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ABSTRACT

This thesis basically proposes some advance methods to predict the time after the instant of
preparation and the percentage concentration of nanofluids using dielectric spectroscopic
methods. For this purpose, zinc oxide (ZnO) nanofluids based on mineral oil is prepared in the
laboratory with different concentrations (i.e. 0.01%, 0.03%,0.05%, and 0.07%). First, ZnO
nanoparticles are synthesized by low temperature hydrothermal method in laboratory. By
employing X-ray diffraction methods, the average diameter of the ZnO nanoparticles is found
to be 28.21nm. After that, ZnO nanofluids is prepared using two-Step process. To ensure the
uniform dispersion of the nanoparticles, sonication followed by stirring process is employed.
After the preparation of nanofluids, Polarization & Depolarization Current and Frequency
Domain Spectroscopy measurement is conducted with different concentration along with
several hours from the instant of sample preparation. From the time domain spectroscopy,
various parameters are extracted using extended Debye model which are sensitive to the time
after the instant of preparation and the percentage concentration of nanofluids. Similarly, from
frequency domain spectroscopy, low frequency dispersion of capacitances and dielectric
dissipation factor are evaluated which are found to be sensitive to the time after the instant of
preparation and the percentage concentration of nanofluids. Using those aforementioned
parameters, fourteen empirical relations are established. Then, to validate these relations, two
samples are prepared in the laboratory with two different percentage concentrations of
nanofluids. After that, the same experiments are conducted at two specific different instants
from the time of preparation. Finally, percentage errors are calculated using those measured
and obtained values. Based on this errors value, it can be stated that, using this method the time
after the instant of preparation and the percentage concentration of nanofluids can be predicted
accurately. This study further helps to prepare a long term stable nanofluids which may be used

as a good alternative to mineral oil.
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CHAPTER-1

INTRODUCTION




1.1 Introduction

Transformers are considered as an asset to the power system networks. Lifespan and condition
of those transformers mainly rely on their insulating medium. Mineral oil serves this insulating
purpose of those transformer and many high voltage equipment due to its superior dielectric
properties. It also has good pouring point at low temperatures, good thermal cooling capacity,
affordable price and its efficiency level is very high. It also serves as a cooling medium in those
equipment [1-3]. However, today’s increasing power demand raise the necessity for searching
a new class of insulation which can provide improved dielectric properties. In this context, the
concept of nanotechnology has been applied in the transformer oil for further enhancement of
the dielectric properties of mineral oil. The concept of “nanofluid” was first introduced by Dr.
Choi in 1995. Nanofluid (NF) is a newly discovered product of nanotechnology that used as a
coolant and dielectric fluid. It is developed by uniformly dispersing the colloidal particles
(diameter size is typically in the order of 1-100 nm) into conventional base fluids [5,6]. To
ensure the long-term stability, additional substances like surfactants, dispersants are likely to
be used during the preparation of nanofluids. The surfactants are incorporated into the
nanofluids to prevent the agglomeration, caused by the nanoparticles due to its large surface to
volume ratio (S/V). Dr. Choi [7] identified numerous advantages of the nanofluids over
conventional liquid dielectrics which includes increased surface area, substantial heat flow rate,
and stronger breakdown strength. There are mainly three types of nanoparticles (i.e.
conducting, semiconducting and insulating) used with transformer oil. For enhancing the
dielectric properties of transformer oil, enhancement of dielectric strength is the main criteria
of the researchers. In this context, conducting nanoparticles are found to be more suitable than
the semiconducting and insulating nanoparticles [9]. However, the main issue that creates
obstacle for long term usage of nanofluids is their dispersion stability. To prepare the long term
stable nanofluids, the concentration of the nanofluids and the time from the preparation are
considered as important parameters those need to be optimized.

Form the past few decades, transformer oils have been successfully used as insulating and
cooling materials due to their thermal as well as insulating properties. It has been reported in
[1], improper dielectric insulation and poor design mainly responsible for the transformer’s
failures. Transformer is considered as the one of the most important electrical components as
it has been potentially able to distribute electricity to the consumers [1]. It has been proven that
transformers are a costly component and has an immediate impact on the manner in which the

network operates, where it is located, how much oil is in it, and how much hazardous material
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is present. Any disruption related to the transformer will decrease the reliability of the power
system [2-4]. As per [5], overheating and thermal stress are considered as the major causes of
transformer failure. Hence, to overcome transformers failure caused by the aforesaid factors,
many researches and approaches have been introduced. For this purpose, various nanoparticles
mainly (conducting, semiconducting and insulating) have been dispersed in the mineral oil to
enhance both thermal and dielectric characteristics. The homogeneous dispersion of
nanoparticles in the base fluid are known as nanofluids. Due to its exceptional dielectric
qualities, it attracted a lot of attention by the researchers [6-7]. Moreover, Still, researchers are
trying to find the best possible combination of nanoparticles and mineral oil (nanofluids) to

have improved characteristics [7].

In the years between the 1870s and the 1990s, petroleum-based oils have been employed in the
transformer system to provide necessary insulation [6]. Apart from this, it also serves as a
cooling medium in that equipment. Due to their high paraffin wax concentration, paraffinic-
based oils generally have high pour points, which is undesirable for use in power-distribution
equipment subjected to low temperatures. From [8], it has been reported that, high-viscosity
oils have a lower ability to transport heat, which in turn results in overheating and a shorter
shelf life. Whereas, transformer oil based on naphthenic has been developed to overcome the
aforementioned obstacles. Despite the fact that oils with a naphthenic base are more susceptible
to oxidation than paraffinic based oil because the oxidised products from paraffinic-based
materials are soluble, viscosity was reduced [7]. Oils with naphthenic bases have a lower pour

point and will stay liquid in the transformer system at low temperatures.

Therefore, the concept of nanotechnology has been applied in the transformer oil for
enhancement of the dielectric properties of mineral oil. Now to increase the heat dissipation of
insulation oil, Siginer et al. first suggested an insulation oil-based nanofluid in 1995 [3]. It has
been reported in [4], due to the incorporation of nano-aluminum nitride (nano-AIN) with 0.5
vol% in mineral oils can effectively increase thermal conductivity by up to 8%. Also, from [5-
11], it has been found that, addition of aluminium oxide (Al203), Silicon dioxide (SiO>), silicon
carbide (SiC), hexagonal boron nitride (h-BN), graphene, and others in the mineral oil can
effectively increase the insulating characteristics. Comparison with the unmodified mineral oil,
Segal et al. discovered in 2000 that positive lightning impulse breakdown voltage (BDV) of
mineral oil based nanofluids increased by up to 50% [12-14]. Although dispersion of
nanoparticles into the mineral oil are advantageous, but due to the large surface to volume ratio

(S/V) of nanoparticles, there is a tendency of agglomeration or sedimentation in the nanofluids.
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Hence to ensure the long-term stability, additional substances like surfactants, dispersants are

likely to be used during the preparation of nanofluids [13].

Therefore, based on the aforesaid observations, it has been clearly indicated that, incorporation
of nanoparticles into the base oil have been effectively used to replace the conventional
dielectric fluids in the transformers Although nanofluids are capable to enhance both electrical
and thermal qualities but it must be able to withstand against of thermal, electrical stresses etc.
Moreover, regular monitoring of the transformer insulation condition is very necessary to
prevent early failure of the transformer. The investigation has been conducted in the time and
frequency domains. The polarization & depolarization current (PDC), recovery voltage
measurement (RVM) are considered as very effective techniques in the time-domain
measurement. Whereas, frequency domain spectroscopy (FDS) is very effective technique in
frequency domain for determination of the dielectric properties. It should be stated here that,

FDS is advantageous than time domain [15-17].

In this work, conducting zinc oxide (ZnO) nanoparticles with a mean diameter of 28.21nm
were dispersed in the mineral oil that acts the base oil of the nanofluids with different volume
fractions (i.e. 0.01%, 0.03%,0.05%, and 0.07%). Then, the prepared ZnO nanofluids were
subjected to PDC and FDS measurement. These measurements were carried out considering
several hours from the instant of preparation or with different percentage concentration of the
nanofluids. Hence, from FDS and PDC measurements, some parameters have been extracted
through which hours from the instant of preparation or percentage concentration of the

nanofluids can be predicted.

1.2 The Motivation for the Work

With the recent advancement in the field of nanotechnology, nanofluids are widely being
preferred in the power system industry due to its large surface area and ability for the
enhancement of breakdown strength. Hence, a comprehensive study has been done in this thesis
work, for the enhancement of insulation capabilities of the mineral oil by applying the concept
of nanotechnology. Here in that experiment, condition assessment of the transformer insulation
has been carried out through dielectric spectroscopic measurements in both the time and
frequency domains. Moreover, from the dielectric spectroscopic measurements, various
parameters have been extracted through which hours from the instant of preparation or

percentage concentration of the laboratory prepared ZnO nanofluids can be predicted.
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Therefore, the aim of this thesis work is to monitor how these parameters are sensitive to the

hours from the instant of preparation and percentage concentration of the nanofluids.

1.3 Outline of The Thesis

The thesis is organized as follows:

e Chapter 1 introduces the preliminary idea of the thesis work. It includes my motivation for
the work.

e Chapter 2 consists of the existing previous works related to this work.

e Chapter 3 consists of detailed information regarding transformer insulation and application
of nanotechnology in transformer oil.

e Chapter 4 provides information regarding the synthesis of nanoparticles and steps to
prepare nanofluids. Thereafter, different dielectric properties of nanofluids were discussed
in details.

e Chapter 5 provides the brief theory about time and frequency domain spectroscopic
measurement.

e Chapter 6 consists of the preparation and characterization of ZnO nanoparticles involving
necessary steps. Further, an experimental set-up was developed to conduct time and
frequency domain spectroscopic measurement.

e Results obtained from X-ray diffraction method, dielectric spectroscopy in time and
frequency domain were discussed in chapter 7. From these results, few parameters were
extracted from PDC and FDS. Using these parameters, hours from the instant of preparation
and percentage concentration have been predicted.

e Chapter 8 discuss the conclusions of this work and state few challenges which needs to be

explored in future.
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CHAPTER-2

OVERVIEW OF TRANSFORMER INSULATION:
ADVANCEMENT WITH NANOTECHNOLOGY
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2.1 Transformer Insulation

The control and functioning of the power transformer play a key role in the power system's
stability. Transformers are essential parts of electricity transmission and distribution networks
because they increase or decrease the voltage levels, which facilitates effective energy transfer.
Transformer insulation is very essential in power systems because transformers operates at

voltages between thousands and millions of volts, which is a high voltage.

