguid matrix may be ensured by reducing the possibility of the
agglomeration of the nanoparticle in the liquid. This can be achieved by
preparing the nanofluid in the presence of surfactant like oleic acid but using
oleic acid the preparation may face difficulties in the sonication process. This
difficulty can be overcome with the use of ethanol which performs as
dispersant. So, uniform and stable nanofluid can be prepared with proper
sonication and stirring time in addition of surfactant and dispersant [231].
After the preparation of stable hybrid nanofluids, the electrode setup was
dipped into the samples for the dielectric experiments and viscosity
measurement. Then, dielectric properties of the hybrid nanofluids were
investigated through conducting PDC and FDS measurements employing
DIRANA™ and IDAX 300, respectively (as shown in Fig. 2.14 and Fig.
2.15, respectively).

-58-



Investigations on Dielectric Properties of Biodegradable Oil Based Composite Insulation in HV
Equipment

Statistics Graph (1 measurements)

Number (Percent)

1 10 100 1000 10000
Size (d.nm)

B riean with +-1 Deviation error bar|

Fig. 3.2. Estimation of diameter distribution of nanoparticles in nanofluid through DLS
instrument.

The PDC measurement was conducted on various voltage stages (50V,
100V, 150V, 180V and 200V) whereas the voltage magnitude for FDS
measurement was fixed at 140Vns. Both the measurements were conducted
at 25°C, 50°C, 60°C, 70°C and 80°C to have a clear idea about the temperature
effect on their dielectric properties.

3.5. Results & Discussion

3.5.1. Estimation of Viscosity
Viscosity measurement can help to investigate the binding effect of the
nanoparticles with the base oil. Table 3.1 shows the corresponding values of
viscosity of the prepared samples.
Table 3.1. Results from Viscosity measurement of prepared dielectric samples at 25°C.

Samples Viscosity Samples Viscosity
(cP) (cP)
MO 13 VO 50
MO+TiO, 14.58 VO+TiO, 51.42
MO+Al,0;4 15.06 VO+AI,0s 53.58

It may be observed from Table 3.1 that, viscosity has been increased by
dispersing nanoparticles in the base liquid dielectric. The nanoparticles
increase the surface area of interaction between the solid particles and base
oil [232]. Another important observation i.e. hydrophilic nanoparticles form
a thicker water-absorbing layer has been occurred in the nanofluids which
further increase the viscosity of base oil. Although TiO: is more hydrophilic,
its poor compatibility and higher aggregation tendency in non-polar oils may
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lead to lower viscosity enhancement than Al:Os, which disperses better and
interacts more uniformly with the oil medium [232].

3.5.2. DC Conductivity for different samples with varying
temperature

From the PDC measurement, polarization and depolariztion current for
MO is shown in Fig. 3.3. Hence, the dc conductivity of each sample can be
calculated by (Chapter 1, Equation 1.17). Calculated conductivity for
different nanofluids (for mineral oil and vegetable oil base) at 25°C, 50°C,
60°C, 70°C and 80°C have been shown in Fig. 3.4a and 3.4b, respectively.

From the Fig. 3.4a and 3.4b, it can be observed that, conductivity increases
with temperature.
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Fig. 3.3. Polarization and depolariztion current of mineral oil.
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Fig. 3.4. Conductivity at different temperatures of (a) MO and its nanofluids and (b) VO and its
nanofluids.

It is due to the fact that conduction current mainly is caused due to free
charge present in the dielectric. Further, with increasing temperature, more
number of free charge gain high thermal energy to enter into the conduction
band which in turn increases the conductivity. Further, it has been observed
that, at higher temperature, by dispersing nanoparticles, dc conductivity has
been reduced for mineral as well as vegetable oil. Alumina based nanofluids
exhibit enhanced dc conductivity among all prepared samples. This
observation is due to the fact that, nanoparticles have the tendency to trap the
electrons on the surface on it. This reduces the number of particles taking
participate in the conduction i.e. conductivity reduces.

3.5.3. Estimation of Activation Energy

Thereafter, to estimate activation energy, /n(c) has been plotted against
inverse of temperature in Kelvin for different prepared samples as shown in
Fig. 3.5. From the slope of the curve, activation energy has been estimated
employing (3.4) and measured values have been shown in Table 3.2.
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Fig. 3.5. Graph for calculating the activation energy for different samples.

Table 3.2. Activation energy of nanofluids based on Mineral oil and Vegetable oil

samples Activati_on Sampl Activati_on
Energy in eV amples Energy in eV

MO 0.36 VO 0.39

MO+TiO, 0.22 VO+TiO, 0.26

MO+AI,O3 0.28 VO+AILL,O3 0.25

It can be observed from Table 3.2 that, vegetable oil has highest activation
energy among all prepared samples. However, presence of nanoparticles in
the base oil degrades the activation energy. This may be due to the fact that,
bond between nanoparticles with the base molecule increase the rate of
molecular interaction [232]. The nanoparticles become negatively charged
when it traps the electrons from base oil and have electrical double layer
repulsion force. This repulsion forces are responsible for the increment in
reaction rate further reduce the activation energy. It should be mentioned here
that, by evaluating the activation energy of the insulating samples, the
remaining life of the insulation can be predicted.
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3.5.4. Nonlinearity Study in Dielectric Response Current

From the PDC experiment, the conduction current is calculated by the
difference between polarization and depolarization current. However, it
should be stated here that, the effect of conduction current is negligible
during polarization when the magnitude of applied voltage is less than 100V,
since the charge inoculation from the HV electrode is insignificant at a stress
less than 1 kV and insulation considered as linear system. When the voltage
applied crosses 100V, significant deviancy between polarization current and
depolarization current can be noticed, which is due to the presence of non-
linearity inside the dielectric. The main reason for this non-linearity of the
insulating medium is the injection of the space charge close to the electrodes
at the time of polarization [105]. The amassing of space charges near the
electrodes leads to the space charge polarization and moves through the bulk
of insulating material. This phenomenon of charge amassing and amputation
of space charges (through holes and electrons) are considered as non-linear
matter which is related to the change in voltage magnitude [105]. Since the
amassing and exclusion of space charges are mainly influenced by the
condition of dielectric, these non-linear phenomena can be utilized as
decisive factors for the assessment of insulation condition. Therefore, the
non-linearity of the dielectric medium can be studied with the expression
presented in (3.7).

| =aVv’ (3.7)

cond

Here, lcond @and V indicate the conduction current and the applied voltage,
respectively. Further, it can also be stated that (3.7) behaves like a linear
equation for b is equal to 1, which dictates that the insulation can be
stipulated as a linear system for the unity value of b.

A major issue in the transformer insulation is that, in their composite
insulation, both hydrophobic (oil) and hydrophilic (paper) materials are
presents. When the temperature elevation is higher, the moisture migration in
between those two materials will occurs which further hamper the moisture
equilibrium state of transformer. Moreover, there are many studies [82]
which states that relaxation current is very sensitive to the temperature
elevation. This is due to the fact that with temperature elevation charge

-63-



Chapter 3

mobility is increased which in turn leads to impose the non-linearity on PDC
measurement.
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Fig. 3.6. Variation of conduction current with applied voltage of MO its nanofluids.
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Fig. 3.7. Variation of conduction current with applied voltage of VO and its nanofluids.

The conduction current at 25°C for all the nanofluid samples along with
their base oils were recorded at five different voltage levels i.e. 20V, 50V,
100V, 150V and 200V, from the polarisation and depolarisation current
measurements. Fig. 3.6 shows the conduction current for for mineral oil and
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its nanofluids with the aforemention voltage levels and Fig. 3.7 is same for
natural ester based oil and its nanofluids respectively. From Table 3.3, it can
be observed that, nonlinearity in conduction current is maximum for mineral
oil. However, by dispersing nanoparticles nonlinearity in conduction current
can be reduced. Alumina nanofluid for both oil has shown more linear

behaviour.

Table 3.3. Non-linearity parameters for different samples.

MO+ MO+ VO VO+ VO+

MO TiO, ALO; TiO, AlLOs

a | 2.63E-14 | 3.21E-13 8.76E-12 1.12E-10 | 7.69E-11 3.87E-11

b 1.744 1471 1.186 0.9462 0.9298 0.9577

3.5.5. Dielectric Dissipation Factor

Using IDAX 300 , dielectric dissipation factor (tand) were obtained
through FDS measurement for both the pure oil as well as the nanofluids.
The variations of tand of mineral oil along with the mineral oil based
nanofluids (MO+AI,Os and MO+TiO,) at 25°C, have been shown in Fig. 3.8.
In the case of vegetable oil (VO), the tand profiles of VO and both the
nanofluids (VO+Al,Oz and VO+TiO,) at 25°C have been shown in Fig. 3.9.
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Fig. 3.8. Variation of tand for pure MO and nanoparticle-based MO at 25°C.
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3.5.5.1. Effect of Nanoparticles on tand

It may be observed from Fig. 3.8 that the tand profile of both pure mineral
oil as well as nanofluids (MO+AIl,O; and MO+TiO;) decreases as the
frequency increases. The decrement of zand value with increasing frequency
may be due to the fact that as the frequency of the excitation voltage
decreases, the time period increses. Therefore, the dipoles as well as the free
electrons in the dielectric are under the influence of a particular polarity in
the applied field for a longer time. This fact drives the dipoles to align more
toward the applied field. Like the dipoles, electrons also get sufficient time to
move towards the anode. The above two processes enhance the interactions
due to the alignment of dipoles and the movement of the electrons towards
anode. The interactions result in increment of frictional loss and hence
dielectric dissipation factor (zand) [224]. It may also be observed that the zand
value of nanofluid (MO+TiO) is higher than the corresponding value of pure
MO at higher frequency range. This may be due to the unbalaced crystal
structure of TiO, nanoparticles. The molecular structure of TiO;
nanoparticles has been shown by Fig.3.10. It may be observed from Fig.3.10
that the interactomic distance between one Ti-O atom is nearly 1.988A,
whereas the distance between another Ti-O bond is around 1.944A [26]. This
unbalance structure of the TiO; nanoparticles develop the strong polarization
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characteristics in the crystal [233]. It is reported in [233] that the relaxation
times of polar crystal, TiO, typically ranges from 10® to 103 s. Therefore,
the unbalanced structure of TiO, molecules in crystal takes part in
dipolar/ionic polarization during FDS near to kHz range. This explain the
polarization process at higher frequency range, which causes large intractions
due to the polar crystal TiO2 in nanofluids that results in higher value of tand
at higher frequency range.

On the other hand, It may be observed from Fig. 3.8 that the tané value of
nanofluid (MO+TiO;) at lower frequency range is lower than the
corresponding value of pure MO. Sun et al reported that the relative
permittivity of nanofluid decreases if the nanoparticle concentration (TiO,) in
mineral oil is higher than 0.06g/l [233]. This may be due to the presence of
hydroxyl group at the surface of the nanoparticles. It is to be mentioned that
Ti atom has affinity to the hydroxyl (OH") group (present within the water
molecules in nanofluids) [234]. Therefore, application of strong electric field,
which persists for longer time (i.e at lower frequency) causes development of
a bond with the hydroxyl (OH") group (as shown in Fig.3.11). Sun et al
reported that the hydroxyl group (on TiO; crystal) makes loose bonding with
the cellulosic chains (in mineral oil) which weakens the polarization
capability of the nanoparticles at lower frequency range [233]. Another
theory (the three core model) proposed by Tanaka [235] says that the third
core may slowly develop bindings with the existing oil molecules, which in
turn reduces the polarization capability of the nanofluid. This in turn reduces
the corresponding tand value as the reduction of polarization process
decreases the interactions among the dipoles during FDS measurement.

1.988 A :
\‘/TI %tom

D

1.944 A

Fig. 3.10. Typical crystal structure of TiO, nanoparticles [236].
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It may also be observed from Fig. 3.8 that the tand value of nanofluid
MO+AI,Os is higher than the correponding value of pure mineral oil
throughout the entire frequency range of 1 mHz to 1 kHz. Mansour et al
reported that unlike TiO,, Al,Os absorbs H* ions from the water molecules,
which creates a bond with its O atom [234] (as shown in Fig. 3.11). This
phenomenon results in development of dipoles through the bonding created
by O-H. The development of the dipole at the surface of Al;O3 results in
strong polarization characteristics, which is active during FDS measurement.
The development of strong polarization chracteristics of nanofluid
(MO+AI,03) results in higher frictional loss during FDS measurement, which
in turn enhances value of tand.

Al OH"~
o

Al
O—H"

Al

SN\ S/
NN/

O
\H+

Fig. 3.11. Formation of bonding with water molecules in nanofluids [224].

It may be observed from Fig. 3.9 that unlike MO, the tand values of both
the nanofluids are lower than the corresponding value of vegetable oil
throughout the entire frequency range from 1 mHz to 1 kHz. Li et al reported
that VO is a weak dielectric material [237]. Therefore, under applied electric
field, the polarization current becomes lower than the corresponding value of
conduction current. It is well known fact that the free electron in the
dielectric material is responsible for the conduction current. This conduction
current generally determines the fand value in the biodegradable vegetable
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oil. However, for nanofluids, the nanoparticles (Al,Os and TiO,) dispersed
within VO gets polarized under the applied field [237]. This polarized
nanoparticles trap the free electron under applied field during FDS
measurement [237]. This trapping of highly mobile free electrons results in
reduction of free electron cocentration within the vegetable oil and develops
negetively charged nanoparticles. The mobility of these negetively charged
nanoparticles are lower in comparison with the free electrons. This in turn
reduces the magnitude of the conduction current through the nanofluids
during FDS measurement. The reduction of the conduction current decreases
the corresponding tand value of the nanofluids in comparison with the pure
VO as observed from Fig. 3.9.

3.5.5.2. Effect of temperature on dielectric parameter

In order to investigate the effect of temperature on the dielectric properties
of VO, MO and the nanofluids, corresponding tano profiles have been
evaluated from FDS measurement performed at 25°C, 50°C, 60°C, 70°C and
80°C respectively.

3.5.5.2.1. Effect of Temperature on tand for Pure Qil

The variation of zand profiles of pure mineral and vegetable oil at 25°C,
50°C, 60°C, 70°C and 80°C have been shown in Fig. 3.12 and 3.13,
respectively. It may be observed from Fig. 3.12 and 3.13 that the tand values
(for entire frequency range of 1 mHz to 1 kHz) for both the pure mineral and
vegetable oil increase with temperature. Setayeshmehr et al. reported that
increment of temperature enhances the activation energy within the oil
molecules [238]. Therefore, the conduction current of the dielectric material
increases with temperature. This leads to increment of the conduction loss
which in turn results in subsequent increment of tand value.
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Fig. 3.12. Variation of zand for pure MO at different temperatures
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Fig. 3.13. Variation of fano for pure VO at different temperatures.
3.5.5.2.2. Temperature Effect on tand for Nano Particles Based Mineral Qil

The variation of tand profiles of both the mineral oil based nanofluids
(MO+TiO; and MO+AI,0s) at 25°C, 50°C, 60°C, 70°C and 80°C have been
shown in Fig. 3.14 and 3.15, respectively. An interesting fact can be observed
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from Fig. 3.14 the variation of tand profiles at the above-mentioned
temperatures. The and values at 50°C for MO+TiO, are closer to the
corresponding values at 25°C at higher frequency range, whereas the tané
values at 50°C are lower than the corresponding values at 25°C at lower
frequency ranges. On the other hand, reverse pattern can be observed at 70°C.
The tand values at 70°C are higher than the corresponding values at 25°C
throughout the entire frequency range. The same pattern is followed for the
tand values at 80°C, since with temperature increment activation energy has
been increased which leads to the increment of dielectric loss.

