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ABSTRACT
For over a century, different dielectric liquids are used as insulators and coolants in high
voltage systems. Currently, with stricter environmental regulations and developments of more
compact and elevated voltage apparatuses, the power and pulsed power industries require
environmentally friendly dielectric liquids with better insulation and cooling ability, and
higher adaptability. Among these liquids, ester liquids, including synthetic and natural esters,
are introduced in the past decades: first synthetic ester liquids were introduced in the 1970s
and now are utilised in high voltage power systems as liquid insulators. Apart from the pure
dielectric liquids, nanofluids, which are developed by adding nanoparticles into dielectric
liquids, started to generate significant interest among researchers and practitioners in high
voltage technology. This is because the nanofluids may have greater dielectric strength and
better heat conduction properties than pure dielectric liquids. However, physical mechanisms
which result in this potential increase in breakdown strength of nanofluids are not fully
understood and require further investigation.

In the present work field, both the dielectric liquids and the nanofluids hosted by these
dielectric liquids were studied experimentally.

Three types of dielectric liquids were studied in this thesis: mineral oil, synthetic ester, and
natural ester. The investigation is focused on the mobility of charge carriers in these dielectric
liquids stressed with an external electric field with different magnitudes. The obtained results
show that the mobility of charge carriers in all tested dielectric liquids has the same order of
magnitude under the same electric field. Thus, it is concluded that the space charge density in
the ester liquids, which have greater electrical conductivity than the conductivity of the
mineral oils, is significantly higher than that in the mineral oil.

Nanofluids have been developed using these three types of dielectric liquids and two types of
nanoparticles: TiO2 and BN nanoparticles. This study included developing an analytical
model of field charging processes in nanofluids stressed with the external electric field and
experimental investigation of the mobility of charge carriers and electrohydrodynamic (EHD)
behaviours in nanofluids.
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The analytical modelling is based on the Maxwell-Wagner relaxation theory. The surface
charge distribution across the surface on a nanoparticle placed in an insulating liquid stressed
with a step external electric field has been analytically obtained. The obtained results show
that the surface charge density is governed by the electric conductivity and the dielectric
permittivity of the dispersed particles and the hosting liquid. Furthermore, the Coulomb force
between two particles immersed in a liquid was obtained analytically, enabling the analysis
of the force acting between particles suspended in the host liquid, laying the foundation for
further investigation of the EHD effects based on the experiment results.

The experimental investigation of the EHD effects in the nanofluids demonstrated that both
the TiO2 and BN nanoparticles acquired a net negative charge in both ester liquids when
stressed with the external electric field. However, in the case of mineral-oil-based nanofluid,
TiO2 the BN particles become only polarised under the action of the external electric field,
leading to the formation of ‘particle chains’ in the host liquid. The appearance of the ‘particle
chains’ observed in the experiments was explained by the mathematical model developed in
this work.

The results obtained in this work will be of interest to researchers and practitioners working
in the field of insulation liquids and their practical applications in high voltage power and
pulsed power systems.
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Introduction to the Research Project

Chapter 1 INTRODUCTION

1.1 Introduction to the Research Project

Electric power provides the foundation for the economic and social needs of modern society.
The development of modern society, in turn, imposes new stricter requirements on the power
systems, such as reduction of the emission of greenhouse gases, new safety restrictions and
wider use of environmentally friendly (biodegradable) materials. The dielectric liquids play a
crucial role in the electric insulation of different high voltage power systems. These liquids
are widely used in the power and pulsed power industries. As a result, there is a strong demand
for safer and more environmentally friendly materials for industrial high voltage applications.

New types of dielectric liquids are introduced to meet these requirements: ester liquids and
nanofluids developed by dispersing sub-µm dielectric particles in pure host liquids.

Synthetic and natural dielectric fluids have been developed by different manufacturers, these
insulating liquids include MIDEL 7131 [1] and MIDEL eN1204 [2], produced by M&I
Materials Ltd; Envirotemp 360 [3] and Envirotemp FR3 [4], produced by Cargill Ltd; and
BIOTEMP [5], produced by ABB Ltd. The ester liquids have several advantages over the
mineral oil, which is the most commonly used insulating liquid, including their non-toxic
nature, bio-degradability and higher flash point. However, wider application of the ester
liquids in high voltage systems and facilities still requires further understanding of the
breakdown and conduction mechanisms when they are stressed with external electric fields.

Generally, these mechanisms include electrical conductivity, AC and lightning impulsive
breakdown strength, dissipation factor, and relative permittivity. The mobility of charge
carriers and their concentration define the electrical conductivity of insulating liquids. Several
breakdown theories also include the mobility of charge carriers in the liquids: the
development of the space charge is influenced by the mobility of charge carriers. The
localised Joule heating in the bubble theory is also based on the electrical conductivity of the
liquid, which is governed by the mobility of charge carriers. Thus, investigation of the
-1-
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mobility in the ester liquids can provide further information which will help to increase their
practical applications as liquid insulators in different high voltage power and pulsed power
systems.

Recently, nanofluids have been introduced as novel insulating liquids with improved
dielectric and thermal properties. The nanofluids are manufactured by adding nanoparticles
into pure dielectric liquids: Eastman (1999) used Al2O3 and CuO nanoparticles to improve
the thermal conductivity of the oil-based nanofluids [6], Segal (1998) described the
enhancement of the breakdown strength of nanofluids consisting of mineral oil and Fe3O4
nanoparticles [7]. Different particles were used to develop oil-based and ester-based nanofluid
described in the literature, like SiO2 [8][9], BN [10][11], ZnO [12], and AlN [13]. The theories
explaining a potential increase in the dielectric strength of nanofluids were also introduced
and discussed: it is proposed that the enhancement of the dielectric strength is caused by
trapping free electrons and ions by the nanoparticles dispersed in nanofluids. An increase in
the thermal conductivity of the nanofluids can be attributed to the motion of nanoparticles and
the nanoparticles with a greater thermal conductivity.

However, the mechanisms which result in the improvement in the dielectric and thermal
properties of the nanofluids are complex and still not fully understood. Thus, new analytical
approaches and experimental results that can help design new types of nanofluids with further
improvement in their dielectric strength and thermal properties are urgently required. To
address this issue, the investigation of the nanofluids, including the EHD behaviour of
nanoparticles and the mobility of charge carriers in the nanofluids, has been carried out in the
present study.

1.2 Research objectives

This thesis is focused on the systematic study of the conduction mechanisms and the EHD
movement in pure dielectric liquids (synthetic ester, natural ester, and mineral oil) and
nanofluids prepared by suspending TiO2 and BN nanoparticles in these liquids. To explain
the EHD behaviour of the particles in the nanofluids stressed with the external electric field,
a comprehensive analytical model which describes the polarisation and charging of a poorly
conductive particle in liquid stressed with an external electric field has been developed. Using
-2-
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this model, the charging and polarisation processes have been investigated. Moreover, the
surface charge distribution on particles with different relative permittivities and electrical
conductivities suspended in the dielectric liquids has been obtained.

The experimental part of this work is aimed on the investigation of the conduction current in
pure dielectric liquids and nanofluids prepared based on these liquids, obtaining, and
analysing the mobility of charge carriers in these liquids.

The mobility of charge carriers in the dielectric liquids was obtained using three ranges of the
external field: from 40 kV/m to 80 kV/m, from 4 ∙ 102 kV/m to 1.2 ∙ 103 kV/m, and from
~ 1.6 ∙ 109 kV/m to ~ 4∙ 109 kV/m. Using this wide range of electric fields, the functional
dependency of the mobility of the charge carriers on the field magnitude was established and
discussed.

The EHD movement of suspended particles in the nanofluids was also studied using the direct
and micro-scale observation methods. The functional behaviour of the suspended
nanoparticles in the external electric field was established.

The main research objectives of this study are summarised as follows:

•

Investigation of the mobility of charge carriers in ester liquids and mineral oils in the
quasi-uniform field using the reverse-polarity and single-polarity methods.

•

Investigation of the mobility of charge carriers in ester liquids and mineral oils in the
strongly divergent field governed by the space charge limited current.

•

Investigation of the electric field redistribution in the point-plane electrode topologies
filled with dielectric liquids.

•

Investigation of the conduction processes and mechanisms in nanofluids stressed with the
external electric field.

•

Investigation of the EHD behaviour of nanoparticles suspended in the dielectric liquids
(nanofluids) stressed with the external electric field.

•

Investigation of the mobility of charge carriers in ester-based nanofluids.

•

Development of the mathematical model of charging and polarisation of poorly
conductive particles in dielectric liquids stressed with an external electric field.
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1.3 Thesis Structure

The present thesis consists of 8 Chapters. Analytical Chapters provide a comprehensive
literature review of existing theories and experimental results on conduction in different
insulating fluids. Moreover, the model developed and used in the present work investigated
field charging and polarisation of solid particles immersed in insulating liquids. The
experimental Chapters of this thesis describe the methods and methodologies used in the
present thesis to study the conduction and electrohydrodynamic processes in dielectric liquids.
These chapters present and discuss the obtained experimental results as follows.

Chapter 2 provides a comprehensive literature review on electrical conduction mechanisms
in the dielectric liquids, electrohydrodynamic effects and conduction characteristics of pure
insulating liquids and nanofluids. This chapter discusses different types of dielectric liquids
used in high voltage engineering. It also provides a review and analysis of different nanofluids,
which potentially can be used as insulating liquids. The literature review in this chapter helps
to identify gaps in the knowledge which restrict the development and practical applications
of novel dielectric liquids, including natural esters, synthetic esters, and nanofluids in high
voltage power and pulsed power applications. Chapter 2 presents a critical analysis of the
previously obtained results and fundamental theories on the conduction processes in dielectric
liquids, particle charging, and movement of particles in liquids stressed with an external
electric field. The mechanism(s) of electric conduction in the dielectric liquids are presented
and discussed. The mobility of charge carriers and relative measurement methods in dielectric
liquids are presented and analysed. Different factors which may affect the mobility
measurements are also discussed to explain the experimental results obtained in the present
study.

Chapter 3 focuses on the development of the analytical model, which describes the field
charging of dielectric and poor conductive particles in liquid dielectrics. Maxwell-Wagner
polarisation theory is introduced at the beginning of this chapter. The field charging of a single
particle in the hosting liquid stressed with a step DC voltage (suddenly applied electric field)
was investigated. A complete analytical solution to this problem which considers both
conductivities and dielectric permittivities of the particle and the hosting liquid, has been
obtained. Then, based on this analytical solution, the dipole moment of a single particle was
obtained, which enabled an analytical analysis of the Coulomb forces acting between two
-4-
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particles located in the host fluid. The obtained analytical solution allows for the analysis of
electrodynamic interaction between two particles in the fluid. Different combinations of these
parameters were used in the modelling presented in this chapter allowing for analysis of the
electrohydrodynamic behaviour of different particles used in the present study.

Chapters 4 to 8 present the experimental results obtained in this thesis.

Chapter 4 describes the experiment setup, including tests cells and diagnostic instruments.
The experimental test system includes

•

different power supplies

•

custom built and commercially available tests cells

•

LabVIEW controlling system

•

optical diagnostic system for visualisation of the particle motion in nanofluids

•

electrical diagnostic systems for measurements of voltage and conduction current

The experimental methodology and the analysis methodology of obtained experimental data
are presented and discussed in Chapter 4. Chapter 4 also discusses insulating liquids and fluids
used in this study and nanoparticles used to develop nanofluids.

Chapters 5 and 6 are focused on the study of the mobility of charge carriers in dielectric
liquids. Chapter 5 presents the experimental system and methodology based on the Time of
Flight method. This method was implemented in two different test cells: the coaxial test cell,
which enables the reverse-polarity method, and the guard-ring structured test cell, which
enables the single-polarity method. The mobility of charge carriers in three different dielectric
liquids was obtained: mineral oil, synthetic and natural ester liquids. The mobility of charge
carriers was obtained under different field strengths, which allows for characterisation of the
functional behaviour of the mobility of charge carriers. Based on the obtained values of the
mobility, the space charge density in the three dielectric liquids was compared and discussed.

Chapter 6 is also focused on the study of the mobility of charge carriers in dielectric fluids.
However, in this chapter, another method ‘the Space Charge Limited Current method, that
provides significantly higher electric field magnitude, was used. The test cell with a needle-
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plane topology of electrodes was used in Chapter 6. The field strength in this test cell is
significantly higher than the field strength used in the test cells used in the Time of Flight
method in Chapter 5. Such a design enabled the platform to compare the mobility of charge
carriers in the three dielectric liquids under the electric field ranging from 10-3 kV/m to
103 kV/m. The critical analysis of the obtained results and their comparison with the published
literature data is provided at the end of this chapter.

Chapter 7 presents and discusses the electrohydrodynamic motion of nanoparticles in
nanofluids stressed with DC high voltage. Two types of particles: TiO2 and BN, were selected
for the synthesis of the nanofluids. Two observation methods were used to monitor the
movement of the nanoparticles in nanofluids: direct and micro-scale observations. The
behaviour of nanoparticles was explained with the supports from the experimental results and
the analytical model developed in Chapter 3. Based on the obtained results, the field charging
mechanisms of nanoparticles have been explained, and this discussion is presented in the
conclusion part of Chapter 7.

The results of the study on the mobility of charge carriers and conduction characteristics of
nanofluids are presented and discussed in Chapter 8. The current in the nanofluids as a
function of time was obtained and the current-time characteristics are presented and discussed.
The mobility of charge carriers in the ester-based nanofluids is also presented in this chapter.
The potential reason for the difference between the mobilities of charge carriers in nanofluids
and pure dielectric liquids is proposed and presented in this chapter.

The thesis is completed with Chapter 9, which presents, summarises, and critically discusses
the original results and conclusions obtained in this study. The mechanisms responsible for
the electric conduction in both pure dielectric liquids and nanofluids are presented and
critically analysed. Recommendations for future work, including further development of the
analytical model(s) and potential experiment tests, which will provide further information on
the conduction mechanisms and electrohydrodynamic effects in the liquid dielectrics and
nanofluids, are presented in Chapter 9.
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Chapter 2 BACKGROUND AND LITERATURE REVIEW
To meet the development of the electric system, various insulating liquids are developed
over the past century, including mineral oils and ester liquids. Apart from the pure liquids,
nanofluids, which are synthesised by dispersing nanoparticles in dielectric liquids, have

also been proposed for electric facilities as insulating liquids with advanced
characteristics.
The main functions of these liquids in electric systems are insulating and cooling. Both of
these two functions are closely linked with the underlying mechanisms that happened in
these liquids when they are stressed with external electric fields. Thus, further knowledge
and information on these physical mechanisms are needed to select suitable liquids for
different practical applications.
This chapter starts with a brief review of the history of the practical use of dielectric liquids
for electrical insulation purposes. Detailed introduction of the mineral oils, synthetic esters,
and natural esters is presented.
The conduction mechanisms in the dielectric liquids are presented and discussed based on
the behaviour of the charge carriers in these liquids. Attention is paid to the different
mechanisms of production and injection of the charge carriers into the dielectric liquid
stressed with an external electric field.
Two methods of obtaining the mobility of charge carriers in dielectric liquids are presented,
including the factors affecting the accuracy of experimental measurements, i.e., the
electrohydrodynamic in the liquids due to the external electric fields.
This chapter also provides an overview of nanofluids manufactured by dispersing
nanoparticles into the dielectric liquid. The electrical and dielectric properties of different
nanofluids are discussed in the chapter, together with the current conduction and particle
charging theories in nanofluids under external electric fields.

Dielectric Liquids

2.1 Dielectric Liquids

In this section, the history, classification, and basic aspects of production of dielectric liquids
have been reviewed. This section also provides an overview of the physical and electrical
properties of dielectric liquids and fluids used in the present study.

2.1.1

Dielectric Liquids for Electrical Insulation

Significant contributions have been made by the progress of the modern electric system in
pushing our society forward. At the same time, as society moves forward, new requirements
for the electric system are emerging: higher dielectric strength, compactness and minimum
footprint, higher thermal conductivity, and environmental safety. Insulation systems, as a key
component in the electric system, therefore, will face new challenges.

In general, electrical insulation materials can be classified based on their state, i.e., solid
insulation, gaseous insulation, and liquid insulation.

The commonly employed solid insulating materials include polymers like PVC
(polyvinyl chloride), PTFE (polytetrafluoroethylene), rubber, etc., which are used for wire
insulation in low voltage power apparatuses. Ceramic is a common insulation material used
in high voltage systems, while paper/pressboard insulators are used in power transformers
(liquid-filled transformers). These materials are economical and reliable. However, there are
limitations in the use of solid insulators: one of them is permanent damage caused by electrical
breakdown. Since solid insulators are non-self-restoring, once the solid insulator is damaged
by the breakdown event, it then must be replaced to ensure the proper protection of the
power/HV equipment, which may result in a high cost in term of time and finances under
some circumstances.

Different from solid insulators, the insulating gases are “self-healing”, which means that their
insulation properties can be re-established after each breakdown in the gaseous medium
(although specific time is required for complete recovery of the breakdown strength of gases
after each breakdown/discharge). Examples of dielectric gases, i.e., gases which can be used
as insulators in high voltage systems, include air, nitrogen, sulphur hexafluoride (SF6), and
-8-
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other gases. Air is the most common gas which is being used in power systems such as dry
transformers and open space substations as an insulator due to its availability and low cost.
SF6 is a popular gaseous insulator as its breakdown strength 2.7 times greater than that of air
at atmospheric pressure [14]. Moreover, SF6 is a non-toxic and non-flammable fluid, which
makes it an ideal gaseous insulator for compact systems such as Gas Insulated Systems/Lines
(GIS/GIL). However, the emission of SF6 into the atmosphere is now limited by governmental
regulations as SF6 is a highly potent green gas, which “has a global warming potential (GWP)
23,900 times greater than that of CO2 and an atmospheric life of 3200 years[15]”. Thus, the
power industry now aims to minimise the use of this gas in power equipment and substitute
SF6 with environmentally friendly fluids.

Liquid insulators have the advantages of both the solid insulators and the gaseous insulators:
compared with the solid insulators, liquid insulators have the ability to conform into complex
configurations and the ability of self-restoring; compared with gaseous insulators, liquid
insulators have the greater dielectric strength, and higher thermal conductivity [16][17].

Due to these characteristics, insulating liquids have been widely used in high voltage power
and pulsed power systems such as transformers, regulators, reactors, high voltage switches,
circuit breakers, and other equipment. Liquid insulators are also utilised to prevent the
oxidation of metallic components and parts immersed in these liquids. Compared with the
other two types of insulation materials, liquids can also act as an ageing indicator of the
equipment, i.e., the dissolved gas analysis (DGA), moisture content analysis and acidity
analysis on the transformer oil can provide a quantitatively indication of the internal condition
of a transformer, assisting in evaluating and predicting the risks on the protected system.