Insulation materials, such as insulating oils, paper, or synthetic materials, are used to avoid
electrical breakdown and ensure the safe and reliable operation of the transformer. The strength
of the insulation, quick cooling techniques, and regular inspection are the three most crucial
components that ensure a transformer will run steadily [18]. It has been seen that insulation
materials that have high dielectric strength are capable of withstanding high voltage without
allowing electric current to pass through them. In order to achieve this, transformers use
insulating oil which offers the necessary thermal stability, electrical insulation, and arc-
prevention in the event of a fault. These characteristics could be satisfied by a variety of oil
that is widely available on the market [19-21]. Among them mineral oil is used as liquid
insulation in the majority of transformers due to its extensive dielectric properties and
resistance. Due to its superior electrical insulating qualities. it can successfully prevent
electrical failures and maintain the necessary insulation resistance. This property is essential

for transformers, as they operate at high voltages.

Hence, it can be concluded that transformer insulation is essential for the mechanical, electrical,
and thermal safety of power systems. It guarantees reliable and safe operation, guards against
electrical failure, regulates voltage levels, dissipates heat, protects against environmental

factors, and supports the transformer mechanically.
2.2 Mineral oil as Transformer oil

In order to manufacture mineral oil, which is a non-renewable fossil resource, crude oil
distillate needs to first go through extra physical and chemical processing under atmospheric
pressure before being processed again under vacuum. The mineral oil has three fundamental
chemical compositions, they are paraffinic, naphthenic and aromatic. Mineral oil was originally
used as transformer oil in 1892 by General Electricals after Eliu Thompson obtained a patent
for it that was chemically stable [22]. Since then, it has experienced several changes, including
changing from its naphthenic to paraffinic form and also in the manufacturing process, and is
still utilised as an insulating liquid in the power industry. The structures of the naphthenic,
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paraffinic, and aromatic hydrocarbons—which are essentially the building blocks of refined
mineral oil are shown in Fig. 3.1. Mineral oil can be used to accomplish the characteristics of
a good insulating oil, including high dielectric strength, high temperature stability, and low
dielectric loss [23].

®» ® ? ©
H—O—O0—0—0—0—@ ©O—©—©—0©—@©

H ®

A. Structure of Paraffinic
Hydracarbons

B. Structure of Naphthenic C. Structure of Aromatic
hydrocarbons hydrocarbons

Fig. 2.1. Basic carbon structures in mineral oil molecules [22]

Additionally, there are two main categories for mineral oil are paraffinic and naphthenic. Both
naphthenic oil and paraffinic oil have lower proportions of naphthene hydrocarbons and
paraffinic hydrocarbons, respectively [23]. The two types of mineral oil both have benefits as
well as drawbacks. When used as intended, naphthenic oil has a shorter lifespan than paraffinic
oil because it becomes oxidized more quickly [24]. In terms of sludge generation, naphthenic

oil surpasses paraffinic oil [25]. When it comes to removing the sludge content, paraffinic oil
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performs less well than naphthenic oil. The specifications of the two types of oils have been

given in Table.2.1.

Table 2.1. Specifications of the two types of oils [24]

Property Naphthenic Oil Paraffinic Oil
At 20°C Density in kg/m? 882.9 872.8
Kinematic viscosity at 20°C in
9.655 10.06
mm?/s
Pour point (°C) -45 -24
Flash point (°C) 140 159
Acidity in mg KOH/g 0.01 0.022
Breakdown voltage for electrodes
) 55 42
with a 2.5mm gap (kV)
Nature of sulphur Non- corrosive Non-corrosive

2.3 Study of Nanofluids

It has been reported in [9], Feynman introduced the idea of nanotechnology in 1959. That has
been used in several scientific disciplines, most notably physics, engineering, material science,
etc. Using nanotechnology, it is become possible to manipulate the matter at the nanoscale
(roughly in the range of 1-100nm) which efficiently improve the materials' various
characteristics. The same idea holds true for nanofluids, which are dielectric liquids that
possess nanoparticles incorporated to improve their thermal and dielectric properties. The term
“nanofluid” was first introduced by Dr. Choi and Eastman in 1995.The nanofluids are the base
fluids that have nanoscale particles uniformly floating throughout them. As per [26,27], In
accordance to many researches, adding nanoparticles into transformer oil will raise the
breakdown voltage. Researchers are still looking for a perfect combination of nanoparticles
and transformer oil (nanofluids) to have superior characteristics. In addition to having
significant effects on the thermal properties of composite materials, the volume fraction of
nanoparticles, surface to volume ratio (S/V), their shape and size, and the surface contact area
between particles and liquid are important parameters. The study of mineral oil based
nanofluids has recently attracted a lot of interest [28]. Numerous nanofluids for use in power
transformers have drawn attention for their dielectric and thermal properties. As reported in
[29-30], thermal conductivity and AC and DC breakdown voltages are better in magnetic

nanofluids than in unmodified mineral oil.
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A fluid that contains nanosized particles is often referred to as a nanofluid. Manufactured
colloidal suspensions of nanoparticles in a base fluid make up these fluids [31,32]. The
nanoparticles in nanofluids are typically made of metals, oxides, carbides, or carbon nanotubes.
There are two phases in these systems: a solid phase and a liquid phase. Nanofluids have been
found to have better thermal conductivity, thermal diffusivity, viscosity, and convective heat
transfer coefficients than base fluids like oil or water. It has demonstrated a diverse range of
potential applications. A two-phase system has a number of critical issues that need to be
resolved. One of the most significant problems is the stability of nanofluids, and it is still very
difficult to achieve the proper stability of nanofluids. This chapter gives an overview of the
stability mechanism and recent advancements in stable nanofluid production methods.
Nanofluids have gotten increased attention in recent years. Applications for a wide spectrum
of nanofluids are primarily influencing research in this area. Although some review articles on
the advancement of nanofluid research have been published recently [33-35], the majority of
the reviews are focused on theoretical and experimental investigations of the thermophysical
characteristics or convective heat transfer of nanofluids. Thus, in addition to describing the heat
transfer properties of nanofluids, this chapter will concentrate on the new methods for
preparation and stability mechanisms. Recent advancements in stable nanofluid preparation
methods will be discussed in the following sections along with an overview of the stability

processes.
2.3.1 Types of Nanoparticles

Nanoparticles can be roughly categorised into a number of groups based on their morphology,
size, and chemical characteristics. The choice of nanoparticles for the fabrication of nanofluids
must be made with extreme care; typically, permittivity and conductivity are used as the
primary criterion for selection. Therefore, one should first analyzed all the properties of the
material, which will help in increasing the dielectric strength of the fluid. The nanoparticles are
broadly classified into three main categories, conductive (includes ferric oxide (FesO4) and
zinc oxide (Zn0)), semi conductive (includes titanium dioxide (TiO2), copper oxide (CuOy))
and insulating (includes boron nitride (BN) and silicon oxide (SiOz)), respectively.

Apart from the aforementioned categories, the nanoparticles can be classified into the following

groups,
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e Carbon Based Nanoparticles:

The two primary components of carbon-based NPs are fullerene and carbon nanotubes (CNTS).
Single-walled carbon nanotubes (SWCNTSs) and multi-walled carbon nanotubes (MWCNTS)
are two different types of CNTs. Among them, fullerene is an allotrope of carbon with a hollow
cage structure made up of sixty carbon atoms or more. The structure of C-60 is similar to a
hollow football. Due to their excellent electrical conductivity, extraordinary strength, and

electron affinity make them suitable for numerous applications.
e Ceramic Nanoparticles:

Ceramic NPs are an inorganic solid which made from phosphates, carbides, oxides, and

carbonates. These NPs have excellent chemical internes and heat resistance.
e Polymer Nanoparticles:

Organic-based NPs are polymer NPs. Depending on the production method, they have
configurations that resemble nanocapsules or nanospheres. Despite having a core-shell

structure, nanosphere particles are arranged in a matrix-like manner.
e Lipid Based Nanoparticles:

The majority of lipid nanoparticles (NPs) have spherical shapes with diameters between 10 and
100 nm. It consists of a matrix made up of soluble lipophilic molecules and a solid lipid core.
For these types of nanoparticles, emulsifiers and surfactants are used to stabilise the outer core
of these NPs.

2.3.2 Dielectric Properties

The dielectric characteristics of nanofluids will unavoidably alter significantly as a result of the
addition of nanoparticles [40-41]. In mineral insulating oil, Sartoratto et al. introduced surface-
modified FesOs magnetic nanoparticles [42]. The results demonstrate that the addition of
nanoparticles significantly enhanced the electrical resistivity, imaginary part of the dielectric
constant and dielectric loss factor and the relative permittivity stays constant until the volume
proportion of nanoparticles reaches 0.016. The dielectric loss factor of nanofluids is 0.1868,
which is 51 times greater than that of pure oil (0.0036), when the volume percentage of nano-
Fes04is 0.8%. Additionally, magnetic nanoparticles decrease volume resistivity, making them
potentially harmful when used in the electrical field for applications involving nanofluids.
Merges et al. investigated the effect of frequency on the dielectric properties of nano-oil, and
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they reported that in the frequency range of 0.1 Hz to 10° Hz, FesO4 based nanofluids showed
higher relative permittivity, and in the frequency range of 0.1Hz to 10° Hz, dielectric loss factor
is also increased [43]. Du et al. looked at how temperature affected the dielectric characteristics
of nanofluids. In various oil temperature ranges, conductive FesO4 nanoparticles have reduced
electrical resistivity and raised the dissipation factor. However, insulated BN nanoparticles had
a good dielectric characteristic that enhanced electrical resistance and decreased dissipation
factor [44]. Li et al. looked into the dielectric characteristics of a Fe3O4 nanofluid made from
vegetable oil [40, 45]. When the frequency is below 10 Hz, they discovered that the dielectric
loss factor of nano-oil is significantly lower than that of pure oil, and when the frequency is
above 100 Hz, they discovered that the volume resistivity of nanofluids is higher than that of
pure vegetable oil. The majority of studies were AC BDV-centric, and there haven't been many
investigations into DC BDV or positive impulse voltage. The mineral oil-based nanofluid a
Fe304 (diameter of a FesO4 nanoparticle is around 10 nm; practically spherical) is at the top of
the list with the largest improvement in AC and DC BDV and positive impulse voltage. The
positive impulse BDV and conductivity of nanofluids with rod-like TiO2 nanoparticles
increased 23 and 60.7%, respectively, in comparison to that of TiO2 nanospheres, according to
Lv et al.'s study of the morphology, which includes the size and shape of nanoparticles that

affects their dielectric properties [46].