In the case of MO+AI,Os3, same pattern of tané profiles at 25°C, 50°C and
70°C is followed like MO+TiO,. The fand values at 50°C are lower than the
corresponding values at 25°C throughout the entire frequency range. On the
other hand, the ¢tané values at 70°C are higher than the corresponding values
at 25°C though the differences are relatively lower unlike MO+TiO,.This
may occur due to de-trapping and bonding phenomena of charges in
nanofluids. It is reported in [239] that, the magnitude of detrapped charge in
the case of the nanofluids become maximum if the temperature is nearly
25°C. On the other hand, the rate of change of detrapped charge decreases as
the temperatures increases further [239]. Therefore, the number of detrapped
charges does not change significantly as the temperature increases beyond
25°C. These detrapped charges make bonds with nanoparticles as reported in
[239]. As the temperature increases beyond 25°C, the number of free charges
within nanofluids decreases due to the higher rate of bonding with
nanoparticles than the rate of generated detrapped charges. This phenomena
result in reduction of interactions during FDS. This reduction of interaction
leads to decrease in overall dielectric loss and consequently, the zand value
when temperature rises from 25°C to 50°C. As temperature increases further,
the thermal conductivity of the charges become significant which then plays
the major role to determine the values of tand. As reported in [240], the
enhancement of thermal conductivity of nanoparticles may be due to
primarily four reasons (Brownian motion of nanoparticle, liquid layering,
nanoparticle aggregation, radiative heat transfer). Increase in thermal
conductivity in turn, enhances the overall dielectric loss, which results in
increase of corresponding tand values. Therefore, tand value for both the
nanofluids (MO+AIl,O; and MO+TiO,) increases due to increase in
temperature from 50°C to 80°C, as observed in Fig. 3.14 and 3.15.
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Fig. 3.14. Variation of tand for pure MO with TiO, at different temperatures.
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Fig. 3.15. Variation of tand for pure MO with Al,O; at different temperatures.
3.5.5.2.3. Temperature Effect on tand for Nano Particles Based Vegetable Oil

In the case of VO based nanofluids, the variation of zand profile at
different temperatures has been shown in Fig. 3.16 and 3.17, respectively. It
may be observed from Fig. 3.16 and 3.17 that the tand value increases as the
temperature increases for both the nanofluids (VO+TiO; and VO+AI,053).
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Fig. 3.16. Variation of tand for pure VO with TiO, at different temperatures.

In the case of VO, free electrons are primarily responsible for the dielectric
current under applied electric field, which contribute to fand value. Besides,
dispersion of nanoparticles (TiO2 and Al;O3) in VO traps the free electrons
which results in reduction of tand value in comparisons with the
corresponding values for pure VO. However, as the temperature increases,
the trapped electrons acquire thermal energy. If the acquired thermal energy
becomes higher than the energy required to de-trap, then the trapped
electrons are released. For both the nanofluids (VO+TiO, and VO+AI;03),
the concentration of free electron becomes higher as the measurement
temperature increases. Therefore, the conduction currents of the nanofluids
increase with tempeature, which in turn enhances the value of corresponding
tand. This fact has been reflected in Fig. 3.16 and 3.17, respectively. The tano
profiles of both the nanofluids (VO+TiO, and VO+Al,O3) are higher with
temperature.
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Fig. 3.17. Variation of tand for pure VO with Al,O3 at different temperatures.

Table 3.4. Percentage changes of tan Delta value at power frequency (50Hz) for different

temperatures.

Dielectrics tand vglue % changes of tand value
at25C 50°C 60°C 70°C 80°C
MO 0.039 181 454 495 637
MO+ TiO, 0.066 011 116 372 466
MO+ Al,O4 0.087 021 018 165 173
VO 0.072 252 877 950 967
VO+TiO, 0.042 127 293 463 542
VO+AI,04 0.046 183 288 386 412

Moreover, the changes of the fand values with temperature of the pure oils
and nanofluids at power frequency range have been evaluated at power
frequency (50 Hz) for comparison purpose and are tabulated in Table 3.4. It
may be observed from Table 3.4 that the percentage changes of tand values at
different temperatures due to dispersion of nanoparticles in both mineral and
vegetable oils are lower in comparison with the pure oils. This facts illustrate
that that presence of nanoparticles in oils reduces the dielectric loss and
improves the dielectric properties.

-74 -



Investigations on Dielectric Properties of Biodegradable Oil Based Composite Insulation in HV
Equipment

3.5.6. Correlation between Dielectric Dissipation loss and LFD
of Real Capacitance

From the FDS measurement the real capacitance of each sample has been
obtained. The variation of real capacitance of MO and VO with their
nanofluids at 25°C has been depicted in Fig. 3.18 and 3.19 respectively.
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Fig. 3.18. Variation of real capacitance for pure MO and nanofluids.
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Fig. 3.19. Variation of real capacitance for pure VO and nanofluids.
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This study proposes an empirical equation (3.8) to describe the relation
between tand and low frequency dispersion i.e. change in real capacitance.

tans =axAC” (3.8)

Where parameter a and b are depends on the electrode materials,
temparature and types of liquid dielectric. These parameters are obtained
through nonlinear regression method with R%>0.95 and are presented in table
3.5. Change of real capacitance vs tano curve for measured value and values
obtained from the proposed model have been plotted for different prepared
samples in Fig. 3.20. As ac conductivity is lower at low frequency and rise in
temparature, electrode polarisation has been reduced owing to reduction in
ionic hopping time.
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Fig. 3.20. Change of tand against change in real capacitance in MO, VO and their nanofluids.

Table 3.5. Parameters of proposed model for correlating zand and LFD of real capacitance.

Dielectrics a b Dielectrics a b
MO 3.156E+6 1.0532 VO 4863 0.3979

MO+ TiO, 1452 0.3445 VO+TIO, 3767 0.4069

MO+ Al,O4 44.79 0.1876 VO+ALLO; 260.8 0.2866
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Again different dielectrics show diverse adsorption behaviour i.e. liquid
electrode interface which may hinder the electron transfer, as a consequence
the test samples may have different electrode polarisation effect hence LFD
of real capacitance is lower. The pattern of changing rand losses with LFD of
real capacitance for different dielectric can be observed by the parameter
values at Table 3.5 and in the Fig. 3.20. For same AC and same temparature,
tano losses are higher in case of nanofluids based on mineral oil due to strong
polarisation effects. But in the case of vegetable oil based nanofluids, the
reverse phenomenon has been observed. The reason behind the fact is
trapping of highly mobile free electrons which results in reduction of free
electron cocentration within the vegetable oil and develops negetively
charged nanoparticles.

3.6. Inference

In the chapter, semi-conducting nanoparticle, TiO, (titania), and a non-
conducting nanoparticle, Al,O; (alumina), based nanofluids have been
prepared in laboratory for investigation of their dielectric properties. From
experimental measurements and analysis, it was observed that the
conductivity of Alumina nanofluids based on mineral oil nominally increased
with increase in applied voltage is higher than the conductivity of Titania
nanofluids based on mineral oil which increased slightly with applied
voltage. In the case of natural ester-based oil (FR3) as base oil, Alumina
nanofluids showed the same nature. It was also observed that the mineral oil
shows much non-linear behaviour and with addition of nanoparticles, the
degree of non-linearity can be improved with reduceing the value of the
parameter ‘b’ comes close to the value of unity. Alumina based nanofluid
based on mineral oil provide better linear property than Titania based mineral
oil. But there is no such improvement in nonlinearity in case of addition of
nano particle with natural based ester oil. It may be observed from the
reported results that the presence of Al,Os (alumina) in mineral oil increases
corresponding tand values, whereas dispersion of TiO; (titania) decreases the
corresponding tano values compared to pure mineral oil. On the other hand, a
reverse phenomenon has been observed for vegetable oil. It has been
observed that the presence of alumina in vegetable oil reduces the zand values
while comparing with the titania-based vegetable oil. Moreover, the FDS
have been conducted at 25°C, 50°C, 60°C, 70°C and 80°C respectively, on
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pure mineral and vegetable oils and nanofluids to investigate the effect of
temperature on their dielectric properties. It has been observed that the zand
values at each frequency increases for both the pure mineral and vegetable
oils with tempearture. In the case of mineral oil based nanofluids, a peculiar
behaviour has been observed with increasing temperature from the
corresponding tand profiles. As the temperature increases from 25°C to 50°C,
tand values decreases and again increases as the temperature is raised to 70°C
and higher. In the case of VO based nanofluids, the fand values increase with
the tempearture monotonically. Besides the investigations on LFD to
calculate AC can provide an idea about aging of the insulation. For same AC
and same temparature, tand losses are higher in case of nanofluids based on
mineral oil but in the case of vegetable oil based nanofluids, the reverse
phenomenon has been observed.

From the detailed discussion about the comparative study on the dielectric
properties of nanofluids with mineral and vegetable oil, it can be inferred
that, by dispersing nanoparticles dielectric properties like dc conductivity,
nonlinearity in conduction current, tano profile can be improved. However,
activation energy of the nanofluids are found to be decreased. Further, there
is a increase in viscosity after dispersing nanoparticles which is not desirable.
Considering these facts, further investigation is needed for searching the new
class of insulation. Therefore, in the next chapter, hybrid nanoparticles have
been dispersed and their corresponding nanofluids are subjected to the
dielectric experiments.
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Chapter 4

Hybrid Nanofluids: Dielectric Characteristics
Investigations by Dielectric Spectroscopy

4.1. Introduction

From the previous chapter, it has been found that, dispersion of
nanoparticles in mineral and vegetable oil can enhance some dielectric
properties like dc conductivity, tand etc. but fails to improve viscosity,
activation energy etc. In addition, according to the fact stated in [241, 242],
Al;03 (Alumina) shows enhanced stability in oil but lacks to provide good
thermal properties and having lower breakdown strength. Moreover, TiO;
(Titania) based nanofluids shows the better result in terms of improving
breakdown strength [243, 244]. Further, with the higher temperature, TiO»
based nanofluids also show better dielectric properties [244]. Furthermore,
hybrid nanofluid based on alumina, titania and silicon dioxide dispersing in
water improve viscosity [245]. From the literature [246], it can be noticed
that employing fly ash-Cu hybrid nanoparticle improves the thermophysical
properties like thermal conductivity, specific heat of the water. In case of oil
filled transformers, CTs, PTs, circuit breakers, bushings cables and
condensers, mineral oil has been used for insulation and cooling purposes.
However, it has some detrimental drawbacks like very prone to fire hazards,
higher electrical conductivity, non-biodegradability etc. So, hybrid nanofluids
can be a good replacement of the mineral oil as next generation insulation
which can be used in the aforementioned application. It should be mentioned
here that, there are many researches investigating electrical, thermal,
chemical properties of nanofluids with a single nanoparticle can be found.
However, there are very few researches on the dielectric behavior of the
hybrid nanofluids as an insulating medium of the transformer.

Considering this fact, in this chapter, Al,O; (Alumina) and TiO; (Titania)
have been chosen to prepare hybrid nanofluid dispersing on either mineral oil
or vegetable oil. In this study, an effort has been made to prepare a stable
biodegradable hybrid nanofluids and investigate their dielectric properties
besides comparing with virgin mineral and vegetable oil.
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4.2. Preparation of Nanofluids & Experimental Procedures

In this study, hybrid nanofluids (i.e. mixing of two different types of
nanoparticles in either mineral oil or in vegetable oil) were prepared using the
following procedure as shown in Fig. 4.1. For the preparation of hybrid
nanofluids, 80 mg of surface modified TiO, and Al>O3z nanoparticles were
mixed in three proportions (i.e. 30 mg TiO. with 50 mg Al,Os, 40 mg TiO>
with 40 mg Al;O3; and 50 mg TiO, with 30 mg Al;Os as referred in Table
4.1).

Weighing of * /Mixing of Hybrid l
Nano-particles " Nano Particles in
base oil I

Base Oil

\ Preparations at Vacuum Ultrasonic Sonication with
\Chamber for Degasing Probe Sonicator /

Nanofluids

Fig. 4.1. Preparation of hybrid nanofluids.

Thereafter, those mixed nanoparticles were dispersed within either 800ml
of mineral oil or 800 ml of vegetable oil. This mixture was stirred by a
magnetic stirrer at a speed of 1200 rpm for 45 minutes to prepare a hybrid
nanofluid concentration of 0.1 g/l. Next, ultrasonic probe sonicator was used
for 6 hours for sonication process of the mixture. In the preparation of the
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nanofluids, 2ml of oleic acid was used as surfactant for surface modification.
As reported in [231], a combination of magnetic stirring and ultra-sonication
with surface modified nanoparticles can provide stable nanofluids. During the
stirring and sonication process, some microbubbles were formed which need
to be eliminated for the sake of clear investigation of their dielectric
characteristics. For this purpose, the mixture was subjected to a vacuum
chamber at less than 1 kPa for about 2 hours followed by heating at 50°C for
1 hour. After the preparation, the mixture was allowed to relax for 2 hours
before conducting experiment.

Table 4.1 Nomenclature of the hybrid samples according to the proportion of the nanoparticles

Nanoparticle Proportions 5 . Nomenclature

Tio, AlLO; ase Oil

30 mg 50 mg MOAS5T3
40 mg 40 mg Mineral Oil MOA4T4
50 mg 30mg MOA3T5
30 mg 50 mg VOA5T3
40 mg 40 mg Vegetable Oil VOAA4T4
50 mg 30mg VOA3TS

In order to study the uniformity of the nanoparticles throughout the base
matrix, the diameter distribution of the prepared hybrid nanoparticles was
evaluated by DLS instrument [247]. The diameter distribution of the
nanoparticles in the base oil was typically from 40 nm to 80 nm as shown in
Fig. 4.2. This fact from the particle size distribution measurement indicates
that nano particles are uniformly dispersed within the base liquid dielectric
and can be subjected to PDC and FDS measurement to get proper condition
assessment.

Diameter Distribution

Number (%)
O ENWLRNR

[

10 100
Size (nm)

Fig. 4.2. Diameter distribution of nanoparticles in nanofluid through DLS instrument.

After the preparation of stable hybrid nanofluids, the electrode setup was
dipped into the samples for the experiments. Dielectric properties of the
hybrid nanofluids were investigated through conducting PDC and FDS
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measurements employing DIRANA™ and IDAX 300, respectively (as shown
in Chapter 2: Fig. 2.14 and Fig. 2.15, respectively). The PDC measurement
was conducted on various voltage stages (50V, 100V, 150V, 180V and
200V) whereas the voltage magnitude for FDS measurement was fixed at
140Vms. Both the measurements were conducted at 25°C, 40°C, 50°C, 60°C,
70°C and 80°C to have a clear idea about the temperature effect on their
dielectric properties.

4.3. Results & Discussion

4.3.1. Estimation of Viscosity

Table 4.2 represents the corresponding values of viscosity of the prepared
hybrid nanofluids comparing with pure oils and their nanofluids with single
nanoparticles.

Table 4.2 Results from Viscosity measurement of prepared dielectric samples at 25°C

Samples Viscosity Samples Viscosity
(cP) (cP)
MO 13 VO 50
MO+TiO, 14.58 VO+TiO, 51.42
MO+AI,O3 15.06 VO+AIL0;4 53.58
MOAS5T3 15.52 VOA5T3 53.28
MOA4T4 15.01 VOA4T4 52.61
MOA3T5 13.25 VOA3T5 50.84

It may be observed from Table 4.2 that, viscosity of the nanofluids can be
reduced by introducing hybrid nanoparticles in the base liquid dielectric
instead of single nanoparticle. Moreover, higher amount of titania in the
hybrid nanoparticles ensure lower viscosity among the nanofluids. The
observed reduction in viscosity with higher Titania content may be attributed
to multiple factors:

a) Particle morphology and interaction: Titania nanoparticles used in
hybrid oil may have exhibited lower surface interaction or better dispersion in
the base oil, resulting in less hindrance to fluid flow compared to the hybrid
oil having higher Alumina.

b)  Stability and sedimentation: Although Titania has a higher density,
the hybrid formulation may have enhanced stability due to synergistic
interactions between AlOs and TiO, reducing agglomeration and improving
dispersion.
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4.3.2. Estimation of DC Conductivity

From the PDC measurement, the dc conductivity of each sample can be
estimated by (Chapter 1: Equation (1.17)). Calculated conductivity for
different hybrid and single nanofluids (for mineral oil and vegetable oil base)
at 25°C, 40°C, 50°C, 60°C, 70°C and 80°C have been shown in Fig. 4.3 and
Fig. 4.4, respectively. From the Fig. 4.3 and Fig. 4.4, it can be observed that
conductivity increases with temperature. It is due to the fact that conduction
current mainly is caused due to free charge present in the dielectric. Further,
with increasing temperature, more number of free charge gain high thermal
energy to enter into the conduction band which in turn increases the
conductivity. From the Fig. 4.3, it can also be observed that the rate of the
increment of conductivity for hybrid nanofluid reduces with temperature
increment (upto 80°C) when amount of TiO; is higher than the amount of
Al;O3 (for MOAS3TS5). Presence of Al.Oj; attracts moisture and O atom (in
Al;O3) in the alumina has an affinity towards the H* ions present in the
moisture and produces hydroxyl group (OH") [233]. It has also been reported
in [25] that, Ti atom has higher affinity to the hydroxyl group (OH") which is
produced by Al,Os present in hybrid nanofluids as shown in Fig. 4.5. This
bonding makes an obstacle which may trap the free electrons moving towards
anode. As the amount of TiO increases, bonding with hydroxyl group
increases which in turn enhances the obstacles. As a consequence, reductions
of the mobility of those free electrons which results in reduction of the
conductivity [234]. Again, it should be mentioned here that, when
nanoparticles trap the free electrons, become negatively charged particles
whose mobility is lower than the free electrons which reduces the
conductivity. Further, MOA4T4 composition may offer an enhanced
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Fig. 4.3. Conductivity at different temperatures of mineral oil-based hybrid nanofluids.
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Fig. 4.5. Formation of bonding between nanoparticles through hydroxyl ions.

interfacial charge transport mechanism, where the mixed oxide interface
promotes higher electron hopping or ionic conduction pathways compared to
other samples. For the vegetable oil based nanofluids, presence of alumina
shows better result in the case of conductivity not only in hybrid nanofluids
but also in single nanofluid. As reported in [237], VO is a weak dielectric and
moisture ingression is higher than mineral oil resulting a greater number of
free electrons present in the vegetable oil. This fact leads to higher
conductivity than mineral oil-based dielectric. It is reported in [233] that, the
presence of alumina can attract H* ions from moisture and make hydroxyl
ions. So, higher amount of alumina can produce more hydroxyl ions. These
ions further attached with Ti atom and restrict the movement of free charges.
Further, it can be observed that high amount of alumina with titania i.e.
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VOAAT4 and VOAST3 shows better result than single nanofluid with
alumina. This is due to the bonding of Ti atom to OH" ions as shown in Fig.
4.5,

4.3.3. Estimation of Activation Energy

Moreover, to calculate activation energy, /n(s) has been plotted against
inverse of temperature in Kelvin for different prepared samples as shown in
Fig. 4.6. From the slope of the curve, activation energy has been calculated
employing (3.4) (discussed in Chapter 3: Section 3.4.3) and measured values
have been shown in Table 4.3.