The main research objective of this thesis is to investigate the conduction mechanisms and
charge carrier properties of different dielectric insulation liquids, specifically the dielectric
liquids used in high voltage power systems such as power transformers. The main purpose of
employing insulating (transformer) oils in power transformers is to suppress internal arcing,
corona discharges and to dissipate heat generated inside the transformers. These oils age
during their service, and thus their state should be monitored to prevent a catastrophic
electrical failure of the power system insulated with these liquids.
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The dielectric liquids can be classified based on their chemical composition as mineral-based,
silicone-based, and ester-based liquids. Among these, the insulating liquids called mineral oil
are produced by the refining of the crude oil stock. Mineral oils have the longest history of
employment for insulation purposes. The silicone-based liquids, which appeared as insulation
liquids in the 1970s, are more used in the environment with higher requirements for fire safety.
The ester-based fluids, including both synthetic esters and natural esters, are attracting the
attention of commercial users and researchers due to their non-toxic nature and
environmentally friendly aspects (biodegradability). Natural ester liquids are based on
vegetable oils, and these types of liquid dielectrics have been used as insulators at the very
beginning of the development of electric systems (at the dawn of the power industry as we
know it). However, their use was abandoned shortly after that due to their higher viscosity
and poorer oxidation stability compared with the mineral oils, i.e., the earliest simple natural
ester dielectrics were subsequently found to be incompatible with free breathing equipment,
and were gradually replaced by mineral oils [18]. Figure 2-1 illustrates the brief timeline of
these dielectric liquids for high-voltage applications.

Figure 2-1 Timeline of dielectric liquids’ application in high voltage applications (data
source: [19])
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The critical parameters to evaluate the dielectric liquids are their dielectric strength, and
thermal conductivity, both of which are studied by researchers. There are other parameters
and specific properties of the dielectric liquids which are important for characterisation of
insulating liquids, the main of which are introduced below:
-

Dissipation factor, which is also known as loss factor or tan delta of transformer oil.
It is the tangent of the angle between the alternating field vector and the dielectric
liquids’ loss component. The higher the value of the tan delta, the significant the
dielectric loss should be. The dissipation factor can be measured according to the IEC
60247 and the ASTM D1531-06.

-

Viscosity, which is directly linked with the cooling effect of the dielectric liquids. A
low viscosity leads to the high heat transfer ability of the dielectric liquids, indicating
their high cooling performance.

-

Flash point, and fire point, both of which are descriptions of the fire resistance
performance of the dielectric liquids. The flash point is the minimum temperature at
which the vapour pressure is sufficient to form a flammable mixture with air near the
surface of the liquid, while the fire point is the minimum temperature at which the
mixture can continue to burn for more than 5 s. Generally, the fire point can be
assumed to be 10°C higher than the flash point.

-

Pour point, is the minimum temperature that the liquid can still flow, which is critical
to the dielectric liquids used in colder areas.

-

Oxidation stability is the assessment of the oxidation resistance of the dielectric
liquids by determining the amount of acid or sludge products formed, which is
directly linked with the liquids’ reliability in applications.

-

Water and moister tolerance, which influences the dielectric strength, and the lifetime
of the dielectric liquids, respectively.

-

Environmental safety, which can be divided as biodegradability and non-toxicity,
whose importance has increased over recent decades due to the wider application
circumstances of the electrical utilities. This is because the leakages of the dielectric
liquids in some of these circumstances can cause a direct negative impact on the soil
and waters, resulting in serious environment accidents.

In this research project, the mineral oil and two different ester liquids have been used and
studied. A more detailed, specific introduction to these liquids is required before commencing
the experimental investigation.
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2.1.2

Traditional Liquid Insulators: Mineral Insulating Oils

The mineral insulating oils are made from crude oil, and their industrial application history is
dated back to the 1890s when Brown, Boveri & Cie (now known as ABB) first used it in
Europe [20]. There are four main chemical components of mineral oil: paraffins, naphythenes,
aromatic compounds, and olefins, molecule structures of which are illustrated in Figure 2-2.

Figure 2-2 Molecule Structures of Paraffins, Naphthenes, Aromatic Compounds, and
Olefins (Figure based on [21]).
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With a long history of serving in electric power systems, mineral oils are the most commonly
used insulating liquids in the power industry nowadays. On one hand, mineral oil can offer an
excellent electrical insulating property at the lowest cost compared with other insulation
liquids. On the other hand, traditional mineral oil has disadvantages related to safety and
environmental aspects due to its low fire point (flammability) and weak biodegradability.

The major industry standards for the mineral insulation oil used in electrical apparatus are the
ASTM D3487 and the IEC 60296, both of which describe test methods and specifications of
the unused mineral oil.

For the classifications of mineral oils, both of these two standards classify mineral oils in
accordance with their deoxidation aspects, such as oxidation stability, as the oxidation
stability of dielectric liquids is directly linked with their lifetime. According to the ASTM
D3487 standard, two types of mineral transformer oils can be defined in accordance with their
practical use in high voltage systems: Type I is used in the equipment that does not require
much oxidation resistance, and Type II is used to offer greater deoxidation to immersed
equipment [22]. The IEC 60296 specification divides mineral oils into three types according
to their additive (inhibitor) content: the uninhibited oils are marked with ‘U’, i.e., oils with 0%
antioxidant content, the liquids with antioxidant content is less than 0.08% (are marked with
‘T’, and the liquids with antioxidant content is less than 0.4%, are marked with ‘I’ [23].

Apart from these two standards, all mineral oils can also be divided into two main categories
in accordance with their chemical composition: paraffin based and naphthene based oils.
Mineral oils which consist of carbon atoms by more than 50% in their paraffinic structures
are classified as paraffin based oils. If mineral oil has less than 50% of carbon atoms in its
paraffinic structures, such oil will be classified as naphythenes based oil [24].

The early industrial-grade mineral oils were paraffinic oils, but later they were replaced with
naphthenic oils due to their higher pour points [25]. During recent years, naphthenic oils
became a dominant insulating liquid used in the power industry, and nowadays, they account
for the largest market share of 55% in the global market, followed by paraffinic oils [26]. But
it is difficult to state which of these two types of oils is a better choice as the factors
influencing the selection of insulating liquids for specific high voltage applications are
complex: for example, the long chain of the paraffin can obstruct the flow of the paraffinic
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oil especially at low temperatures, leading to that the paraffin based oils are vicious in
comparison to the naphthene based oils in cool circumstances [27]. Besides, the viscosity
decreases with an increase in temperature of the paraffins based oil is also lower than that of
the naphthenic oil [24]. These two aspects result in the lower cooling effect of the paraffinic
oils than the naphthenic oils. On the other hand, in terms of lifetime, the paraffinic oils can be
produced as sulphur-free fluids to increase their oxidative stability, while the naphthenic oils
can only be manufactured with low sulphur content but not totally free from it [28].

Although mineral oils were widely used for over one century in the power industry, the
limitations for practical applications of mineral-based insulation oils still exist. First, mineral
oils are flammable, and they provide an increased risk of incidents. In addition, the toxicity
of mineral oils (as they contain, for example, benzene) limits their indoor applications. In
recent years, the increasing requirements to use environmentally friendly materials raise new
challenges for manufactures of insulation oils, power industry practitioners, and
manufacturers of power equipment. These new requirements encourage oil manufactures and
manufacturers of high voltage equipment to find safer and environmentally friendly
replacements for the mineral insulation oils. In this case, the ester-based fluids are introduced
in the high voltage system, of which the details are presented in the following section.

2.1.3

Recent Developments: Ester-Based Dielectric Fluids

The potential of natural-ester-based dielectric fluids, such as vegetable oils, to serve as
insulation liquids started to be explored about one century ago, but their poor oxidation
stability, higher pour point, and elevated relative permittivity restricted their industry
applications [29]. Since then, not too much effort was contributed to this area until the severe
oil crisis of the 1970s, which forces the industry to find potential replacements to the mineral
oils [30]. Over the recent decades, Sustainable Development becomes a dominant trend in
many industries, including the power industry, requiring the insulation liquid to be non-toxic
and biodegradable, encouraging the commercial development of ester-based insulation liquids
[31].

To date, the ester-based insulation liquids can be divided into two main groups: natural esters
and synesthetic esters. The standards on the applications of the natural esters in transformers
and similar oil-impregnated electrical equipment are IEC 62770 and ASTM D 6871, both of
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which include the descriptions and test methods of the natural esters. Similar standards on the
synthetic esters are IEC 61099 and ASTM WK46195 (draft under development by ASTM
Committee D27).

From the chemical composition point of view, an ester is an organic compound formed from
an alcohol and an acid. The molecule structure of an ester linkage (-COOR, R represents the
organic groups) is illustrated in Figure 2-3 (a). In the power industry, in relation to electrical
insulation, esters typically mean the insulation liquids, which are either natural esters or
synthetic esters.

Figure 2-3 Molecule Structures of Ester Linkage, Synthetic Ester, and Natural Ester
(figures based on [21])
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The synthetic esters, whose molecule structure is shown in Figure 2-3 (b), are manufactured
from selected raw materials via chemical reactions. The four groups connected to the central
polyol backbone are usually designed as saturated fatty acid groups to improve the oxidation
ability of the synthetic esters [32].

The natural esters, whose molecule structure is illustrated in Figure 2-3 (c), are typically
extracted from oil plant seeds like sunflower, rapeseed, soybean, and canola. Compared with
synthetic esters, natural esters are chain structures with different lengths [33]. Such
differences typically come from the differences among the raw materials and lead to the
different properties of these natural esters. For example, the proportion of the saturated acids
and the unsaturated acids are varying from different seed oils, some of which are listed in
Table 2-1:

Table 2-1 Acid Compositions of Some Typical Seed Oils (Data from [34])

Seed oil

Saturated fatty acid

Unsaturated fatty acid (%)

(%)

Mono-

Di-

Tri-

Canola

7.9

55.9

22.1

11.1

Soybean

14.2

22.5

51

6.8

Sunflower

10.5

19.6

65.7

-

Sunflower, high oleic

9.2

80.8

8.4

0.2

Cottonseed

25.8

17.8

51.8

0.2

The saturated fatty acids can improve the resistance of the esters to the oxidation but induce
a higher pour point and higher viscosity; the triple unsaturated fatty acids have a low viscosity
but poor oxidation stability [34].
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Compared with mineral oils, the main advantage of ester liquids is their environmental
friendliness (biodegradability). They are non-toxic fluids and have significantly higher fire
point, which makes them preferable insulating liquids from the safety point of view. The
details of these aspects are presented as follows.

‘Biodegradability’ describes the ability of a liquid to be broken down into simple inorganic
molecules by naturally occurring microbes in soil or water. The importance of dielectric
liquids’ biodegradability increases significantly during recent years with the development of
electricity: electricity is introduced to wider and more complex circumstances, i.e., the
location deep inside the natural environment, like high altitudes, where requires the liquids to
become biodegradable to avoid the risk regarding soil disposal.

‘Non-toxicity’ is another requirement for becoming an environmentally friendly substance.
With the wider involvement of electrical power in people’s daily life, the need for non-toxic
insulation liquids also rises. As a non-toxic liquid, esters can be safely used in the living
spaces, like the distributor transformers locating closely to people’s life.

‘Higher flash/fire point’, esters also have a much higher flash point, and fire point than mineral
oils, all of whose fire properties are listed in Table 2-2:

Table 2-2 Fire Properties of Dielectric Liquids (Data Source: [35])

Dielectric liquids

Flash Point °C

Fire Point °C

Mineral Based

160 - 170

170 – 180

Natural Esters

>300

>350

Synthetic Esters

>250

>300
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The higher flash and fire point of the esters means the lower risks of fire incident for the esters
compared with mineral oils, which extends esters’ applications in an indoor environment.

In addition, esters also have a better water tolerance than mineral oils, which can be attributed
to their chemical structure and ability to react with water:

∆

!"#$%&'()* ,*)- + ,(*%ℎ%( ↔ 1234# + 5"34#

The chemical reactions above is reversible, leading to the much higher water tolerance of the
esters compared with mineral oils [36], and enabling the esters to become more suitable than
the mineral oils in some environmental conditions, for example in high voltage facilities for
offshore electric generators which operate in the environment with an elevated
humidity/moisture content.

However, there are also some disadvantages associated with the esters. Generally, the esters,
especially the natural esters, have a higher viscosity than the mineral oil, which potentially
decreases the cooling ability of esters.

Apart from the general descriptions of both the mineral-based liquids and the ester-based
liquids presented above, the intrinsic properties of the three liquids, particularly the
underlying mechanisms in these liquids when they are stressed under external electric fields,
are the focus of this study. As these are closely linked with the development of the main
usages of the dielectric liquids in high voltage systems: insulating and cooling. Besides, the
property related to the inner electric mechanisms in these liquids also differs from each other,
which is one of the targets studied in this research. Therefore, it is necessary to conduct a
review of electric mechanisms in dielectric liquids under an external electric field, this review
and critical analysis of the conduction processes are introduced in the following section.

2.2 Electrical Conduction in Dielectric Liquids

As discussed in the previous sections, the dielectric liquids used in practical applications in
the power industry have complex chemical compositions. Their molecules consist of many
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different hydrocarbons, leading to a complex molecular structure. Besides, even freshly
manufactured, “as received” liquids, still contain different molecular species and various
impurities. These characteristics bring challenges to the analysis of the electrical conduction
mechanisms in dielectric liquids. To overcome these challenges, the ‘charge carrier’ concept
is introduced as it can be measured practically and reflect the conduction aspects
quantitatively, forming a solid foundation of the conduction processes analysis in the
dielectric liquids.

2.2.1

Charge Carriers and Their Origin

When a dielectric liquid is stressed with an external electric field, a low but noticeable electric
current flows through this liquid, which is a manifestation of the movement of charge carriers
in this liquid. The charge carriers in the dielectric liquids may be different: typically, these
carriers are ions, which appear in the liquid due to disassociation of its molecules. Also, quasifree electrons may be present in the liquid due to field emission at the metal (electrode)-liquid
interface, details of these field emission mechanisms will be presented in Section 2.2.3.

These different types of charge carriers are the result of the following aspects: the complex
nature of the dielectric liquids and unavoidable impurities in the dielectric liquids. The effect
of their concentration and their nature on the electric conduction in dielectric liquids is
difficult to quantify, which leads to difficulties in the accurate analysis and prediction of the
electric conduction current in dielectric liquids [37].

Considering the complex sources of the charge carriers and mechanisms of the electric
conduction in dielectric liquids, in the present work, the term “charge carriers” is used to
describe all different types of charge carriers instead of specific species (unless specifically
indicated). The discussion on the development of the charge carriers in the dielectric liquid is
divided into two parts: the charge carrier development at the electrode-liquid interface and
their presence in the bulk of the liquid [38].

The charge carriers created at the electrode-liquid interface can be produced by the emission
of electrons from the cathode into the liquid. These electrons can attach to the liquid molecules
forming negative ions. Typically, the electron transfer process at the metal-dielectric interface
mostly depends on the energy that electrons can gain. Thus, the factors and parameters
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influencing the electron emission process are field-dependent parameters. These processes are
also affected by the temperature and exposure to ionising radiation such as X-rays [39].

Given all other conditions are the same, i.e., same environmental temperature, same radiation
state, the electron emission mechanism is mainly controlled by electron tunnelling for the
electric field strength above (1 − 2) ∙ 10" =>/@ [37]. For the electric field strength lower
than 10" =>/@, the Schottky effect is the dominant mechanism in the electronic emission
process. To simplify the analysis of the electron emission process, the following introduction
is conducted based on the metal-vacuum condition rather than metal-liquid condition. The
effect of the external electric field on the electron emission is presented in Figure 2-4: for the
metal-vacuum interface, the application of an external electric field can reduce the energy
barrier height, leading to a higher electron transfer rate. With an increase in the electric field
strength, the energy barrier becomes lower and narrower, as shown in Figure 2-4 (c).
Alternatively, the electron tunnelling mechanism, which is also called the Fowler-Nordheim
tunnelling, starts to contribute significantly to the emission current under this stronger field.
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Figure 2-4 Electron Transfer Illustration (a) without external electric field: thermionic
emission; (b) with external electric field: Schottky emission; (c) with external electric field:
electron tunnelling. The images are based on the description provided in [40].

The ‘field emission’ process refers to the electron transfer from the energised metallic
electrode to the liquid, while the ‘molecular ionisation’ refers to the electron transfer from the
liquid to the electrode or other molecules. The result of the emission and charge generation
processes is the chemical oxidation or reduction of neutral species: molecules of the liquid,
impurities in the liquid, or even the metallic electrode [41]. Due to the high resistivity of
dielectric liquids, this chemical degradation is quite weak, especially when the electric field
strength is below ~10# >/@, where the electric conduction in the dielectric liquids is mainly
due to the charge carriers created in the bulk liquid through the self-dissociation process [37].
The details of this process are presented in the next paragraph.

- 21 -

Electrical Conduction in Dielectric Liquids

The charge carriers in the bulk of the liquid can be generated through the self-dissociation
process with or without an externally applied electric field. This process is part of the
dissociation equilibrium (without electric field) and molecule ionisation (with external
electric field), which is illustrated in Figure 2-5:

Figure 2-5 Molecule Dissociation and Recombination, =$ , and =% are the dissociation rate
while =& , and =' are the recombination rate. The ‘+’ and ‘-’ represent the positive and
negative polarity of the ions.

As presented in Figure 2-5, the generation of ions in the bulk of the liquid involves two steps:
formation and dissociation of ionic pairs. Furthermore, the kinetic rates of the transition
between any two states are defined as =$ , =& , =% , and =' . The first two rates, =$ , and =& are
generally unknown, while the kinetic rate constants of dissociation =% , and recombination ='
are studied and developed with expressions by researchers for years [42][43].

To calculate the constant rates of dissociation and recombination, the criteria which defines
the ‘free ions’ is introduced using the Bjerrum distance [44], and the Onsager distance [45].

Under the definition of the Bjerrum distance (( , the paired ions separated over the (( can be
defined as free ions, with the expression of the (( is presented as:
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(( =

4&
4DE) E* =( F

2-1

Where, 4 is the elementary charge, E) is the relative permittivity, E* is the vacuum
permittivity, =( is the Boltzmann constant and F is the Kelvin temperature. The Bjerrum
distance originates from the assumption that the Coulombic attraction between the two
opposite charged ions is balanced by their thermal motion. According to Equation 2-1, the
Bjerrum distance for water (E) = 80) and dielectric liquids (E) = 5) at room temperature (F =
300 J ) is about 7 Å, and 112 Å, respectively. The significantly large distance that the
dielectric liquids molecule should overcome to become free indicates the low free ions
concentration in the dielectric liquids compared with water under the zero-field state.

Once the liquid is stressed with the external electric field, this field can stimulate the
dissociation process. Dissociation intensifies in a stronger electric field. This enhancement in
the dissociation process can be evaluated by the electric field dependent dissociation constant
rate =+ (1) introduced by Onsager, which is a further development of the Bjerrum theory [45]:

K$ (4L)
2L

2-2

4
41
M
4=( F DE) E*

2-3

=+ (1) = =+

where

L=

Here, 1 is the strength of the electric field, =+ and K$ in Equation 2-2 is the dissociation rate
without the field, and the modified Bessel function of the first kind with the first order,
respectively.
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Combining Equation 2-2, and 2-3, it can be found that: On one hand, the stronger electric
field strength can lead to a higher dissociation degree; on the other hand, the increase in the
dissociation rate is not a strong function of the field strength, i.e., given an external electric
field 1 = 10 =>/@, and room temperature F = 300 J , the dissociation rate of a typical
dielectric liquid with E) = 2, only increases by 5.48 % of the zero-field dissociation rate while
the dissociation rate of a dielectric liquid with E) = 5, only increases by 2.17 % of the zerofield dissociation rate [37][45].