2.3.3 Thermal Properties

The potential of nanofluids in heat transfer applications has drawn increasing attention, since
the concept of nanofluids was first proposed by Dr.choi in 1995. As of now, a few review
papers [47-53] have been published that provide overviews of many aspects of nanofluids, such
as preparation and characterization, methods for measuring thermal conductivity, theory and
model, thermophysical characteristics, and convective heat transfer. The thermal conductivities
of ethylene glycol (EG)-based nanofluids containing oxides like MgO, TiO2, ZnO, Al,Oz and
SnO2 nanoparticles [54], the MgO-EG nanofluid was found to have superior characteristics,

having the highest thermal conductivity and lowest viscosity.
2.3.4 Stability of Nanofluids

In addition to settling and blockage of microchannels, the agglomeration of nanoparticles
lowers the thermal conductivity of nanofluids. As a result, stability research is an important
aspect that affects the application-relevant characteristics of nanofluids, and it is important to

research and evaluate the factors that affect the stability of nanofluid dispersion. This section
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will contain the Stability mechanisms of nanofluids. The dielectric and insulating properties of
the nano-insulating oil will be impacted if the nanoparticles agglomerate because of the surface
energy and interface energy and are no longer stable. VVan der Waals force, electrostatic force,
solvation power, gravity, buoyancy, and other forces will all be applied to the nanoparticles
when they are disseminated in the base fluid [55], and the stability of their dispersion is directly
correlated with both their physical and chemical characteristics. According to the DVLO
theory, the van der Waals attractive forces and electrical double layer repulsive forces jointly
control the stability of nanofluids [56, 57]. It implies that the nanofluid will be stable if the
repulsive forces are greater than the attractive forces. It will be possible to see aggregation
brought on by collisions or sedimentation brought on by gravity with nanoparticles that lack or
have a very low concentration of surfactant. However, the double chain surrounding the surface
of the nanoparticles will create an extra steric repulsive force when there is an excess of
surfactant, as illustrated in Fig.4.3., thirdly, the DVLO hypothesis states that electrostatic
stabilization is another technique to increase the repellent forces for nanoparticles. These

factors prevent the aggregation of nanoparticles and guarantee the stability of nanofluids.

FElectrostatic Stabilization

Steric Stabilization

Fig.2.2. Concept of steric and electrostatic stabilization [55]

13| Page




4.7 Advantages & Disadvantages of Nanofluids
Form the aforementioned sections, it can be concluded that the addition of nanoparticles in
the base fluids can effectively increases some properties. The nanofluids includes the

following advantages,

e The dispersed nanoparticles enhance the fluid's effective thermal conductivity.
e The enhanced specific surface area of the particles increases the interaction between

the base fluid and the nanoparticles.

But, due to the large surface area of the nanoparticles, there is a tendency for agglomeration
or sedimentation of the particles in the base fluids. Apart from this, the processing expenses
of the nanofluids are very high. Also, rapid clustering is a big issue when dealing with the

nanofluids.
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CHAPTER-3

THEORITICAL BACKGROUND ON X-RAY
DIFFRACTION AND DIELECTRIC
SPECTROSCOPIC MEASUREMENT

15| Page




3.1. Theory of X-ray Diffraction Method

X- ray diffraction method is an important technique for determining the structure of the

crystals. The theory behind XRD is a result of pioneering works of the Braggs.

Bragg’s law suggests that the crystal structures can be considered as an array of

atoms/molecules that forming planes.

The X-ray incident on an atom will scatter in some direction. The scattered X-rays can interfere

constructively if they are in-phase or destructively if they are out of phase.

P R Diffracted

Incident X-Rays

Fig.3.1. Concept of Bragg’s Law

The path difference between the two x-rays scattering from the two planes can be seen to
2dsin®, where d is the interplanar distance and @ is the incident angle.

For the two waves to interfere constructively, they should satisfy, the following relation

2dsin@ = nA (3.2)
According to Bragg’s law, the relation between interplanar distance (d) and wavelength of x-

ray (1=0.15406 nm) has been represented in (3.1) and n is considered as order of peak selected.

Now if the XRD graph for a crystalline material is considered, some intense peaks can be
found. But for an amorphous material no such peaks will be found. Now using JCPDS card,
the material can be easily identified and then by using Scherrer formula, the mean size of the
material can be determined from the XRD graphs as given in (3.2) [60].
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D kA (3.2)
pcosé

Where, D represents the crystalline Size of the nanoparticle, k represents Scherrer constant (for
spherical structure, it is 0.9) and f is the line broadening at half of the maximum intensity (full
width half maxima).

3.2 Dielectric Response Method

In order to prevent transformer failure, insulation should be regularly monitored before its time
of operation. For this purpose, dielectric response analysis has been developed to evaluate the
insulation state of transformers. The two basic categories of this investigation are conducted in
the time and frequency domain. For these purposes, polarization & depolarization current
(PDC) is an effective technique that is used in time-domain spectroscopy measurement.
Whereas, frequency domain spectroscopy (FDS) is effectively used in frequency domain for
determination of insulation capabilities. Hence, a brief theory related to PDC and FDS has been

discussed in the following section.
3.2.1 Concept of Time Domain Spectroscopy

The polarization process starts when an electric field is applied across a dielectric. The inner
dipoles are directed in the direction of the applied electric field as a result of the polarization
process. Conduction current and displacement current start to rise as a result of the effects of

polarisation [58,59]. Hence, electric displacement can be defined as,

D(t) = g, E(t) + AP(t) (3.3)
In this case, the permittivity in free space, relative permittivity of the dielectric material, applied
electric field and the polarization function are denoted as &, &, E(t) and P(t), respectively. P(t)

is the dielectric response function that has a monotonically decaying characteristics can be
written as (3.4).

t (3.4)
P(t) = &y(c, ~DE(®)+5, [ f (t-r)E(r)dz
0
€ IS the relative permittivity of the material at high frequencies. In (3.4), the first term
represents rapid polarization, and the second term represents slow polarization. Ampere's law
can be used to calculate the current density through a dielectric material in an electric field E(t).

Therefore,
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J(t)=oE +e, %{gwE(tH j; f(t—7)E(r)d7} (3:5)

In (3.5), the first term represents conduction current, and the second term represents
polarization current. The current passing through the test object can therefore be expressed as
follows, assuming that external voltage U(t) that generates the electric field E(t). Hence the
current, due to the effect of DC conductivity, permittivity and dielectric response function can
be written as (3.6).

[(£)= Co (42,50 + T VW (3.6)

0

In (3.6), Co is referred as the geometrical capacitance of the test sample.

The time domain dielectric diagnosis mainly includes Polarization and depolarization current
method. This technique records charging and discharging currents of the insulation. The
measurement of polarization and depolarization currents (PDC) following a dc voltage step is
one way in the time domain to investigate the slow polarization processes. The dielectric
memory of the test object must be cleared before the PDC measurement. The voltage source
should be free of any ripple and noise in order to record the small polarization current with

sufficient accuracy.

The schematic of the PDC measurement has been given in the Fig.3.2.

| |
| |

I:lepu]

Test
object

Electrometer

Fig.3.2.PDC measuring Circuit [59]

The procedure consists in applying a dc charging voltage of magnitude U, to the test object for
along time (For e.g. 10,000s). During this time, the polarization current I (t) through the test

object is measured, arising from the activation of the polarization process with different time
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constants corresponding to different insulation materials and to the conductivity of the object,

which has been previously carefully discharged.

In the following section, the typical characteristics of the polarization and depolarization

current have been shown in Fig.3.3.

U
. La()
I Tc 1; t !
‘ ' Idepnl (1)

Fig.3.3. Typical nature of polarization and depolarization current [59]

From Fig.3.3, the typical nature of polarization and depolarization current has been studied.
The insulation between windings is charged by the dc voltage stepUc. From Fig.3.3, it has
been concluded that, the initial time dependence of the polarization and depolarization currents

(<100 s) is very sensitive to the conductivity of the mineral oil.

Now the value of dc conductivity can be obtained from the aforementioned PDC curves
(Fig.3.3) by subtracting the depolarization current from the polarization current at larger values

of time. Therefore, the dc conductivity o,can be expressed by (3.7).

& ) ) (3.7)
Oy = m[l pol (t) o Idepol (t)]

3.2.1.1 Background theory on Extended Debye Model

From time domain spectroscopy measurements, a model has been developed to create an
equivalent circuit through which insulation characteristics can be effectively studied. The
several R- C branches that make up this model has been shown in Fig. 3.4. The internal dipoles
of a dielectric material begin to line up with the direction of the applied electric field.

Polarization current flows as a result of this orientation. The dielectric shorts out when an
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applied electric field is withdrawn after a specified amount of time. The dipoles start to realign
themselves to their initial locations, releasing the bound charges on the electrodes. Therefore,
if the external circuit is complete over a meter, these free charges flow as discharging or
depolarization current. Every dipole group has a unique polarization current and relaxation
time. Each dipole group is represented by a unique R-C branch in an electric field in the

extended Debye model.

The dc conductivity in polarization current is represented by the Ro term in the extended Debye
model. In the extended Debye model, the delta function in polarization current is represented
as C. Every R-C branch of the extended Debye model can be shown in Fig.3.4. as an active

polarization process.

Polarization Conduction

i i

e il
sl A\ [RERGRT R |1 |
DC (_): R T
Source i EH- i E
o | |

_________________

Fig. 3.4. Equivalent circuit of the extended Debye model [59].

The conduction current and current due to the dipolar polarization makes the polarization
current. Whereas, due to the impact of dipole reorientation, the depolarization current

developed.

Hence, polarization current can be written as,

Ipot = lc T Lagpor (3.8)
(id (depory) as defined by (3.9).
Idepol = Id(depol) (3.9)
(lgepor) can be written as (3.10)
(3.10)

n t n _t
Igepol = _Z Ay X(€ ) ooy = _Z Ay, x(e 7)
k=1 k=1
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where, 1« is the time constant for active polarization process, and Ax is the decaying coefficient
as defined by (3.11).

L (3.12)

A= cili-e"]

k

.= RC, (3.12)

The value of Ro of the extended Debye model can be calculated by using (7.8).

U, (3.13)

R. =
°

pol(t,) — I depol (t;

where, Ug is the applied electric field across an insulation dielectric.

The branch parameters of the extended Debye model can be effectively calculated using (3.11),
(3.12) and (3.13).