— MO A3T5
el MO A4T4

MOAST3
=22 e VOA3TS5
z el VO A4T4
a VOAST3
-24
~
L6t
s
N \\
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Fig. 4.6. Graph for calculating the activation energy for different samples.

Table 4.3 Activation energy of nanofluids based on Mineral and Vegetable oil

samples Activati_on Sampl Activati_on
Energy in eV amples Energy in eV

MO 0.36 VO 0.39
MO+TiO, 0.22 VO+TiO, 0.26
MO+AI,0; 0.28 VO+AI,O3 0.25
MOA3T5 0.35 VOA3T5 0.35
MOA4T4 0.44 VOA4T4 0.43
MOA5T3 0.52 VOA5T3 0.50

It can be observed from Table 4.3 that, presence of high amount of
alumina in hybrid nanofluids offers more activation energy than other
dielectric samples. This is due to the fact that more alumina may offer strong
bonding with titania through OH" ions for both base fluids. So, to overcome
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this potential barrier, more energy is needed hence offers more activation
energy. It is to be mentioned here that, the activation energy is an important
parameter for estimating the remaining life of the insulation.

4.3.4. Study on Non-linearity in Conduction Current

4.3.4.1. Effect of Voltage on Non-linearity

For investigating the linearity of the prepared dielectrics, lcong at 25°C have
been depicted for MO and VO based hybrid nanofluids as shown in Fig. 4.7a,
and 4.7b, respectively and have been fitted with (Chapter 3, Equation (3.7))
for different levels of applied voltage (50V, 100V, 150V, 180V and 200V).
Thereby, the value of the power (b) at the aforementioned voltage have been
calculated for all prepared samples and presented in Table 4.4.
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Fig. 4.7. lcong at various voltage level for (a) MO based and (b) VO based hybrid nanofluids.

Table 4.4 Parameters for Investigating the Non-Linearity for VVarious Samples Due to Voltage

Samples a b Samples a b
MO 2.63E-14 1.744 VO 1.12e-10 1.346
MOT 3.21E-13 1471 VOT 7.95E-10 1.281
MOA 8.76E-12 1.186 VOA 3.46E-11 1.233
MOA3T5 7.63E-12 1.369 VOA3T5 7.36E-12 1.089
MOA4T4 6.36E-13 1.285 VOAA4T4 2.56E-10 1.082
MOAS5T3 7.27E-11 1.085 VOA5T3 6.70E-12 0.792

From Table 4.4, it can be noticed that, mineral oil and vegetable oil exhibit
maximum nonlinearity. By introducing nanoparticles in the base matrix, the
degree of nonlinearity can be reduced. Moreover, more linear nature of
conduction current has been noticed by introducing hybrid nanoparticles.

4.3.4.2. Effect of Temperature on Non-linearity

For the study of non-linearity of the dielectric system owing to
temperature elevation, lcong at 200V have been plotted for MO and VO based
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hybrid nanofluids as shown in Fig. 4.8a, and 4.8b, respectively for different
levels of temperatures (25°C, 40°C, 50°C, 60°C, 70°C and 80°C).
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Fig. 4.8. lcond at various temperatures for (a) VO based nanofluids and (b) hybrid nanofluids.

Using regression method, the relationship between temperature and
conduction current has been established as presented in (4.1). Thereby, the
value of the power (d) is decided the degree of nonlinearity due to
temperature elevations which have been evaluated for all prepared samples
and presented in Table 4.5.
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| =cxe™ 4.1)

cond

Table 4.5 Parameters for Investigating the Non-Linearity for VVarious Samples Due to
Temperature

Samples c d Samples c d
MO 5.242e-14 0.083 VO 9.894e-12 0.050
MOT 4.638e-13 0.072 VOT 5.385e-12 0.044
MOA 4.563e-13 0.081 VOA 2.707e-13 0.073

MOA3T5 4.962e-12 0.035 VOA3T5 3.412-11 0.015
MOAA4T4 4.908e-12 0.059 VOA4T4  3.168e-12 0.041
MOA5T3 3.865e-12 0.062 VOAS5T3  1.915e-12 0.049

From Table 4.5 it can be observed that, the nonlinearity effect due to
temperature elevation can be reduced using hybrid nanofluids. This
improvement is due to the fact that, in hybrid nanofluids, a stronger bond has
been created in the surface of Titania and Alumina via hydroxyl ions as
shown in Fig. 4.5 [248]. Moreover, conduction current can be modelled with
simultaneous variation of voltage and temperature as presented in (4.2). The
corresponding conduction current is shown in Fig. 4.9. Here, A and B are
constants which depends on the insulating materials. From Fig. 4.9 it can be
observed that, with higher voltage and higher temperature more nonlinearity
of the conduction current has been noticed.

| =AVPxe (4.2)

cond
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Fig. 4.9. Conduction current with simultaneous change of voltage and temperature.
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4.3.6. Dielectric Dissipation Factor

4.3.6.1. Effect of Nanoparticles on tano

The FDS measurement employing IDAX 300 of Hybrid nanofluids based
on mineral oil and vegetable oil at 25°C have been compared with the single
nanoparticle based nanofluid as shown in the Fig. 4.10 and Fig. 4.11,
respectively. From the both Figures, it can be observed that, the dielectric
dissipation factor (tand) decreases with increasing frequency. It is obvious
due to the fact that, initially lesser number of dipoles are intending to allign
towards the applied field which gradually increases with time. So, at low
frequency, most of the dipoles are trying to take part in dipolar polarisation
and may interact with free electrons which increase the frictional losses hence
the dielectric loss.
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Fig. 4.10. Variation of tané for mineral oil based nanofluid at 25°C.
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Fig. 4.11. Variation of tand for vegetable oil based nanofluid at 25°C.

From the Fig. 4.10, it can also be observed that the tano profiles of mineral
oil based hybrid nanofluids show better result than the nanofluid consisting
single nanoparticle (from low frequency to power frequency range). Among
the mineral oil based hybrid nanofluids, 50% alumina with 50% titania
(MOAA4T4) shows least dielectric loss factor below power frequency range.
In the lower frequency range, nanoparticles are exposed to electric field for
longer time. So Ti and Al atoms gradually create a bond with water
molecules as shown in Fig. 4.5 as Ti and Al atom have their affinity to absorb
hydroxyl (OH) ion and H* ion, respectively in their surface[233]. Again,
electronegetivity of oxygen (O atom) is 3.5 which is higher than the
electronegativity of Ti atom (which is 1.54). So, oxygen (O atom) atom
present in the alumina attracks H* ions more quickly and makes OH-
hydroxyl group which in turn has a tendency to attached with the Ti atom.
This fact leads to the reduction in relative permittivity in the presence of
multiple nanoparticles. According to the three core model reported in [237],
third core may develop some attachments with oil molecules. This fact
weakens the polarisation phenomena in the lower frequency range which in
turn plays a vital role for lower the dielectric loss. However, in the higher
frequency ranges (in Fig. 4.10), a peculier trend can be observed where
hybrid oil consisting more TiO» nanoparticle exhibits higher dielectric losses
than the other two types of hybrid nanofluids. This is due to the unbalanced
crystal structure of TiO, atom which has been shown in Chapter 3, Fig. 3.10.
This imbalance crystal atom causes strong polarisation in the higher
frequency range i.e. near kHz range.

Fig. 4.11 shows some improvement in the tand profile in the case of hybrid
nanofluids than the single nanofluids. Again for bio-degradable oil,
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conduction current dominant over polarisation current [237]. As free
electrons are more responsible for the conduction current, the friction during
the movement of the free electrons is the main reason for dielectric loss.
However, presence of the nanoparticle in base oil, traps those free electrons
which result in reduction of the dielectric losses. Besides, as discussed in
section 4.3.2, the conductivity in nano-dielectric reduces when the amount of
Al;O3 is higher. This phenomenon in turn reduces the dielectric loss resulting
the reduction of zand.

4.3.6.2. Effect of Temperature on tand

FDS measurement of the prepared hybrid nanofluids have been conducted
at 25°C, 40°C, 50°C, 60°C, 70°C and 80°C, respectively to examine the effect
of temperature on the dielectric properties of hybrid nanofluids.

4.3.6.2.1. Temperature Effect on tand for MO Based Hybrid Nanofluids

The temparature effect on the dielectric losses in the hybrid nanofluids has
been discussed in this section. Fig. 4.12, 4.13 and 4.14 shows the teparature
effects of the hybrid nanofluids referred as MOA3T5, MOA4T4 and
MOASTS3, respectively.

100 ——+—— MOA3T5-25°C
[ ——E&—— MOA3T5-40°C
MOA3T5-50°C
—>¢— MOA3T5-60°C
—+&—— MOA3T5-70°C
MOA3T5-80°C

e e &2
103 10?2 107! 10° 10! 102 103

Frequency (Hz)

Fig. 4.12. Variation of tand for Mineral oil with higher Titania nanoparticles at different
temperatures.

All the three cases revealed that, with the increase of temparature from
25°C to 80°C, the values of tand increase throughout the frequency range
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from 1mHz to 1kHz. But the rate of increment of dielectric loss with
incresing temperature, is higher in the low frequency range and negligible in
the case of high frequency range. Again, with higher amount of titania
present in the base fluid shows relatively less change in dielectric loss at
higher frequency ragnes in comparison with lower frequency ranges as
shown in Fig. 4.12. This is due to the fact that at lower frequencies, electrons
gain relatively higher amount of thermal energy which consequently
enhances the conduction current. As a consequence, conduction losses are
higher which leads to the high dielectric losses.

Moreover, at higher temparature, thermal conductivity is more responsible
for dielectric loss. Thermal conductivity further depends on the radiative heat
transfer, brownian motion of nanoparticle, nanoparticle aggregation [240].
These factors are also aggravated with temparature increment. As a result,
enhancement of the thermal conductivity can be experienced which in turn
leads to high dielectric losses at high temparature. From the pattern in the
above graphs, it can be concluded that more amount of TiO2 can minimize
this increment of thermal conductivity as shown in the Fig. 4.13 and 4.14.
This is due to the fact that presence of Ti atom leads to bonding with the OH"
group which may not be broken totally with temparature rise upto 80°C.
Hence, the number of free electrons are not as much as in case of other
nanofluids. This fact in turn resists the rate of increment of the dielectric loss.

100 r —+—— MO0A4T4-25°C
——E&—— MOA4T4-40°C
MOA4T4-50°C

—>¢—— MOA4T4-60°C
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&
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Frequency (Hz)

Fig. 4.13. Variation of fand for Mineral oil with equal amount of Titania and Alumina
nanoparticles at different temperatures.
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Fig. 4.14. Variation of zand for Mineral oil with higher Alumina nanoparticles at different
temperatures.

4.3.6.2.2. Temperature Effect on tand for Vegetable Oil Based Hybrid
Nanofluids

Fig.s 4.15, 4.16 and 4.17 shows the teparature effects of the hybrid
nanofluids referred as VOA3T5, VOA4T4 and VOASTS3, respectively. From
these Fig.s, it can be observed that the dielectric losses are relatively higher
with increasing temparature for the lower frequency range (i.e. from 1mHz to
50Hz). It may also be observed from the Fig.s 4.16 and 4.17 that, the tand
value at higher frequency range (above power frequency ranges) at 25°C
dielectric loss is maximum and decreased at 40°C. Then with increasing
temparature dielectric losses also increase after 40°C.
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Fig. 4.15. Variation of fand for Vegetable oil with higher Titania nanoparticles at different
temperatures.
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Fig. 4.16. Variation of fand for vegetable oil with equal amount of Titania and Alumina
nanoparticles at different temperatures.
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Fig. 4.17. Variation of tand for vegetable oil with higher Alumina nanoparticles at different
temperatures.

As discussed in the section 4.3.2, dielectric losses are determined by the
movement of free electrons. However, presence of nanoparticles in the
vegetable oil ensures the trapping of the free electrons which furthur reduces
the dielectric losses. As the temperature increases, the moisture ingression
within VO increases which results in increment of formation of hydroxyl
group. Presence Al and Ti atom generate a bond with hydroxyl group which
resist the movement of electron and hence the fand value reduces.
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4.4. Inference

In the present investigations, hybrid nanofluids have been prepared by
mixing with a semiconducting type nanoparticle (TiO) and a non-conducting
type nanoparticle (AlO3) in a certain ratio. Therefore, the dielectric
properties like dc conductivity, activation energy and tano profiles of the
prepared dielectric liquid samples have been compared with the nanofluids
consisting single nanoparticle. For this purpose, PDC and FDS measurement
have been conducted employing DIRANA and IDAX 300, respectively at
25°C, 40°C, 50°C, 60°C, 70°C and 80°C. From the results, the key findings
have been summarized as

a) The conductivity of Hybrid nanofluid is reduced when amount of TiO; is
higher than the amount of Al.Os. Even with the temperature rise, higher
amount of TiO, can resist the conductivity increment to a lower limit in
the case of mineral oil base. For the vegetable oil based nanofluids,
presence of higher amount of alumina shows better result in the case of
conductivity than the presence of titania.

b) Presence of higher amount of alumina in both the base oils offers more
activation energy.

¢) From this study it can be stated that, high value of voltage greater than

100V and temperature are two factors responsible for nonlinearity
presence in dielectric response. Hybrid nanofluids can also decrease the
effect of nonlinearity due to both voltage and temperature.

d) The hybrid nanofluids based on mineral oil, 50% alumina with 50%
titania shows least dielectric loss factor at lower frequency range.

e) For the mineral oil based nanofluids, the values of zand will increase
throughout the frequency range from 1mHz to 1kHz. But the rate of
increment of dielectric loss with temperature increase, is higher in the low
frequency range and in the case of high frequency this change is
negligible. Presence of higher amount of Titania in the base fluid showed
minimum change in dielectric loss at high frequencies.

f) For the vegetable oil based nanofluids, the dielectric losses increases with
increasing temparature upto 80'C from the lower frequency range i.e.
from 1mHz to 50Hz (power frequency). But at the higher frequency range
dielectric losses are highest at 25°C and then dielectric losses are lower
with increasing frequency.

g) Higher amount of TiO, nanoparticle presence in the base oil ensure the
higher breakdown strength than other prepared dielectric samples for the
both base oil.
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From this discussion, it can be observed from the experimental results that
hybrid nanofluids can be a better choice than single nanofluids and the base
oils (mineral oil or vegetable oil) for a power engineer with improved
dielectric properties. Further, it can be concluded that the VOA4T4
(Vegetable oil with 50% Titania and 50% Alumina) is the most suitable
insulating fluid among the test samples used for the investigation.