Debye provided the basic equations for the recombination constant rate in [42]:

=, =

24O
(
E) E* P1 − 4&Q R− "( ST

2-4

The equation above is the modified formula of Debye’s result obtained in the assumption that
the positive and negative ions have not only the same radius ", but also the same mobility O.
As the Bjerrum distance (( of the dielectric liquids is much longer than the radius of the ions:
", Equation 2-4 can be rewritten as:

=, =

24O
E) E*

2-5

which is the rate of the Langevin recombination. Based on these results, it can be concluded
that the recombination rate can be affected by both the mobility of charge carriers and the
dielectric constant but remains constant when the liquid is stressed with the external electric
field.

The charge carriers are injected into the liquid at the electrode-liquid interface and generated
in the bulk of the liquid, therefore it can be found that the higher field strength leads to a
higher concentration of the charge carriers in the liquid. This conclusion agrees with the fact
that the higher field strength typically leads to higher electric conduction in the dielectric
liquids until the breakdown event. Taking into account the process of generation of the charge
- 24 -

Electrical Conduction in Dielectric Liquids

carriers, it is important to discuss the role of the charge carriers in electrical conduction, which
will lead to a better understanding of the conduction mechanisms in the dielectric liquids and
be discussed in the following section.

2.2.2

Electric Conduction in Dielectric Liquids

The conduction current in dielectric liquids is the result of the motion of charge carriers in the
external electric field. Although it must be stated that the liquid itself cannot stay static when
stressed with sufficiently high electric field and hence affects the motion of charge carriers,
the analysis presented in this section assumes that the motion of the charge carrier is only
caused by the electric force acting on the ions and electrons presented in this liquid. More
detailed discussion of the effect of liquid EHD motion on the conduction current is provided
in Section 2.3.3.

To simplify the analysis of the motion of charge carriers, a rectangular cell filled with a
dielectric liquid is used to analyse the conduction process(es) in the liquid. Two plane parallel
electrodes are located at both ends of the cell. The external electric field across this test cell
is produced by energising one of the electrodes with a DC voltage, and another electrode is
grounded. The 3D view of the test cell is presented in Figure 2-6:
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Figure 2-6 3D view of the rectangular cell filled with the liquid. Spherical particles
represent the charge carriers in the liquids: red particles represent the positive charge
carriers and blue particles represent the negative charge carriers. The distance between the
two electrodes is (, and the area of each electrode is ,.

Once the DC voltage is applied, the charge carriers in the liquids start to move towards the
electrodes due to the electric force. These charge carriers are produced by different
mechanisms, as discussed in Section 2.2.1, which has stated that the electric conductivity and
the concentration of charge carriers can be affected by different factors, like temperature and
external ionising radiation. As this investigation is focused on the effect of the electric field
on conduction in dielectric liquids, it is assumed that all environmental factors remain the
same except the externally applied electric field strength.

The conduction processes in the liquids can be discriminated into three main phases based on
the electric field strength [46]:

Phase 1: Low Field Ohmic conduction. In this Phase, the current density is directly
proportional to the electric field. In this case, the electric conductivity due to intrinsic charges
plays the dominant role. The field in the liquid is not significantly disturbed by the space
charge effects and can be described by the Laplace equation.
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Phase 2: Medium Field. In this Phase, the field emission due to the Fowler-Nordheim
mechanism makes substantial contributes to the space charge density in the liquid, which is
responsible for the total current through the liquid.

Phase 3: High Field. In this Phase, the electric field is close to the breakdown field, the field
distribution is significantly affected by the space charge and governed by the Poisson equation,
the current through the liquid is the SCLC.

In phase 1, when the dielectric liquid is stressed with a low electric field, the electric
conduction is mainly due to the motion of the charge carriers, including the ions formed by
the dissociation processes and the impurities which are present in the bulk of the liquid. As a
result of Equation 2-2 and 2-3, which demonstrates that the enhancement of the dissociation
rate due to the external electric field is low, the conduction in this phase follows the Ohmic
law, which can be explained with the ion drift model:

Figure 2-7 Ion drift model for phase 1, single polarity charge carriers move in the low
electric field with a constant, drift velocity.
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In the ion drift model, it assumes that only single polarity charge carriers exist in the dielectric
liquids. Once DC voltage, >, is applied to the electrodes, a uniform electric field is established
between the electrodes, and the electric force acts upon the charge carriers pushing them
towards an oppositely charged electrode. The charge carriers move with a constant velocity
U-)./0 , which is called the drift velocity. For a given liquid and at the fixed temperature, the
drift velocity is directly proportional to the external electric field strength, and the coefficient
proportionality is called the mobility of charge carriers, µ:

U-)./0 = O1

2-6

where, O is the mobility of charge carriers in liquids, 1 is the electric field. Equation 2-6 is
written for the 1D model shown in Figure 2-7. Thus, both parameters, the drift velocity, and
the electric field, are scalars. In the general case, both parameters should be used in their
vector form.

In the 1D model in Figure 2-7, the current density V is also a scalar, which can be presented
as:

V = WU-)./0 X

2-7

where, W is the number density of the charge carrier in the liquid (expressed in 1/m3), X is the
charge of the individual charge carrier (expressed in C), and U-)./0 is the drift velocity
expressed in m/s. In the general case, the current density V (which is expressed in A/m2)
should be used in its vector form.

The resistance Y of the liquid in the topology shown in Figure 2-7 can be obtained as:
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Y=

>
>
=
K V,

2-8

where, , is the cross-sectional area of the electrodes, as can be seen in Figure 2-6.

The electric conductivity Z of the dielectric liquids in the model can be expressed as:

Z=

(
Y,

2-9

where, ( is the length of the test cell shown in Figure 2-6.

Combination of Equations 2-6 and 2-9, gives the following expression for the resistance:

Y=

(
OWX,

2-10

In Equation 2-10, the resistance Y of the dielectric liquid under the low field is dictated by the
parameters of the rectangular reservoir with the liquid, i.e., its length ( and electrode’s crosssection , and the characters of the liquid: O, W.

Following the discussion of the effect of the electric field strength on the dissociation and
recombination rates provided in Section 2.2.1, it can be stated that the charge carrier density
W remains almost the same in the low electric field in the test cell filled with the liquid,
resulting in the constant resistance Y of the dielectric liquids in the low electric field, and the
ohmic behaviour of the electric conduction of the dielectric liquids.

In phase 2, which is determined by higher electric fields, the electric conduction process in
the liquids is dominated by the charge carriers created at the electrode-liquid interface due to
electron tunnelling. The mechanisms of generation of charge carriers in phase 2 include the
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field emission and the field ionisation. Since the conduction current due to these two
mechanisms has the same functional dependence on the applied voltage, a single
mathematical model could be used to establish the quantitative relationship between the
current and the electric field strength.

Latham (1982) proposed a model based on a metal cathode covered by materials with good
dielectric properties [47][48]. In his model, the emission current is assumed to be provided by
the electrons obeying the Maxwell-Boltzmann statistics. This electron current V can be
expressed by the analogy with the Richardson-Dashman relationship:

V = ,F1 & 4&Q [−

4\
]
=( F1

2-11

where, , is Richardson’s constant treated as an empirical constant, F1 is the enhanced
electron temperature, \ is the height of the potential barrier at the metal-dielectric interface,
4 is the elementary charge, and =( is the Boltzmann constant.

For the Maxwell Boltzmann distribution with three-degrees of freedom, the energy equals to
%
&

=( F. Thus, for the electronic current, the electron temperature is given by [47][48]:

F1 = −

24∆>
3=(

2-12

For the dielectric material, there is a relation [47][48]:

∆> ∆≅
>
E-

- 30 -

2-13

Electrical Conduction in Dielectric Liquids

where E is the dielectric constant of the material: E = E* E) , and - is the thickness of the
dielectric material, ∆> is the potential of the position located at ∆- from the surface of the
metal cathode. Equation 2-11 can then be presented as:

24∆- & &
3\E- 1
V = ,[
] > 4&Q [−
]
3=( E2∆- >

2-14

From Equation 2-14, it can be found that in phase 2, the current-voltage relationship is given
by a straight line in coordinates ln(K ⁄> & ) vs 1⁄> . This aspect is important as it can
quantitatively distinguish phase 2 from two other phases.

In Phase 3, the applied field is strong (reaching the values which can be close to the breakdown
field of the dielectric liquid) and the space charge in the dielectric liquids is assumed to be
saturated. Correspondingly, the electric field in the liquid is controlled by the SCLC, which
is reflected by the I-V2 dependency of the electric current on the applied voltage. The I-V2
plot for this conduction stage is a (virtually) straight line, its slope is defined by the liquids’
dielectric constant and the mobility of charge carriers. Mathematic description of the I(V)
functional dependency in the case of strong electric fields is presented and discussed in
Sections 2.3.2 and 6.4.

Since the equations which describe the current-voltage characteristics in phase 3 include the
mobility of charge carriers, the mobility can then be derived from the I-V2 experimental
curves. However, the precondition for this derivation is that the voltage ranges of all three
phases are known. These ranges can be identified by the Fowler-Nordheim plot.
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Figure 2-8 A schematic Fowler-Nordheim plot for conduction current in dielectric liquid
(based on [49]).

Figure 2-8 provides a schematic Fowler-Nordheim plot for a conduction current in a dielectric
liquid, i.e., the current and voltage in ln(K⁄> & ) vs 1⁄> coordinates. There is an inflexion
point between phase 1, and phase 2, which can be attributed to the different current behaviours
in these two phases: the current in phase 1 follows the ohmic behaviour, leading to a quasiconstant K⁄> , while the current in phase 2 is presented by Equation 2-11, indicating the
straight line aspect in phase 2.
In the case of phase 3, since the I-V2 plot within this phase is a quasi-straight line, the plot of
phase 3 in the Fowler-Nordheim plot is a horizontal line, which differs the phase 3 from
phase 2, enabling the further analysis on the mobility of charge carriers in dielectric liquids.

The mechanisms of generation and injection of charges into the liquid introduced in the
previous section provide a basic understanding of the conduction processes in the liquids,
enabling further investigation of dielectric liquids and nanofluids (will be introduced in
Section 2.4).
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The conduction processes in the dielectric liquids are governed by a number of parameters.
Among them, the mobility of charge carriers has attracted an attention as it is the parameter
which describes the ability of charge carries to move in the electric field. Thus, the mobility
of charge carriers in dielectric liquids was selected as the main subject of this research. In
Section 2.3.1 and 2.3.2, two methodologies of measurement of the mobility of charge carriers
are presented. Also, the electrohydrodynamic process is introduced as this process affects the
mobility measurements in practical conditions.

2.2.3

Charge injection Mechanisms at the Electrode-Liquid Interface

Sections 2.2.1 and 2.2.2 are focused on the charge carrier generation and motion in the
external electric field. In this section, this behaviour and the mechanisms are considered from
the viewpoint of the charge carrier distribution, especially their distribution at the electrodeliquid interface. The understanding of the charge carrier injection from the electrode relies on
the understanding of the charge carrier distribution at the electrode-liquid interface. Also,
since this research involves not only the dielectric liquids but also nanofluids based on these
liquids (detailed description of these nanofluids is given in Section 2.4), the discussion and
analysis of the charge carrier distribution at the electrode-liquid interface are required: in this
research it was found that this distribution is closely related to the nanoparticles’ behaviour.

To obtain an accurate distribution of the charge carriers at the electrode-liquid interface,
several models were introduced. The Electric Double Layer (EDL) model, which was first
proposed up by Hermann von Helmholtz in 1853 [50], was then further developed by Louis
Georges Gouy in the 1900s [51], and Herr Otto Stern in the 1920s [52]. This model is
commonly used in analysis of the electric mechanisms at the electrode-liquid interface.

In the Helmholtz model, the liquid at the electrode-liquid interface consists of two layers that
have opposite polarity. Both sections are created by the electron tunnelling between the
metallic electrode and the charges generated in the liquid, (the tunnelling mechanisms have
been introduced in Section 2.2.1).

In the Helmholtz model, the proposed structure of the double layer at the electrode-liquid
interface allows consideration of this double layer as a capacitor: two layers with the opposite
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charges are distributed in the electrode and liquid phase, respectively, as illustrated in Figure
2-9 (a).

Figure 2-9 Schematic Representation of Helmholtz Model and Gouy Model based on [53]

The distance between two layers is assumed as the radius of the attached charges. In this
model, the potential drop across the electrode-liquid interface c2 and the bulk solution c3 is
linear as illustrated in the bottom part of Figure 2-9 (a). Following this, the differential
capacitance of the double layer becomes constant and depends on the dielectric constant of
the liquid and the thickness of the double layer.

The foundation of this hypothesis is the rigid boundary of the layer; however, this assumption
does not exist in practical interfaces. The experiments show that the differential capacity
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varies with the potential between the electrode-liquid interface and the bulk liquid [54]. Thus,
a more accurate model is required.

Gouy found that the capacitance of the EDL depends on the applied potential and the
concentration of charge carriers within the diffusion region. In the Gouy model, though the
charge within the electrode is confined to the electrode surface, the charge carriers with
opposite polarity are distributed as the function of distance from the electrode-liquid interface
in the liquid, which is illustrated at the bottom in Figure 2-9 (b). In the Gouy model, the
charges are considered as point charges at the electrode-liquids interface. The electric
potential decays exponentially between the liquid-electrode interface and the bulk liquid. The
Poisson-Boltzmann equation derived from the combination of the Gauss Law and the
Boltzmann distribution gives the following expression for the concentration of
charges: [55][56]

! = !3 4&Q [−

d
]
=( F

2-15

where ! is the local charge concentration, !3 is the charge concentration in the bulk of the
liquid, =( is the Boltzmann’s constant, and F is the thermodynamic temperature. d denotes
the work done by moving the charge from the bulk of the liquid to the local position.

The work, d, done in the external electric field is:

d = e4c

2-16

where, e is the valence of the positive charges, 4 denotes the elementary electric charge, c is
the potential difference between the local position and the bulk of the liquid.

The potential of the electric field can be determined by the Poisson equation expressed as
Equation 2-17:
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∇& c = −

g
E

2-17

where, c is the electric potential, g is the volumetric space charge density, and E is the
dielectric constant of the medium, E = E* E) .

Combining Equation 2-15, 2-16, and 2-17 the Poisson-Boltzmann equation is obtained: :

∇& c = −

!3 e4
e4c
4&Q [−
]
E
=( F

2-18

This equation is the key equation for understanding of the diffusion layer, i.e., the Debye
length can be defined by solving Equation 2-18. However, there are some discrepancies
between the Gouy model and the experimental results: the experimentally obtained thickness
of the double layer is typically greater than the calculated thickness. Moreover, the potential
difference predicted via the Gouy model goes to infinity as it approaches the electrode-liquid
surface, which is a result of the point charge assumption. To avoid such discrepancies, a
modified model was developed by Stern via the combination of the Helmholtz model and the
Gouy model, as illustrated in Figure 2-10.

In Stern’s model, the point charge assumption is partly replaced: a stationary layer of finitesized charges (ions) was placed between the electrode-liquid interface and the Outer
Helmholtz Plane (OHP). Therefore, due to the finite size of the charges, the potential drop
between the electrode-liquid interface and the OHP is linear, as presented in the bottom part
of Figure 2-10.
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Figure 2-10 Schematic illustration of Stern Model based on [53]

Attached to the OHP is the diffusion layer defined in the Gouy model, which can be described
by Equation 2-18 with the following condition: |e4c| < =( F, which means that the electrical
energy is smaller than the thermal energy. Therefore, the exponential part of Equation 2-18
can be expanded, yielding the first two terms as:

1
e & 4 & !3 c
∇& c = − [!3 e4 −
]
E
=( F

2-19

Since the model requires the electroneutrality of the bulk of the liquid, then the first
summation term must be zero, and it gives:
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∇& c =

e & 4 & !3
c
E=( F

2-20

As this simplification is based on the lower electrical energy, potential c should be small.
This simplification is called the Debye-Hückel approximation, and an important parameter:
the Debye-Hückel length, can be obtained by dimensional analysis:

∇& c = l & c

2-21

e & 4 & !3
l=M
E=( F

2-22

where,

The quantity l 4$ is commonly referred as the Debye-Hückel length. The Debye length is a
quantitative description of the effective range of the potential due to the double layer.

In the Stern model, the thickness of the attached diffusion layer is of the order of 3⁄l to 4⁄l.
In addition, it can be seen from Equation 2-22 that the Debye length depends only on the
temperature and charge carrier concentration in the bulk of the liquid. In practice, for most
colloids, the Debye length ranges from sub-nm to ⁓100 nm, which will be taken into account
in the analysis of the experimental results in this research [56].

This section described different mechanisms of electric conduction in the dielectric liquids.
This discussion illustrates the importance the mobility of charge carriers in description of the
conduction processes.

Therefore, the following section will present two methods of obtaining the mobility of charge
carriers in dielectric liquids.
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2.3 Charge Carriers and Their Mobility

The measurements on the mobility of charge carriers in dielectric liquids have been developed
over the years. In this thesis, two commonly used methodologies of obtaining the mobility
were used: the ToF method and the SCLC method. The combination of these two methods
enables the mobility of charge carriers to be obtained under a wide range of electric field
magnitudes. The fundamental link between the mobility of charge carriers and the
electrohydrodynamic motion of the liquid is also discussed in this section.

2.3.1

Mobility Measurement: Time of Flight Method

Since its introduction in the 60s of the last century, the ToF method of obtaining the mobility
of charge carrier has been successfully used in the case of both solid and liquid dielectrics
[57][58]. The mobility measurements using the ToF method are based on the detection of the
current peak and measuring the time interval from application of voltage to the appearance of
the current peak. In a dielectric liquid under no external electric field, the charge carriers,
including both the ions from purities and the ions produced by the dissociation process, are
randomly distributed in the bulk of the liquid. Once stressed with an external electric field,
the equilibrium of the charge carriers in the liquids is broken, and it takes time which is called
the relaxation time to restore this equilibrium. During the relaxation process, the motion of
the existing charge carriers towards the electrodes can be detected as by measuring the current
through the liquid. If the charge carriers are similar to each other in their nature, or there is a
single dominant type of the charge carriers, a single current peak occurs when the majority of
charge carriers arrived at the electrode.

Based on this model, an equation describing the charge carriers’ motion during the relaxation
process can be obtained as:

U=

F%m
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where, U is the drift velocity of the charge carriers, - is the travelling distance of the charge
carriers, and F%m is the time interval between the application of the external electric field and
the occurrence of the current peak.

Based on Equation 2-6, the mobility of charge carriers can be presented as:

O=

-&
F%m ∙ n

2-24

where n is the potential difference along with the distance -.

In practical tests, the ToF can be obtained by two methods: the reverse-polarity method and
the single-polarity method.

In the reverse-polarity method, a step DC voltage is applied to the tested liquids for a specific
time interval, and after this time, the voltage suddenly changes its polarity, and this voltage
stress with the opposite polarity is applied to the liquid for a longer time interval during which
the current through the liquid is measured. A schematic illustration of the reverse-polarity
method is shown in Figure 2-11.
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Figure 2-11 Schematic illustration of the Reverse-polarity method. The blue line in the
graph indicates the current through the tested material, while the red line indicates the
applied voltage.

During this process, two ToFs can be obtained, and the second ToF, which is obtained after
the change of the voltage polarity, can be taken as the time during which the charge carriers
travel across the whole gap between two electrodes, leading to the distance - in Equation 2-23
equals to the electrode separation (length of the gap).