3.2.1.2 Advantages of PDC Method

e This non-destructive method can provide the moisture content in the solid insulation
material and the conductivities of the oil and paper.

e Other diagnostic quantities like activation energy and polarization spectra can be
calculated from PDC measurements directly.

e It provides very fast response at low frequencies with good accuracy.
3.2.2 Frequency Domain Spectroscopy

Dielectric response in the frequency domain is another alternative method to study the
polarization phenomena. This is an ac test and, dissipation factor or tan delta is measured as a
function of frequency of test. The frequency range for FDS is normally between 1 m Hz to 1
kHz. This involves measurement of impedance at different frequencies and possibly at different
voltages also. The dielectric is energized with sinusoidal voltages and the current across it is
measured. Measurements in the frequency domain need voltage sources of variable frequencies
and, for applications related to HV power equipment, output voltages up to at least some
hundreds of volts. The impedance is then calculated which helps in the evaluation of power
factor, capacitance, dissipation factor, permittivity etc. Here in this section, Fig. 3.5 shows the

basic FDS measurement circuit.
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Fig. 3.5. FDS Measurement Circuit [14]
When an alternating field is introduced, the dipoles in the dielectric material start to align with
the electric field. The insulating material's free electrons begin to move in the direction of the
anode as well. The alignment of the dipoles and the flow of the electrons towards the anode
influence the electric current that travels from anode to cathode through the dielectric material.
The effect of electron mobility and dipole alignment on each other affects the nature of current.
According to [14], the current's quality seems to deteriorate over time. As a result, the time
domain current can be analytically transformed to the frequency domain by employing the

Laplace transform or Fourier transform.

Therefore, with an application of pure sinusoidal excitation, the current flowing through the

dielectric material can be characterised in the frequency domain by,

(@) = jo C(w)U (o) (3.14)
Where, current through the dielectric material is represented by I,, and the equivalent complex

capacitance of the dielectric material is resented by C(w) .The expression of C(w) is given
in (3.15).

C(w) =C'(0) - jC"(®) (3.15)
In (3.15), C'(w) is the real component of the complex capacitance, which in general denotes the
capacity to store energy due to dipoles and electrons. Whereas, C"(w) is the imaginary
component of complex capacitance, which often represents energy loss during dipole

alignment and electron transport. The dipoles interact with the molecules or other existing
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dipoles when alignment takes place in a dielectric medium under an alternating field. The
frictional loss produced by these contacts raises a dielectric loss [15]. The electron is driven
towards the anode when an electric field is introduced. As a result, any molecules, electrons,
or dipoles that are already present are hit by travelling electrons. By generating energy loss
within the dielectric material, this collision increases the dielectric loss. Generally, the
imaginary component of the complex capacitance, C"(w) indicated this dielectric loss. In
(3.16), C(w) basically represents the energy storage capability that takes place in the dielectric
material as a result of the electrons' transporting to the anode and the dipoles' alignment with
the applied field. The fano is a parameter that can be used to estimate the state of an insulating
material [16]. It is the ratio between the imaginary component of the complex capacitance,
which indicates energy loss, and the energy storage component, or the real part of the complex
capacitance, is known as the tand. The expression of fand is given in (3.16).

C () (3.16)
C'(w)

tano =

According to [14], electron transport in an insulating material under an electric field and the
alignment of the dipoles are extremely slow processes that are effective in the power frequency
range (i.e.50 Hz) and below it. In order to acquire a clear image, frequency domain
spectroscopy (FDS) is used at very low frequency ranges, from 1 mHz to 1 kHz or more [8,
10].

3.2.2.1 Theory on Low Frequency Dispersion

From frequency domain spectroscopy, nature of various parameters such as tand, C"and C” at
low frequency range (i.e. from 1mHz to 100Hz) can be easily analyzed. Moreover, it has been
observed that the peak in the dielectric loss factor occurs at low frequencies and reaches its
minimum at high frequencies. Another fact can be observed at low frequencies, when charge
carries near the electrode surface reduces due to the effect of space charge polarization Due
this reduction of charge carriers, the capacitances are significantly increasing but as a
consequence, ac conductivity decreases. Therefore, a study of low frequency dispersion
features of the real and imaginary components of the capacitance or tand has been realized to

investigate insulation characteristics.

For this purpose, the change in real and imaginary components of complex capacitance or tand
are obtained from the following equations (3.17), (3.18), (3.19).
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AC'=C '1mHz -C '100Hz (3'17)

Where, C1mHz and CooH; are the real component of complex capacitance obtained at 1 mHz
and 100 Hz.

ACH — C”1mHz _ C”100 e (318)

Similarly, C"imHz and C"100H; are the imaginary component of complex capacitance obtained at
1 mHz and 100 Hz, respectively.

Atano = tand,,,,, — tand,y,, (3.19)

Where, tandimn; and tandioon; are the tand values obtained at 1 mHz and 100 Hz frequency.
From FDS, the value of ac conductivity can be easily determined by (3.20).

_C'%xgw (3.20)
CO
Where, o is the ac conductivity, C” is imaginary capacitance, €o IS permittivity in free space

(o}

(8.854x10'2 F/m) and Co is considered as the geometrical capacitance of the test cell. From
equation (3.20) the relationship between ac conductivity and imaginary capacitance can be
established.

3.2.2.2 Advantages of FDS Method

e Dielectric frequency domain spectroscopy (FDS) enables measurements of the
composite insulation capacitance, permittivity, conductivity (and resistivity) and loss
factor in dependence of frequency.

e The real and imaginary components of the complex capacitance and permittivity can
be separated.

e This non-destructive technique also provides the moisture content in the solid insulation
material and C-ratio diagnostic quantity.

e FDS has better noise performance and separates the behavior of polarizability (y’) and

losses (”’) of a dielectric medium.
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CHAPTER-4

EXPERIMENTAL SETUP AND PROCEDURE
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4.1 Selection of Material for Sample Preparation

For investigation of the insulation properties of nanofluids an experimental set-up has been
developed in the laboratory. For this purpose, mineral oil (MO) has been selected as the base
oil for the nanofluid sample. In the fabrication of a nanofluid sample, conductive ZnO
nanoparticles have been selected with a mean diameter of approximately 28.21 nanometres. In
the selection of the nanoparticles, conductivity and permittivity are the two fundamental
parameters that must be considered. Here, an electrode made up of two 30.48 cm x 30.48 cm
aluminium sheets spaced apart by 4 mm is used; the structure of this electrode is shown in Fig.
4.1. After that, the electrode is dipped into the prepared nanofluid sample with full precautions.
Using the experimental setup depicted in Fig.4.5. both time and frequency domain

spectroscopy measurements have been conducted on mineral oil based ZnO nanofluid sample.

Fig. 4.1. Electrode set up

4.2 Sample Preparation

In this section, the synthesis process of ZnO nanoparticles have been discussed. After that,

the preparation method of the mineral oil based ZnO nanofluids have also been discussed.

4.2.1 Synthesis process of ZnO Nanoparticles

In this section, the method for preparation of zinc oxide nanoparticles has been discussed. Here,
for the synthesis of zinc oxide nanoparticles low temperature hydrothermal process has been
applied. For the manufacture of zinc oxide nanoparticles, pentahydrate salts of zinc nitrate [Zn
(NO3)2.5H20] and hydroxide salt of sodium (NaOH) have been chosen as precursors. In a
typical low-temperature hydrothermal synthesis of ZnO nanostructures, 0.47 gm of [Zn (NO3)2,
5H>0] was dispersed in 25 ml of deionized (DI) water before 15 ml of NaOH solution was
incorporated dropwise and vigorously stirred at ambient temperature for approximately 5
minutes. After that, the mixture was put into a 250 ml Scott bottle and heated hydrothermally
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up to 100 ° C. Precipitates were collected after 5 hours of reaction by centrifugation at 3000

rpm for 18minutes, and then they were dried for 2 hours at 60 ° C.

The instrument set up used for the preparation of ZnO nanoparticles by low temperature hydro

thermal process have been shown in Fig.4.2.

Fig.4.2. Experimental set up for low temperature hydrothermal method.

After that, phase purity and crystallinity of the synthesized ZnO nanoparticles were analyzed
using the X-ray diffractometer (specification: CuKa radiation, 2=1.5404 A, Ultima I11, Rigaku,
Japan) which have been given in Fig.4.4. This method was adopted to examine the structure

and morphology of the laboratory prepared ZnO nanoparticles [60].
4.2.2 Preparation of Mineral Oil Based Nanofluid

Here, mineral oil based ZnO nanofluids have been prepared by two step method. For
fabrication of nanofluid sample, conductive ZnO nanoparticles have been selected with a mean
diameter of approximately 28.21 nanometres. The entire process is classified into three steps,
as follows:
e For preparation of mineral oil based nanofluids, 22 mg of Zinc Oxide nanoparticles
were dispersed in the mineral oil with four different volume fractions
(0.01%,0.03%,0.05% and 0.05%). For this purpose, 400 ml of mineral oil was taken in
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the beaker into which ZnO nanoparticles were added at four different percentage

concentration.

e After that, dispersion of the nanofluid was carried out by using a magnetic stirrer for

around 30 minutes in order to get uniform dispersion.

e To ensure homogeneous dispersion of the nanofluid, it was applied to ultrasonication

for 99 minutes. In order to lower the content of dissolved water in the prepared

nanofluid sample, it was carried out in a vacuum oven for at least 1 hour.

Fig.4.3. shows the procedures needed to prepare a sample of ZnO nanofluid based on mineral

oil.

Weighing of
Nano-particles

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

Prepa

Fig. 4.3. Steps for Preparation of Nanofluids [39]

4.3 Experimental Process

—

s

In this section, characterization of laboratory prepared ZnO nanoparticles have been discussed

by employing X-ray diffractometer instrument. After that, experimental procedures for

investigation of the insulating properties of nanofluid samples have been discussed in both time
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and frequency domains. In this context, Fig.4.6. illustrates the experimental setup for both PDC

and FDS measurements.

4.3.1 Characterization of laboratory prepared ZnO nanofluids by X-ray

diffraction method.

A simple X- ray diffractometer instrument requires a radiation source, sample crystal and a
detector. The instrument set up used for the characterization of laboratory prepared ZnO

nanoparticles has been shown in Fig.4.4. This characterization method has been performed for

structural and morphological analysis of the laboratory prepared nanoparticles.

Fig.4.4. X-Ray diffractometer Instrument Fig.4.5. Data acquisition system

A source gives of x-rays that strike the crystal at some angle 8 and the detector detects the
scattered radiation at angle of 2 6 from the source. The x-ray hits the atoms in the crystal plane
and scatter in different direction. For diffraction to occur, the scatter radiation must be coherent
there for the scattering must be elastic. Thereafter, the intensities of the scattered radiation are
recorded and plot interplanar distance versus 26. This is the plot of intensity of the scattered
radiation vs 26. This plot of intensity is called XRD pattern. For this purpose, the intensity of
the highest peak is set to 100 and rest of the peaks are called respect to this. Thus, the peaks
are mapped to a particular set of lattice planes gives by the corresponding miler indices.

This is done by calculation of interplanar spacing corresponding to a particular peak and using

relationship between d and the h,k,l indices for different lattice types.