In this chapter, nanoparticles were mixed for the preparation of nanofluids.
It is to be stated here that, for the environmental issue, vegetable oil has been
chosen over mineral oil. However, vegetable oil has major problems like high
cost, higher viscosity and higher moisture ingression. In view of this issue,
mixed oil i.e. certain amount of mineral oil is replaced with vegetable oil, has
been considered for base oil. Therefore, in the next chapter, mixed oil based
nanofluids have been prepared and their dielectric properties have been
compared with existing oils to investigate their applicability as an alternative
to transformer oil.
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Chapter 5

Mixed Oil based Nanofluids: Dielectric
Characteristics Investigations by Dielectric
Spectroscopy

5.1. Introduction

From the previous chapter, it has been observed that, by mixing of
nanoparticles, insulating properties can be enhanced. Further, to find a new
class insulating liquid, several studies have been conducted on mixed
insulating oil where two or more types of oils are mixed in a certain ratio. It
should be stated here that, by blending a certain proportion of mineral oil
with esters, viscosity can be reduced, Oxidation stability may be enhanced,
especially in sealed systems, Hence, it enables gradual transition from
mineral oil systems in aging transformers, aiding utilities in extending
equipment life without complete fluid replacement. Fofana et al. [249]
prepared mixed oils by mixing with mineral oil and synthetic ester (MIDEL
7131) at different ratio for investigation. Again in 2006, Perrier et al
recommended the mixed oils in which ratio of mineral oil and synthetic
ester was 4:1 [250]. According to Takahashi et al, blending of oil
containing 80% vegetable oil and 20% mineral oil, shows better dielectric
properties [251]. Though the uses of mixed oils show better performance in
transformer, however, its dielectric characteristics degrades with time.
Therefore, regular condition assessment of the mixed oils within
transformer is necessary for its reliable operation. In order to assess the
condition of mixed oils-based insulation, Polarization and Depolarization
Current (PDC) and Frequency Domain Spectroscopy (FDS) are popularly
used [222]. In this chapter, vegetable and mineral oils have been blended in a
certain ratio to prepare mixed-oil samples. Moreover, effect of titania and
alumina on the mixed oil samples have been investigated by preparing
mixed-oil based nanofluids. Therefore, PDC and FDS on the mixed-oil and
nano-particles based oils have been conducted at 25°C, 40°C, 50°C, 60°C,
70°C and 80°C to understand the dielectric properties like non-linearity in
conduction current, dc Conductivity, activation energy etc. Moreover, a
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statistical modeling approach has been proposed to understand the variation
in the dielectric parameters of the oil. A correlation among the three
parameters i.e. frequency, temperature, and two dielectric parameters has
been established.

5.2. Preparation of Nanofluids & Experimental Procedures

In this section, the procedures for the preparation of mixed-oil and mixed
oil based nanofluids have been explained. Mixture of mineral oil (MO) and
vegetable oil (VO) (basic properties of these base oils has been presented in
Chapter 1, Table 1.1) were chosen as base oil. Besides, TiO, and Al;O3
nanoparticles were dispersed within mixed oils to prepare nanoparticles based
mixed-oil. The preparation of the mixed oil and mixed oil based nanofluids
have been depicted in Fig. 5.1.

Mineral Oil + Vegetable Nano-particles dried at 80°C and

Mineral Oil + Oleic acid

Oil surface treated with Ethanol at
. - . Surfactant
in a certain ratio less than 1 kPa pressure
L ]
L
.| Magnetic stirring at 1200 rpm for
"] 40 minutes

!

Ultrasonic sonication for 3-4 hours
which results in uniform, stable and
homogeneous suspension

Heated at 50°C for 1 hour and
placed in a vacuum chamber at less
than 1 kPa for 2 hours to eliminate

bubbles formed during sonication

Mixed oils and Mixed oil based
Nanofluids Prepared

Fig. 5.1. Flowchart for mixed oil-based sample preparation.

Before taking the samples for the experimental purpose, the samples were
kept rest for 3 hours for settling from its agitated state. The mixture
proportion of the mixed dielectrics has been given in Table 5.1. The particle
size distribution of the nanoparticles in the mixed oil were evaluated by DLS
measurement and the average diameter distribution has been found within 40
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nm to 80 nm as given in Fig. 5.2 which ensures the uniformity of the
prepared nanofluids [230].

Table 5.1 Nomenclature of The Prepared Samples

Mixed Mixture Mixed Oils with Prepared
Dielectrics Proportion Nano-particles Nanofluids
s1 MO 70% + S1T S1+ TiO,
VO 30% S1A S1+ Al,O3
52 MO 75% + S2T S2+ TiO;
VO 25% S2A S2+ AlL,O3
s3 MO 80% + S3T S3+ TiO,
VO 20% S3A S3+ Al;,03
sS4 MO 90% + SAT S4+ TiO,
Diameter Distribuion
20
)
=<
< 15
z
?5 10
R
.
0
1 10
Size (nm)

Fig. 5.2. Nanoparticle distribution in nanofluids by DLS.

100

After the preparation of mixed oil-based samples, the electrode setup was
dipped into the samples for the dielectric experiments. Dielectric properties
of the mixed oil-based samples were investigated through conducting PDC
and FDS measurements employing DIRANA™ and IDAX 300, respectively
(as shown in Fig. 2.14 and Fig. 2.15, respectively). The PDC measurement
was conducted on various voltage stages (50V, 100V, 150V, 180V and
200V) whereas the voltage magnitude for FDS measurement was fixed at
140Vms. Both the measurements were conducted at 25°C, 40°C, 50°C, 60°C,
70°C and 80°C to have a clear idea about the temperature effect on their

dielectric properties.
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5.3. Results & Discussion

5.3.1. Estimation of Viscosity

The viscocity of the prepared test samples were measured by viscometer
and the corresponding values have been presented in Table 5.2. From the
Table 5.2, it can be observed that, among the mixed oils, viscosity of samples
S1 to S4 are reducing and becomes lowest in case of S4. In order to
investigate further, the viscosity of another sample (with MO 95% + VO 5%)
was measured. It was found that, the viscosity of the new sample was 35.7
cP. This result implies that further enhancement of MO beyond 90% in the
mixed oil, does not significantly improve the viscosity. Therefore, the
viscosity of S4 (with MO 90% + VO 10%) mixed with nano-particles are
providing the best results.

Table 5.2 Viscosity of test Samples at 25°C

Samples Viscosity (cP) | Samples Viscosity (cP)
MO 13 S2T 37.8
VO 50 S3T 35.9
Sl 41.6 SAT 34.1
S2 36.4 S1A 40.8
S3 35.6 S2A 36.1
S4 35.8 S3A 35.2
S1T 42.6 S4A 33.9

In case of nano-particles based oil, it can further be observed from Table
5.2 that, the viscosity is minimum for S4A (MO 90% + VO 10% with
alumina). Moreover, in case of nanofluids, it can be observed that alumina
based mixed oil exhibit lower viscosity than titania based mixed oil.

5.3.2. Estimation of DC Conductivity

From the PDC measurement, the dc conductivity of the prepared samples
have been calculated by (Chapter 1, Equation 1.17). Calculated conductivity
for mixed oils, mixed oil based titania and alumina nanofluids at 25°C, 40°C,
50°C, 60°C, 70°C and 80°C have been presented in Fig.s 5.3, 5.4 and 5.5,
respectively. From the Fig.s 5.3 and 5.4, it can be observed that conductivity
increases with temperature. It is due to the fact that conduction current
mainly is caused due to free charge present in the dielectric. Further, with
increasing temperature, more number of free charge gain high thermal energy
to enter into the conduction band which in turn increases the conductivity.
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From Fig. 5.3 it can be observed that, dc conductivity can be reduced by
introducing mixed oils than the pure oils. Among mixed oils, S4 shows most
reduced conductive property. Again, from the Fig. 5.4 and 5.5, it can also be
observed that the rate of the increment of conductivity for mixed oil based
nanofluid reduces with temperature increment (upto 80°C). It is to be stated
here that, Ti atom has higher affinity to the hydroxyl group (OH").
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Fig. 5.3. Conductivity at different temperatures of various mixed oils.
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Fig. 5.4. Conductivity at different temperatures of mixed oil-based titania nanofluids.

Again, presence of Al,Os attracts moisture and O atom in the alumina has
an affinity towards the H+ ions present in the moisture and produces
hydroxyl group (OH") [252]. This bonding makes an obstacle which may trap
the free electrons moving towards anode. As a consequence, reductions of the
mobility of those free electrons which results in reduction of the conductivity.
Again, it should be mentioned here that, when nanoparticles trap the free
electrons, become negatively charged particles whose mobility is lower than
the free electrons which reduces the conductivity. From Figs. 5.3, 5.4 and
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5.5 it can be revealed that S4A and S4T shows the better results in terms of
dc conductivity.
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S1A_25°C
S1A_70°C
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S3A_25°C
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Fig. 5.5. Conductivity at different temperatures of mixed oil-based alumina nanofluids.

5.3.3. Estimation of Activation Energy

Next, to determine the activation energy of the test samples, In(s) is
plotted against inverse of temperature (K?) as presented in Fig. 5.6.
Thereafter, activation energy of the test samples has been evaluated from the
slope of the curves using (3.4) (discussed in Chapter 3, Section 3.4.3) and has
been given in Table 5.6.

-23
-24 el S4
= S2T
§-25 + —l— S4T
= Ty
\\ e S3A
-26 ¢ e S4A
-27 : : -
2.8 3 -1, 3.2 3.4
UTEK™Y .
x 10~

Fig. 5.6. Graph for determining the activation energy for prepared test samples.
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Table 5.3 Activation Energy of Mixed Oil and Nanofluids

Samples EgineV Samples EgineV
MO 0.58 S2T 0.66
VO 0.52 S3T 0.69
S1 0.58 S4T 0.68
S2 0.41 S1A 0.64
S3 0.65 S2A 0.63
S4 0.62 S3A 0.72
S1T 0.61 S4A 0.75

It may be observed from Table 5.3 that, presence of Al.Osz in mixed oil
based nanofluids offers more activation energy than other prepared samples.
As discussed above, the mixed oil based nanofluids containing Al,O3 absorbs
the electrons resulting requirement of higher energy to break the barrier and
hence hinder the movement of electrons towards the anode.

5.3.4. Results from Non-linearity Study in Conduction Current

For investigating the linearity of the prepared mixed oil-based samples,
leond at 25°C have been depicted for mixed oils and mixed oil based
nanofluids as shown in Fig. 5.7a, 5.7b and 5.7c, respectively and have been
fitted with (Chapter 3, Equation 3.7) for different levels of applied voltage
(50V, 100V, 150V, 180V and 200V). Thereby, the value of the power (b) at
the aforementioned voltage have been calculated for all prepared samples and
presented in Table 5.4.

It may be observed from Table 5.4 that, the value of b for mineral oil is
highest in comparison with the pure vegetable oil and other prepared
samples. Higher value of b indicates the existence of higher non-linearity
which illustrates the higher possibility of space charge polarization [253].
This fact in turn indicates that, the field distribution becomes more distorted
near the windings of the mineral oil-filled transformer during its operation.
This distorted field distribution is responsible for accelerating its degradation
process. Moreover, it may also be observed from Table 5.4 that, the value of
b for the mixed oils dispersed with Al,Os is lower in comparisons with the
other prepared samples. This is due to the fact that, the Al atoms (within
Al>O3) have an affinity towards H* ions which in turns develop a covalent
bond [222].
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Fig. 5.7. Conduction current at different voltage level for (a) mixed oil and (b) mixed oil with
titania and (c) mixed oil with alumina.
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This covalent bond absorbs the space charges which are developed near
electrodes. This phenomenon reduces the possibility of the space charge
polarization and hence shows less non-linearity which in turn indicates the
relatively less degradation of the insulation. It is to be mentioned here that,
the value of the conductivity and the dielectric constant mainly is dependent
on two mechanisms i.e. alignment of dipoles in the direction of applied field
and movement of charge carriers. The dependency of conductivity and
dielectric constant on the frequency mainly observed from the lower
frequency to power frequency (50 Hz) ranges. At this frequency ranges, the
charge carriers respond when the dielectric is applied to electric field. As the
frequency reduces, more number of dipoles as well as charge carriers
participate in polarization process (mainly due to space-charge polarization or
interfacial polarization) resulting variation of conductivity and the dielectric
constant [234]. However, in the higher frequency ranges (above 50Hz)
significant numbers of charge carriers do not get ample time to respond when
alternating field is applied [224]. Hence, it may be stated that the
conductivity and the dielectric constant mainly change below power
frequency ranges and remain almost unchanged in higher frequency ranges.

Table 5.4 Parameters for Non-linearity Study of Different Samples

Samples a b Samples a b
MO 2.63e-14 1744 S2T 7.95E-10 1281
VO 1.12e-10  1.346 S3T 7.20E-10 1.281

S1 2.79E-11  1.533 S4T 3.46E-11 1233
S2 6.17E-12  1.287 S1A 7.36E-12  1.089
S3 2.60E-12  1.436 S2A 6.70E-12  0.792
sS4 472E-13  1.305 S3A 5.94E-10  1.081
S1T 1.58E-09 1.782 S4A 2.56E-10  1.082

5.3.5. Dielectric Dissipation Factor

The FDS measurement employing IDAX 300 of mixed oils and mixed oil
based nanofluids at 25°C have been shown in the Fig. 5.8 and Fig. 5.9,
respectively. From the both Fig.s, it can be observed that, the dielectric
dissipation factor (tand) decreases with increasing frequency. It is obvious
due to the fact that, initially lesser number of dipoles are intending to allign
towards the applied field which gradually increases with time. So, at low
frequency, most of the dipoles are trying to take part in dipolar polarisation
and may interact with free electrons which increase the frictional losses hence
the dielectric loss.
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Fig. 5.8. Variation of rand for different prepared mixed oil at 25°C.
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Fig. 5.9. Variation of tand for mixed oil based nanofluid at 25°C.

The comparative study from the Fig. 5.8 and 5.9 of the prepared samples
indicates that, tano profile of S2 dispersed with TiO2 becomes lower whereas
the tand shows higher value for pure vegetable oil. Owing to the more
tendency of moisture ingression, the rand becomes higher for the vegetable
oil. However, presence of nano-particles within oils improves its ac
conductivity.

- 107 -



Chapter 5

5.3.6. Quantitative Effect of Temperature on the Dielectric
Parameters

To investigate the quantitative effect of temperature on the &' and tand,
statistical modeling is executed at different frequencies. This statistical model
investigates how these dielectric parameters (¢' and tand) are varied with
temperature. For this purpose, the &' and tand values at different temperature
are fitted with fourth order polynomial regression equation as shown in (5.3)
[254].

y=PRt'+Pt’+Pt* +Pt+P, (53)

Where P5 is the intercept, P1, P2, P3, and P4 are the coefficients. In (5.3), t
indicates temperature in °C and y-axis is either &' or tand. This fitting
procedure has been repeated at each frequency. The regression models for &'
and fand values have been shown in Fig. 5.10 and 5.11, respectively. From
Fig. 5.10 it may be observed that, the increment of &' with temperature is
more prominent at higher frequency range. Further, it may be observed from
Fig. 5.11 that, the tand values of the prepared samples increase with
temperature. This increment of tand with temperature becomes more
prominent at lower frequency.
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Fig. 5.10. Variation of ¢’ with temperature at (a) lower frequency (1 mHz to 1Hz) and (b) higher
frequency (10Hz to 1kHz).
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It is also to be noted here that, the coefficient values (P1, P2, P3, P4 and P5)
can be evaluated by (5.4 and 5.5). Using (5.4), the coefficients values at
different frequencies (1000Hz, 100Hz, 10Hz, 1Hz, 0.1Hz, 0.01Hz and
0.001Hz) have been evaluated as given in Table 5.5 and 5.6 for &' and zand,
respectively.

5
P=YAf%+C, (5.4)
i=1l
o
1t t2 3t > Y1
1 t, t2 t3t? P Y2
T — 2 2 2 2 ;P: PS ’y: y
. o |
2 34+4 2
1t t> 3t P y.
y=TP
Ty =TTTP
(TTT)*TTy=pP (5.5)

Table 5.5 Model Parameters for Dielectric Constant With Respect To Temperature

Parameters Dielectric Constant (¢') magnitude
1000 Hz 100 Hz 10 Hz 1Hz 0.1 Hz 0.01 Hz | 0.001 Hz
Py 2.065E- 2.146E- 2.004E- 1.88E-06 1.474E- -1.01E- | -7.698E-
06 06 06 06 06 06
P, -0.0004 -0.0004 -0.0004 -0.0004 -0.0003 0.0002 0.0013
Ps 0.0307 0.0319 0.0298 0.0281 0.0225 -0.0109 | -0.0679
P, -0.9510 -0.9857 -0.9247 -0.8786 -0.7182 0.2352 1.6530
Ps 13.6000 13.9200 13.3100 12.9100 11.3100 2.2990 -4.9420
(Intercept)
R? 0.9969 0.9961 0.9973 0.9988 0.9999 0.9995 0.9991
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Table 5.6 Model Parameters for tan-delta with respect to Temperature

tand magnitude
Parameters ™1500" [ 100 Hz | 10 Hz 1 Hz 01Hz | 001Hz | 0.001Hz
Hz
P. 2.474E- | 7.024E- | 6.097E- | 2.616E- | 0.0002 | 0.0009 0.0024
07 07 06 05
P, -4.22E- | -0.0001 | -0.0011 | -0.0047 | -0.0313 | -0.1871 -0.4650
05
Ps 0.0027 | 0.0095 | 0.0837 | 0.3326 | 2.2290 | 13.2200 | 32.7500
Ps -0.0865 | -0.2814 | -2.4780 - - - -969.3000
10.1600 | 68.1200 | 396.8000
Ps 1.4640 | 3.2990 | 26.4800 115 775 4527 1.093E+04
(Intercept)
R? 0.9756 | 0.9907 | 0.9968 | 0.9948 | 0.9952 | 0.9949 0.9954

The R? (which is more than 95%) values given in Table 5.5 and 5.6 shows
the very good fitting of the &' or tand by the regression model. The variation
of coefficients (P1, P2, P3, P4 and P5) with frequency (as shown in Table 5.5
and 5.6) have been fitted and the corresponding correlation have been shown
in (5.5).