However, due to experimental limitations of the present work, the ToF method can only be
implemented using the single polarity energisation in some tests. A schematic illustration of
the single-polarity method is shown in Figure 2-12.
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Figure 2-12 Schematic illustration of the Single-polarity method. The blue line in the graph
indicates the current through the tested material, while the red line indicates the applied
voltage.

In the case of the single-polarity method, the charge carriers responsible for the current peak
does not cross the complete inter-electrode gap, d. And the distance required to calculate the
mobility in Equation 2-24 is defined using a correction factor which is introduced in the
present work.

In the reverse-polarity method, two ToFs can be obtained in each individual test: the first one,
F%m$ , equals to the time interval between the application of voltage, and the occurrence of the
current peak. The second one, F%m& , equal to the time interval between the moment of
reversing polarity and the corresponding current peak, as shown in Figure 2-11.

Following this, an equation for the correction coefficient L can be obtained as:

L=

( F%m$
=
- F%m&
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where, the F%m$ , and F%m& is the first and second ToF, respectively. - is the electrode
separation, and ( is the distance the charge carriers traveling during the F%m$ . Alternatively,
the equation for calculation of the mobility of charge carriers in the single-polarity method
can be obtained as:

O=

L& -&
F%m ∙ n

2-26

In this section, two practical implementations of the ToF method are introduced; compared
with the reverse-polarity method, the calculation of mobility based on the single-polarity
method is straightforward and accurate. However, the single-polarity method put higher
requirements on the instrumentation as compared with the reverser-polarity method. The
introduction of the correction coefficient in this research has improved the accuracy of the
reverse-polarity method, which has extended the voltage range of the ToF measurements.
However, to conduct the mobility measurements in a wider voltage range (at higher voltages),
and to improve the confidence of the measurement results, another methodology, the SCLC
method, was also implemented in this work. This method is presented in the next section.

2.3.2

Mobility Measurement: Space Charge Limited Current Method

The ToF method provides a base for obtaining the mobility of charge carriers in a relatively
low uniform electric field. The mobility of charge carriers can also be obtained in highly
divergent electric fields based on the space charge saturated assumption.

Section 2.2.2 provides the discussion of the electric conduction mechanisms and phases in
dielectric liquids. The third Phase is based on the assumption that the space charge is saturated
and the current in this region is the SCLC. Using the SCLC assumption, equations for
obtaining the mobility of the charge carriers via the I-V2 characters for different materials and
configurations have been developed. The mobility of charge carriers in solids can be obtained
based on the Mott-Gurney law [59]. The analytical approach for obtaining the mobility of
charge carriers in gas in the coaxial and point-plane configurations were developed in [60].
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Halpern (1969) developed the I-V equations for the point-plane configuration for dielectric
liquids [61]. Using this model and relevant boundary conditions, the equation for the mobility
is:

K=

3o OE
R S> &
8 - 566

2-27

where, E is the dielectric constant of the liquid, - is the separation of the electrodes, >566 is
the applied voltage. The factor o equals to 0.6D is the emission cone angle.

The Halpern’s model is based on the Laplacian field distribution: the assumption which not
always holds. In [61], Coelho (1971) introduced his model based on the Poisson equation, in
which the field is distorted due to the space charge formed by the charge carriers in the liquid.
The Poisson electric field in this model is obtained along the central line in the point-plane
electrode configuration. This field distortion is especially pronounced at the electrode tip and
is dictated by the topology and by the injection of the charge carriers. In [62], an analytical
expression for the electric field strength along the line of symmetry in the tip-plane electrode
configuration was obtained in the hyperboloid coordinates for two scenarios: no space charge,
i.e. the Laplacian field, and full space charge saturation, in which the field is governed by the
Poisson equation.

For the Laplacian electric field, it is assumed that the space between the needle tip and the
plane is free of charge. The electric field strength 1(&) at the point away from the tip apex
with the axial distance & can be described by Equation 2-28:

1(&) =

2">*

4"
ln # [&(2" − & ) + #(" − &)]

2-28

where, " denotes distance between the point of the tip to the plane spacing, # is the radius of
the tip, and >* is the potential difference between the tip and the plane.
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Figure 2-13 Schematic Illustration of the needle -plane electrode configuration

Equation 2-28 was used to obtain the electric field to support the analysis of the electric forces
which govern the EHD effects in the dielectric liquids [63][64]. However, in the analysis of
the mobility of charge carriers, the re-distribution of the Poisson electric field due to the space
charge should be considered. In this case, a new assumption should be introduced: there are
free charges in the space between the tip and the plane, and the current through the liquid
between electrodes is a steady-state current. The mobility of the charge carriers is assumed to
be independent from the field strength and the diffusion current is assumed to be negligible
with respect to the conduction current. Then, the magnitude of the Poisson field along the
central axis in the point plane configuration is given by [62]:

1(U) =

rg& (2 − g)& 16 & + ,U sg(2 − g) + U(1 − g) −

U&
3t

2-29

(U + g)(2 − U − g)

where, U = &⁄" , and g = #⁄2" . The factor , can be calculated with the current K , the
dielectric constant of the liquids ε7 , and the mobility O of the charge carrier in the liquids as:
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,=

2K
D"ε7 ε* O

2-30

Using Equation 2-29 and 2-30, the equation describing the relationship between the electric
field strength, and the applied voltage can be obtained as:

$48

v 1(U)-U =
*

−>
"

2-31

By integrating Equation 2-29 within different domains both analytically and numerically, [62],
the equation which describes the I-V2 relationship can be obtained as:

K=

DOE &
>
0.78"

2-32

This equation can be used to obtain the mobility of charge carriers with the consideration of
the field distortion effect. Alternatively, the corresponding electric field strength can also be
calculated using Equation 2-29, which supports further analysis of the relationship between
the charge carrier and the electric field strength.

2.3.3

The Electrohydrodynamic Effect

The Mobility of charge carriers, as indicated by its definition, reflects the charge carrier’s
moving ability due to the electric field. The measurement principles introduced in the previous
two sections also rely on this definition, i.e., the mobility is defined by the motion of the
charge carriers in the external electric field.

However, this assumption is not valid in all cases as the EHD fluid motion can also contribute
to the motion of the charge carriers. In this case, the obtained mobility (by both the ToF and
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the SCLC methods) is affected by the EHD movement of the liquid in the field. Thus, such
mobility obtained by the ToF, and SCLC methods is referred as the ‘apparent mobility’, and
its value can be higher than the mobility of charge carries obtained purely based on the
movement of charged particles in the external field in a stationary fluid.

Therefore, it is necessary to discuss this important factor that influences the mobility of charge
carriers in dielectric liquids via the fluid motion: the EHD effect.

The EHD effect is the field of study of the dynamics of electrically charged but less conductive
fluids, like air, water. The fundamental equation which describes the force acting upon a
charged object (an element of fluid which may contain charge q) is given by Landau [65]:

1
1 & {E
x = Xy − 1 & ∇E + ∇ zg [ ] |
2
2 {g 9

2-33

where, F is the electrostatic force acting on the object in the external electric field y. The first
term of Equation 2-33, qE, describes the Coulomb force acting on an element of fluid with
charge density X. The second term, which includes the dielectric constant E of the fluid, is the
dielectric force. The third term, which includes the mass density of the fluid g, and the factor
:;

R:8S , is the electrostriction force. In this research, the dielectric liquids are assumed to be
9

isothermal, resulting in the dielectric constant and mass density of the fluid being invariant.
Therefore, the second term and third term in Equation 2-33 in this assumption, and the force
acting on an element of fluid is only the Coulomb force, x = Xy.

The dynamics of the fluid can be analysed in the framework of two following aspects.:

First, the dielectric liquid is incompressible, which gives:

∇∙}=0
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where, } is the velocity of the dielectric liquids.

The second assumption is: the momentum of the fluids is conserved yielding:

g

-}
= −∇Q + ~∇& } + x
-3

2-35

where, g , Q and ~ is the mass density, pressure, and dynamic viscosity, respectively. x
represents the external force including gravity and electric force here. As the electric force
described by Equation 2-33 is reduced into to the Coulomb force only, Equation 2-35 can be
rewritten as:

g

-}
= −∇Q + ~∇& } + Xy + g•
-3

2-36

Equation 2-35 and 2-36 are the Navire-Stokes equations for incompressible liquids.

Equations 2-34, and 2-35, 2-36 have laid out the theoretical foundation for the EHD analysis.
However, it is impossible to obtain a general solution describing the effect of the electric field
on velocity. This is because the factors influencing the velocity are complex, difficult to
measure, and sensitive to any changes in the system. For example, in asymmetrical electrode
assemblies like the point-plane electrodes, the charge creation source in dielectric liquids
under an external electric field is largely depending on the radius of the curvature of the needle
electrode: most charges are generated by injection from the point electrode and the molecule
ionisation near the tip. However, for topologies with sufficiently large radius of curvature of
the needle electrode, this dominant mechanism of charge generation is the development of the
heterocharge layer around this point electrode rather than the charge injection from the point
electrode [66].

Therefore, the typical method used to obtain the solution of specific problems is setting up
the boundary conditions according to the factors involved, like the geometry of the space
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studied. Then, numerical solution can be obtained using the computational methods rather
than analytic solution.

Further discussion on the relationship between the EHD and the electric field requires deeper
mathematical analysis, which is out of the scope of the present research. Thus, the following
discussion is focused on the effect of the EHD motion on the charge carriers and their mobility,
which can be simply segmented as two types: direct influence and indirect influence.

The direct influence of the EHD motion is an increase of the charge carrier velocity by the
fluid motion. As discussed, the straightforward use of Equation 2-36 could be problematic
due to insufficient knowledge of the required parameters. However, analysis of the EHD
effect(s) could be conducted from the energy viewpoint. Since the fluid motion is caused by
the electric field, the kinetic energy of the fluid can be linked to the electric energy, yielding
the relation:

1 & 1 &
E1 ∝ gU
2
2

2-37

where, E and 1 is the dielectric permittivity of the liquid, and the electric field strength,
respectively. g and U is the density, and the motion velocity of the liquid, respectively.
According to this equation, the velocity of the fluid is proportional to the electric field strength:
U ∝ 1ÅE ⁄g.

Therefore, it can be concluded that the velocity of the charge carriers obtained in the ToF tests
is enhanced by the fluid motion, and this enhancement increases in a higher electric field.

Similar to the ToF method, the SCLC method is also affected by the EHD effect, as the
hydrodynamic turbulence near the needle tip can be enhanced with the fluid velocity [67].

Apart from the direct influence, there is also an indirect influence on the mobility of charge
carriers as the field may change the charge carrier concentration.
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Due to the incompressible aspect of the dielectric liquids, the liquids moving toward the
electrode by the EHD effect rebounded from the electrode surface. The charge carriers near
the electrode are then also be removed by this rebound, resulting in a lower concentration of
the injected charge carriers and promoting the injection of new charge carriers [49].

Although the EHD effect on the mobility of charge carriers is unavoidable, the results which
include this EHD effect (EHD motion of the liquid) are important as they provide further
understanding of the behaviour of both, pure liquids and nanofluids, in the external electric
fields.

2.4 Nanofluids and their use in Electrical Systems

The term ‘nanofluid’ was firstly coined by Choi in 1995 [68]. Since then, a significant number
of studies focused on the synthesis of nanofluids, and measurement of their dielectric and
thermal characteristics have been conducted. However, the conduction mechanisms in
nanofluids, especially in ester-based nanofluids, are not fully understood. Thus, to address
this lack of information on conduction and the EHD motion in ester and oil-based nanofluids,
the present study includes a comprehensive investigation of the EHD movement of particles
in the nanofluids stressed with DC electric field and analysis of the mobility of charge carriers
in the nanofluids. The literature review in this section provides an analysis of the literature
data on conduction processes in the nanofluids, which underpins the experimental study
presented in Chapter 7 and 8.

2.4.1

Nanofluids: History and Applications

Generally, a nanofluid is a colloid system containing nanometre-size solid particles and a
liquid hosting medium. For convenience, the term ‘nanofluids’ in this thesis refers to the
nanofluids developed to serve as an insulation liquid in electrical industries.

The chemical composition of dielectric liquids plays an important role in defining and
improvement of their parameters such as dielectric strength, thermal conductivity, pour-point,
antioxidation, etc.
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Nano-sized particles can also be added to insulating liquids to improve and modify their
specific properties, such as their breakdown strength, their permittivity and thermal
conductivity. These potential improvements make the nanofluids attractive for practical
applications in high voltage power and pulsed power systems. The nano-sized particles have
dramatically increased the ratio between the particle surface area and its volume, which brings
several benefits for their applications: better dispersing stability in the host liquids, less
pronounced effect on the final product’s density, and others.

Choi (1995) developed nanofluids with a higher thermal conductivity compared with the pure
host liquid(s) [68]. Later on, Segal (1998) developed nanofluid(s) with an improved dielectric
strength [7], which introduced another main direction for the development and practical
application of nanofluids.

Although nanofluids also can provide an improvement in the flash and fire point compared
with the pure liquids [69], or may help to prolong the serving lifetime of the transformer oil
[70], the main aspects which make nanofluids attractive as insulating liquids are their higher
dielectric strength and thermal conductivity. To improve these two parameters, a number of
particles were selected and tested by different research groups. It was found that SiO2 [8][9]
and Fe3O4 [10][71] can enhance both the dielectric strength and thermal conductivity of the
nanofluids; Al2O3 [12][72], ZnO [12], AlN [13], and TiO2 [73][74] can enhance the dielectric
strength of the nanofluids; and BN [10][11] and CuO [75] can enhance the thermal
conductivity of the nanofluids.

The methods of synthesis of the nanofluids have also been developed over the decades. Two
types of the synthesis methods can be defined according to the processes involved: the onestep and two-step methods [76].

The one-step method of production of the nanofluids involves synthesis and dispersion of
nanoparticles in the hosting fluids simultaneously. Thus, the agglomeration of nanoparticles
is minimised. Besides, the one-step process can also be used to produce nanoparticles with a
high uniform dimension. The dispersion stability of the nanoparticles is also improved in the
one-step process. However, there are also some drawbacks in the one-step process: its cost is
high, and it is not suitable for large-scale production. In addition, the residuals of the reaction
remain in the nanofluid(s), which increases their degree of impurity.
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The two-step process is a more commonly used process. The two-step process involves
preparation of nanoparticles independently from the dispersing process, which typically
yields the particles in the form of powder with their surface modified by a surfactant. Then
these nano-powders are dispersed into the hosting liquids using magnetic stirrer, or ultrasonic
bath. As the two-step method can be used to produce nanofluids in a more economical way,
it can be used for a large-scale production of nanofluids. However, the stability of the
dispersed nanoparticles in this method is weaker than in the one-step method.

Figure 2-14 is an illustration of these two stabilization methods.

Figure 2-14 Two types of stabilization

Since one of the key requirements for the nanofluids is their stability, extra attention should
be paid to improve their dispersing stability. According to the Derjaguin-Landau-VerweyOverbeek (DLVO) theory, the total forces acting between two particles in the host liquid is
the sum of the van der Waals attraction and the electrostatic repulsion due to the surface
charge on the particles. Following this, the electrostatic stabilization may help to enhance the
dispersing stability of the particle. Another stabilization process is the steric stabilization,
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which improves the dispersing stability by decreasing the active area of the surface of the
particle, i.e., by surface modification with surfactants: Oleic Acid, which is a widely used
surfactant, was firstly used for production of the mineral-oil-based nanofluids by Lee and Kim
(2012) [77]. Another surfactant, Cetyl Trimethyl Ammonium Bromide (CTAB), was used by
Atiya (2015) to treat TiO2 particles and to prepare mineral oil-based TiO2 nanofluids [78].

2.4.2

Polarisation and Charging of Particles

As discussed in the previous section, the main aim of developing nanofluids is to improve the
dielectric strength of the fluids and the cooling performance. Therefore, the discussion of the
mechanisms which govern the behaviour of nanoparticles is given in this section.

The enhancement of thermal conductivity of nanofluids has been studied, and four possible
reasons for this enhancement have been summarised by Choi (2002) [79] and Eastman (2004)
[80] as follow:

-

The Brownian motion of the nanoparticles, which enables the direct solid to solid heat
transport by the moving particles, is considered to enhance the thermal conductivity
of the nanofluids. The calculations based on the Stokes-Einstein formula and the
water-based nanofluids show that the thermal diffusion is much faster than the
Brownian diffusion [79]. However, in [81], the microscopic motion, induced by both
the Brownian motion and the interparticle forces, is declared to result in the additional
heat transfer in the nanofluids. The Brownian motion is also supposed to play an
important role in particle clustering, which is considered as another reason for
enhancement in the thermal conduction.

-

Nanoparticle clustering, which can have a major effect on the thermal conductivity
by creating paths of lower thermal resistance. On one hand, both the cluster size, and
the particle arrangement within the cluster can influence this enhancement. On the
other hand, the cluster size and particle arrangement are also linked with the solid
agglomeration, which produces a negative effect on the nanofluids’ stability.

-

Liquid layering, which exists at the liquid-solid interface, can enhance the thermal
conductivity due to the fact that the atomic structure of the liquid layer is more
ordered than the atomic/molecular structure of the bulk of the liquid. The ordered
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structure typically leads to the higher thermal conductivity, like in the case of
crystalline solids.
-

Nature of the heat transport in nanoparticles, which origins from the ballistic phonon
effect among the nanoparticles: the ballistic phonons initiated in one particle can
reach a neighbouring particle as the particles constantly move due to the Brownian
motion, which leads to the short distance between two neighbouring particles.

Apart from the reasons listed above, Lee (2006) has proved that the surface charge also affects
the heat transfer experimentally [82]. However, there is still no complete description of the
heat transfer enhancement mechanism(s) in the nanofluids. As presented above, many factors
and mechanisms have been discussed. However, the complex structure of both the particle
and particle-liquid interface, resulted in complications with the development of a general
theory describing the heat enhancement in nanofluids.

Another major parameter which can be improved by adding nanoparticles is the dielectric
strength of the liquid.

A model of the development of pre-breakdown streamers in mineral-oil-based nanofluids was
proposed by O’Sullivan (2007) [83][84] and furtherly developed by Hwang (2008) in [85]. In
this model, the dielectric strength of the nanofluids is increased as electrons produced by the
field ionisation is captured by the conductive particles in the mineral oil, leading to the
reduction in the mobility of the electrons, and correspondingly to the reduction in the streamer
velocity. This model introduces a relaxation time constant as follows:

τ=

2ε$ + ε&
2σ$ + σ&

2-38

where σ$ and σ& are the electrical conductivities of the host liquid and the conductive
particles, respectively. ε$ and ε& are dielectric permittivities of the host liquid and the
conductive particles, respectively.
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To capture electrons, the relaxation time must be shorter than the propagation time of the
streamer, which enables the capture process illustrated in Figure 2-15. It can lead to complete
avoidance of the electric breakdown.

As shown in Figure 2-15, the conductive particle is polarised in the external electric field. The
charge carriers with high mobility (the electrons) are trapped on the surface of the particle
until the particle is fully charged, this charge is known as the saturation charge. Since the
charge carriers with high mobility (the electrons) are captured by larger particles with low
mobility (saturated particles), the propagation of the streamer(s) is halted, leading to the
higher electric strength of the nanofluids.