In the following sections, the steps have been discussed through which XRD pattern has been

derived.
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e First, XRD pattern between the two data (intensity and the angle of diffraction). has
been drawn using origin software.

e After getting the first plot, analysis has been done by using option “Smooth” under
“Signal Processing”.

e Once the graph become smooth, next step is to analyse the peaks.

e After analyse the peaks, it is needed to correct the baseline of the pattern in order to get
good quality image.

e In order to make the curve converge, it is needed to select all the peaks and open the
option “Nlift”.in the origin software.

e Once it reaches the convergence, the software will show the analysis data of the graph
including the 8 and FWHM value.

e Now to calculate the crystalline size of the nanoparticles by Scherrer equation, the

FWHM value should be converted into radians.

Therefore, by putting the values which are obtained from the XRD in (3.2) the crystalline size

of the nanoparticles can be calculated approximately.
4.3.2 Time Domain Spectroscopy on Prepared Sample

For investigation of the insulation capability of laboratory prepared mineral oil based nanofluid
sample, in time domain has been conducted employing DIRANA™ at 25 °C and 100V. From
time domain spectroscopy measurement, polarization and depolarization currents have been

recorded for 1000 seconds of each sample (with percentage concentration and several hours).

6.3.2 Frequency Domain Spectroscopy on Prepared Sample

The insulation characteristics of the laboratory-prepared mineral oil-based ZnO nanofluid
samples were investigated through conducting frequency domain spectroscopy (FDS)
measurements employing DIRANA™ for the prepared samples at various percentage
concentrations of nanofluids, respectively. In that analysis, the voltage magnitude of the FDS
measurement was fixed at 40Vrms. The experimental set-up for both PDC and FDS

measurements has been shown in Fig.4.6.
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Fig.4.6. Experimental set up for PDC and FDS measurements
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5.1 Introduction

In this section, the structure and morphology analysis of the laboratory prepared zinc oxide
(Zn0O) nanoparticles have been conducted utilizing X-ray diffraction (XRD) method. Next, the
interplanar distance between the atoms and crystalline size of the prepared zinc oxide

nanoparticles have been determined.

After that, the results from the instant and frequency domain spectroscopy have been presented
and analyzed with varying nanoparticles’ volume fractions and time scales. Hence, from the
instant domain results, the insulation has been modelled using extended Debye model. Then,
from the model parameters empirical relationships have been established with nanoparticles’
volume fraction or hours from the instant of preparation. Therefore, few parameters have been
extracted from the frequency domain responses of a mineral oil-based ZnO nanofluid which
can efficiently predict volume fractions of nanoparticles on hours from the instant of
preparation. Moreover, Low Frequency Dispersion of C’, C” and tand have been determined
which are also illustrated in this section. Finally, several empirical equations have been
established between the LFD of C’, C" and tand with the nanoparticles volume fraction or hours

from the instant of preparation.

5.2 Structural and morphological analysis of ZnO nanoparticles using XRD
method

From XRD, a pattern has been determined using value of intensity and angle of diffraction (20)
which identified at 20=31.7°, 34.4°, 36.2°, 47.5°, 56.5°, 62.8°, 67.7°and 68.8°. From the value
of 24, it can be observed that, there are no other peaks which is not corresponds to ZnO. This
fact in turn confirms of phase purity of the synthesized nanoparticle samples. The XRD patter

of the laboratory prepared ZnO nanoparticles has been depicted in Fig.5.2a.
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Fig. 5.2a. XRD pattern of ZnO

5.2.1 Determination of interplanar distance between the atoms

In this section, the interplanar distance between the atoms has been calculated using Bragg’s
law. For this purpose, five most intense peaks should be chosen. The data obtained from XRD

has been given in Table 5.1.

Table 5. 1.

Results from XRD method

Intensity 20 (0] sin® n ni
(a.u) (degree) (degree) (degree) (nm)
4236 317 15.85 0.27312 218 | 33.58508
3595 318 15.9 0.27395 219 | 33.73914
3642 34.4 17.2 0.29570 245 | 37.74470
6424 36.2 18.1 0.31067 263 | 40.51778
5456 36.3 18.15 0.31150 264 | 40.67184

The interplanar distance between the atoms of the selected peaks have been calculated using

(3.1) and given in Table 5.2.
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Table 5. 2. Calculation of interplanar distance between the atoms

0 Sin® ni d
(degree) (degree) : (nm) (nm)
15.85 0.27312 218 33.58508 61.484
15.9 0.27395 219 33.73914 61.5790
17.2 0.29570 245 37.74470 63.822
18.1 0.31067 263 40.51778 65.201
18.15 0.31150 264 40.67184 62.283

Hence, average value of interplanar distance between the atoms has been found as 62.87562

nm.
5.2.2 Determination of size of the crystalline zinc oxide

For the calculation of crystalline size of ZnO nanoparticles, Scherrer equation (given in (3.2))
has been used. From XRD pattern (Fig.5.2a.) and Table 7.1 value of 26 corresponds to most
intense peak is 36.2 ° and corresponding FWHM (f) value is obtained from origin software as
0.29627° or 0.00517 rad. Hence, using (3.2), crystalline size of prepared zine oxide

nanoparticles can be calculated and found to be 28.21 nm.
5.3 Analysis of the results obtained from dielectric spectroscopy

In this section, dielectric response measurements in both time and frequency domain have been
discussed. At first, time domain responses of mineral oil based ZnO nanofluids with different
concentration and durations are analyzed. In the next part of this section, using extended Debye
model, insulation of the mineral oil based ZnO nanofluid sample has been modelled properly.
The prescribed model of time domain response is given in section 5.3.1.5. The validity of
empirical equations connecting the model parameters with concentrations or hours from the

instant of preparation has been covered in section 5.3.1.5.8.

Therefore, frequency domain responses of laboratory prepared nanofluids at different volume
fraction of nanoparticles on different duration are analyzed. In the later part, the low frequency
dispersion characteristics of C, C” and tand with variation of hours from the instant of
preparation or percentage concentration are illustrated. From the LFD study, some parameters
are obtained through the nonlinear regression method for which the regression coefficient (R?)
is greater than 90% which point to good fitting, as presented in sections 5.3.3.1-5.3.3.5. After
that, empirical relations have been established between the LFD of C’, C" and tand with the

nanoparticles volume fraction or hours from the instant of preparation.
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5.3.1 Dielectric Response in Time Domain

For investigation of the insulation capability of the laboratory prepared nanofluids, time
domain spectroscopy (TDS) has been conducted employing DIRANA™ at ambient
temperature (25 °C) and 100V. From TDS, polarization and depolarization currents have been
recorded for 1000 seconds of each sample (with concentration variation and several hours).

5.3.1.1 Variation of polarization current with several hours.

Polarization current of different prepared samples has been plotted with several hours from the
instant of preparation with four fixed concentration (0.01%, 0.03%, 0.05% and 0.07%), as
shown in Fig. 5.3.1.1a - Fig. 5.3.1.1d. From Fig. 5.3.1.1a- Fig. 5.3.1.1d, it can be observed that,
the polarization current steadily decreases with increasing hours from the instant of sample

preparation.

Another interesting fact that can be observed from the aforementioned figures is that the
conduction current is steadily decreasing from 24 hours to 48 hours for each sample. But from

72 hours to 96 hours, the conduction current for each sample becomes almost the same.

%1077
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Fig. 5.3.1.1a. Variation of Ipa at 0.01% volume fraction of ZnO nanofluids
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Fig. 5.3.1.1b. Variation of Ipo at 0.03% volume fraction of ZnO nanofluids
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Fig. 5.3.1.1c. Variation of lra at 0.05% volume fraction of ZnO nanofluids
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Fig. 5.3.1.1d. Variation of Iro at 0.07% volume fraction of ZnO nanofluids

5.3.1.2 Variation of polarization current with different percentage
concentration.

The polarization current of laboratory prepared samples has been plotted with various
percentage concentration with four fixed hours from the instant of preparation as shown in Fig.
5.3.1.2a.-5.3.1.2d.

From Fig.5.3.1.2a — 5.3.1.2d, it can be observed that the higher magnitude of the polarization
current occurs at lower concentrations than at higher concentrations, which is a usual property

of an insulating material.
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Fig. 5.3.1.2a. Variation of Ira at 24 hours by varying concentration
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Fig. 5.3.1.2b. Variation of Ipq at 48 hours by varying concentration
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Fig. 5.3.1.2c. Variation of Ipoat 72 hours by varying concentration
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Figure 5.3.1.2d. Variation of Ipo at 96 hours by varying concentration
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5.3.1.3 Variation of depolarization current with several hours.

The depolarization current of different prepared samples has been plotted with several hours
from the instant of preparation with four fixed concentration (0.01%, 0.03%, 0.05% and
0.07%), as shown in Fig. 5.3.1.3a - Fig. 5.3.1.3d.

From Fig. 5.3.1.3a, it can be illustrated that the depolarization current is higher for 24 hours

from the instant of preparation and becomes almost the same from 72 hours to 96 hours.

Fig. 5.3.1.3b-Fig.5.3.1.3d, it can be observed that, the depolarization current steadily decreases

with increasing hours from the instant of sample preparation.
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Fig. 5.3.1.3a. Variation of l«erol at 0.01% volume fraction of ZnO nanofluids
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Fig.5.3.1.3b. Variation of laeroat 0.03% volume fraction of ZnO nanofluids
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Fig. 5.3.1.3d. Variation of laerol at 0.07% volume fraction of ZnO nanofluids

5.3.1.4 Variation of depolarization current with different percentage
concentration.

Here, the depolarization current of laboratory prepared samples has been plotted with various
concentrations of nanofluids with four fixed hours from the instant of preparation as shown in
Fig.5.3.1.4a-Fig.5.3.1.4d.

From Fig. 5.3.1.4a -Fig.5.3.1.4d it can be observed that, depolarization current is steadily

decreasing with increasing the concentrations of laboratory prepared ZnO nanofluid samples.
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Fig. 5.3.1.4a. Variation of l«pol at 24 hours by varying concentration
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Fig.5.3.1.4b. Variation of lderol at 48 hours by varying concentration
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5.3.1.5 Analysis of extended Debye model

In this section, the extended Debye model has been developed to state the insulation
characteristics of the suggested model.

Using (3.13), the value of Ro parameters of the extended Debye model for each nanofluid
sample with different percentage concentrations of nanofluids at different hours from the
instant of preparation has been shown in Table.5.3.