Table 5.7 Model Parameters with respect to Different Frequencies

Dielectric Constant (¢') magnitude tand magnitude

Py P Ps Ps Ps Py P Ps Ps Ps

A | 6.842 | 0.001 - 0.092 | 8545 | 2.599 - 0.328 - 113.30
E-06 0.003 E-11 E-05 | 0.004 10.03

B | 0.065 - - - 0.2195 - - -0.830 - -0.833
0.153 | 0.451 | 0.439 0.6050 | 0.825 0.830

C | -6.93 - 0.031 - 1584 | 1.217 - 0.0108 - 3.347
E-06 | 0.007 0.971 | E-10 E-05 | 0.001 0.307

The values of the parameters (Ai Bi and C;) of (5.4) have been given in
Table 5.7. By combining the (5.3) and (5.4), a general equation for estimating
&' or tano at any temperature and frequency, have been derived and have been
given by (5.6).

D=2 R =D AT 4CHT g

In (5.6), y(f,t) indicates &' or tand at any frequency and temperature. The
significance of (5.6) is that, for a given value of frequency and temperature,
the values of &' or tand can be evaluated for all the prepared test samples. For
the validation of (5.6), tand (at 40 Hz, 25°C and 40°C) and ¢’ (at 5 Hz, 25°C
and 40°C) of the prepared sample has been evaluated using IDAX300 and
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calculated through (5.6). The error between two results have been presented
in Table 5.8. From Table 5.8, it can be observed that errors are within
12.11% which validate (5.6).

Table 5.8 Validation of (5.6) with IDAX300

Using Using Error
IDAX300 (15)
tand at 25°C and 40 Hz 6.359 5.589 12.11%
tand at 40°C and 40 Hz 31.568 33.988 7.66%
& at25°Cand 5 Hz 13.04 13.89 6.52%
¢ at40°Cand 5 Hz 28.04 29.49 5.17%

5.4. Inference

In this chapter, mixed oils have been prepared by mixing vegetable oil
with mineral oil in a certain ratio. Further, TiO, and Al,Os have been chosen
for preparing mixed oil based nanofluids. Therefore, the dielectric properties
like viscosity, dc conductivity, activation energy, tand of the prepared test
samples have been compared with the conventional pure oils. Moreover, to
study the effect of temperature on dielectric parameters, PDC and FDS
measurement have been conducted at 25°C, 40°C, 50°C, 60°C, 70°C and
80°C. From the consequences, the key outcomes can be summarized as
a) Viscosity of samples S1 to S4 are reducing and becomes lowest in case of

S4. Again, viscosity of S4 (with MO 90% + VO 10%) mixed with nano-

particles are providing the best results among mixed oil based nanofluids.
by 75% MO with 25% VO results more linear than the other mixed

dielectrics. Again, Alumina nanoparticles dispersed in mixed dielectrics
shows the least degree of nonlinearity.

c) Again, by dispersing Al,O3 in mixed oil, viscosity and nonlinearity in the

conduction current can be reduced by 34% and 54%, respectively.

d) Alumina based nanofluids can enhance activation energy by 22.7% than
base oil samples.

e) From the dc conductivity and tand analysis, it can be found that, S2
(75%MO + 25% VO) with TiO, showed the least at lower frequency.

f) A statistical modeling is executed at different frequency to understand the
variation in the dielectric properties of the oil, and an expression involving all
three parameters of frequency, temperature, and dielectric parameters
(dielectric constant and fand) have been derived.
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From the chapters 3, 4 and 5, it can be observed that, in search of new
class of insulation, nanofluids, hybrid nanofluids and mixed oil based
nanofluids shows enhanced dielectric properties in terms of viscosity, dc
conductivity, nonlinearity study, nd and temperature dependency.
Therefore, for evaluating an insulating oil for application in transformer, two
important parameters i.e. breakdown voltage and ac conductivity should be
studied. In view of this context, in the next chapter, all the prepared samples
have been compared in terms of breakdown voltage and ac conductivity to
investigate the quality of these prepared samples.
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Chapter 6

Comparative Study on AC Breakdown
Characteristics and AC Conductivity of
Different Prepared Nanofluids

6.1. Introduction

Previous chapters of this thesis revealed that, TiO, or Al,O3 nanoparticles

dispersed in mineral or vegetable oil can enhance dielectric parameters.
Moreover, few literatures reported that dispersion of SiO, and Al,O3
nanoparticles in the transformer oil, the breakdown voltages can be improved
by 9% and 12%, [255], respectively and for TiO, nanofluid it is about 19%
with respect to transformer oil [256]. It should be mentioned here that, the
quality of the oil can be determined by breakdown voltage measurement of
the dielectric. However, it has been found that most of researches on
nanofluids for transformer applications were conducted choosing mineral oil
as base oil in which single nanoparticle was dispersed.
In this chapter, three types of nanofluids (as discussed in chapter 3, 4 and 5)
were taken for experiment. To investigate the quality of the prepared
nanofluids, AC breakdown voltages (ACBDV) of these prepared nanofluids
were measured in the laboratory. A statistical method i.e. Weibull
distribution function was adopted for estimating the average ac breakdown
voltages with 1%, 10%, and 50% risk probabilities which are considered as
very important parameters for the design of the power system equipment.
Therefore, the conformity test of the experimental data was conducted to
ensure whether those data-set follow the Weibull distribution or not. The
breakdown of the oil mainly due to the amount of free charges presence in
the oil. These charges are important factor for occurring the electron
avalanches phenomenon. Hence, from the conductivity value, the number of
charges i.e. the main reason of the breakdown voltage can be understood.
Therefore, the prepared nanofluids were subjected to Frequency Domain
Spectroscopic (FDS) measurement to determine the ac conductivity, an
important parameter for any dielectric. Moreover, the effect of nanoparticles
on ac conductivity at different stages of frequencies have been studied by
ladder phenomenon occurred in ac conductivity.
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6.2. Brief Theory on Statistical Analysis of AC Breakdown
Voltage: by Weibull Distribution

Weibull distribution is regarded as the most used statistical law for
evaluating the breakdown voltage of the insulating materials. (6.1) indicates
the cumulative Weibull distribution function where Vi, o and g indicates as
the measured data of breakdown voltages, scale parameter (which is
associated with the scattering of the measured data and specifies the degree
of failure) and shape parameter (which is considered as the slope of the
Weibull plot), respectively [257, 258].

~byp
F(Vla, f)=(1-e «) (6.2)

To ensure whether the measured data would follow the Weibull
distribution, the Anderson - Darling [259] hypothesis test has been conducted
to determine the p-value which is considered as the probability that
determines the confirmation against the null hypothesis. It is a well-known
fact that, lesser p-values is basically stronger indication against the null
hypothesis. Typically, a significance level (o) of 0.05 has been indicated to
check whether the measured data follow Weibull distribution or not [259].
Then, it can be concluded that, for each sample’s dataset, if the calculated p-
values is more than the significance level of 0.05, it directs that dataset
follow Weibull distribution.

6.3. Brief Theory on Ladder Phenomenon Observed in
Complex Conductivity obtained from FDS

From the FDS scan, the ac conductivity (¢") of different prepared samples

have been calculated using (6.2) [260].
o = & X6 (6.2)

C:0

Where C", Co and & have been considered as imaginary part of complex
capacitance, geometric capacitance and permittivity in free space,
respectively. ¢’ curve strongly depends on the frequency at higher frequency
ranges whereas, ¢’ curves remains constant at the lower frequency ranges
which reflect the frequency independence. The ¢’ curve (from frequency
ranges 1 mHz to 1 kHz) comprises of three stages having different slopes. In
this context, the threshold frequency is regarded as a point where ¢’ curves
changes its slopes. This phenomenon of slope changes of the ¢’ curves are
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considered as the ladder phenomenon [261]. To illustrate this ladder
phenomenon as per Jonscher’s law, (6.3) is considered [262].

o@=0, +Kf"+K,f" (6.3)

Where, ¢'(®) and oqc are defined as the ac conductivity which is frequency
dependent and dc conductivity, respectively. Here, K; and K; are the
constants depends on the factors like temperature and insulating material

characteristics. Additionally, m and n are considered as the power-law
indexes (typically value becomes within 0 to 1) of the testing frequency f.

6.4. Preparation of Test Oil Samples & Experimental
Procedures

A beaker containing 400ml of mineral or vegetable oil has been heated at
50°C for 48 hours followed by vacuum treatment keeping pressure less than 1
kPa for another 48 hours to ensure fully removal of moisture from the oils.
Even-after the pouring of prepared samples into the breakdown-test cell, the
aforementioned heat and vacuum treatment was conducted for ensuring the
fully removal of microbubbles. Next, three types of nanofluids were prepared
followed by the procedure discussed in chapter 3, 4 and 5. Then, 400ml of
the nanofluids samples were subjected to the aforementioned treatment and
were poured into the breakdown-test cell.

TABLE 6.1. Nomenclature of the prepared samples

Name Prepared samples Name Prepared samples
MO Mineral oil VO Vegetable oil
MOA MO+ Al,O, VOA VO+ ALO;
MOT MO+ TiO, VOT VO+ TiO,
MOA3TS MO+321’39TiAC')2203+50 VOA3TS5 AIZC\)/g ?go?’fn'g%i o
MOA4T4 MO+42}’39TiAC')ZZO3 40 1 voadTa AIZOZ?Z(;‘ ?nnégﬂ o
MOAS5T3 MO”S%’SQT%ZZQ *30 | voasT3 Alzo\fggﬂfggﬁ o,
s1 MO90% +VO10% | o1 A
$2 MOB0% +VO 20% | o1 A
s3 MO 75% + VO 25% §§I\ sse?: Zlizoo:
s4 MOT70%+VO30% |  opt oA
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The nomenclatures of the prepared samples have been presented in Table
6.1. After the preparation of stable nanofluids, the samples were subjected to
AC breakdown voltage test using the oil breakdown test kit (as described in
section 2.2.2.6). Moreover, the electrode setup was dipped into the samples
for the FDS measurements employing IDAX 300 as shown in Fig. 2.15 (in
Chapter 2) for the estimation of ac conductivity.

6.5. Results & Discussion

6.5.1. Average AC Breakdown Voltages (ACBDV) Analysis
Viscosity

The variation of the average power frequency breakdown voltage of the
pure mineral oil, vegetable oil and their nanofluids (first and second types)
are presented using box-plot in the Fig. 6.1. A boxplot is basically defined by
five points of Data i.e. minimum, maximum, sample median, and the two
quartiles (first and third). It is to be stated here that, solid square in the box
plot indicates that most of the distribution of group data are nearer to the
upper quartile (black in Figs. 6.1 and 6.2). Again, hollow Square in the box
plot indicates that, most of the distribution of group data are nearer to the
lower quartile.

From Fig. 6.1, it can be observed that, average ACBDV is higher for pure
vegetable oil than pure mineral oil. However, dispersion of the nanoparticles
in the base oil shows improvement in ACBDV. Among the nanofluids,
Titania based nanofluids exhibit higher breakdown voltages. It is well-known
fact about the dispersion of TiO2 in nanofluids that, hydroxyl (OH") ions are
attached on the surface of Ti atoms and becoming a negatively charged
particles [256]. In case of dispersion of Al,Os in nanofluids, O atoms in
Alumina absorbs H* ions which further creates hydroxyl ions and becomes a
negatively charged particles. The mobility of these negatively charged
particles is slower than electrons which further results in reducing the
propagation velocity of electrons in the base oil by scavenging the electrons
[256]. As a consequence, resistance against streamer development is
increased.

Furthermore, it can be observed from Fig. 6.1 that, hybrid nanoparticles
exhibit improved ACBDV for both base oils. For the samples MOA3T5 and
VOAZ3T5, the ac breakdown voltage is enhanced by 71% and 67%,
respectively in comparisons with the base oils. It is to be mentioned here that,
in the presence of electric field, bond has been developed with Ti atom and
hydroxyl (OH") atom. Another fact has been observed for Al,Os that, unlike
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TiO,, Al,O3 absorbs H* ions which further creates hydroxyl ions. Moreover,
in the case of hybrid nanofluids, Al.Os is responsible for generating hydroxyl
(OH") ions which is attached with TiO; by creating a bond as shown in Fig.
4.5 (in Chapter 4). This bond has more capability to capture free electrons.
Hence, reduce the possibility of streamers development.

Fig. 6.2 represents the average value of ACBDV for mixed oil and third
type of nanofluids using box-plot. It can be noticed that, average ACBDV for
mixed oil is improved than mineral oil. However, this improvement of
ACBDV cannot surpass the same for vegetable oil.
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Fig. 6.1. ACBDV for mineral and vegetable oil based nanofluids and their hybrid nanofluids.
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Fig. 6.2. ACBDV for mixed oil and their nanofluids.
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Further it has been revealed that, presence of nanoparticles (both TiO; and
Al>O3) can provide enhancement of the average ACBDV of mixed oil even
comparing with vegetable oil. Among the mixed oil based nanofluids,
dispersion of Titania in the mixed oil shows better results. This improvement
may be owing to the fact that, Titania nanoparticles scavenge more electrons
and traps the electrons resulting slower movement of these negatively
charged particles which further provide more resistance against streamer
development. So, it can be concluded that, sample S3T shows most
improvement of ACBDV from pure oils. Moreover, it is to be mentioned here
that the BDV under DC voltage is lower than the AC voltage. This
discrepancy may be explained by analyzing with the injected space charge
which depends on the type of voltage i.e. AC or DC. Under the application of
DC voltages, homo-charges are injected which makes the base oil more
conducting [263]. This fact in turn decreases the BDV under DC voltage.
However, during the application of AC voltages, hetero-charges are injected
which neutralize themselves [263]. The neutralization phenomena among the
hetero-charges reduces the effective free charges which in turn enhances the
BDV of the liquid samples under AC voltage.

6.5.2. Statistical analysis of Experimental Data of ACBDV by
Weibull Distribution

Figs. 6.3 to 6.7 show the Weibull plot of the average value of the pure oils
and prepared nanofluids.
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Fig. 6.3. Weibull distribution for ACBDV of mineral oil and its nanofluids.
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From Figs. 6.3 to 6.7, p value has been calculated and has been presented
in Table 6.2. From Table 6.2, it can be observed that, the p-values of all the
measurement points (except S1T and S4A) are above 0.05 which further
indicates that, the measurement points would follow the Weibull distribution.
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Fig. 6.4. Weibull distribution for ACBDV of vegetable oil and its nanofluids.
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Fig. 6.5. Weibull distribution for ACBDV of mixed oil.

From these plots, the ACBDV breakdown voltage of prepared samples at
1%, 10% and 50% breakdown risk probabilities have been estimated which
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has been presented in Table 6.3. It is very important to estimate the ACBDV
at 1% cumulative probability which can provide an estimation of the lowest
possible ACBDV. Hence, this 1% cumulative probability value provides an
indication about the reliability of liquid dielectric. It should be mentioned
here that, for determination of safety coefficient for electrical equipment
design, breakdown at 50% cumulative probability risk has been considered.

0%+ 4+ S1A
-, 0.90 | S1A
= o5 | O s1A
= = S24
=
S 050 S2A
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Z 025 534
2 S3A
= X S3A
o10p -~ O 4+ Ox  — - S4A
5l6 sls 6I0 62 S4A
+  s4A

A.C. Breakdown Voltage (kV)

Fig. 6.6. Weibull distribution for ACBDV of Alumina dispersed in mixed oil.

From Table 6.3, it can be seen that at the lowest possible breakdown,
hybrid nanofluids exhibit improved breakdown strength than the pure oil as
well as nanofluids consisting only Titania or Alumina. This may also be due
to the presence of the bond as discussed in Chapter 4, Section 4.3.2, which
can more actively participated in electron scavenging mechanism to restrict
the streamer propagation [218]. Another theory of a potential well model
which is proposed by Takada et al. [264] suggests that, it will suppress the
formation of space charge in the base matrix when the dispersion of the
nanoparticles having higher permittivity in the base matrix results in a deeper
trap well. It has been revealed by Lv et al. [265] that, dispersion of
nanoparticles in the base oil aggravates the process of trapping and de-
trapping in shallower traps which helps in the faster transfer of charge
carriers and enhance the dielectric strength of the base oil. According to the
Xu et al. [266] energy band theory, by introducing trapping and de-trapping
process, the effective energy of the charge carriers can be decreased.