Figure 2-15 Surface charge distribution of a conductive particle at different moments in
time after application of the electric field from (a) 3 ≤ 0, till full the end of the field
relaxation process (d) 3 = ∞.
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However, some experimental results are not in agreement with the predictions from this model.
On one hand, the dielectric strength of the mineral-oil-based nanofluids with SiC particles
could be even lower than that of the pure mineral oil while the relaxation time for the SiC
nanofluid(s) is much shorter than the time scale of the streamer development [86]. On the
other hand, the oil-based nanofluids with TiO2 particles has much longer, sub-s relaxation
time, however these nanofluids can provide greater dielectric strength than the pure dielectric
host liquids [87]. Apart from the contradiction from the experiment results, there are also
defects of the assumption about the electron involved in this model: the mean free path of
electrons in dielectric liquids is of the order of 10 Å [88], which could limiting the capture
process proposed illustrated in Figure 2-15.

Considering the limitation of the relaxation time model, Du (2011) introduced another model
describing the dielectric strength of nanofluids based on semi-conductive particles [73][74].
In Du’s work, the concept of the ‘electron trap’, which is typically used in semiconductor
models, has been used to describe the development of breakdown in nanofluids. The electron
traps can be distinguished into two categories: deep traps and the shallow traps, defined by
the energy required for an electron to escape from each trap.

For TiO2 particles, the presence of the shallow trap can be detected by their photocatalytic
activity [89]. In this case, the electron with high velocity can be captured by these shallow
traps and then released rapidly by turning into a slower electron. After repeated trapping and
de-trapping acts, the velocity of electrons is reduced, preventing the propagation of the
streamer, and leading to the higher breakdown strength of the nanofluids [73].

However, Aljure (2014) pointed out in [90] that the simulation results support neither the
relaxation model by O’Sullivan (2007, 2008) [83][84], nor the electron trap model by Du
(2011, 2012) [73][74]. Moreover, the experimental results in [91] showed that the electron
trapping model was not applicable to mineral oil based nanofluids with ZnO particles.

Du (2015) also used the bubble theory for the explanation of the higher breakdown strength
of the nanofluids with BN particles [92]: the charge injection near the electrode may cause
the Joule heating, leading to the development of gas bubbles near the electrode. Since the gas
breakdown in such bubbles can lead to formation of a conductive plasma channel, which
results in the complete breakdown, an increased thermal conductivity of the nanofluids with
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BN particles can accelerate the dissipation of the Joule heat, preventing formation of the
bubble(s) and thus leading to the enhancement of the breakdown strength of the nanofluid.

By now, the general theories of explaining enhancements in the dielectric strength of the
nanofluids are still required. This is because lacking the theory guidance causes not only the
difficulties in explaining the discovered aspects brought by the nanofluids but also the
difficulties in the synthesis of new type nanofluids. Moreover, the theory lacking decreases
the confidence in promoting the nanofluids into practical applications as the potential risks of
the nanofluids are hard to predict without the theory guidance.

2.5 Summary

This chapter presents the background information and analysis of fundamentals and practical
methodologies related to the research conducted in the framework of this thesis.

The review of dielectric liquids and their applications in electric systems is presented in the
first section. Three types of dielectric liquids: mineral oils, synthetic esters, and natural esters,
were considered and their chemical composition and properties were analysed. Mineral oils,
which are the most widely used insulating liquids, are facing significant challenges like strict
environmental and safety requirements and regulations. In recent years environmentally
friendly dielectric liquids - synthetic and natural ester liquids have been developed and now
these liquids are used in different practical electric systems as liquid insulators. However,
their electrical and dielectric properties are not fully known and these factors as well as some
of their physical properties such as higher viscosity limit their wider use in the power and
pulsed power industries. Therefore, better understanding of the physical processes and
breakdown mechanisms in these liquids stressed with the external electric field can help
engineers in selection and coordination of insulating liquids. Also, further information on the
physical processes in such liquids can stimulate the development of nanofluids with specific
parameters and characteristics

Understanding of conduction mechanisms in the dielectric liquids is fundamental for the
interpretation of the experimental results obtained in the present study. Thus, these conduction
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and charge injection and generation processes in the dielectric liquids have been reviewed in
Section 2.2.

The review included of the processes of generation of charge carriers in the dielectric liquids
and the behaviour of the charge carriers in the dielectric liquids stressed with the external
electric field.

The mobility of charge carriers is discussed along with the charge re-distribution processes at
the liquids-electrode interface, this information is required for the analysis of the experiment
results obtained in this study.

In Section 2.3, two methods of measurement of the mobility were introduced: the ToF method
and the SCLC method. These two methodologies enable the measurement of the mobility of
charge carriers to be conducted under a wide range of the electric field magnitudes. The EHD
effect was also discussed in this section, the EHD will be used in further analysis of the
behaviour of the dielectric liquids stressed with the electric field.

Finally, Chapter 2 made an introduction to nanofluids which is an important objective of the
present research project. The nanofluids are considered as promising liquids for the use in
electrical and high voltage systems due to their proven ability to hold higher voltages. The
dielectric strength of these nanofluids depends on concentration and type of nanoparticles: for
example, in [21], both TiO2 and BN particles were selected to prepare nanofluids whose
concentration ranged from 0.0006% to 0.1% (b/w), and the results showed that It was found
that in most cases, the optimal concentration of these two types of nanoparticles are between
0.0006% and 0.004% (b/w). All these aspects provide an opportunity for practical applications
of nanofluids in high voltage systems, especially in some specific applications with restricted
space or weight requirements. However, the practical utilisation of nanofluids is still facing
challenges due to lack of experimental data and theoretical model(s).

Based on the literature review conducted in this chapter, it can be stated that various insulating
liquids have been developed for different applications over the years. Among them are
mineral oils, ester liquids, and nanofluids. It is noticed that the use of these liquids in different
practical applications strongly rely on the understanding of the conduction, the EHD and
breakdown processes within these liquids. As these processes are defined by the behaviour of
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the charge carriers, the conduction processes. In this case, mobility of charge carriers and the
EHD behaviour of the insulating liquids were selected as the main research objectives of the
present study.
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Chapter 3 MATHEMATICAL MODEL OF PARTICLE
CHARGING IN DIELECTRIC LIQUIDS
As introduced in Section 2.4, a nanofluid can be developed by dispersing poorly conductive
sub-µm particles in a dielectric liquid. In some practical applications, nanofluids are used
in high voltage systems as insulating liquids. Thus, it is crucial to understand the behaviour
of dispersed solid particles in nanofluids.

In this work, a model based on a solid particle surrounded by a liquid stressed with a
uniform electric field is developed to investigate the charging processes and forces acting
on this particle. The modelling work and corresponding analysis aim to explore the
transient electric field in poorly conductive particles immersed in dielectric fluid stressed
with the suddenly applied electric field E0 (t ³ 0). This external field results in polarisation
and redistribution of the bounded and free charges in the particle(s) and in the fluid (the
Maxwell-Wagner relaxation process). To simplify the modelling work, it assumes that
there is no net free charge in the system and all the positive and negative charges
are identical, i.e., same mass, volume, and shape, except their polarity. A transient electric
field was used to analytically obtain the electric force acting between two particles in the
fluid via the dipole-dipole approximation.

The results of this modelling work include analytical expressions for the transient electric
field in and around the particle, the transient charge distribution across the particle-liquid
interface, and electric forces acting between two particles in a poorly conductive fluid. With
a wide range of parameters related to different insulating fluids and particles used in the
present work, these expressions have been utilised to simulate the interfacial charge
distribution, the electric field distribution, and the force as functions of the relative
permittivities and electrical conductivities of both particles and fluids. The obtained
analytical results will be applied in explaining the electrohydrodynamic motion in
nanofluids studied in Chapter 7 and will help in further analysis of the behaviour of smallscale particles in insulating liquids stressed with the externally applied DC field.
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3.1 Particles in Dielectric Liquid: Development of
Mathematical Model

Due to the difference between relative permittivities and electric conductivities of the
dispersed particles and the hosting liquid, the charge accumulation occurs across the particleliquid interfaces once they are stressed with the external electrical field. This section starts
with the modelling of an individual particle placed in dielectric liquid. Then this model is
expanded to describe the Coulomb force between two particles immersed in the liquid stressed
with the external electric field.

3.1.1

Electric Response of Single Particle

In 1873, James Clerk Maxwell published his book “A Treatise on Electricity and Magnetism”
[86], in which he introduced a way of describing the electric conduction in dielectrics based
on a linear multi-layered capacitor model: in this model, the space between two parallel plane
electrodes is filled with several of layers of poorly conductive materials with different relative
permittivities and conductivities. Maxwell pointed out that when this multi-layered capacitor
is stressed with the external voltage, the charge accumulation occurs across the interfaces
formed by these different layers. Karl Willy Wagner (1914) [93][94], extended Maxwell’s
model into the AC domain and this transient polarisation process is now called ‘MaxwellWagner polarisation’.

In the Maxwell-Wagner polarisation model, the charge accumulation at the interface starts to
occur once this interface is stressed with the external electric field, and the charge reaches its
saturated value after a specific time. This time called ‘Maxwell-Wagner relaxation time’
depends not only on the relative permittivities and conductivities of the materials but also on
the geometrical factors [95]. Therefore, specific equation(s) which provide the MaxwellWagner relaxation time for each specific topology geometry are required for the modelling of
the polarisation processes. In the present work, the Maxwell-Wagner relaxation time was
obtained for a single spherical particle located in a poorly conductive media stressed with the
uniform electric field. A schematic diagram of a single particle model is given in Figure 3-1.
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Figure 3-1 Single Particle in Dielectric Liquid. 1Ü⃗ represents the uniform electric field
whose direction is parallel to the Z-axis, R is the radius of the sphere, à is the polar angel,
c$ and c& is the electric potential inside and outside the sphere, respectively.

In Figure 3-1, a spherical particle with radius Y , dielectric permittivity E$ , and electric
conductivity Z$ , is immersed in the dielectric liquid, with dielectric permittivity E& , and
electric conductivity Z& . A uniform electric field 1 along the Z-axis is applied at time 3 = 0,
leading to the initiation of the charge accumulation process at the particle-liquid interface.
This charge accumulation process completes when the charge reaches its steady-state value.

Using the assumption that there is no net free charge in the system, electrostatic potential >,
is governed by the Laplace’s equation:
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1Ü⃗ = −∇>

3-1

∇& > = 0

3-2

The general solution of the Laplace’s equation for the axisymmetric spherical model can be
expressed by the Legendre polynomials with corresponding coefficients. The general solution
of the electric potential inside and outside the sphere was given by T. B. Jones [96]:

c$ = ,(3)# cos à

for # ≤ Y

3-3

c& = −1* å(3)# cos à + ç(3)# 4& cos à

for # ≥ Y

3-4

where, ,(3) and ç(3) are unknown time dependent coefficients. 1* is the magnitude of the
external uniform electric field, and å(3) is the step function ( å(3) = 0 for 3 < 3* , and å(3) =
1 for 3 > 3* ) which describes the application of the external step field.

By applying the relationship presented by Equation 3-1, the normal component of the induced
electric field inside and outside of the sphere can be obtained as follows:

1Ü⃗)$ = −,(3)*%2à#̂

for # ≤ Y

3-5

1Ü⃗)& = 1å(3)*%2à + 2ç(3)# 4% *%2θ#̂

for # ≥ Y

3-6

where, #̂ is the unit vector. However, the coefficients ,(3) and ç(3) are still unknown. To
find them, additional boundary conditions should be introduced. The detailed mathematical
derivation of expressions for ,(3) and ç(3) is given in Appendix I, the final expressions for
,(3) and ç(3) are:
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E&
3
Z&
3
,(3) = −31 s
exp [− ] +
[1 − exp [− ]]t
E$ + 2E&
ó
Z$ + 2Z&
ó

E$ − E&
3
Z$ − Z&
3
ç(3) = 1Y% s
exp [− ] +
[1 − exp [− ]]t
E$ + 2E&
ó
Z$ + 2Z&
ó

3-7

3-8

where,

ó=

E$ + 2E&
Z$ + 2Z&

3-9

is the Maxwell-Wagner relaxation time. According to Equation 3-7 and 3-8, the radial
component of the electric field can also be presented as:

E&
3
Z&
3
1Ü⃗)$ = 31 s
exp [− ] +
[1 − exp [− ]]t *%2à#̂
E$ + 2E&
ó
Z$ + 2Z&
ó

1Ü⃗)&

E$ − E&
3
exp [− ]
⎤
E + 2E
ó
⎥ *%2à#̂
= 1å(3)*%2à + 21 % ⎢ Z $− Z &
3
$
&
# ⎢
+
[1 − exp [− ]]⎥
ó ⎦
⎣ Z$ + 2Z&
Y% ⎡

3-10

3-11

Based on the electric field obtained above, the surface charge can then be calculated by the
Gauss Law. For this spherical model, the charge on two hemispheres was obtained: on the
half-sphere above the X-Y plane and on another half-sphere below the X-Y plane. The total
charge on the sphere is zero as this model assumes zero net free charge on the particle, thus
two hemispheres have equal but opposite charges on their surfaces. Therefore, the calculation
of the surface charge density requires either of two hemispheres, and the following procedure
is based on the hemisphere above the X-Y plane:
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Ü⃗ ∙ -°⃗
û = ü†
Ü⃗)$ − †
Ü⃗)& £ ∙ -°⃗
= ü¢†

<

for à ∈ [0, & ]

3-12

= ü(1Ü⃗)$ E$ − 1Ü⃗)& E& ) ∙ -°⃗

which yields the surface charge density g:

<

g = 1Ü⃗)$ E$ − 1Ü⃗)& E&

for à ∈ [0, ]
&

3-13

The opposite hemisphere of the particle below the X-Y plane has the same charge distribution
but the charge has an opposite polarity.

3.1.2

Forces Acting on Particles in Liquids

As discussed in the literature review, a typical nanofluid is a colloid with a good stability in
terms of suspension of dispersed particles. The particles in nanofluids with a weak stability
can aggregate and precipitate due to the gravity.

Once a nanofluid is stressed with an external electric field, the forces induced by the external
field result in the EHD motion of the liquid, and the motion of the particles suspended in this
nanofluid. The behaviour of the dispersed particles is affected by both the EHD motion of the
fluid and the charge (re)distribution across the particle-fluid interface. Considering these
factors, two main categories of forces that govern the motion of the particles can be identified:
the drag force and the Coulomb force acting on the charged particles.

The drag force, which is also called fluid resistance or fluid friction, is caused by the relative
motion of the particles in the fluid. This force is given as:
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1
m+ = g• & ,!+
2

3-14

where, g is the fluid density, U is the particle’s relative velocity to the fluid, , is the
cross-sectional area of the particle, and !+ is a dimensionless coefficient depending on both
the shape of the particle and the Reynolds number.

Apart from the drag force, the Coulomb force generated by the external field and other
charged particles can also affect the particle’s dynamics.

For the particle with a non-zero net charge, the Coulomb force acting on the particle can be
attributed to the presence of the external field and other particles. In this case, the critical
problem for the force determination is the evaluation of the net charge on the particles, which
is beyond the scope of the present model.

In the previous section, the polarisation process associated with a single particle in the external
electrical field was analysed. An analytical solution for the surface charge distribution on the
particle was obtained. This solution assumes that there is no net free charge on/near the
particle, which may not always be the case in different practical applications. However, the
obtained results, i.e., the surface charge distribution, can be used to calculate the polarisation
charge on individual particles, which contributes to the total Coulomb force acting on two
polarised particles.

On the other hand, for two particles with zero net charge, the dipole-dipole interaction defines
the forces between these two particles. Therefore, a mathematical description of these forces
can be developed according to the dipole-dipole interaction. This dipole-dipole analysis leads
to a straightforward analytical solution for the force acting between two polarised particles.

In this chapter, the force acting between two particles was obtained for two polarised particles
with zero net charges.
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3.1.3

Coulomb Force Acting between Two Particles

The dipole-dipole interaction method is used in the present work to obtain the force acting
between two particles with zero net charges. In < Classical Electrodynamics > [97], the image
method has been introduced to solve the dipole-dipole problem. Although this method was
developed based on a conducting object, it can be extended into dielectrics with further
conditions. The detailed mathematical procedure is presented in this section.

First, the dipole moment of a single particle needs to be calculated.

The polarisation of a single particle in the dielectric liquid in the external electric field is
presented in Figure 3-2. As shown in the left bottom corner of Figure 3-2, multiple individual
dipoles are formed by the accumulated charges at the interface between the particle and the
liquid. This is because the surface charge induced by the uniform electric field along the Zaxis is symmetrically distributed in the X-Y plane. Therefore, to obtain the dipole moment of
a single particle, the total moment of the induced dipoles inside the circle shown in the upper
left of Figure 3-2 can be calculated. To simplify this analysis, only the space within the first
quadrant within the X-Y plane is considered. The total moment of a single particle is then
four times the moment calculated for a single quadrant due to the Z-axis rotational symmetry
of the charge distribution.
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Figure 3-2 Polarisation of a Single Particle in the uniform external field. The 2D graph in
the bottom-left corner of the figure illustrates the multiple individual dipoles inside the
sphere as arrows. The 3D graph in the upper-right corner of the figure illustrates the
parameters required by the model: radial distance Y, polar angle à, and azimuthal angle c.

The induced charge within a unit area can be expressed as:
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-û = g-,

3-15

where, g is the surface charge density, , is the unit area, and û is the accumulated charge.

According to Figure 3-2, the unit area -, can be expressed as:

-, = Y& 2)Wà-c-à

3-16

Equation 3-16 yields the dipole moment of an individual dipole inside the particle:

-¶ = (g(#, à, c)-,

3-17

where, ( is the distance between two unit areas and equals to |2Y*%2à|. With the surface
charge distribution obtained by Equation 3-13, the dipole moment within this space can be
expressed as:

¶=

4D %
E&
3
Z&
3
Y ß31E$ s
4&Q [− ] +
[1 − 4&Q [− ]]t
3
E$ + 2E&
ó
Z$ + 2Z&
ó
E$ − E&
3
Z$ − Z&
3
− 21E& s
4&Q [− ] +
[1 − 4&Q [− ]]t
E$ + 2E&
ó
Z$ + 2Z&
ó
− 1E& å(3)®

giving the total dipole moment of a single particle:
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¶=

16D %
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3
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Y ß31E$ s
4&Q [− ] +
[1 − 4&Q [− ]]t
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ó
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3
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3
− 21E& s
4&Q [− ] +
[1 − 4&Q [− ]]t
E$ + 2E&
ó
Z$ + 2Z&
ó
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− 1E& å(3)®

With the obtained dipole moment of a single particle, the force based on the dipole-dipole
interaction can then be analysed with the DID model [98].

In the DID model, a pair of dielectric spheres A and B with the same dielectric permittivity
E$ are placed in the medium with the dielectric permittivity E& . The radius of sphere A is ",
and $ for sphere B. The distance between the centres of these two spheres is #. The dipole
moment induced by the external electric field 1Ü⃗ for sphere A and B are Q5* , and Q=* ,
respectively.