Table 5.3. Ro parameters for each nanofluid sample

Percentage Ro Ro Ro Ro
concentration (24 hours) (48 hours) (72 hours) (96 hours)
Q Q QO Q
0.01% 4.4052e+08 7.7447e+08 7.8740e+08 5.645e+08
0.03% 3.2679e+09 3.1223e+09 3.4390e+09 4,059e+09
0.05% 2.1525e+08 2.0751e+08 2.3897e+08 5.325e+08
0.07% 3.1452e+08 3.5982e+08 4,1845e+08 6.9048e+8

In the following sections, variation of decaying coefficients and time constants obtained from
the extended Debye model with variation of hours from the instant of preparation or percentage
concentration of nanofluids has been discussed in detail.

5.3.1.5.1 Variation of decaying coefficient A1 with several hours

The variation of decaying coefficient Ay with several hours from the instant of preparation at
different percentage concentrations (0.01%, 0.03%, 0.05% and 0.07%) of nanofluids has been
shown in Fig.5.3.1.5.1a. Here, both the value that was recorded and the value derived from the
suggested model have been taken into consideration for the A; parameter. Using curve fitting
tool, fitting coefficients can be obtained using regression method with regression coefficient
greater than 0.95 which point to good fitting. Here Table 5.4. represents fitted parameters of

(5.2). In (5.1), hours and Ay parameters have been denoted by f(x)and x, respectively.
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Fig.5.3.1.5.1a. Variation of A: parameter with several hours

f(X) = px+ pX + s (5.1)
Table 5.4. Fitted parameters of (5.1)

p1 p2 ps R? RMSE
(0.01%
volume | 3.964 | 0.6678 | -0.4732 | 0.9776 0.3348
fraction)
(0.03%
volume 2.19 0.511 0.3106 | 0.9663 0.4104
fraction)
(0.05%
volume | 3.226 | 0.5794 | 0.08073 | 0.9952 0.155
fraction)
(0.07%
volume | 3.503 | 0.6907 | -0.1273 | 0.9743 0.3587
fraction)

5.3.1.5.2 Variation of decaying coefficient A1 with different percentage
concentration

The variation of decaying coefficient Ay with different percentage concentration of the prepared
nanofluid sample at four different hours from the instant of preparation has been shown in
Fig.5.5.1.5.2. Using curve fitting tool, fitting coefficients can be obtained using regression

method with regression coefficient more than 0.84 which point to good fitting. Here Table.5.5.
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represents fitted parameters of (5.2). In (5.2), percentage concentration and A; parameters have

been denoted by f(x)and x, respectively.
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Fig.7.3.1.5.2a. Variation of A: parameter with different percentage concentration

F(x) = pX*+ px + py
Table 5.5. Fitted parameters of (5.2)

p1 p2 ps3 R? RMSE
(24 hours) | -0.0429 | 0.02073 | 0.07202 | 0.8451 | 0.0176
(48 hours) | -0.0437 | 0.02182 | 0.07277 | 0.845 | 0.01761
(72 hours) | -0.0441 | 0.02228 | 0.07308 | 0.8424 | 0.01776
(96 hours) | -0.04431 | 0.02248 | 0.07323 | 0.8457 | 0.01760

5.3.1.5.3 Variation of decaying coefficient A, with several hours

(5.2)

The variation of decaying coefficient A2 with several hours from the instant of preparation at
different percentage concentrations (0.01%, 0.03%, 0.05% and 0.07%) of nanofluids have been

shown in Fig.5.3.1.5.3. Both the value that was recorded and the value derived from the

suggested model have been taken into consideration for the A, parameter. Using curve fitting

tool, fitting coefficients can be derived using regression method with regression coefficient

more than 0.96 which point to good fitting. Here Table.5.6. represents fitted parameters of

(5.3). In (5.3), hours and A> parameters have been denoted by f(x)and x, respectively.
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Fig.5.3.1.5.3a. Variation of A; parameter with several hours

Ao

P1

p2 p3 R?

RMSE

(0.01%
volume
fraction)

3.864

0.6678 0.0798 | 0.9745

0.3378

(0.03%
volume
fraction)

2.54

0.535 -0.4983 | 0.9663

0.4404

(0.05%
volume
fraction)

3.298

0.594 0.0901 0.9852

0.133

(0.07%
volume
fraction)

3.803

0.7107 -0.1713 | 0.9943

0.3598

5.3.1.5.4 Variation of decaying coefficient A, with different percentage

concentration

The variation of decaying coefficient A> with different percentage concentration of the prepared
nanofluid sample at four different hours from the instant of preparation has been shown in
Fig.5.3.1.5.4a. Using curve fitting tool, fitting coefficients can be obtained using regression

method with regression coefficient more than 0.84. Here Table.5.7. represents fitted parameters
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of (5.4). In (5.4), percentage concentration and A, parameters have been denoted by f(x)and x,

respectively.
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Fig.5.3.1.5.4a. Variation of Az parameter with different percentage concentration

Table 5.7. Fitted parameters of (5.4)

2

A2

f(X) = pX2+ pX + P,

3
%1079

Az p1 p2 p3 R? RMSE
(24 hours) | -0.0443 | 0.02020 | 0.07304 | 0.8620 | 0.0175
(48 hours) | -0.0491 | 0.02142 | 0.07266 | 0.8535 | 0.01751
(72 hours) | -0.0414 | 0.02281 | 0.07318 | 0.8528 | 0.01576
(96 hours) | -0.0447 | 0.02235 | 0.07323 | 0.8667 | 0.01560

5.3.1.5.5 Variation of time constant z; with several hours

(5.4)

The variation of time constant z; with several hours from the instant of preparation at different

percentage concentrations (0.01%, 0.03%, 0.05% and 0.07%) of nanofluids has been shown in

Fig.5.3.1.5.5a. Both the value that was recorded and the value derived from the suggested

model have been taken into consideration for the t1 parameter. Here Table 5.8. represents fitted

parameters of (5.5). In (5.5), hours and 71 parameters have been denoted by f(x)and X,

respectively.
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Fig.7.3.1.5.5a. Variation of 71 parameter with several hours

f(X) = pxX+ pX + P (5.5)
Table 5.8. Fitted parameters of (5.5)

p1 p2 p3 R? RMSE
0.01%
volume 1.186 -0.2029 | 1.611 | 0.6864 | 1.246
fraction)
(0.03%
volu_me 1.163 -0.2307 | 1.628 06793 | 1.226
fraction)
(0.05%
volume 1.023 -0.302 | 1.733 | 0.6426 | 1.337
fraction)
(0.07%
volume 0.883 | -0.3565 | 1.833 | 0.6197 | 1.379
fraction)

5.3.1.5.6 Variation of time constant (z1) with different percentage
concentration

Fig.5.3.1.5.6a. depicts the variation of time constant z1 with different percentage concentration
of the prepared nanofluid sample at four different hours from the instant of preparation. Here
Table.5.9. represents fitted parameters of (5.6). In (5.6), percentage concentration and 71
parameters have been denoted by f(x)and x, respectively.
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Fig.5.3.1.5.6a. Variation of 71 parameter with different percentage concentration

f(X) = ¢+ pX +p; (5.6)

Table 5.9. Fitted parameters of (5.6)

p1 p2 ps R? RMSE

(24 hours) | -0.004759 | 0.005004 | 0.07569 | 0.5232 | 0.03088

(48 hours) | -0.04837 | 0.004616 | 0.07628 | 0.7125 0.024

(72 hours) -0.04623 | 0.004877 | 0.07467 | 0.7144 | 0.0239

(96 hours) -0.04369 | 0.005589 | 0.07277 | 0.6687 | 0.02247

5.3.1.5.7 Variation of time constant (z,) with several hours

The variation of time constant > with several hours from the instant of preparation at different
percentage concentrations (0.01%, 0.03%, 0.05% and 0.07%) of nanofluids has been shown in
Fig.5.3.1.5.7a. Both the value that was recorded and the value derived from the suggested
model have been taken into consideration for the 7> parameter. Here Table.5.10. represents
fitted parameters of (5.7). In (5.7), hours and 7> parameters have been denoted by f(x)and x,
respectively.
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Fig.5.3.1.5.7a. Variation of 72 parameter with several hours

f(X) = pX°+ pX + p, (5.7)
Table 5.10. Fitted parameters of (5.7)

p1 p2 ps R? | RMSE
(0.01%
volume | 1.176 | -0.2031 | 1.633 | 0.6879 | 1.256
fraction)
(0.03%
fvqu.me 1.193 -0.2402 | 1.648 0.6798 | 1.236
raction)
(0.05%
volume | 1.065 -0.312 1.753 | 0.6438 | 1.342
fraction)
(0.07%
volume | 0.892 -0.3667 | 1.838 | 0.6206 | 1.389
fraction)

5.3.1.5.8 Variation of time constant (z.) with different percentage
concentration

The variation of time constant 7> with different percentage concentration of the prepared
nanofluid sample at four different hours from the instant of preparation has been shown in
Fig.5.3.1.5.8a. Both the value that was recorded and the value derived from the suggested
model have been taken into consideration for the 7> parameter. Here Table.5.11. represents
fitted parameters of (5.8). In (5.8), percentage concentration and 7> parameters have been

denoted by f(x)and x, respectively.
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Fig.5.3.1.5.8a. Variation of T2 parameter with different percentage concentration

f(X) = pX2+ pX + P, (5.8)
Table 5.11. Fitted parameters of (5.8)

p1 p2 ps R? RMSE
(24 hours) -0.004775 0.005014 0.07601 0.5301 0.03093
(48 hours) -0.04897 0.004658 0.07638 0.721 0.0243
(72 hours) -0.04633 0.004881 0.07474 0.7208 0.0241
(96 hours) -0.04373 0.005593 0.07299 0.6697 0.02265

5.3.1.5.9 Estimation of hours and percentage concentration using decaying

coefficients and time constants

For predicting the hours from the instant of preparation and percentage concentration of the
prepared ZnO nanofluids, eight empirical formulas have been established using the parameters
obtained from extended Debye model as discussed in section 5.3.1.5.1-5.3.1.5.8. Now, to
validate the aforementioned empirical expressions between hours from the instant of
preparation or percentage concentration of nanofluids with decaying coefficients (A1, A2)) and
time constants (z1, 72), two different samples (with 0.025% and 0.035% volume fraction of ZnO
nanoparticles) have been prepared in the laboratory and the experiments have been conducted
after 60 hours and 84 hours from the instant of preparation. After that, percentage errors have
been calculated from the actual value and the predicted value of hours from the instant of
preparation using (5.1, 5.3, 5.5 and 5.7) and has been presented in Table 5.12.
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Table 5.12. Validation of (5.1), (5.3), (5.5), (5.7)

Parameters Values Parameters Values
A1(60 hours) 1.703e-09 71 (60 hours) 9.802
A1(84 hours) 9.378e-10 71(84 hours) 4.184
Az(60 hours) 1.6287e-09 72 (60 hours) 10.02
Az (84 hours) 9.56e-10 72 (84 hours) 6.12
hours using (7.9) hours using (7.13)
for (60 hours) 59.744 for (60 hours) 59.940
hours using (7.9) hours using (7.13)
for (84 hours) 83.568 for (84 hours) 83.941
hours using (7.11) hours using (7.15)
for (60hours) 59.5836 for (60 hours) 58.88
hours using (7.11) hours using (7.15)
for (84hours) 73555 for (84 hours) 83.937
Y%error | 0.428% Y%error | 0.0985%
% error Il 0.5168% Y%error Il 0.0698%
% error 111 0.6987% Y%error 11 1.09%
% error 1V 1.42% Y%error IV 0.075%

Similarly, percentage errors have been calculated from the actual value and the predicted value

of percentage concentration of prepared nanofluid sample using (5.2, 5.4, 5.6 and 5.8) and has

been presented in Table 5.13.