According to Electronic band theory, accumulation of charge layer is
developed in the interface of electrode and liquid in equilibrium state for
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equalizing the Fermi level of the dielectric and the metal electrodes. The
corresponding energy levels of negative and positive ionized state are
increased due to the formation of a series of trap sites for the nanoparticles.
Now, for the case of hybrid nanofluids, their strong bond formation (as
shown in Fig. 4.5) results in higher energy level to trap more number of
charges.
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Fig. 6.7. Weibull distribution for ACBDV of Titania dispersed in mixed oil.

It is reported in [257] that, the electric potential well due to an induced
dipole moment of nanoparticles under the application of electric field are
responsible for developing a trapping site for charge carriers. Due to strong
bond formation (as shown in Fig. 4.5 in Chapter 4) of hybrid nanofluids, the
induced dipole moment is higher than other nanofluids consisting single
nanoparticle which further results in more trapping sites. Moreover, due to
the high dielectric constant of the nanoparticles, the trapped depth and the
effective range of potential well is higher in the case of hybrid nanofluids.
Due to these facts, hybrid nanofluids are capable to suppress more space
charge formation hence, resist the formation of streamers. This fact in turn
helps in the improvement of the insulating performance of the nanofluids.
So, from Table 6.3, it can be further concluded that, samples S2T, S3T and
SAT can be considered as better liquid dielectric for 1, 10 and 50%
breakdown probabilities among all the prepared samples.

As discussed in Chapter 3, section 3.4.4.1, Titania nanoparticles have
affinity towards hydroxyl ions. So, Titania nanoparticles in the mixed oil
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adsorb the hydroxyl ions which results in induced dipole moment and results
in higher effective range of potential well and trapped depth. That is why,
S2T, S3T, and S4T samples may trap more charge carriers hence, resist the
formation of streamers. However, it can be observed from Table 6.2 that,
breakdown data of S1T sample does not follow Weibull distribution.

Table 6.2. Conformity based on p-value, « and 4 for Weibull distribution plots of the ACBDV of
various nanofluids

Samples vaFI)ue Conformity a B
MO 0.18 Accepted 37.3335 | 16.1763
MOT 0.41 Accepted 58.1588 | 18.7259
MOA 0.42 Accepted 43.6383 | 18.8950
MOA3T5 | 0.48 Accepted 63.1322 | 18.6577
MOAA4T4 0.49 Accepted 61.9477 18.7276
MOA5T3 | 0.49 Accepted 59.0082 | 18.7167
VO 0.47 Accepted 62.832 17.2444
VOT 0.46 Accepted 68.7675 | 19.0664
VOA 0.45 Accepted 52.2923 | 18.7744
VOA3T5 0.49 Accepted 76.9679 | 18.8648
VOA4T4 0.47 Accepted 74.7862 18.7072
VOA5T3 | 0.50 Accepted 71.2050 | 19.0093
S1 0.12 Accepted 55.6814 | 22.2361
S2 0.06 Accepted 56.1918 | 29.7389
S3 0.29 Accepted 54.6595 | 54.4578
sS4 0.67 Accepted 53.6311 | 40.1761
ST 0.03 Not Accepted | 60.5841 | 57.0562
S2T 0.36 Accepted 66.8359 | 35.3551
S3T 0.28 Accepted 68.1987 | 50.6330
S4T 0.38 Accepted 62.2799 | 46.9629
S1A 0.16 Accepted 61.2346 | 23.5856
S2A 0.32 Accepted 63.3051 | 49.8505
S3A 0.06 Accepted 63.1424 | 58.7059
S4A 0.03 Not Accepted | 60.2947 | 38.6244

So, any conclusion cannot be drawn for S1T. However, from Average AC
Breakdown Voltages analysis it may be observed that breakdown voltage of

-123 -



Chapter 6

S1T is lower than S2T, S3T, and S4T samples. Again, unlike Titania,
Alumina nanoparticles have a tendency to introduce more moisture content in
the base matrix due to its hygroscopic nature.

Table 6.3 ACBDV at various breakdown probabilities for different prepared nanofluids

Samples E (kV) at 1% E (kV) at 10% E (kV) at 50%
MO 4.955 12.272 25.392
MOT 23.661 35.144 48.262
MOA 18.051 26.602 36.303
MOA3T5 28.422 40.277 53.265
MOA4T4 28.209 39.780 52.403
MOAS5T3 26.922 37.936 49.943
VO 26.963 39.031 52.503
VOT 30.608 43.622 57.953
VOA 22.613 32.656 43.844
VOA3T5 35.151 49.502 65.139
VOAA4T4 33.220 47.391 63.007
VOA5T3 33.183 46.302 60.478
S1 12.869 29.593 47.691
S2 6.582 22.508 49.321
S3 22.432 38.842 44.674
S4 25.162 38.482 46.242
S1T 2.158 9.878 33.438
S2T 46.119 54.294 61.882
S3T 46.255 55.000 63.191
SAT 45.489 52.261 58.413
S1A 15.331 28.579 47.085
S2A 42.197 56.054 63.269
S3A 12.645 26.281 47.246
S4A 2.658 16.025 67.656

Due to this fact, number of charge carriers are more in the base oil than the
Titania based nanofluids. This in turn results in lower breakdown voltage for
S1A, S3A, and S4A than S2T, S3T, and S4T. These facts in turns resist to
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form the breakdown channel (resisting to bridges between anode and
cathode). Therefore, it can be stated that, oil with nanoparticles have better
insulating properties and can be considered as better insulation for
transformers or capacitors.

From the above discussion, it can be stated that, the probable reasons of
the breakdown voltage are the streamer development in the insulating oils.
This streamer development is mainly due to the electron avalanches
phenomenon. So, the number of free charges is an important factor for
occurring the electron avalanches phenomenon. Hence, from the conductivity
value, the number of charges i.e. the main reason of the breakdown voltage
can be understood.

6.5.3. AC Conductivity

From the FDS scan, the ac conductivity (¢") of different prepared samples
have been calculated using (6.2) [260] and has been shown in Figs. 6.8-6.11
for different prepared samples.

10°

Frequency (Hz)

Fig. 6.8. AC conductivity for pure and mixed oils.

The values of o4, Ki, K2, m and n for different samples have been
presented in Table 6.4. From Figs. 6.8-6.11, the ladder phenomenon of ac
conductivity has been described. It can be seen from Fig. 6.8-6.11 that, the
first threshold frequency is 1 Hz i.e. in the first stage (below 1 Hz), ac
conductivity does not depend on frequency so, ¢’ can be considered as dc
conductivity.
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Frequency (Hz)

Fig. 6.9. AC conductivity for mixed oils based nanofluids.
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Fig. 6.10. AC conductivity for mineral oil based nanofluids.
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Fig. 6.11. AC conductivity for vegetable oil based nanofluids.

In this stage, by dispersing hybrid nanofluids in mineral oil can reduce the
conductivity to the lowest limit among the prepared samples. Then, from
Figs. 6.8-6.11, next threshold frequency has been pointed at 100 Hz. So, from
1 Hz to 100 Hz i.e. in the second stage, the variation of ¢’ becomes nonlinear
with the change in frequency. Therefore, beyond 100 Hz i.e. in the third
stage, AC conductivity becomes more nonlinear with the increment of
frequency. However, in the second and third stage, mixed oil and their
Titania based nanofluids shows least value of slope i.e. reduce the
conductivity in higher frequency. m and n of all the stages are different for
different samples. Thus, it can be understood that, the frequency dependency
of ac conductivity for different samples is different. This is due to the fact
that, value of m and n is dependent on the dipolar polarization and interfacial
polarization which is not similar for different samples [261, 253]. It can be
observed from Fig. 6.11 that, the ac conductivity of VOA3TS5 is higher than
that of VOA. This discrepancy may be due to the unbalanced molecular
structure of TiO, nanoparticles. In TiO, nanoparticles, different interatomic
distances between one Ti-O atom can be observed. Again, VO has an affinity
towards moisture. Therefore, this unbalanced molecular structure mainly
responsible for strong polarization characteristics in the crystal due to more
possibility of Ti-O interaction in the presence of more moisture in base oil
which in turn results in higher conduction current.
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Table 6.4 Parameters of (6.3) for different samples

Samples | obc(S/m) K1 m K2 n
MO 4.54E-12 5.94E-12 0.473 -2.15E-12 0.830
MOT 1.74E-12 -1.15E-12 0.934 4.89E-12 0.757
MOA 1.45E-11 -1.02E-10 0.792 1.00E-10 0.655
MOAZ3T5 2.93E-13 2.78E-12 0.684 9.39E-11 0.097
MOA4T4 6.20E-13 6.25E-12 0.957 5.62E-11 0.157
MOAS5T3 4.63E-13 4.50E-10 0.485 -5.44E-09 0.141
VO 9E-11 -5.70E-13 0.917 7.43E-12 0.757
VOT 1.23E-11 6.27E-11 0.110 8.44E-11 0.389
VOA 1.22E-11 3.51E-10 0.490 -3.39E-10 0.337
VOA3T5 2.25E-12 -8.87E-11 0.655 6.31E-11 0.706
VOA4T4 1.18E-12 1.16E-09 0.045 9.91E-12 0.822
VOA5T3 1.31E-12 9.94E-12 0.950 -1.47E-12 0.439

Sl 6.51E-13 1.21E-11 0.567 -9.45E-11 0.053
S2 7.53E-13 1.33E-11 0.934 -1.04E-11 0.568
S3 4.66E-13 1.34E-09 0.337 -1.00E-10 0.794
S4 1.23E-13 4.61E-09 0.165 -4.72E-09 0.262
SI1T 4.24E-13 -2.78E-11 0.153 -9.11E-11 0.538
S2T 5.13E-11 -9.37E-13 0.817 -2.82E-11 0.084
S3T 3.04E-11 4.82E-11 0.145 5.95E-12 0.869
S4T 9.27E-12 2.59E-11 0.144 7.25E-12 0.622

S1A 2.35E-12 9.66E-12 0.748 2.26E-10 0.083
S2A 3.52E-12 1.38E-09 0.442 -4.15E-11 0.961
S3A 2.19E-12 5.09E-12 0.800 -1.38E-12 0.911
S4A 1.92E-12 7.91E-10 0.401 -2.47E-09 0.239

6.6. Inference

This investigation mainly focused on the investigation on the effect of
TiO,, Al2O3 and their mixture on the ac dielectric properties (average power
frequency breakdown voltages and ac conductivity) when dispersed in the
mineral oil, vegetable oil or their mixture. After the preparation of the
nanofluids, ac breakdown voltage measurement and FDS measurement have
been conducted. From the ACBDV experiment, the breakdown voltages for
each sample with 1%, 10%, and 50% risk probabilities has been estimated
using Weibull distribution. Besides, ac conductivity has been calculated from
FDS scan. From the experimental results, the following inferences can be
drawn.

i. Average ACBDV is higher for pure vegetable oil than pure mineral
oil. Among the nanofluids, Titania based nanofluids exhibit higher
breakdown voltages than the pure oils.
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ii. Hybrid nanoparticles exhibit improved ACBDV for both base oils.
For the samples MOA3T5 and VOAS3TS5, the ac breakdown voltage can be
enhanced by 71% and 67%, respectively than the base oils.

iii.  The average ACBDV for mixed oil is improved than mineral oil.
However, this improvement of ACBDV cannot surpass the same for
vegetable oil. Further it has been revealed that, presence of nanoparticles
(both TiO; and Al»O3) can provide enhancement of the average ACBDV of
mixed oil even comparing with vegetable oil. Therefore, sample S3T shows
most improvement of ACBDV from pure oils.

iv. From the Weibull distribution analysis, it can be observed that,
samples S2T, S3T and S4T can be considered as better liquid dielectric for
1%, 10% and 50% breakdown probabilities among all the prepared samples.

V. In the first stage of ladder phenomenon of ac conductivity, by
dispersing hybrid nanofluids in mineral oil can reduce the conductivity to the
lowest limit among the prepared samples. However, in the second and third
stage of ladder phenomenon of ac conductivity, mixed oil and their Titania
based nanofluids reveal least value of slope i.e. reduce the conductivity in
higher frequency.

From this chapter, the quality of the different prepared oil has been
investigated considering ac breakdown voltage and ac conductivity to search
the next generation dielectric for transformer. However, for the transformer
insulation, moisture has been considered as the biggest enemy for insulation
condition which in turn reduce the transformer life. In this context, in the
next chapter, moisture content in transformer insulation has been assessed
using dielectric spectroscopy.

-129 -



Chapter 7

Chapter 7

Moisture Assessment of Nano-particles based
Composite Insulation by Dielectric
Spectroscopy

7.1. Introduction

From the previous chapters, different types of nanofluids have been
prepared and their dielectric properties have been investigated for searching a
new class of insulation. In this chapter, a significant threat for a transformer
insulation i.e. moisture is considered for assessment to predict the
transformer insulation condition. Therefore, condition-based monitoring of
these insulating oils is essential for the prolonged life of the transformer [1].
Among various developed methods, measurement of polarization and
depolarization current (PDC) and frequency domain spectroscopy (FDS) are
probably extensively used technique to assess the insulation condition [16,
17]. In PDC, insulation is generally applied by a steady excitation voltage
which results in the dielectric response current. This current mainly consists
of two main components which are regarded as conduction and polarization
current. Insulation resistance is primarily responsible for the conduction
current whereas the polarization current magnitude is decided by the dipolar
polarization phenomenon inside it. It is to be mentioned here that, the dipolar
characteristics of oil and paper in power transformer insulation are not similar
and needs to be investigated for proper diagnosis of their condition.
Considering this, various researchers have modelled the dipolar
characteristics of oil and paper using different mathematical expression
among which extended Debye model is popular [18]. However, in extended
Debye model, the insulation is modelled by number of dipoles having distinct
relaxation frequencies [18]. In practice, it has been observed that, depending
on the aging status and condition, the insulation can have dipoles with minor
differences of relaxation frequencies which are not considered when
modelled through extended Debye model. Therefore, insulation
characteristics modelled by extended Debye model can introduce error. In
order to minimize this error, relaxation frequency distribution (RFD) based
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state-of-art technique has been proposed in this work for investigating the
insulation characteristics of transformer. The proposed RFD scheme takes the
close relaxation times into account to model the dielectric response current.
In frequency domain, the method is known as frequency domain
spectroscopy (FDS) [9]. From the FDS measurement, parameters like
complex capacitance, dielectric loss factors can be determined to predict the
condition of the insulating medium [9]. It is reported in [10] that, the peak of
the complex capacitance and dielectric dissipation factor from FDS appears
at low frequency. So, factors like moisture, temperature affects more in low
frequency ranges which results in Low Frequency Dispersion (LFD) of the
parameters like complex capacitance. Further, Low Frequency Dispersion
(LFD) has been chosen as a parameter to estimate ac conductivity [11] and
dielectric dissipation factor [12]. Moreover, with aging of the insulating oil,
moisture is produced within the oil as a byproduct of aging. Further this
moisture migrates from oil to paper and vice versa. This ingression of
moisture in oil and paper degrades their dielectric properties. This
degradation of insulation can be predicted using the LFD of complex
capacitance.

In this chapter, few insulations model have been developed for
investigation purpose. The insulation models are either oil (mineral or
vegetable) or nano-fluids (TiO, and Al,O3 dispersed in mineral or vegetable
oil) impregnated. The percentage moisture content of the insulation models
is kept different for investigating the efficacy of the suggested method in
wide variation of moisture. Based on the depolarization (relaxation)
current, the RFD spectra of each insulation model have been evaluated. The
RFD spectrum of each insulation model have been studied and few
parameters are identified which are sensitive to the insulation condition.
Another parameter i.e. LFD of complex capacitance has also been used for
estimate the insulation condition. Besides, another important parameter i.e.
activation energy, has also been correlated with RFD spectrum. Based on the
value of activation energy, remaining life of the dielectric can be predicted
which further helps in constructing the maintenance plan of the power
transformer on condition basis.

7.2. Theoretical background

7.2.1. Modelling of Relaxation Phenomenon of Liquid Dielectric

As per conventional Maxwell or Debye model (DBM), dielectric response
function r(t) for an insulation may be represented in (7.1) [19-20].
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r = —
TpBMm
When steady voltage (E(t) = E,U (t)) is applied to an insulating material,

the polarization process starts and this polarization may be represented by
(7.2) [21]. zoem represents relaxation time constant in Debye model.

e(*T/TDBM ) (71)

Pol(t) = 5,E, [ r(t)dt (7.2)
or, % Pol(t) = ,E,r(t) (7.3)

In (7.3), dielectric response function r(t) can be replaced by (7.1) and can be
altered as (7.4).