It is assumed that these two spheres are placed within the effective range where the dipole
moment Q5* of the sphere A can induce an image dipole Q=$ in sphere B, and vice versa. Then
dipole Q=$ induces a new image dipole Q5& on sphere A. Following this, a set of infinite series
image dipoles can be induced in sphere A, and B which can be presented as:

@

(−´)&>4&
(−´)&>4$
¶59)5>?
= ($2)Wℎ o)% × ™ z
+
|
($ 2)Wℎ Wo + " 2)Wℎ (W − 1)o)% (# 2)Wℎ Wo )%
¶5*

3-20

>A$

@

(2´)&>4&
(2´)&>4$
¶53B>C.
= ($2)Wℎ o)% × ™ z
+
|
($ 2)Wℎ Wo + " 2)Wℎ (W − 1)o)% (# 2)Wℎ Wo)%
¶5*
>A$

Parameter α satisfies:
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*%2ℎ o =

# & − "& − $ &
2"$

3-22

E$ − E&
E$ + E&

3-23

and parameter ´ is defined as:

´=

where subscript F#"W2 denotes a transverse field, which is perpendicular to the line joining
the centres of two spheres, while subscript ≠%W•) denotes a longitudinal field, which is
parallel to the line joining the centres of two spheres, as presented in Figure 3-3:

Figure 3-3 Illustration of Transverse Field and Longitudinal Field, the arrows inside the
spheres indicate the direction of the dipole moment of the particle.
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It should be noted that the total dipole moment obtained by Equations 3-20, and 3-21 is based
on the image method, which is applicable to the conductors rather than dielectrics. However,
this limitation has been overcome by Yu, K., [98] by introducing a new factor, ´ (as seen in
Equation 3-23): when ´ → 1, namely there is a high contrast between the relative permittivity
of the particle and the fluids, the model reduces to a conducting particle model, and the
approximation are expected to be good. However, the numerical simulation results obtained
in [98] show that even for a moderate difference in relative permittivities of particles and the
liquid (´ = 1⁄3), the analytic results from the DID model agree well with the numerical
results for the separation between 1.5(" + $) and 3(" + $), where " and $ are radii of the
two spheres.

Also, the distance between two spheres affects the accuracy of the approximation in the DID
method. According to [98], the results obtained by Equation 3-20, and 3-21 can be modified
by changing the term W within the equations as: (a), W = 1, the result has a single term, turning
into a point-dipole (PD) model; (b), W = 1 to W = 2, these equations represent the DID model;
(c), for W = ∞ the equations represent multiple-induced-dipole (MID) model.

In this case, the PD approach should be used to model the electrostatic interaction between
two spheres with a large separation [99]. As the separation decreasing, the point-dipole model
becomes invalid, and the multiple-induced-dipole model should be used. However, it is stated
in [98] that for the separation larger than 1.3(" + $), where " and $ are radii of the two
spheres, the results from the DID model almost coincides with the results from the MID model.

Based on the total dipole moment achieved above, the force between two spheres can then be
given by the following equations:

m9)5>? =

1* {
(¶
+ ¶=9)5>? )
2 {# 59)5>?

3-24

m3B>C. =

1* {
(¶
+ ¶=3B>C. )
2 {# 53B>C.

3-25
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With the obtained dipole moment for two spheres, the forces between the two spheres can be
obtained by Equation 3-24 and 3-25, and the results of this analysis are presented and
discussed in the next section.

3.2 Simulation Results and Discussions

The developed model was used to obtain the surface charge distribution on particles immersed
in a dielectric fluid stressed with a step field and the force acting between two particles. These
results are presented in Section 3.2.1 and 3.2.2. The parameters of the model, i.e., physical
properties of the particles and liquids, were selected to represent practical particles and liquids
used in the present work. The particles include TiO2, and BN particles, while the liquids used
in this analysis are the MIDEL 7131 Synthetic Ester, the MIDEL eN 1204 Natural Ester, and
the Shell Diala B Mineral Oil. The model was implemented in Python 3.7.

3.2.1

Maxwell-Wagner Relaxation Time

To model BN and TiO2 particles, their properties, including their electrical conductivity
(obtained in [100][101]), and relative permittivity (obtained in [102][103]), are required. All
these parameters are listed in Table 3-1. The relative permittivity of the liquids (obtained in
[104]) required for modelling are also listed in Table 3-1. The electrical conductivity of the
dielectric liquids was obtained in the present work.

As shown in Table 3-1 the electrical parameters of the SE and the NE are similar to each other.
In this case, the analysis of the forces in esters was conducted based on the NE only.
Modelling of particle’s behaviour in mineral oils was based on the MO parameters given in
Table 3-1.
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Table 3-1 Parameters for Simulation

Particle

Electrical Conductivity (S/m)

Relative
permittivity

TiO2

104$$

~ 60

BN

104$% − 104$"

~6

SE

4.5 ∙ 104$&

~ 3.2

NE

5 ∙ 104$&

~ 3.2

MO

7.5 ∙ 104$'

~ 2.2

Dielectric
Liquid

Using parameters in Table 3-1 with Equation 3-9, which describes the Maxwell-Wanger
relaxation time, the relaxation time of the TiO2 and BN particles immersed in a dielectric
liquid was obtained and given in Table 3-2.

Table 3-2 Maxwell-Wagner Relaxation Time
Esters

Mineral Oil

TiO2

29.40 s

56.18 s

BN

10.87 - 10.97 s

368.33 - 609.82 s

From Table 3-2, it can be seen that for the same particles, the relaxation time in the ester fluid
is always shorter than the relaxation time in the MO, which can be attributed to the much
lower electrical conductivity of the MO.
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Moreover, the relaxation time of the BN particles in the MO is one order of magnitude longer
than the relaxation time of all the other samples. This difference stems from the significantly
lower electric conductivity of both the BN particles and the MO.

It can also be found in Table 3-2 that the calculated relaxation time for the BN particle is
presented as a time range rather than a specific value. This range is due to the variation in the
parameters available from the literature.

3.2.2

Surface Charge Distribution

Using the relaxation time obtained in Section 3.2.1, a detailed simulation of the surface charge
distribution was obtained and presented and discussed in this section.

Using parameters given in Table 3-1 with Equations 3-10, 3-11, and 3-13, the surface charge
distribution on a single particle was obtained. Figure 3-4 is an example of the modelled surface
charge distribution on a single TiO2 particle immersed in the ester fluid and stressed with the
electric field with a magnitude of 10D >/@ for 200 s. This electric field strength was selected
to match the experimental parameters used in this research, the details of which are presented
in Section 4.3. The simulating time (200 s) was set to allow the surface charge on the sample
to reach its quasi-steady state.
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Figure 3-4 Surface Charge Distribution on a Single TiO2 Particle in the uniform electric
field with magnitude of 10D >/@ at 200th second after the voltage switch on, the blue arrow
indicates the direction of the electric field.

It can be found from Figure 3-4 that, under the assumption that both the positive and negative
charge carriers have the same mobility and density, the highest surface charge density is
observed on two poles of the sphere. Moreover, the surface charge density distribution follows
a rotational symmetry in the direction of the external electric field, presented by the blue
arrows in Figure 3-4. This conclusion also can be reached based on Equations 3-10, 3-11, and
3-13. Therefore, the following modelling focuses on the relaxation time rather than the surface
charge distribution.

The surface charge of the sphere can also be obtained by Equations 3-10, 3-11, and 3-13, and
the results of this modelling are presented and discussed below (the half surface with only
positive/negative charge):
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û = 3DY& 1

E$ Z& − E& Z$
3
[1 − exp [− ]]
Z$ + 2Z&
ó

3-26

According to Equation 3-26, it can be found that the charging process on the surface of the
particle is an exponential process, i.e., the surface charge grows exponentially in time. In this
case, it can be stated that the charge will reach its quasi-steady state after a specific transient
period. Mathematically, this transient period can be defined by the time constant ó (the
Maxwell-Wagner relaxation time) which governs the exponential growth: this time reaches
~ 63% of its saturation value at time 3 = ó; ~ 95% at 3 = 3ó, and ~ 99% at 3 = 5ó. In this
study, the duration of the transient period is defined as 3 = 5ó, which is referred to as the
‘transient time’ in the following analysis.

Using Equation 3-26, the charge on the half-sphere can then be calculated based on different
physical models, which are given in Figure 3-5, Figure 3-6, and Figure 3-7, respectively.

In Figure 3-5, the surface charge on the half surface of the particle is obtained based on a
single TiO2 particle with a 200 nm radius under 10D >/@ electric field. 200 nm was selected
as the simulation radius because the radius of the particles used in the experimental part of
this work is ⁓ (150 -250) nm. The obtained particle dimensions are discussed in Section 4.1.3.
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Figure 3-5 Surface Charge on TiO2 particle immersed in the ester liquid and the mineral oil.
The radius of TiO2 particle is 200 nm, the magnitude of the externally applied field is
10D >/@.

It can be found from Figure 3-5 that the surface charge on the TiO2 particle immersed in the
ester fluid in the quasi-steady state is much higher than that in the mineral oil. According to
the Maxwell-Wagner relaxation times ó listed in Table 3-2, the transient time of the TiO2
particles in the ester fluid is 147.00 s, which corresponds to the surface charge of 4.43 ∙ 104$#
C. The transient time for the TiO2 particle in the MO is 280.90 s, which corresponds to the
surface charge of 0.57 ∙ 104$# C.

The simulation results for a single BN particle are presented in Figure 3-6. Two lines in this
figure correspond to the surface charge on the BN particles with the minimum and maximum
electrical conductivity obtained in the literature.
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Figure 3-6 Surface Charge on a single BN particle in the ester fluid. The radius of the BN
particle is 200 nm, the magnitude of the electric field is 10D >/@. The blue region indicates
the surface charge variations due to the electrical conductivity variations of the BN particle.
The upper line corresponds to the electrical conductivity of 104$% °/@, and the lower line
corresponds to the electrical conductivity of 104$" °/@, [101].

The surface charge on the BN particle presented in Figure 3-6 was obtained using the same
parameters as in the case of TiO2-particles: the radius of the BN particle is 200 nm, and the
electric fields strength is 10D >/@. The transient time and the corresponding surface charge
of the BN particles in esters were obtained using the parameters listed in Table 3-2, i.e., t is
from 54.35 s to 54.85 s, and X is from 0.97 ∙ 104$# C to 0.99 ∙ 104$# C.
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Figure 3-7 Surface charge on a single BN particle in the mineral oil. The radius of the BN
particle is 200 nm, the magnitude of the electric field is 10D >/@. The orange region
indicates the surface charge variations due to the electrical conductivity variations of the
BN particle. The upper line corresponds to the electrical conductivity of 104$% °/@, and
the lower line corresponds to the electrical conductivity of 104$" °/@, [101].

The transient time and the corresponding surface charge of the BN particles in the mineral oil
are 1841.65 to 3049.10 s and 0.30 ∙ 104$# to 0.98 ∙ 104$# C, respectively. The transient time
of the BN particles in the mineral oil is about two orders of magnitude longer than the transient
time of the BN particles in the esters.

For the surface charge in quasi-steady state, the results of these two simulations (Figure 3-5
to Figure 3-7) have shown that the surface charge on the BN particle in the esters and mineral
oils are much lower than the surface charge formed on TiO2 particle.

The results obtained in this section demonstrate the symmetry of the surface charge
distribution. The surface charge of an individual particle has been obtained by Equation 3-26.
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However, this mathematical model relies on several assumptions, leading to a less accurate
representation of the practical particles and hosting fluids. For example, if the simulated
charge is close to an elementary charge, the interactions between electrons should be
considered. Therefore, these limitations must be considered when using the developed model
to describe the experimental results.

To model the behaviour of particles in the fluid stressed with the external electric field, the
force acting on the particle should be obtained and analysed. In this model, the forces acting
on the immersed particles include buoyancy, gravity, drag force due to the particle's motion
in the fluid, and the electric force, all of which have been introduced in Section 3.1.2.

The electric force in this model stems from two sources: the Coulomb force resulting from
the applied electric field when the net charge on the single particle is not zero, and the
Coulomb force resulting from the neighbouring charged particle. In this modelling work, it is
assumed that the net charge on the particle is zero; the electrical force hence equals the
Coulomb force generated by the neighbouring particle only. Furthermore, the analytical
expression for this Coulomb force between two particles in the transverse field and
longitudinal field is presented by Equations 3-24, and 3-25. The force due to the transverse
field is a repulsing force, while the force due to the longitudinal field is an attractive force.
An illustration of these two forces is shown in Figure 3-8.
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Figure 3-8 Illustration of Transverse Force and Longitudinal Force.

To solve Equations 3-24 and 3-25, they should be rewritten to enable programming. This
programming was performed using Python 3.7 environment. Combination of Equations 3-19
to 3-23 gives a new equation for transverse m9)5>? , and longitudinal m3B>C. forces:
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A specific distance range for the particle separation is required to keep the computational
accuracy: the longer separation leads to smaller contribution to the Coulomb force from
another particle in the complete expression for external force.

On the other hand, the shorter separation between two particles increases the modelling time
significantly. In addition, the surface charge distribution can be disrupted significantly by the
shorter distance between two particles, decreasing the accuracy of computational procedure.
Therefore, separation # used in this work is fixed at 1.2(" + $) and 2(" + $), the intervals at
which the DID model is applicable. Correspondingly, term W equals 2 in these simulations.

Figure 3-9 Longitudinal Force between two TiO2 particles in esters; the particle radius is
200 nm, the electric field strength is 10D >/@.
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Figure 3-9 shows the obtained longitudinal force between two TiO2 particles immersed in the
ester fluid, with a radius of 200 nm. The applied field strength is 10D >/@, the field is applied
for 400 s.

The force increases initially and then, after ~ 200 s, remains quasi-constant, which agrees with
the relaxation time obtained from the dipole moment simulation based on a single particle (as
shown in Table 3-2). This is not surprising as the dipole moment of the particle includes only
the time variable affecting the DID induced force. It can also be found from Figure 3-9 that
the force increases when the particles approach each other, and this increase is particularly
significant for the shorter separation between the particles.

Figure 3-10 Transverse Force between two TiO2 particles in esters. The particle radius is
200 nm, the electric field strength is 10D >/@.
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Comparing with the results presented in Figure 3-9, the transverse force given in Figure 3-10
retains the same characteristics in terms of the force’s functional behaviour with both time
and separation. However, the transverse force is approximately one order of magnitude lower
than the longitudinal force under the same conditions, indicating the dominant role of the
longitudinal force in the Coulomb force affecting the dynamic of the particles. As an attraction
force, the longitudinal force can potentially result in aggregation of the particles, which is
undesirable and will damage the stability of the nanofluids. Therefore, the following analysis
was conducted using the longitudinal force between two particles.

As presented by Equations 3-27 to 3-30, the variables affecting the force include the
separation between the particles, the radius of the particle, external electric field (applying
time/field strength) and the particle/fluids parameters (relative permittivity and electric
conductivity). Thus, only a single variable was considered an independent parameter in each
simulation in the present modelling work. The results of each simulation are shown as 2D
graphs in the followings.

The first variable studied is the separation between two particles: the radius of each particle
is 200 nm, the electric field strength is 10D >/@, simulation time was selected as 400 s, which
means the force has reached its quasi-steady state, as shown in Figure 3-9.

Figure 3-11 illustrates the longitudinal forces acting between two TiO2 particles in both esters
and the mineral oil at 400th s after application of the electric field. The force acting between
the TiO2 particles in ester fluid is ~ 7 times greater than the force acting between these two
particles in the mineral oil, which is caused by the higher surface charge on each particle in
the ester compared with the particle in the mineral oil.
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Figure 3-11 Force acting on TiO2 particle in two liquids at the 400th second after application
of the field, the radius of the particle is 200 nm, the electric field strength is 10D >/@.

The force between two BN particles was also obtained and shown in Figure 3-12. The particle
radius and the electric field strength remain the same as in the modelling of TiO2 particles:
200 nm and 10D >/@ . However, the time selected for the BN particle is 4000 s after
application of the electric field. According to the results shown in Figure 3-7, the relaxation
time which is required to reach its quasi-steady state is much longer for the BN particles than
for other particles.
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Figure 3-12 Force acting between two BN particles in esters and mineral oils at the 4000th s
after application of the field. The radius of the two BN particle is 200 nm, the magnitude
of the electric field is 10D >/@ . The blue/orange region indicates the surface charge
variations due to the electrical conductivity variations of the BN particles. The upper line
of the blue/orange region corresponds to the electrical conductivity of 104$% °/@ [101].

Due to variations in the electric conductivity of the BN particles, Figure 3-12 also presents
the obtained force in regions, which corresponds to different electrical conductivities of the
BN particles: the upper line of the region corresponds to the maximum force obtained with
the electrical conductivity of 104$% °/@ for the BN particles.

It can be seen that the main difference between Figure 3-11, and Figure 3-12 is the magnitude
of the obtained force: the maximum value of the longitudinal force acting between two BN
particles is approximately two orders of magnitude lower than the force acting between two
TiO2 particles under the same condition. Also, the results in Figure 3-12 indicates that the
force acting between two BN particles in mineral oils could be higher than that in ester liquids.
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The second variable simulated in this section is the particle's radius: the modelling of the
longitudinal forces was conducted with different particle radiuses but with the same particle
separation distance and the same electric field strength.

Before the further simulation, it must be pointed out that particle separation refers to the
centre-centre separation, which is the distance between the centres of two particles. However,
the purpose of using various particle radiuses is to investigate the effect of the particles
dimensions on the Coulomb force acting between them. Therefore, the separation between
two particles in the present simulation is defined as the surface-surface separation, i.e., the
distance between the surfaces of these two particles. In the following simulations, the surfacesurface separation is fixed at 150 nm.

Figure 3-13 shows the modelling results for the TiO2 particles: the force acting between two
TiO2 particles with the radius ranging from 100 nm to 300 nm. It can be concluded that for a
given surface-surface separation, the force acting between two particles increases with the
particle’s size, which is due to an increase in the total charge on the particle.

Figure 3-13 Force acting between two TiO2 particles with different radiuses, 3 = 400 2, the
surface-surface separation is 150 nm, the electric field strength is 10D >/@.
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Figure 3-14 provides the force acting between two BN particles with their radiuses ranging
from 100 nm to 500 nm. This force has the same functional behaviour as the force presented
in Figure 3-13, i.e., large particles induce larger longitudinal forces between them.

Figure 3-14 Force acting between two BN particles with different radiuses, 3 = 4000 2, the
surface-surface separation is 150 nm, the electric field strength is 10D >/@ . The
blue/orange region indicates the surface charge variations due to the electrical conductivity
variations of the BN particles. The upper line of the blue/orange region corresponds to the
electrical conductivity of 104$% °/@ [101].

According to the modelling conducted in this section using particles with various radiuses, it
can be stated that the attraction force acting between two TiO2 particles is always higher than
the force acting between two BN particles in both liquids.
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3.3 Summary

In this chapter, the analytical model which provides the surface charge distribution and
corresponding Coulomb force acting between two particles has been developed. This model
was used to investigate the forces acting on different particles immersed in the esters and the
mineral oil. The results of this systematic investigation are presented in this chapter.

Based on the Maxwell-Wagner relaxation theory, an analytical model of the charge
accumulation process at the particle-liquid interface has been developed. This model provides
the surface charge distribution on the individual particle in the external electric field.

However, it should be noted that this model was developed based on the vital assumption:
there is no free space charge in the vicinity of these particles. Thus, the positive and negative
charges have the same surface density and distributed identically in each particle.