Table 5.13. Validation of (5.2), (5.4), (5.6), (5.8)

Parameters Values Parameters Values
A1(0.025%) 2.255e-10 71 (0.025%) 9.802
A1(0.035%) 3.287e-10 71(0.035%) 4.184
Az (0.025%) 2.784e-10 72(0.025%) 10.02
Ay(0.035%) 3.497e-10 72(0.035%) 6.12
Percentage Percentage
concentration using concentration usin
(710) 0.02086 714 g 0.02495
for (0.025%) for (0.025%)
Percentage Percentage
concentration using concentration using
(7.10) 0.034763 (7.14) 0.0349
for (0.035%) for (0.035%)
Percentage Percentage
concentration using concentration using
(7.12) 0.02459 (7.16) 0.0249
for (0.025%) for (0.025%)
Percentage Percentage
concentration using concentration using
(7.12) 0.03344 (7.16) 0.031582
for (0.035%) for (0.035%)
%error | 1.9812% Y%error | 0.188%
% error Il 0.6817% %error Il 0.2105%
% error 111 3.054% Y%error 111 0.2974%
% error 1V 4.65% %error IV 1.0820%
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5.3.2 Dielectric response in frequency domain

The dielectric characteristics of the laboratory-prepared mineral oil-based ZnO nanofluid
samples in frequency domain were investigated through conducting frequency domain
spectroscopy (FDS) measurements employing IDAX 300 for 0.01% concentration of
nanofluids and DIRANA™ for the rest of the samples at various percentage concentrations of
nanofluids, respectively. In that analysis, the magnitude of voltage was fixed at 40Vrms.

From frequency domain spectroscopy measurements, some parameters are extracted (with

hours and different percentage concentration), as shown in the following sections.

5.3.2.1 Variation of real component of the complex capacitance with several
hours

Real component of the complex capacitance of different prepared samples has been plotted
with several hours from the instant of preparation with four fixed concentration (0.01%, 0.03%,
0.05% and 0.07%), as shown in Fig. 7.3.2.1a - Fig. 7.3.2.1d. From Fig. 7.3.2.1a- Fig. 7.3.2.1d,
it can be observed that the peak in the real component of complex capacitance occurs at low
frequency and becomes minimal at high frequency. The real component of the complex
capacitance is getting maximum at low frequencies due to space charge polarization. Because
during space charge polarization, charge carriers near the surface of the electrodes reduces

which in turn increases the capacitances but as a consequence, ac conductivity reduces.
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Fig.5.3.2.1a. Variation of C" with several hours at 0.01% Volume Fraction

54| Page




5 0
4
3 .
=
o .4620.466 0.47 |

—+H— 48 hrs

72 hrs
—S— 96 hrs
1 1 1
1072 100 102
Frequency (Hz)

Fig. 5.3.2.1b. Variation of C with several hours at 0.03% Volume Fraction
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Fig.5.3.2.1c. Variation of C" with several hours at 0.05% Volume Fraction
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Fig. 5.3.2.1d. Variation of C with several hours at 0.07% Volume Fraction

5.3.2.2a Variation of real component of the complex capacitance with
different percentage concentration

The real component of the complex capacitance of the nanofluids has been plotted with various
percentage concentration with four fixed hours from the instant of preparation as shown in Fig.
5.3.2.2a. -5.3.2.2d. From Fig.5.3.2.2a -5.3.2.2d, it can be observed that the real component of
the complex capacitance value increases with increasing volume fraction of nanofluids, which
means that, value of it is getting highest at 0.07% volume fraction compared to other percentage

concentrations and getting lowest at 0.01% volume fraction of nanofluids.

—5— 0.03%

0.05%
—8— 0.07%

1072 100 102
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Fig.5.3.2.2a. Variation of C" at 24 hours by varying concentration
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Fig. 5.3.2.2b. Variation of C at 48 hours by varying concentration
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Fig. 5.3.2.2c. Variation of Cat 72 hours by varying concentration
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Fig.5.3.2.2d. Variation of C’ at 96 hours by varying concentration

5.3.2.3 Variation of tan§ with several hours

In this section, the tand profiles of different prepared samples have been plotted with several
hours from the instant of preparation at four fixed concentrations (0.01%, 0.03%, 0.05%, and
0.07%), which are shown in Fig. 5.3.2.3a - Fig. 5.3.2.3d. From Fig.5.3.2.3a -Fig5.3.2.3d, it
can be observed that the peak in the tand profile occurs at low frequency and turns into a
minimum at high frequency. It is because ion conduction and space charge polarization are
both essential for mineral oil to behave as a dielectric. Positive and negative space charges are
formed at the interfaces between various materials, such as between dielectric and conductor
materials, when mobile positively and negatively charged particles are separated under an

applied field.
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Fig.5.3.2.3a. Variation of tand with several hours at 0.01% volume fraction
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Fig. 5.3.2.3b. Variation of fané with several hours at 0.03% volume fraction
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Fig.5.3.2.3c. Variation of fané with several hours at 0.05% volume fraction
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Fig. 5.3.2.3d. Variation of zand with several hours at 0.07% volume fraction
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5.3.2.4 Variation of fand with different percentage concentration

The tano profiles of the nanofluids have been plotted with various percentage concentration
with four fixed hours from the instant of preparation as shown in Fig. 5.3.2.4a. -5.3.2.4d. From
Fig.5.3.2.4a -5.3.2.4d, it can be observed that the tano value increases with increasing volume
fraction of nanofluids, which means the value of tano is getting highest at 0.07% volume

fraction compared to other percentage concentrations.
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Fig. 5.3.2.4a. Variation of tand at 24 hours by varying Concentration

—
o
N

tand

10°
—¥— 0.01%
—5— 0.03%
0.05%
—&— 0.07%
1072 '
1072 10° 02
Frequency (Hz)

Fig. 5.3.2.4b. Variation of tané at 48 hours by varying Concentration
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Fig. 5.3.2.4c. Variation of trand at 72 hours by varying Concentration
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Fig. 5.3.2.4d. Variation of tand at 96 hours by varying Concentration

5.3.2.5 Variation of AC conductivity with several hours

AC conductivity of the mineral oil based ZnO nanofluids can be determined properly by using
(3.20).

The variation of the ac conductivity of different prepared samples has been plotted with several
hours from the instant of preparation at four fixed concentrations (0.01%, 0.03%, 0.05%, and
0.07%), as shown in Fig. 5.3.2.5a - Fig. 5.3.2.5d.

From Fig. 5.3.2.53, it can be observed that the ac conductivity value is highest at 24 hours from
the instant of preparation and become minimal at 48 hours. Similarly, from Fig.5.3.2.5b, it can

be observed that the ac conductivity value gradually decreases from 48 hours to 96 hours from
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the instant of preparation. Whereas, from Fig.5.3.5.c, it can observe that the ac conductivity
value decreases from 48 hours to 72 hours from the instant of preparation. Again, from

Fig.5.3.2.5d, it can be observed that the ac conductivity value increases at 24 hours from the
instant of preparation and decreases at 72 hours.

%1078

Frequency (Hz)

Fig.5.3.2.5a. Variation of ¢ac with several hours at 0.01% concentration

108 ¢

Frequency (Hz)

Fig. 5.3.2.5b. Variation of aac with several hours at 0.03% concentration
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Fig. 5.3.2.5c. Variation of aac with several hours at 0.05% concentration
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Fig. 5.3.2.5d. Variation of aac with several hours at 0.07% concentration

5.3.2.6 Variation of AC conductivity with different percentage concentration

The ac conductivity of the nanofluid samples has been plotted with various percentage

concentration with four fixed hours from the instant of preparation as shown in Fig. 5.3.2.6a. -

5.3.2.6d. From Fig.5.3.2.6a-5.3.2.6d it can be observed that the value of the ac conductivity is
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highest at the 0.01% concentration of laboratory-prepared nanofluids and becomes minimal at

the 0.03% concentration of nanofluids.
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Fig. 5.3.2.6a. Variation of 6ac at 24 hours by varying concentration
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Fig.5.3.2.6a. Variation of ac at 48 hours by varying concentration

64| Page




—HB—0.01%

—%— 0.03%
0.05%
—6— 0.07%
—\
£
91090 ==
s
b
10'10
1072 10° 102
Frequency (Hz)

Fig.5.3.2.6¢. Variation of aac at 72 hours by varying concentration
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Fig. 5.3.2.6d. Variation of & at 96 hours by varying concentration
5.3.3 Study on low frequency dispersion of real and imaginary of complex

capacitance and tand Profiles

From the aforementioned sections, it has been clearly observed that the peak in the dielectric
loss factor occurs at low frequencies and reaches its minimum at high frequencies. From FDS,
nature of rand, C"and C"” at low frequency range (i.e. from 1mHz to 100Hz) can be easily
analyzed. Therefore, a study of low frequency dispersion features of the real and imaginary
components of the capacitance or tand has been realized to estimate hours and percentage
concentration of the prepared nanofluid sample. In the following sections, change of C", C" and
tand with variation of hours from the instant of preparation or percentage concentration of

nanofluids has been discussed in detail.
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5.3.3.1 Change of real component of the complex capacitance with several

hours curve.

The change of real component of the complex capacitance with several hours curve for the

recorded value and value obtained from the suggested model at various concentrations of

nanofluid samples has been shown in Fig.5.3.3.1a. Here Table. 5.14. represents fitted

parameters of (5.9). which are obtained from the regression method using curve fitting tool. In

(5.9), hours and AC” have been denoted by f(x)and x, respectively.
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Fig.5.3.3.1a. 4C" with several hours curve at different percentage concentration

f(x) = ax’+c (5.9)

Table 5. 14. Fitted Parameters of (5.9)

A b c R? RMSE
(0.01%

Volume | 0559 | -2.664 | 04627 | 0837 135
Fraction)
(0.03%
Volume 0.137 -5.088 | 0.9191 0.6895 1.246
Fraction)
(0.05%
Volume 0.382 -3.678 | 0.6473 0.6452 1.332
Fraction)
(0.07%
Volume 0.2384 -4.734 | 0.8121 0.6722 1.28
Fraction)




5.3.3.2 Change of real component of the complex capacitance with different

percentage concentration curve.