3 POI(t) = &£, E, g /rom) (7.4)

t TpBMm
The above equation can further be modified as
k

TpBMm

POI(t) ZJ%POI(t)dtZSOEO Ie(’T/TDBM)dt

_ &oEok

TpoBm

(_TDBM )e(*T/TDBM) —+ ﬂ,

e(_T/TDBM ) + /’L

= —Tpem €oEo
DBM

= —TpauEoEor(t) + 4 (7.5)

Here, €0, 4 and r(t) are the permittivity of free space, integrating constant and
insulation response function, respectively. It is well-known fact that, the
nature of r(t) is monotonically decreasing [21]. As a consequence, r(t)

becomes 0 after sufficiently long time. Limr(t) =0.
t—oo

Thereafter, the electric field applied for sufficiently long time, (7.5) may be
represented as

LimPol(t)=0+4

towo

or, A =LimPol(t) (7.6)

t—oo
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The dielectric polarization Pol(t) in (7.5) can further be modified using (7.4)
and (7.6) as

d Pol(t) = £,E, K gt
dt DEM
Pol(t) = —7pam % Pol(t) + IL'T Pol(t) (7.7
At final and stable state i.e. r—oo,
Lim Pol(t) = Pol, = gOEOT r(t)dt = g,E, 2, (7.8)
0

Where, the susceptibility at final and stable state is indicated as yo and it can
be estimated by y, = I r(t)dt

0
By putting (7.8) to (7.7), zoem can be denoted as (7.9) which can be regarded
as the insulation response consisting single relaxation time,

Toam % Pol(t) + Pol(t) = ITLT Pol(t) = ,E, 7, (7.9)

Equation (7.9) has been modified in respect of relaxation frequency
(v = (@/ 7y )) and can be represented in (7.10) [16],

14 Pol(t) + Pol(t) = &,E, v, (7.10)
v dt

As reported in [19-22], DBM relaxation mechanism only consider single
relaxation of the dipoles which is regarded as spherical in shape. However, in
the practical dielectric material, multiple relaxation processes take place at
the same time and considering their condition, these relaxation processes may
have different frequencies. Therefore, it is very challenging task to isolate the
close relaxation times inside the insulating material. So, relaxation current
modelling using some existing approaches like Debye model may differs
from the actual relaxation current (measured) [17, 19, 21]. The suggested
RFD scheme deliberates the close relaxation times to model the relaxation
current of liquid dielectric. Therefore, it can be said that the modelling of
insulation using RFD method provides better about inherent characteristics of
the insulation. In the case of liquid nano-dielectrics, molecules interact with
their axis of rotation which in turn possess different relaxation processes.
This phenomenon ensures that the frequency distribution of the relaxation
model for the liquid nano-dielectrics occurs over an extensive range of
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frequency. Moreover, for understanding the relaxation model of the liquid
nano-dielectrics, the corresponding time domain depolarization (relaxation)
current data is recorded and is transformed into frequency domain to obtain
the distribution of relaxation frequencies. The r(v) is the distribution density
function which indicates the distinct relaxation of individual dipole group
having different frequency (v). So, the rate of change of relaxation of the total
polarization (Polwtal) With respect to relaxation frequency (v) is considered as
the distribution density function (r(v)) [21].

r(v) _ 1 dPOItotaI (711)
Pol,., dv
(v) =R(WV) (7.12)

R(v) can also be represented in terms of the depolarization current as (7.13).
i(t) = POlgo [ R(V)ed v (7.13)
[0}

Here, Polowa denotes the entire polarization occurs inside the insulating
medium considering stable state. In discrete domain, (7.13) can alternately be
represented by a series of discrete equation with combination of (vm, Rm)
which is represented in (14).

N
igi (i) = POlygia z Av,R, (v, )e (7.14)

m=1
i=1,2,...N

The matrix corresponding to the (7.14) may be ill-conditioned. So, it is
very difficult task to determine the solution of this equation. Few techniques
for obtaining the solution of this sort of equations are demonstrated in [20-
22]. In this work, the estimation of the frequency distribution spectrum of the
relaxation procedure has been conducted by incorporating a numerical
iterative process to the measured relaxation current.

7.2.2. Activation Energy using Debye Model Parameters

In extended Debye model, the insulation is modelled by combination of R-
C parameters which are evaluated from the corresponding dielectric
relaxation current [23]. The R parameters are sensitive to the temperature. It
is reported in [24] that, the variation of R with temperature as shown in
(7.15).

E. L1 1 (7.15)
R, =R, xexp(—2 x (= ——
7, = Ry, xexp( Kx(Tl T2))
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Where R and R, indicate the geometric dc resistance at temperatureT, and

T, , respectively. In case of insulation under test, the activation energy can

be evaluated if the branch resistance of extended Debye model is known at
two different temperatures [24]. It should be mentioned here that, the
dielectric relaxation current of insulation under test can be utilized for
deriving its extended Debye model [23]. Therefore, it is well-understood that,
if the relaxation current of insulation under test are measured at two different
temperatures, the corresponding extended Debye model can be derived at
those two temperatures. Based on the corresponding branch resistance values
at the two temperatures, the activation energy of the dielectric can be
evaluated. Therefore, from the activation energy value, the remaining life of
the insulation can be determined under a fixed thermal stress based on
isothermal accelerated ageing of the oil as given in IEC60216 standard [25].
A correlation has been derived between activation energy and RFD parameter

7.3. Experimental Procedures

7.3.1. Determination of Paper Moisture Content

After preparing the insulation prototypes (as shown in Fig. 2.12 in Chapter
2), the overall moisture level of the samples was determined by Dry-weight
method [26]. During preparation, insulation prototypes contained residual
moisture which needed to be eliminated. For this purpose, the insulation
prototypes were heated at 80°C for 72 hours. Thereafter, the insulation
prototypes were kept in the vacuum chamber at a pressure of 1kPa for 72
hours. Then the weight of the moisture free insulation prototypes (W,) was
measured using precision balance. Again, those insulation prototypes were
exposed to air for ingression of the desired moisture. Next, the weight of the
prototype samples (Wm) was recorded. Based on W, and W,, the percentage
moisture content (%pm) was calculated by (7.16) which were verified
through FDS (using IDAX300).

It is to be mentioned here that total 30 different types of test samples were
developed with different moisture contents. Out of 30 types test samples, 24
types test samples [MO (with paper moisture-0.52%, 1.14%, 2.08% and
3.16%), MOT (with paper moisture-0.55%, 1.09%, 2.07% and 3.12%), MOA
(with paper moisture-0.58%, 1.11%, 2.15% and 3.06%), VO (with paper
moisture-0.53%, 1.05%, 2.17% and 3.08%), VOT (with paper moisture-
0.65%, 0.61%, 0.54% and 0.41%) and VOA (with paper moisture-0.47%,
0.42%, 0.37% and 0.32%)] were used for deriving the empirical relationship
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for estimation of sample moisture content. On the other hand, remaining 6
types test samples [(MO with pm 1.58%, MOT with pm 1.63%, MOA with
pm 1.72%, VO with pm 2.59%, VOT with pm 2.54% and VOA with pm
2.39%)] have been used to validate the proposed relationships.

% pm =V\%x100% (7.16)

o

7.3.2. Oil-paper Impregnation Procedure

After estimation of paper moisture, the insulation samples were
impregnated in the base fluids (MO and VO) and prepared nanofluids. For
this purpose, the insulation prototypes were immersed in the base fluids (MO
and VO) and each nanofluids were kept at a constant pressure (vaccum) at
30°C for 72 hours to ensure proper impregnation process. The impregnated
samples were placed in a sealed vessel. The placement of the test samples
within the sealed vessel reduces the possibility of induction of significant
error due to the environmental issue.

7.4. Results & Discussion

7.4.1. Result from PDC measurement of oil impregnated
samples

The measurement of PDC has been conducted for each prepared sample.
The results from polarization and depolarization current measurement for
both the mineral and vegetable oil impregnated insulation samples have been
presented in Fig. 7.1.

10—6 , =——————— Polarization: MO, pm: 0.52%
Depolarization: MO, pm: 0.52%
-7
~~ 10
=
N—
= 10°% ¢
L
= °
= 10"
()
-10
10 3
@
10711
10° 10' = 10°

o . 10
Time (s)
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Polarization: VO, pm: 0.53%
Depolarization: VO, pm: 0.53%

1010 L (b)

1 0() 2 1 03

10" . 10
Time (s)

Fig. 7.1. PDC results for (a) mineral and (b) vegetable oil impregnated paper transformer
insulation.

7.4.2. Analysis of PDC considering Frequency Distribution
Function

The frequency domain distribution function of each oil-paper samples has
been assessed wusing the corresponding depolarization current data
considering appropriate procedure as discussed in section 7.2.1. The
relaxation frequency domain distribution function for mineral oil-paper
samples (having different moisture) have been shown in Fig. 7.2. Since, the
recorded data is discrete in nature, the determination of the overall R(v)
function, iterative method has been incorporated as reported in [20-22]. It
can be noticed from Fig. 7.2 that the relaxation frequency domain distribution
(RFD) contains multiple peaks at different frequency ranges. The peak at
higher frequencies (0.1 Hz range) can be considered due to the relaxation of
the dipoles in oil as their relaxation time becomes lower (in the range of 10s
and lower) [32]. On the other hand, the peak at 0.01Hz frequency range
represents the dipolar relaxation in paper insulation as their relaxation times
become in the range of 100s and above [32]. Therefore, the peak near to 0.1
Hz has been considered as the dipolar relaxation of oil whereas the peak near
0.01Hz has been considered due to the dipolar relaxation in paper. It should
be mentioned here that, there are third relaxation peak (having relatively
lower value) near to 1 mHz which can be considered due to the electrode
polarization [33]. The relaxation peak near 0.1Hz can be considered as
indicator of oil dielectric characteristics whereas the peak at 0.01Hz can be
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considered as marker for paper insulation properties. Considering this fact, an
effort has been taken to correlate the peak near 0.01 Hz with condition
assessment parameters (like moisture) for paper insulation.

35 =107
3 il MO, pm: 0.52%
r — 7!17 ‘i — — — MO, pm: 1.14%
: .,: ll | eeneeenens MO, pm: 2.08%
| :-"-,:_ “ : ————— MO, pm: 3.16%
Elm
iRy
LA
2N
107! 10°

Relaxation frequency (Hz)
Fig. 7.2. RFD functions for Mineral oil-paper samples at different Moisture content.

From Fig. 7.2, it can also be seen that, the relaxation frequency distribution
(RFD) function peak increases for both 0.1Hz (M) and 0.01Hz (Mpager) With
increase of paper moisture. This is an interesting observation which can be
used for predicting the paper moisture. Again, it may be observed from Fig.
7.2 that, with the increment of moisture in the prepared samples, the peaks
(Moit and Mpaper) are found to be increased and shifted towards higher
frequencies i.e. the peak frequency fy paper IS Shifted. Observing this fact, it
can be stated that, the peak frequency f, paper iS @ moisture sensitive
parameter. This shifting of f, pager iS due to the fact that, increment of
moisture increases the particle polarizability which decreases the
corresponding relaxation time [22].

Fig. 7.3 shows the variation of RFD functions for mineral and vegetable
oil-based paper insulation. It may be observed from Fig. 7.3 that, the My;
values for vegetable oil-based insulation is higher than corresponding values
of MO based insulation for the similar value of paper moisture. This is due to
the fact that, in case of VO based insulation, the vegetable oil has higher
affinity towards the moisture in comparison with the MO. Higher amount of
the moisture in VO relatively enhances the overall polarization characteristics
within it which in turns increases the response current. It is understood from
the section 7.2.1 that, the values of My is dependent on the magnitude of the
response current. Therefore, the Moii for VO is higher than the MO for similar
value of paper moisture. On the other hand, as the moisture affinity for VO
is higher, therefore, the higher amount of moisture migrates towards it when
compared with MO based insulation. So, the amount of moisture in paper for
VO based insulation becomes lower in comparison with the MO based
insulation. As the moisture content in cellulosic part of VO based insulation
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is lower, therefore, Mpaer for VO based insulation is lower than the
corresponding value for MO based insulation.

-7
5.5 > 10
MO, pm: 2.08% r‘
2 F — — —VO,pm: 2.17% |
I
1.5 I
e~
= !
= 1 I
I
0.5 ]
AN J
1072 1072 107! 10°

Relaxation Frequency (Hz)
Fig. 7.3. Variation of RFD functions of MO vs VO.

Fig. 7.4(a) and 7(.4b) show the variation of RFD functions for mineral oil
based nanofluids impregnated paper samples and vegetable oil based
nanofluids impregnated paper samples, respectively. It can be observed from
Fig. 7.4(a) and 7.4(b) that, both Moji and Myaper decreases for nano-particle
based insulation than pure oil-based insulation. This fact illustrates that,
addition of nano-particles in MO and VO decreases the corresponding
movement of dipoles within oil and paper. The decrement of dipolar
movement in turn reduces the dielectric loss which in turn advantageous from
practical point of view. Besides, it may also be observed from Fig. 7.4(a) and
7.4(b) that, Moii, Mpaper and their corresponding peak frequency (fo_paper) are
lower for Al,O3 in comparisons with the TiO; (for both VO and MO). This
phenomenon in turn shows the superiority of AlO; than TiO, based
insulation. Besides, the chemical structures of mineral and vegetable oils are
different. Dispersion of different nano-particles with the oils develop bonds
with the oil molecules that affect their dipolar relaxation characteristics
which is reflected in their corresponding RFD spectra. Hence, the oils (in
Table 7.1 & 7.2) used for experimental purpose have different dipolar
relaxation characteristics which can be observed from the Fig. 7.4. Various
existing dielectric model analyzes the polarization and depolarization current
to address these changes of polarization process and based on the results, the
moisture distribution of the insulation is predicted [22-24].
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Fig. 7.4. Variation of Relaxation frequency distribution functions of (a) mineral oil based
nanofluids and (b) vegetable oil based nanofluids.
Table 7.1 fy_paper and Mpaper for Mineral Oil and Its Nanofluids Paper Samples

MO
Paper | Activation . Relaxation
- Relaxation Frequency,
moistur energy £ vaner (MH2) Peak
e (%) (eV) proaper Moaper
0.52 0.65 7.692 3.21E-08
1.14 0.52 8.197 6.62E-08
2.08 0.36 9.615 1.68E-07
3.16 0.28 11.363 2.18E-07
MOT |
0.55 0.36 6.25 1.65E-08
1.09 0.32 7.299 5.14E-08
2.07 0.29 8.772 9.81E-08
3.12 0.26 10.204 1.81E-07
MOA |
0.58 0.54 5.128 3.85E-09
111 0.48 6.452 2.82E-08
2.15 0.41 8.197 6.63E-08
3.06 0.38 9.434 1.39E-07
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The aim of the suggested technique is to estimate the overall moisture
content (Overall Humidity level) within the transformer insulation by using
relaxation frequency distribution technique.

Table 7.2 fy_paper and Mpaper for VVegetable Oil and Its Nanofluids Paper Samples

VO
Paper | Activation Relaxation Relaxatio
moistur energy Frequency, n Peak
e (%) (eV) fo-paper (MHZ) Moaper
0.52 0.65 7.692 3.21E-08
1.14 0.52 8.197 6.62E-08
2.08 0.36 9.615 1.68E-07
3.16 0.28 11.363 2.18E-07
VOT
0.65 0.47 4.464 8.02E-09
0.61 0.42 4.950 2.73E-08
0.54 0.35 6.536 6.98E-08
0.41 0.32 8.130 9.32E-08
VOA
0.47 0.65 4.115 3.01E-09
0.42 0.61 4.425 1.66E-08
0.37 0.49 5.714 4.50E-08
0.32 041 7.092 8.85E-08

7.4.3. Effect Of Moisture on Real and Imaginary Part of
Complex Capacitance

Effect of moisture content on the real and imaginary part of the complex
capacitance for MO have been presented in Fig. 7.5 and 7.6, respectively.
From the Fig. 7.5 and 7.6, it may be observed that, with the increment of
moisture, both real and imaginary part of complex capacitance are increased.
Increment of moisture in the insulating liquid lead to the increment of charge
carriers. This fact leads to the increment of the dielectric losses i.e. C'and C"
profiles. Another interesting fact may be observed that moisture effect more
in the lower frequency ranges than the higher frequency ranges. From the
Fig. 7.5 and 7.6, it can be further concluded that after 100Hz the changes of
C'and C" are negligible. This fact again revealed that the dispersion of the C'
and C" profiles are below 100Hz i.e. in the low frequency range. So, this Low
Frequency Dispersion (LFD) can help in determination of the effect of
moisture in the insulating medium.
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Fig. 7.5. Effect of moisture on real part of complex capacitance.
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Fig. 7.6. Effect of moisture on imaginary part of complex capacitance.
7.4.4. Estimation of Paper Moisture using

7.4.4.1. Peak Frequency of RFD

As discussed in section 7.4.2, f, paper Can be utilized to estimate the
moisture content percentage. The variation of paper moisture with f, paper
(obtained from Table 7.1 and 7.2) for both MO and VO based insulation have
been presented in Fig. 7.7(a) and 7.7(b), respectively. Considering the change
of paper moisture with f, paper, an empirical equation has been established
using the least square regression method and has been shown in (7.17).
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Fig. 7.7. Variation of paper moisture with relaxation frequency for (a) mineral oil based
nanofluids-paper samples and (b) vegetable oil based nanofluids-paper samples.

f
Paper moisture (%) I (7.17)
aZ al

In (7.17), a1 and a,, are the fitted coefficients and their values for the
different samples are presented by Table 7.3. From Table 7.3, the R square
values for each sample can be observed greater than 96% which ensures the
effectiveness of the fitting process.