Using the surface charge distribution and the assumption mentioned above, the single particle
model has been used to obtain the Coulomb force acting between two particles immersed in
a liquid stressed with the external electric field. The longitudinal force was obtained: this force
can potentially cause the aggregation of the particles in the liquid. The obtained results allow
for investigation of the factors affecting the longitudinal force between two particles: the
radius of particles, the separation between two particles, and most importantly, the physical
parameters of the particles and hosting liquids. It was found that the longitudinal force acting
between two TiO2 particles is higher than the force acting between two BN particles in both
esters and mineral oils.

As introduced in Section 3.1.2, the forces that govern the particles' behaviour in the liquid can
be divided into four main categories: gravity, buoyancy, drag force, and Coulomb force. The
latter two forces play the dominant role when the hosting liquid is stressed with a high electric
field. The analysis of the Coulomb force (longitudinal force) presented in this chapter will be
used to explain the experimental results provided in Chapter 7.
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METHODOLOGIES
This chapter presents the methodology of the development and characterisation of
nanofluids used in the present work and the rationale for selecting specific dielectric liquids
and nanoparticles for these nanofluids.

This chapter also presents the experimental systems used in the present work for measuring
the mobility of charge carriers, including the test cells, low voltage and high voltage power
supplies, diagnostic, and control devices. The arrangement and general description of the
experimental set-ups are presented.
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4.1 Nanofluids: Development and Particle Size
Examination

This main research objective of the present work is to investigate the particle’s dynamic
behaviour in nanofluids and to obtain the mobility of charge carriers in the nanofluids. This
knowledge and information will help in further understanding of the dielectric properties of
nanofluids, making contribution to their wider use in practical high voltage power and pulsed
power applications. This section presents the methodology used to develop nanofluids,
starting with selection of solid particles, their treatment and characterisation, and ending with
measurements of particle size distribution in the developed nanofluids.

4.1.1

Properties of the Raw Materials

Two types of particles were selected for development of nanofluids: Titanium Dioxide (TiO2)
and Boron Nitride (BN) particles. As can be seen from Table 3-1, there is a significant
difference between relative permittivities and electric conductivities of these two types of
particles. Thus, it may be expected that these particles will behave differently in the dielectric
fluids when stressed with the external electric field.

The hosting liquids were selected to represent three different categories of insulating liquids
which are used in power and pulsed power applications, i.e., synthetic ester liquids, natural
ester liquids and traditional mineral oil.

MIDEL 7131, which is selected to represent the Synthetic Esters, was developed in the 1970s
and is currently manufactured by M&I Materials Ltd. This fluid is used as a liquid insulator
in power transformers and has significant advantages over traditional mineral oils – it has a
high fire point, thus providing better fire safety. It is an environmentally friendly,
biodegradable liquid.
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MIDEL eN 1204, made from rapeseed and canola, is also manufactured by M&I Materials
Ltd. It is selected to represent the Natural Esters in this research. As a recently developed
insulation fluid, MIDEL eN 1204 is currently available on the market and designed to be used
as a liquid insulator in high voltage systems.

Also, Shell Diala B transformer oil, which satisfies the traditional Mineral Oil grade
requirements, was used to develop nanofluids to compare the EHD motion of particles and
the mobility of charge carriers in the ester-based and mineral-oil-based nanofluids [105].

The basic characteristics of the pure liquids used in this study are provided in Table 4-1 [105]
[106] [107].

Table 4-1 Physical Parameters of the ester liquids and mineral oil

MIDEL 7131

MIDEL eN 1204

Shell Diala B

(SE)

(NE)

(MO)

Relative
Permittivity

~ 3.2

~ 3.2

~ 2.2

Electric
Conductivity (S/m2)

4.5 ∙ 104$&

5 ∙ 104$&

7.5 ∙ 104$'

Density at 20 °C
(g/mL)

0.97

0.92

0.89

Viscosity at 20 °C
(mm2/sec)

70

85

26
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4.1.2

Development of Nanofluids

The surfaces of nanoparticles should be modified to improve the suspension stability before
dispersing these particles into the pure dielectric liquids. In this research, the oleic acid was
used as a surfactant for the surface treatment according to the method described in [108]. The
details of this treatment are described below.

-

1 g of powder consisting of TiO2 or BN nanoparticles and 100 mL of ethanol were
well mixed during 15 mins by magnetic stirring and then kept in a water bath at 60 °C
for 1 hour.

-

After this treatment, 0.25 g oleic acid was added to the mixture. To ensure the
particles are well covered with the oleic acid, the mixtures were stirred for 15 min by
the magnetic stirrer. After that, the mixture was placed in an ultrasonic bath to assist
the process of covering particle’ surfaces with the oleic acid.

-

After 2 hours of sonication, the mixtures were washed with ethanol three times in the
centrifuge to remove the redundant oleic acid. Finally, the liquids were placed in an
oven for 24 hours at 60 °C. After that, grounding procedure was used to obtain
powders consisting of the surface modified TiO2 or BN nanoparticles.

The nanofluids were produced using these surface modified nanoparticles: the nanoparticles
were mixed with the hosting liquids using the magnetic stirring and sonication processes.
Each process which lasted for 15 min was repeated four times. During each cycle, the sample
was placed in cool water for 20 – 30 min to avoid overheating due to the sonication.

In this research project, nanofluids with two concentrations of TiO2 or BN particles were
prepared: 0.005% and 0.1% by weight (b/w). The nanofluids with 0.005% b/w concentration
were investigated in several papers, and it was reported that the nanofluids with this
concentration could provide an enhanced dielectric strength [21]. The Nanofluid with 0.1%
b/w concentration was selected to demonstrate the EHD behaviour and to obtain the mobility
of charge carriers in the nanofluid with a significantly higher concentration of particles, as
compared with the nanofluid with the 0.005% b/w concentration.

Before conducting each mobility measurement, the nanofluid samples were treated with
ultrasound again to avoid the aggregation of particles in these samples during the storage.
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4.1.3

Particle Size Distribution in Nanofluids

It is important to establish the actual size distribution of the particles in the developed
nanofluids. A Malvern Zetasizer NANO ZSP from Malvern Panalytical Ltd. was used to
obtain the particle size distribution in the prepared nanofluids. The principle of operations of
the Malvern Zetasizer is based on the Dynamic Light Scattering (DLS) method, which is
discussed in brief here.

In the case of colloids, the particles dispersed in liquid are subject to the Brownian motion.
The diffusion of spherical particles in fluids in the conditions of low Reynolds numbers
(which are typically less than one) can be quantitatively described by the Stokes-Einstein
equation:

†=

=( F
6D~†E

4-1

where † is the diffusion coefficient, =( is the Boltzmann’s constant, F is the absolute
temperature, ~ is the fluid viscosity, and †E is the hydrodynamic radius of the spherical
particle. It should be noted that the Stokes-Einstein equation includes the hydrodynamic
radius which is the radius of the particle and surrounding fluid which moves together with the
particle. In the present study, the hydrodynamic radius of particle includes a linear dimension
of the particle, surfactant molecules attached to the surface of the particle, and liquid
molecules attached to the particle’s surface/surfactant molecules.

When a sample of colloidal fluid is subjected to the laser beam, the scattering of the beam
caused by the dispersed particles is recorded by the detectors. As the particles dispersed in
the liquid are in continuous movement due to the Brownian motion, the intensity of the
scattered light is affected by the particles’ motion during the measurement: for smaller
particles, more intensive motion can induce fast fluctuations in the intensity of the scattered
light; while larger particles which move slower, lead to a less intensive fluctuations in the
intensity of scattered light. With the help of the autocorrelation function, the intensities of
scattered light can be transformed into diffusion constant †, used in the Stokes-Einstein
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equation (Equation 4-1) and the particle size distributions can then be obtained. Figure 4-1
illustrates the basic principle of the DLS methodology.

Figure 4-1 Basic Principles of the DLS
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The DLS method requires information on the refractive index and absorption coefficient of
particles in the colloidal solutions, these parameters for the fluids used in this study are listed
in Table 4-2 and Table 4-3:

Table 4-2 Relative Index of the Liquids used in this study (Data source: [109][110])

Refractive Index at 20 °C

MIDEL 7131

MIDEL eN1204

Shell Diala B

1.455

1.475

1.48

Table 4-3 Refractive Index and Absorption Coefficient of Particles (Data source:
[111][112][113][114][115][116])

TiO2

BN

Refractive Index

2.42

1.65

Absorption Coefficient

6 ∙ 104'

6 ∙ 104'

Although this method for measurement of particles with dimensions ranging from 0.1 nm to
10 Om, the DLS method has some limitations. Two of them are particularly relevant to the
presented study: the sedimentation process and the multiple light scattering. Stability of the
MO based nanofluids is significantly weaker than stability the ester based nanofluids s due to
the low viscosity of the MO. The second limitation is multiple light scattering (light beam is
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scattered by multiple particles), which typically affects highly concentrated samples of
nanofluids. Due to these two reasons, to measure the particle size distribution in the nanofluids
with 0.1% b/w concentration of particles, these samples were diluted before the DLS
measurements.

Furthermore, to prevent sedimentation in the samples, all samples were treated in the
ultrasonic bath before the DLS tests. The DLS tests were repeated five times for each sample,
and three individual samples of each nanofluid were used.

Figure 4-2 presents the averaged size distribution of the TiO2 particles in the SE, the NE, and
the MO based nanofluids. Figure 4-3 presents the averaged size distribution of the BN
particles in these three liquids. The averaged results were calculated from the three individual
samples.
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Figure 4-2 Size Distribution of TiO2 particles in the nanofluids used in the present study
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Figure 4-3 Size Distribution of BN particles in the nanofluids used in the present study
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The height of each vertical bar in Figure 4-2 and Figure 4-3 represents the portion (indicated
by the left y-axis) of the particles with the corresponding diameter range. Solid curves
represent the cumulative size distribution of the particles in the prepared nanofluids.

It was found that typically, particles have larger dimensions in the nanofluids with 0.1% b/w
concentration of the particles compared with the nanofluids with 0.005% b/w concentration
of the particles (for nanofluids prepared using the same particles and hosting liquids). This
finding shows the negative effects of the particle concentration on the particle dispersion.
Furthermore, for the nanofluids prepared using the same particles but different hosting liquids,
the overlap between particle distribution peaks representing two nanofluids with different
concentrations increases with the viscosity of the hosting fluids. Such a trend indicates that
the viscosity of the hosting liquid plays an important role in the particle dispersion.

The average size (diameter) of the particles in the nanofluids used in the present study is given
in Table 4-4. Each value is the average value of three independent measurements (fresh
samples were used for each measurement). The uncertainty is the standard deviation in the
average diameter of particles.

Table 4-4 Average Diameter of Particles

Type of
Particles

Average diameter (nm)

Concentration,

b/w

SE

NE

MO

0.005%

293.03±38.79

539.02±55.44

221.05±39.47

0.1%

359.30±60.64

513.56±60.52

441.97±76.78

0.005%

332.06±42.17

337.16±27.36

487.10±74.24

0.1%

465.23±42.24

389.15±52.46

1042.30±142.01

TiO2

BN
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It is shown in Table 4-4 that the average diameter of the dispersed particles is in the range of
~ (200 - 550) nm except for the BN particles in the mineral oil (the nanofluid with 0.1% b/w
concentration of the BN particles). However, as indicated by Equation 4-1, the particle’s
radius obtained by the Malvern Zetasizer is the hydrodynamic radius, which is larger than the
physical radius of the particle. Therefore, all other samples of the developed nanofluids can
be considered as nanofluids with an average radius of particles of ⁓ 100 nm.

4.2 Design of Experimental System: Instruments

The main elements of the experiment system include the power supply(ies), test cell(s),
current and voltage diagnostic devices, video monitoring system. The power supply(ies) and
current/voltage diagnostic systems are presented and discussed in this section, while the test
cells used in this study with corresponding experimental arrangements are discussed in
Section 4.3.

4.2.1

Power Supplies and Control System

This research project used two different power sources: the AU series HV DC power supply
for generation high voltage with magnitude of more than 1 kV. The output of the Keithley
617 electrometer was used to generate the voltages within ±100 V range.

The AU-60 series HV power supply from Matsusada Precision Inc. produces DC voltage
ranging from 0 kV to 60 kV. Two power suppliers: the AU-60P5, and the AU-60N5, were
used in this research to generate HV DC voltage of positive polarity and negative polarity,
respectively.

To ensure the safety and synchronisation between the power supply(ies) and the diagnostic
system, the power supply(ies) was remotely controlled by the LabVIEW software via a DAQ
card from National Instruments: the digital output ports of the DAQ card were connected to
the control pins of the power supply used in each specific test, as illustrated in Figure 4-4.
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Figure 4-4 Pin Connection between DAQ Card and Power Supply

However, the AU series power supplies are not capable of producing stable output voltage
with magnitude below 1 kV. Therefore, to generate DC voltage with magnitude < 1kV (few
hundreds of volts), the Keithley 617 electrometer was used.

The Keithley 617 electrometer can produce DC voltage ranging from -102 V to 102 V with
50 mV steps. The Keithley 617 electrometer was controlled remotely by the LabView
software through the GPIB card produced by Prologix, LLC. Under this arrangement, the
Keithley 617 electrometer can be used to suddenly change the polarity of in the output voltage,
generating a voltage signal with reverse polarity. This function enables the reverse-polarity
method to be utilised in obtaining the mobility of charge carriers in the dielectric liquids.
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4.2.2

Experimental Design: Electric Current Measurements

The main experimental parameter, obtained by both, the ToF method and the SCLC method,
is the electric current passing through the liquids. The magnitude of the current in the present
study was typically within the pA - nA range. Such low magnitude currents were measured
using two methods: the direct current measurements by the Keithley 6514 electrometer and
current measurements facilitated by the current viewing resistor (current shunt).

In the direct current tests, the Keithley 6514 electrometer was used as a virtual ground to
measure the current directly: the electrometer was remotely controlled using a self-developed
program in the LabVIEW environment via an RS232/USB interface cable, and the current
data was saved in the computer by the LabVIEW software.

The SCLC method requires a highly divergent electric field developed in the test cell with the
point-plane electrode configuration, the current in this case was obtained using the current
viewing resistor. The magnitude of current passing through the shunt resistor was in the nA
range. Thus, the voltage drop across this resistor was amplified using the INA 114 operational
amplifier (Texas Instrument Inc). The amplified voltage signal was monitored using the
digitising oscilloscope, Tektronix TBS 1102B. Figure 4-5 illustrates the amplifier’s pin
configuration and the relevant circuit connections. The voltage waveforms registered by the
oscilloscope were stored as CSV files, enabling accurate measurements of the amplified
voltage (current through the current viewing resistor).
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Figure 4-5 Schematic Diagrams of the INA 114 AP Amplifier

To ensure the reliability of the current measurements, the practical gain of the amplifier was
obtained using the portable calibration system, Fluke 515A. This voltage source produces a
DC voltage signal in the O> range. To calibrate the operational amplifier, the DC voltage
output from the Fluke 515A voltage source was amplified by the operational amplifier and
registered by the digitising oscilloscope. By increasing the input voltage from 0 to 1 mV in a
50 O> step, the calibration curve (the output voltage as a function of the input voltage) was
obtained, and the practical gain of the amplifier was calculated by fitting a straight line to the
measured data using the least-square fitting method. The calibration tests were conducted in
triplicate, and the results are shown in Figure 4-6, which presents the obtained input-output
voltage curves and the fitting lines.
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Figure 4-6 Calibration of the operational amplifier. The output voltage as a function of input
voltage (solid symbols); solid lines are fitting lines obtained by the least-square fitting
method; three solid lines indicate the experiment data obtained from three individual tests.

The obtained practical gain of the operational amplifier is 770.05±30.04.

4.2.3

Experimental Design: Optical Instruments

The EHD motion of particles in nanofluids stressed with the electric field was investigated
using a stand-alone CCD camera and a CCD camera attached to the optical microscope. The
matrix used in the CCD camera has a dimension of 1/2.3 inch and it is a 14-megapixel matrix
(maximum, long time exposure regime). Thus, two optical approaches for characterisation of
the EHD particle motion were used.

In the first approach, a CCD camera was placed above the test cell, and the motion of particles
and fluid was observed directly. An LED light source was located under the test cell to ensure
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sufficient brightness, which allows for observations of the movement of particles in the test
cell.

In the second approach, a CCD camera was attached to the microscope, which provided
desirable magnification. However, only a specific, restricted area in the test cell was observed.
It can be operated at a lower resolution of 1280x720 but at the 720 frames per second which
help to record the movement of particles/fluid. The M1000-D optical microscope (Swift
Optical Instruments) was equipped with 4xD,10xD, 40xD, and 100xD objectives. Due to the
limitation of the focusing length, only the 4xD objective was used for the micro-scale
observations. By presenting the final image on a 17-inch computer monitor, the total
magnification of 156.4 times (17 ´ 2.3 ´ 4) was achieved. Two areas were investigated under
the microscope: the area close to the electrodes and the area in the centre of the test cell, which
allowed for detailed visualisations of the movement and collective behaviour of the suspended
particles.

4.3 Test Cells

Four test cells were used in the present project, which underpinned different experimental
methodologies. Two custom-built test cells were used to investigate the electrohydrodynamic
behaviour of nanofluids and the electric current measurement. Two other test cells (one of
them is a standard test cell, and another one was a custom-built test cell) were used to conduct
investigation of the mobility in pure dielectric liquids stressed with uniform and nonuniform
electric fields, respectively.

4.3.1

Test Cell with a Guard-Ring Electrode

The test cell with a guard ring electrode was designed and developed to investigate the EHD
movement in fluids using the CCD camera and the microscope and to measure the conduction
current through the tested liquids. As illustrated in Figure 4-7(a) and (b), this test cell consists
of a rectangular PTFE container and two parallel stainless-steel electrodes. One electrode
includes the grounded guard-ring around the current sensing electrode according to the
ASTM-D257.
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(a)

(b)

(c)
Figure 4-7 (a) Schematic 3D view of the guard ring test cell’s inner part. (b) Schematic crosssection of the guard ring test cell (top view). (c) Simulation of the electric field distribution
within the test cell (QuickField software). Arrows indicate the direction of the electric field.
The parameters used in this modelling are provided in Appendix II.
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The guard-ring structure provides a quasi-uniform electric field between the ground (current
sensing) electrode and the energised electrode. The electric field distribution with a zoom-in
view of the electrode edge is shown in Figure 4-7 (c).

The schematic diagram of the experimental setup, which includes the guard ring structured
test cell, is illustrated in Figure 4-8.

Figure 4-8 System arrangement consisting of the guard ring structured test cell.
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Figure 4-8 shows the power supply controlled via LabVIEW installed on the laptop. The
electrometer which serves as a virtual ground ((c) in Figure 4-8) is also controlled by the
LabVIEW code via a USB port. The LabView code was developed for data acquisition and
power control, allowing data to be transferred from the electrometer to the PC for further
processing. The current values acquired by the electrometer were saved as CSV files.

Figure 4-8 also shows a link between the laptop and the digital camera, allowing remote
observation of the fluid under the test during HV tests. Besides, this arrangement enables
recording of videos, these video files were saved after each test for further analysis. An LED
light was located under the test cell to provide a clear image of the fluid, particularly in the
case of nanofluids. The voltage applied to the test cell was monitored by the high voltage
probe and recorded by the oscilloscope.

4.3.2

Transparent Test Cell with Parallel Disk Electrodes

To obtain the dynamic behaviour of particles in the liquids, their movement was studied using
the optical microscope equipped with the CCD camera (micro-level monitoring). This
analysis of the particles’ motion was conducted in the transparent test cell made of Perspex
(PMMA), as shown in Figure 4-9.