The change of real component of the complex capacitance with different percentage
concentration curve for the recorded value and value obtained from the suggested model at
different hours from the instant of preparation has been shown in 5.3.3.2a. Here Table 5.15.
represents fitted parameters of (5.10) which are obtained from the regression method using
curve fitting tool. In (5.10), percentage concentration and AC” have been denoted by f(x)and x,
respectively.

0.07 : .
O Measured (24 hrs)
O 06 L Modelled (24 hrs)
' (} Measured (48 hrs)
«
NN Modelled (48 hrs)
: 0.05 * Measured (72 hrs)
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$ 0.03
&)
g 0.02
3Y
0.01 — BRE ' '
0.6 0.7 0.8 0.9 1
AC’ (F)

Fig.5.3.3.2a. A C with different percentage concentration curve at different hours
f(X) = pxX°+ pX + Py (5.10)

Table 5.15. Fitted parameters of (5.10)

p1 p2 Ps R? RMSE
(Day1) | -0.00576 | 007477 | 01118 | %% | 000132
(Day2) | -0.02088 | 0008353 | 0.06241 | 0.6753 | 002548
©ay3) | 007034 | 0.04954 | 0.09275 | 0.8215 | 0.01889
(Day4) | -0.0242 | -0.04408 | 0.02185 | %% | 002672
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5.3.3.3 Change of imaginary component of the complex capacitance with

several hours curve.

The change of imaginary component of the complex capacitance with several hours curve for
the recorded value and value obtained from the suggested model at various concentrations of
nanofluid samples has been shown in 5.3.3.3a. Using curve fitting tool, fitting coefficients have
been derived through regression method with regression coefficient more than 0.95 which point
to good fitting. Here Table 5.16. represents fitted parameters of (5.12). In (5.12), hours and
AC” have been denoted by f(x)and x, respectively.

) O Measured (0.01%) 4
S Modelled (0.01%)
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12— ' ' '
0.6 0.7 0.8 0.9 1
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Fig.7.3.3.3a. AC"" with several hours curve at different percentage concentration

f(X) = pxX°+ pX + Py (5.11)
Table 5.16. Fitted Parameters of (5.11)

p1 p2 ps R? RMSE
(0.01%
Volume -54.05 81.96 -26.92 0.9923 0.1924
Fraction)
(0.03%
Volume -54.67 83.32 -27.66 0.9927 0.1906
Fraction)
(0.05%
Volume -57.55 88.43 -29.89 0.9919 0.2008
Fraction)
(0.07%
Volume -57.67 88.84 -30.18 0.9983 0.09334
Fraction)
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5.3.3.4 Change of imaginary component of the complex capacitance with

different percentage concentration curve.

The change of imaginary component of the complex capacitance with different percentage
concentration curve for the recorded value and value obtained from the prescribed model at
different hours from the instant of preparation has been shown in Fig.5.3.3.4a. Using curve
fitting tool, fitting coefficients have been derived using regression method with regression
coefficient more than 0.95, which point to good fitting. Here Table. 5.17. represents fitted
parameters of (5.12). In (5.12), percentage concentration and AC™ have been denoted by f(x)and

X, respectively.
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g
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O 1 1 1
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Fig.5.3.3.4a. AC"" with different percentage concentration curve at different hours

2

f(X) = pX°+ pX + Py (5.12)
Table 5.17. Fitted Parameters of (7.12)

p1 p2 ps3 R? RMSE
(4 | 1037 | 1561 | -0.5161 | 0.966 | 0.008262
hours)
(48 | 1105 | 1683 | -56.81 | 09593 | 0-009024
hours)
(72 1 1101 | 1834 | -06324 | 0.9792 | 0.006448
hours)
(96 | 1316 | 2059 | -07334 | %9612 | (00881
hours)
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5.3.3.5 Change of tand with several hours curve.

The change of tano with several hours curve for the recorded value and value derived from
the suggested model at different percentage concentrations of nanofluid samples has been
shown in Fig.7.3.3.5a. Using curve fitting tool, fitting coefficients have been derived using
regression method with regression coefficient more than 0.65. Here Table 5.18. represents
fitted parameters of (5.13). In (5.13), hours and Azand have been denoted by f(x)and X,

respectively.

T T T T
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X Measured (0.07%)
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O 1 1 1 1 ‘\T
0.5 0.6 0.7 0.8 0.9 1
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Fig.5.3.3.3a. Arand with several hours curve at different percentage concentration

f(x) = ax’+c (5.13)

Table 5.18. Fitted Parameters of (5.13)

A b C R? RMSE

(0.01%
Volume | 0.03775 | -7.04 | 1.019 | 0.7073 1.21
Fraction)
(0.03%
Volume 118.1 | -1.322 | 0.7173 | 0.9287 | 0.5971
Fraction)
(0.05%
Volume 11.24
Fraction)

(0.07%
Volume | -22.43 | -1.079 | 4.094 | 0.6597 | 1.304
Fraction)

04155 -1.954 | 0.8388 | 0.8979
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5.3.3.6 Change of tand with different percentage concentration curve.

The change of rano with different percentage concentration curve for the recorded value and
value derived from the prescribed model at different hours from the instant of preparation is
shown in Fig.5.3.3.6a. Using curve fitting tool, fitting coefficients have been derived using
regression method with regression coefficient more than 0.95, which point to good fitting. Here
Table. 5.19. represents fitted parameters of (5.14). In (5.14), percentage concentration and

Atano have been denoted by f(x)and x, respectively.
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Fig.5.3.3.6a. Atand with different percentage concentration curve at different hours

f(X) = ¢+ pX + p; (5.14)

Table 7.19. Fitted Parameters of (5.14)

p1 p2 p3 R? RMSE
@4hours) | 09245 | -1.382 | 0.5276 | 0.8199 | 0.01898
(48hours) | 0.9643 | -1.453 | 0.5589 | 0.8225 | 001884
(72hours | 08811 | -1.334 | 05226 | 0.7099 | 0.02409
(96 hours) | 0.9716 | -1.496 | 0.5933 | 0.7074 | 0.02421
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5.3.3.7 Estimation of hours and percentage concentration using LFD of real
and imaginary component of the complex capacitance and tano

For predicting the hours from the instant of preparation and percentage concentration of the
prepared ZnO nanofluids, six empirical formulas have been established using the parameters
obtained from the LFD studies as discussed in section 5.3.3.1-5.3.3.6. Now, to validate the
aforementioned empirical expressions between hours from the instant of preparation or
percentage concentration of nanofluids using AC", AC" and Atand with two different samples
(with 0.025% and 0.035% volume fraction of ZnO nanoparticles) have been prepared in the
laboratory and the experiments have been conducted after 60 hours and 84 hours from the
instant of preparation. After that, percentage errors have been calculated from the actual value
and the predicted value of hours from the instant of preparation using (5.9, 5.11, 5.13) and has

been presented in Table 5.20.

Table 5.20. Validation of (5.9), (5.11), (5.13)

Parameters Values Parameters Values Parameters Values
AC’ (60 hours) | 0.6147 AC" (60 hours) 0.5926 Atand (60 hours) | 0.6002
AC” (84 hours) | 0.5608 AC"(84 hours) 0.6595 Atand (84 hours) | 0.5561
hours using hours using hours using

(7.21) 59.698 (7.23) 58.4527 (7.25) 59.976
for (60 hours) for (60 hours) for (60 hours)

hours using hours using hours using

(7.21) 83.522 (7.23) 82.709 (7.25) 83.976
for (84 hours) for (84 hours) for (84 hours)

%error | 0.5210% | %error | 2.647% %error | 0.03912%
% error Il 0.5717% | Yerror 11 1.56% Y%error Il 0.02836%

Similarly, percentage errors have been calculated from the actual value and the predicted value
of percentage concentration of prepared nanofluid sample using (5.10, 5.12, 5.14) and has been

presented in Table 5.21.
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Table 5.21. Validation of (5.10), (5.12), (5.14)

Parameters Values Parameters Values Parameters Values
AC(0.025%) 0.6226 AC"(0.025%) 0.5585 Atano (0.025%) 0.6322
AC(0.035%) 0.5842 AC"(0.035%) 0.5808 Atano (0.035%) 0.5962

Percentage Percentage Percentage
concentration concentration concentration

using (7.22) 0.0245 using (7.24) 0.02242 using (7.26) 0.0246
for (0.025%) for (0.035%) for (0.025%)

Percentage Percentage Percentage
concentration concentration concentration

using (7.22) 0.0348 using (7.24) 0.0522 using (7.26) 0.03493
for (0.035%) for (0.035%) for (0.035%)

%error | 2.012% %error | 11.46% %error | 0.142%
% error 11 0.5717% %error |1 8.65% %error |1 0.18726%
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CHAPTER-6

CONCLUSION




6.1 Conclusion

In this work, some advance methods have been discussed for the prediction of the time after
the instant of sample preparation and the percentage concentration of nanofluids using
dielectric spectroscopic methods. For these purposes, dielectric spectroscopic measurements
have been conducted in both the time and frequency domains. From these measurements,
several parameters have been extracted with variation of hours from the instant of preparation
or with the variation of percentage concentrations of the laboratory prepared ZnO nanofluids.
Therefore, a methodology has been developed through which hours from the instant of
preparation or percentage concentration of the nanofluids can be predicted. Therefore, to
validate numerous empirical equations which have been obtained through the aforementioned
methodology, two samples have been prepared in the laboratory with two different percentage
concentrations of nanofluids. After that, experiment has been conducted at two different
instants from the time of preparation. Finally, percentage errors have been calculated using
those measured values and calculated values. Based on these errors value, it has been stated
that, the time after the instant of preparation and the percentage concentration of nanofluids
have been predicted accurately. Hence, it can be concluded that, this study is helpful to prepare
a long term stable nanofluids which may be used as a good alternative to mineral oil.

6.2 Future Scope

Future works can be directed in many different directions. Some of the possible works are

mentioned below.

1. This work mainly studied the dielectric characteristics of mineral oil based nanofluids.
In future, nanofluids will plan to prepare with biodegradable ester oils. Then, insulating
characteristics of ester based nanofluids will be studied.

2. In future plan, it will be tried to investigate the aging characteristics of nanofluids of
both mineral oil and vegetable oil.

3. Inthis study, some parameters have been identified to predict the stability of nanofluids.
In future, it will be tried to establish the relation between these parameters and aging
by-products.
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