Table 7.3 Fitted Coefficient of (7.17)

Parameter a a R square
MO 0.006996 0.1529 0.9961
MOT 0.005879 0.1808 0.9836
MOA 0.004843 0.2249 0.9661

VO 0.005717 0.1353 0.9937
VOT 0.003796 0.2502 0.9937
VOA 0.003617 0.2169 0.9970
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7.4.4.2. Peak Amplitude of RFD

Similarly, the variation of paper moisture with Mpager have been shown in
Fig. 7.8. The variation of paper moisture with Mpaper have been fitted by
linear equation (as given in (7.18)). In (7.18), b; and b, are the fitting
coefficients and their corresponding values for different test samples have
been represented in Table 7.4. The R-square values of the fitting equation for
the test samples are above 90% which in turn indicates the strong correlation
between the paper moisture and Mpaper.

Paper moisture (%) =b, xM .. +b, (7.18)
~3.5
S o
e
225
RZ] O MO measured
g O MO fitted
o O MOT measured
2 L5 MOT fitted
n‘: Y MOA measured
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s o
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B82.5
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Fig. 7.8. Variation of paper moisture with relaxation peak for (a) mineral oil based nanofluids-
paper samples and (b) vegetable oil based nanofluids-paper samples.
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Table 7.4 Fitted Coefficient of (7.18)

Parameter by b2 R square
MO 1.31E+07 0.1400 0.9708
MOT 1.58E+07 0.3358 0.9881
MOA 1.83E+07 0.6359 0.9661
VO 2.48E+07 0.0719 0.8949
VOT 2.79E+07 0.3419 0.9798
VOA 3.04E+07 0.5215 0.9856

7.4.4.3. LFD Parameters

As reported in [14], the dielectric properties of oils rely on the ion
conduction and space charge polarisation at lower frequency. Due to space
charge polarization, the accumulation of the charge carriers reduces which
leads to the increment of capacitance [15]. Again, from Chapter 3, Section
3.3 it can be observed that, peaks of C' and C" are in the low frequency. Low
Frequency Dispersion (LFD) can be a good indicator of moisture change.
LFD of C'and C" can be determined with the expression (7.19) and (7.20),
respectively [11].

oY '
AC’ = ClmHz T “100Hz (7.19)
" __—~n "
AC" = ClmHz - C100Hz (7.20)
35
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Fig. 7.9. Estimation of paper moisture using LFD of real part of complex capacitance.
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For the estimation of the moisture content of the insulating paper samples
using LFD of C', the curves between the percentage of moisture content and
corresponding LFD of C' are fitted using polynomial regression method as
shown in Fig. 7.9. From the regression of every sample, the fitting coefficient
(R?) is more than 91% which indicate good fitting. Hence, an empirical
relationship can be established between AC' and moisture content (%mc) as
represented in (7.21) and the fitted coefficients of (7.21) for each prepared
samples are given in Table 7.5.

Paper moisture % = ALx10"x(AC') + A2 (7.21)
Table 7.5. Fitted Coefficient of (7.21)
Al A2 R?
MO 3.72 -4.88 0.98
MOA 3.59 0.26 0.97
MOT 213 1.37 0.91
VO 3.15 -0.13 0.99
VOT 4.19 -5.16 0.92
VOA 24.06 -2.28 0.95
+ Mo
fitted MO
§ O MOA
g fitted MOA
3 X  MOT
Rz fitted MOT
= o vo
5 fitted VO
s O voa
= fitted VOA
VOT
fitted VOT

LFD of C" x107

Fig. 7.10. Estimation of paper moisture using LFD of imaginary part of complex capacitance.

Again, for the determination of the moisture content of paper using LFD of
C", the curves between the percentage moisture content of the paper and
corresponding LFD of C" are fitted using polynomial regression method as
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shown in Fig. 7.10. In this fitting method for each sample, the calculated R?
is more than 90% which indicate good fitting. Hence, an empirical
relationship can be established between AC" and moisture content (%mc)
which is represented in (7.22) and the fitted coefficients of (7.22) for each
prepared samples are given in Table 7.6.

Paper moisture % = B1x10"x(AC") + B2 (7.22)

Table 7.6. Fitted Coefficient of (7.22)

Bl B2 R? RMSE
MO 1.28 -1.43 0.97 0.34
MOA 1.05 -0.07 0.96 0.76
MOT 131 1.40 0.93 0.55
VO 4.62 0.37 0.97 0.43
VOA 38.65 -2.11 0.97 0.31
VOT 49.65 -6.49 0.93 0.62

7.4.5. Establishing a correlation between Activation Energy and
Peak Amplitude of RFD

Activation energy of prepared samples has been calculated using (7.15)
and has been presented in Table 7.1 (for mineral oil-based samples) and
Table 7.2 (for vegetable oil-based samples). The change in activation energy
with Mpaper have been presented in Fig. 7.11 for oil impregnated paper
samples. This variation with different paper moisture have been fitted by
logarithmic equation (as given in (7.23)). In (7.23), c1 and c; are the fitting
coefficients and their corresponding values for different test samples have
been shown in Table 7.7. The R-square values of the fitting equation for the
test samples are above 95% which in turn indicates the significant correlation
between the activation energy and Mpager.
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Fig. 7.11. Variation of activation energy with relaxation peak for (a) mineral oil based
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Table 7.7. Fitted Coefficient of (7.23)

Parameter C1 C2 R square
MO 9.96E-07 -5.237 0.9808
MOT 4.50E-05 -21.2 0.9979
MOA 10.03E-05 -17.44 0.9772
VO 1.33E-06 -5.173 0.9641
VOT 1.32E-05 -15.29 0.9727
VOA 1.26E-05 -11.98 0.9583
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7.4.6. Validation of Derived Equations for Estimating insulation
characteristics

In order to validate the derived equations (7.17-7.23), the paper moisture
and activation energy have been estimated using these equations for the new
prepared test samples. It is to be noted that, few test samples having different
moisture contents (MO with pm 1.58%, MOT with pm 1.63%, MOA with pm
1.72%, VO with pm 2.59%, VOT with pm 2.54% and VOA with pm 2.39%)
have been prepared. The f, paper and Mpaper OF the above-mentioned prepared
test prototypes have been determined considering the processes as discussed
in section 7.2.1. The values of fy paper, and Mpager Of the newly prepared test
prototypes have been presented in Table 7.8. Using the values of fj paper and
Mpaper, the paper moisture of the newly prepared test prototypes has been
estimated by (7.17) and (7.18), respectively. The predicted paper moisture
and the corresponding estimating error of paper moisture have been presented
in Table 7.9. It can be seen from Table 7.9 that, the estimating error of paper
moisture is less than 10% which shows the effectiveness of (7.17) and (7.18).

Table 7.8 fp_paper , Mpaper , AC" and AC"’ of the Samples Prepared for Experimental Validation

MO, MOT, MOA, VO, VOT, VOA,
pm: pm: pm: pm: pm: pm:
1.58% 163% | 1.72% | 2.59% | 2.54% | 2.49%
fopaper | g5 | 798 | 7.353 | 8065 | 7.246 | 641
(mH2)
Mpaper 1.18E- 7.96E- | 5.07E- | 1.06E- | 8.67E- | 7.06E-
07 08 08 07 08 08
AC 2.06E- 1.2E- 6.2E- 192E- | 0.5E- 2.03E-
10 10 10 10 10 10
” 2.15E- 0.51E- | 1.84E- 0.21E- | 0.19E-
AC 9 9 9 3E-9 9 9
Table 7.9 Estimated Paper Moisture Using f, paper AND Mpaper
Estimated | Estimated | Error | Error
Paper paper paper (%) (%)
Sample | moisture | moisture moisture a7 (18)
(%) (%) (%)
by (17) by (18)

MO 1.58 154 1.68 2.7 6.3
MOT 1.63 1.69 1.59 3.6 25
MOA 1.72 1.86 1.56 7.9 9.3

VO 2.59 2.54 2.69 1.8 3.9
VOT 2.54 2.58 2.45 1.7 35
VOA 241 2.64 2.19 9.5 9.1
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To validate the above two empirical relationship between moisture content
and LFD of C' and C", aforementioned test samples have been considered.
From the FDS result of that sample, AC' and AC" have been calculated using
(7.16) and (7.20) and given in Table 7.10. The moisture content of that
sample is predicted using (7.21) and (7.22). The calculated errors are also
given in Table 7.10 which ensure the establishment of those relationship.

Table 7.10. Validation of (7.21) and (7.22)

Estimated -
Paper paper Estlmafced . .
sample | moisture moisture | PaPer moisture | Error (%) Error (%)
%) %) (%) (AC) (ac")
by (AC") by (AC™)

MO 1.58 1.62 1.49 25 5.7
MOT 1.63 1.74 1.81 6.7 114
MOA 1.72 1.81 1.66 5.2 35

VO 2.59 3.01 243 16.2 6.2
VOT 2.54 2.86 249 12.6 19
VOA 241 2.28 2.37 54 1.6

Table 7.11 Estimated Activation Energy using Mpaper

Estimated
Activation Activation Error
Sample Meaper energy (eV) | energy (eV) (%)
by (19)

MO 1.18E-07 0.43 0.41 4.6
MOT 7.96E-08 0.31 0.30 3.3
MOA 5.07E-08 0.46 0.44 4.3
VO 1.06E-07 0.52 0.49 5.8
VOT 8.67E-08 0.34 0.33 2.9
VOA 7.06E-08 0.45 0.43 4.4

Besides paper moisture, the activation energy of the newly prepared test
prototypes has been estimated by Myaper Using (7.23) as shown in Table 7.11.
The corresponding error for activation energy have been evaluated and
presented in Table 7.11. It can be seen from Table 7.11 that, the
corresponding estimating error for each sample are less than 6%. This fact
indicates that, the proposed method is effective for estimating activation
energy.

7.5. Inference

In this chapter, an advanced method has been adopted to predict the
overall moisture level of paper as well as the activation energy using
depolarization current. For this purpose, virgin oils (MO and VO) as well as
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nano-fluids impregnated insulation models have been prepared in the
laboratory. Based on the dielectric relaxation current, relaxation frequency
distribution (RFD) function of the insulation model has been evaluated. It has
been observed that, RFD spectra can provide the information relating to the
relaxation characteristics of oil (near 0.1 Hz) and paper (0.01Hz). The
parameters (Mpager and fy paper) Of RFD spectra have been utilized for
predicting the overall moisture level in paper. Based on the dependency of
paper moisture on Myaper and f, pager, tWo empirical relationships have been
developed. The effectiveness of the empirical relationships has been verified
through the newly prepared insulation model. Again, with the increament of
moisture, both real and imaginary part of complex capacitance are increased.
Furthermore, it can be observed that moisture effect more in the lower
frequency ranges than the higher frequency ranges. Therefore, LFD of C' and
C" have been chosen to estimate the moisture content of the paper. For this
purpose, two empirical relationships between LFD of C' and C" and moisture
content have been established and have been validated with a newly prepared
sample. Similarly, the dependency of activation energy on Mgaper. has been
observed. Considering the variation of activation energy with Mpaper, an
empirical relationship between these two parameters have been established
which has further been verified on the newly developed insulation models.
Thus, the results presented in the paper show that, the suggested method can
be suitable for assessing the condition of dielectric model which can further
predict the remaining life of the insulation inside the power transformer.
Moreover, this assessment can enhance the reliability of the performance of
power transformer.
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Chapter 8

Conclusions & Future Work Recommendation

8.1. Conclusions

In this thesis, a comprehensive framework is developed to reduce the
research gap towards the applicability of the nanofluids based on mineral and
biodegradable oil as a next generation liquid dielectric used for high voltage
equipment. This is accomplished by thoroughly investigating the suitability
of established electrical-based condition monitoring methods created for the
next generation of insulation systems, such as nanofluids based on mineral
and biodegradable oil insulation. At first a through literature survey has been
conducted which revealed that, the use of nanofluids as an alternative to
mineral oil in high voltage equipment still faces profuse challenges.
Considering these challenges, in this thesis, researches about the dielectric
properties of different nanofluids has been carried and compared with
mineral and vegetable oil.

For this purpose, different experimental setup for ac breakdown voltages,
viscosity, nano-particle size distribution in prepared samples and dielectric
spectroscopic measurements were developed which has thoroughly been
discussed in chapter 2. Nanofluids samples containing semi-conducting
nanoparticle, TiO. (titania), and a non-conducting nanoparticle, Al,Os
(alumina), have been prepared in laboratory for investigation of their
dielectric properties. From chapter 3, it can be observed that, the presence of
Al;O3 (alumina) in mineral oil increases corresponding fand values, whereas
dispersion of TiO, (titania) decreases the corresponding tand values
compared to pure mineral oil. On the other hand, a reverse phenomenon has
been observed for vegetable oil. Again, by dispersing this nanoparticle,
nonlinearity in conduction current cannot be improved for vegetable oil.
However, activation energy of the nanofluids is found to be decreased.
Further, there is an increase in viscosity after dispersing nanoparticles which
is not desirable. These facts lead to search for another kind of nanofluids as
discussed in chapter 4 where nanofluids have been prepared by mixing with a
semiconducting type nanoparticle (TiOz) and a non-conducting type
nanoparticle (Al,Oz) in a certain ratio. It has been revealed that, hybrid
nanofluids can be a better choice than single nanofluids and the base oils
(mineral oil or vegetable oil) for their improved dielectric properties. For the
concern of environmental issue, vegetable oil is preferred over mineral oil.
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However, there are significant issues with vegetable oil, such as its high cost,
increased viscosity and increased moisture intrusion. Regarding this problem,
mixed oil i.e. a particular percentage of mineral oil substituted with vegetable
oil and has been proposed as a base oil for the preparation of nanofluids in
chapter 5 which shows enhanced dielectric properties in terms of viscosity,
dc conductivity, nonlinearity study, tand and temperature dependency than
the mineral and vegetable oil. Then, in chapter 6, two crucial parameters,
breakdown voltage and ac conductivity of the different prepared nanofluids
have been examined when assessing an insulating oil for use in transformers.
Here, the breakdown voltages for each sample with 1%, 10%, and 50% risk
probabilities has been estimated using Weibull distribution. From this
analysis of breakdown voltage and ac conductivity, mixed oil with titania
shows improved result among the prepared nanofluids. Moreover, moisture
effect has also been considered in this thesis in chapter 7. Moisture i.e. the
aging byproduct of the transformer insulation which can migrates from oil to
paper and vice versa and degrades their quality. Therefore, precautionary
measurement of moisture can ensure the life of the transformer. In this
context, few moistures sensitive parameters from RFD spectra and LFD of
complex capacitance obtained from PDC and FDS, respectively have been
identified to estimate the moisture content in transformer insulation to avoid
premature failure of transformer.

8.2. Scope of the Future Works

This investigation provides several suggestions for further studies, which are
bestowed below.
» Long term stability of the nanofluids is still a challenge for researchers.
In future, the effect of stability of the nanofluids on their dielectric
characteristics has been planned to investigate.
> Environmental effect of the nanofluids has been planned to study.
» The electro-thermal aging effect of different nanofluids on their
dielectric properties has been planned to study.
> In future, synthetic ester-based hybrid nanofluids and mixed nanofluids
have been planned to prepare. Moreover, a comparative study of their
dielectric properties with other existing oils has been planned to conduct.
> Effects of another important aging byproduct of the transformer i.e.
acids like Acetic acid, Formic acids, Levulinic acid, Naphthenic and Stearic
acids etc. on the dielectric properties of the oils can be studied in future.
Moreover, use of nanoparticles on the base oil has been planned to
investigate for mitigating the adverse effect of acids.
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