This test cell is equipped with two parallel brass electrodes, as shown in Figure 4-9 (a) and
(b). The electric field in the test cell was simulated using the QuickField software, the obtained
field distribution with a zoom-in view of the edge of the electrode is shown in Figure 4-9 (c).

Since this test cell was designed for the micro-scale monitoring of particles, the material and
dimensions of the test cell were adapted to fit the microscope. The diameter of the cylindrical
electrodes was set at 10 mm, which was within the focal length of the microscope, ensuring
clear observation of the liquid at any depth. As the micro-scale method is aimed at the
investigation of the dynamics of particles in the fluids, the gap length between two electrodes
was set at 15 mm, which is longer than the inter-electrode gap length in the guard ring
structured test cell (5 mm), leaving this large space between the two electrodes for observation
of the movement of particles.
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(a)

(b)

(c)
Figure 4-9 (a) Schematic 3D view of the transparent test cell. (b) Schematic cross-section of
the transparent test cell. (c) Electric field distribution within the test cell (simulated using the
QuickField software). The parameters used in this modelling are provided in Appendix II.

The diagram of the test system consisting of the transparent test cell is shown in Figure 4-10.
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Figure 4-10 Schematic diagram of the system with the transparent test cell.

Comparing with the test system which includes the guard ring electrode test cell shown in
Figure 4-8, the only difference in the test schematics shown in Figure 4-10 is the CCD
equipped microscope which is used to observe nanoparticles in the liquids. Using this test
system, the micro-scale video recordings, and images of the nanofluids were obtained. The
videos obtained using the CCD camera were saved on the laptop for further analysis.
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4.3.3

Coaxial Test Cell

A type 4536A oil test cell manufactured by the H. TINSLEY & CO Ltd was used for DC
measurements with voltages below 100 V. A 3D view and the cross-sectional view of this test
cell are given in Figure 4-11 (a) and (b), respectively.

(a)

(b)

Figure 4-11 (a) Schematic 3D View of the Coaxial Test Cell, the diameter of the inner
electrode is 13 mm and the inner diameter of the container is 14 mm. (b) Schematic crosssection of the Coaxial Test Cell.

The electrodes of this test cell are made of stainless steel. There is a PMMA-made insulation
spacer between the cell container and the inner electrode. The inner electrode has a cylindrical
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profile with a hemisphere as the lower end. The radius of the cylinder and the hemisphere is
13 mm. The inner radius of the outer electrode is 14 mm, providing a 1mm separation between
these two electrodes. Due to a high “electrode area / electrode separation” ratio, the electric
field within the gap is a quasi-uniform electric field.

The central electrode the coaxial test cell was energised using the voltage output from the
Keithley 617 electrometer. The details of the experimental arrangement are provided in Figure
4-12.

Figure 4-12 Test System with the Coaxial Test Cell
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As shown in Figure 4-12, the Keithley 617 is controlled using the developed LabVIEW code
via the GPIB card, enabling the power supply to change the polarity of the applied voltage in
the reverse polarity tests suddenly. The LabVIEW code controls the Keithley 6154
electrometer enabling the application of the voltage to the central electrode and electric
current measurement during the test. Since the test voltage in these measurements was below
100 V, the voltage applied on the test cell can be monitored by the oscilloscope directly.

4.3.4

Test Cell with Needle-Plane Electrodes

Sections 4.3.1 to 4.3.3, introduced three test cells that provide a nominally uniform (low
divergence) electric field. In this section, a test cell which provides a highly diverged electric
field is discussed. The details of this test cell are given in Figure 4-13.

(a)

(b)

Figure 4-13 (a) Schematic 3D view of the needle-plane test cell. (b) Schematic cross-section
of the needle-plane test cell.
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In Section 2.3.2, the SCLC method in obtaining of the mobility of charge carriers was
introduced. This method is based on the space charge limited current, which is governed by
the space charge developed in the vicinity of the needle electrode. The Needle-Plane test cell
was designed and developed to achieve the space charge saturated regime in the highly
diverged electric field near the needle tip. To increase the field divergence, and to replicate
the point-plane configuration used in the mathematical approximation in [62], the
gramophone needle was sharpened to obtain a tip radius of 20 µm, as shown in Figure 4-14.

Figure 4-14 Sharpened tip of the gramophone needle used as the HV electrode

As shown in Figure 4-14, the radius of the needle tip was measured as ~ 20 micrometres. This
radius value is used in the study of the electric field distribution. The diagram of the
measurement system based on the needle-plane test cell is shown in Figure 4-15.
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Figure 4-15 Test System with the needle-plane test cell

As discussed in Section 4.2.2, the current measurements in the case of the point-plane test cell
were conducted using the current sensing resistor to avoid potential damage to the diagnostic
equipment in the case of spark breakdown. The operational amplifier with the gain of
770.05±30.04 is used to amplify the voltage drop across the current viewing resistor. The
selection of the 1 kΩ viewing resistor is based on the arrangements developed by Jing (2016)
[21]. The voltage waveforms were registered by the oscilloscope and saved as CSV files for
further analysis. The current through the liquid in the point-plane test cell was obtained by
dividing the voltage across the resistor by the resistor's nominal value.

4.4 Summary

In this chapter, the experimental methods and methodologies used in the present thesis have
been introduced and discussed. These methods include methods of preparation of nanofluids,
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characterisation of particle size in nanofluids, experimental setups, and data analysis and
processing methods.

The properties of the raw materials (liquids and solid particles) used in preparation of the
nanofluids have been presented. The particles used in this research are TiO2 and BN particles.
The liquids used in this research project are MIDEL 7131 synthetic ester, MIDEL eN1204
natural ester, and the mineral oil that conforms to the Shell Diala B specification. Nanofluids
with two concentrations of particles have been developed: 0.005% b/w concentration and
0.1% b/w concentration. 0.005% b/w concentration was selected due to its proven ability to
enhance the dielectric strength of nanofluids. In comparison, the higher 0.1% b/w
concentration of particles in the nanofluids was selected to study the enhanced effect of the
electric field on the EHD behaviour of the nanofluids. Examination of the size distribution of
the dispersed particles was conducted, and it was found that majority of the dispersed particles
have dimensions of a few hundreds of nanometres, except the case of the highly concentrated
mineral oil-based nanofluid with BN particles. The obtained average size of the particles in
the nanofluids was used to develop the mathematical model(s) to analyse the experiment
results.

This chapter presents the experimental setups used in this study. The components of these
systems include different power supplies (Matsusada AU-60 and Keithley 617), the
electrometer (Keithley 6514), voltage monitoring system(s) (Tektronix P6015A High voltage
Probe and TBS1102 oscilloscope), visualisation instruments (digital camera and optical
microscope equipped with the CCD camera), and the controlling system (LabVIEW software
and codes, NI USB 6000 DAQ card, and Prologix GPIB-USB card). The specific
arrangements of the test setups which are based on these components are discussed in this
chapter.

Three custom-built test cells, together with one commercially available test cell were used to
measure the mobility of charge carriers and to study the EHD behaviour of nanofluids. The
guard ring test cell and the transparent test cell were used for both normal observation and
micro-level observation of the nanofluids. The guard ring test cell, together with the coaxial
test cell, and the needle-plane test cell, are designed to measure the mobility of charge carriers
under different electric field strengths.
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The raw data obtained from the experiments require processing to obtain reliable results. The
principles of data filtering and uncertainty calculations are presented in this chapter. More
specific parameters involved in the data processing will be presented and discussed in the
following chapters with corresponding data.
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Chapter 5 MOBILITY OF CHARGE CARRIERS:
UNIFORM ELECTRIC FIELD
This chapter presents the study focussed on obtaining the mobility of charge carriers in the
dielectric liquids stressed with a uniform electric field. The ‘Time of Flight’ method is used
to obtain the mobility of charge carriers in the ester liquids and in the mineral oil. As
discussed in Chapter 2, there are two practical methods that can be used to conduct the ToF
tests: the Reverse-polarity Method, and the Single-polarity Method. The measurements of
ToF according to the reverse-polarity method were conducted in the coaxial test cell, while
the single-polarity method was implemented in the plane-plane test cell with the guard-ring
topology. Thus, ToF’s were obtained in electric fields ranging from 40 kV/m to 1200 kV/m,
which allowed for the investigation of potential dependency of the mobility of charge
carriers on the field strength. ToF and mobility of charge carriers were obtained in the pure
dielectric liquids: MIDEL 7131 (synthetic ester), MIDEL eN1204 (natural ester), and Shell
Diala B (mineral oil). Also, the charge carrier density in these dielectric liquids was
evaluated. These results will help in further understanding the behaviour of the
nanoparticles in nanofluids stressed with DC voltage, which will be discussed in Chapter
7.
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5.1 Experimental Procedure

Three dielectric liquids, MIDEL 7131 (synthetic ester), MIDEL eN1204 (natural ester), and
Shell Diala B (mineral oil), were used in this study. Samples of these liquids were subjected
to the DC voltage stress in two test cells: the coaxial test cell, and the plane-plane cell with
the guard-ring topology, whose details are presented in Sections 4.3.3 and 4.3.1, respectively.
Two ToF measuring methods were employed to obtain the mobility of charge carriers: the
reverse-polarity method and the single-polarity method. These two methods have been
presented and discussed in detail in Section 2.3.1.

5.1.1

Reverse-Polarity Method

The coaxial test cell was used in the reverse-polarity tests. The narrow gap (1 mm) between
the two electrodes offers a quasi-uniform electric field. The schematic diagram of this test
cell and the relative instrument arrangement are presented in Figure 4-12 in Section 4.3.3.

In the reverse-polarity tests, the Keithley 617 electrometer was used to provide DC voltages
using its internal power supply function. Three voltage levels were selected for these tests:
40 V, 60 V, and 80 V, which correspond to the field values of 40, 60 and 80 kV/m.

The reverse-polarity method involves application of a negative step DC voltage to the central
electrode of the coaxial test cell for 30 mins, then the polarity of the applied voltage is
suddenly reversed, and the liquid sample in this test cell is stressed with a positive DC voltage
for another 30 mins. The conduction current through the liquid was measured using the
Keithley 6514 electrometer with the data acquisition rate of 2 current readings per second.

For each fluid tested under specific voltage, three individual tests were conducted to ensure
measurement reliability. A fresh sample of liquid was used in each individual test. After each
ToF test, the test cell was cleaned with ethanol and lint-free tissue to remove residual oil or
ester liquid from the surface of the inner electrode and the internal surface of the test cell.
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5.1.2

Single-Polarity Method

One of the main objectives in this research project is to investigate and establish the potential
dependency of the mobility of charge carriers on the electric field strength. To achieve this
objective, the test system, which consists of the coaxial test cell, and the Keighley 617
electrometer, has to be replaced as this system is not capable of delivering sufficiently higher
electric field strength. Thus, to measure the mobility of charge carriers under higher electric
field strength (400 – 1200 kV/m) the plane-plane test cell and the AU-60 power supply were
used, this system is presented in Figure 4-8, Section 4.3.1.

However, due to operational limitations, the polarity of the output high voltage generated by
the AU-60 power supply cannot be changed suddenly, which is required in the reversepolarity method. Thus, ToF measurements in the plane-plane test energised by the AU-60
power supply were performed using the single-polarity method.

The single-polarity ToF measurements were performed by stressing the plane-plane test cell
with a DC step voltage for 60 minutes. The electric current through the liquid under the test
was measured directly by the Keithley 6514 electrometer which served as a virtual ground.
The data acquisition rate was 2 current readings per second. Three voltage levels of both
polarities: ± 2 kV, ± 4 kV, and ± 6 kV, were selected for these single-polarity ToF tests. Three
individual tests were carried out for each type of fluid stressed with the required voltage level.
Like in the reverse-polarity method, each liquid sample used in the single-polarity method
was a fresh sample of specific liquid, and the same cleaning procedures was used after each
test.

According to the introduction in Section 2.3.1, the single-polarity method requires a
correction coefficient to obtain an accurate value of the mobility. This correction coefficient
can be obtained from the reverse-polarity method: two ToF intervals can be determined in
individual reverse-polarity tests by identifying the appearance time of two current peaks. The
first current peak is formed by the motion of charge carriers travelling a distance shorted than
the inter-electrode gap. The second current peak appears due to the charge carriers travelling
the distance equals to the inter-electrode gap. The correction coefficient can then be calculated
using Equation 2-25 in Section 2.3.1. In this section, the correction coefficients were
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calculated for each type of fluids and the results of this analysis are presented in Section 5.2.1,
5.2.2, and 5.2.3.

5.2 Reverse-Polarity Method

The measured and digitally processed electric current-time graphs and obtained mobility
values for three tested liquids: MIDEL 7131, MIDEL eN 1204 and Shell Diala B are presented
and discussed in this section. Also, the correction coefficient obtained for each dielectric
liquid is presented.

5.2.1

Mobility of Charge Carriers in Synthetic Ester

Prior to further discussion of these results, the methodology of digital processing and analysis
of the raw current data is provided at the beginning of this section.

Figure 5-1 (a) shows an original current in the SE obtained under 40 V stress with the reversepolarity method. As can be seen from Figure 5-1 (a), there are two distinct current peaks in
the current-time graph. These peaks occur in two time intervals, 0 – 10 min and 30 – 40 min.
According to Section 2.3.1, the second ToF interval, i.e. the time interval between the moment
of the voltage polarity reversing and the time moment which corresponds to second current
peak, can be used in Equation 2-24 to calculate the mobility of charge carriers directly. This
time interval is marked by a rectangular box in Figure 5-1 (a). Therefore, the measurement of
the ToF, i.e., obtaining the time of appearance of the peak current, becomes the key factor in
obtaining the mobility of charge carriers.

In Figure 5-1 (a), the data point which corresponds to the maximum current that occurs within
the 30 – 60 min time interval is labelled by ‘A’. Correspondingly, the time interval between
the moment of the voltage polarity reversal (30th min in the current-time graph) and the
moment indicated by point A is the second ToF interval required for calculating the mobility
of charge carriers. To achieve a better time resolution of point A in Figure 5-1 (a), a zoom in
view of the interval marked by the rectangular box is presented in Figure 5-1 (b).
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(a)

(b)

(c)
Figure 5-1 (a) The raw current in the SE stressed with 40 V (single test); (b) A zoom-in
view of the current -time section marked by the rectangular box in (a), point A is the
maximum current spike; (c) Filtered current-time graph originally presented in (b), point B
is now represent the maximum current in this filtered waveform, point A is the maximum
current spike observed in the original un-filtered current-time plot.
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Figure 5-1 (b) shows multiple spikes in the current-time curve. The maximum current
indicated by point A is also a spike. The current peak in the ToF method corresponds to the
moment of arrival of the majority of charge carriers to the opposite electrode. Considering the
physical meaning of the current peak, an uncertainty in the direct selection of point A for the
ToF identification can be introduced. This is due to multiple factors, which result in the
maximum current at point A, include the arrival of the majority of the charge carriers, and
current spike(s) of different nature. The raw current-time graphs should be digitally filtered
to remove outliners to avoid misrepresentation of the current peak. The filtered current
corresponds to the moment of arrival of the majority of charge carriers to the opposite
electrode, and thus allows for clear(er) identification of the time of flight.

The current-time wave presented in Figure 5-1 (c) is the result of filtering of the raw data
presented in Figure 5-1 (b). The filter used in this procedure was the Savitzky-Golay (SG)
filter, as introduced in Section 0, of which the polynomial order was set at 2, and the window
length was set at 9.

An orange dot labelled ‘B’ in Figure 5-1 (c) represents the maximum current in the filtered
current-time characteristics. For comparison, point A, which represents the maximum current
spike in the original un-filtered current-time graph, is also shown as a blue dot in Figure 5-1
(c). Therefore, point B represents not only the current spike but also can be used in
identification of the maximum current in the current-time characteristics shown in Figure 5-1
(c).

As discussed in Section 0, the current can be filtered smoother by increasing the window
length using the SG filter. However, it was found that further smoothing does not produce
more accurate identification of the time moment which corresponds to the peak current. On
the other hand, the longer window length causes a higher risk of over filtering, which results
in the distortion in the original current waveform. Thus, the filter window should be strictly
controlled in the filtering procedure. Besides, as various liquids were used in this research,
the filtering parameters should remain the same in all tests to ensure consistency of the
filtering procedure and the obtained results.

Based on these two findings, various window lengths and polynomial orders were tested with
all current waveforms obtained in the reverse-polarity tests. Based on this procedure, the
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filtering parameters were selected as follows: the filtering window length was set at 9 data
points; the polynomial order was set at 2.

With the procedure described above, the current plots for the SE stressed with 40 V, 60 V,
and 80 V were filtered and they are shown in Figure 5-2.

Figure 5-2 Current-time graphs in the SE obtained by the reverse-polarity method. 1st and
2nd ToF time intervals are schematically shown in this figure.
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Each line in Figure 5-2 corresponds to an individual ToF test. As can be found from Figure
5-2, the current peaks occur early (in relation to time zero, i.e., the moment of voltage
application) for higher voltages, which indicates that the travelling time for the charge carriers
is decreasing with an increase in the applied electric field. To present this tendency
quantitively, the ToF values obtained from the current graphs are listed in Table 5-1.

Table 5-1 ToF intervals of the SE

First ToF (s)

Second ToF (s)

Tested Voltage

40 V

60 V

80 V

40 V

60 V

80 V

Test 1

90.0

72.0

67.0

213.5

167.0

105.0

Test 2

94.5

68.0

41.5

190.0

143.5

95.5

Test 3

112.5

54.5

40.5

266.5

124.5

94.5

As shown in Table 5-1, in each individual test, both the first and second ToF intervals decrease
with an increase in the applied voltage. Before conducting further analysis, it must be pointed
out that the repeatability of the current amplitude shown in Figure 5-2 is low, i.e., the current
plot obtained under 80V in Test 1 differs significantly from the two from Test 2 and 3,
respectively: the amplitude of the second current peak in Test 1 under 80 V is ~40% higher
than the amplitude of the second current peaks in Tests 2 and 3. However, the second ToF
obtained under 80 V in Test 1 is only 9.95% higher than that in Test 2 and 11.11% higher
than that in Test 3. Since the focus of this experiment is the mobility of charge carriers in the
liquids, the ToF results presented in Figure 5-2 can be used for obtaining the mobility values
in the present work.

According to Section 2.3.1, the second ToF interval can be used in Equation 2-24 to calculate
the mobility of charge carriers in the liquids. The results of these calculations are presented
in Table 5-2.
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Table 5-2 Mobility of Charge Carriers in the SE

Applied Voltage

40 V

60 V

80 V

Calculated Mobility (´10-10m2/(V·s))

1.12

1.15

1.27

Uncertainty (´10-10m2/(V·s))

±0.40

±0.34

±0.15

The uncertainty values in Table 5-2 were calculated following the methodology presented in
Section 0. Type A uncertainty in the mobility is the uncertainty in the ToF intervals obtained
via three individual tests. Considering a relatively small sample size (three tests), this Type A
uncertainty was calculated at 95% confidence level using the student distribution. For the 95%
confidence interval, the student t-parameter which is related to the two-sided distribution and
two degrees of freedom, of which the factor is 4.303. The Type B uncertainty stems from the
uncertainty in the clock of the LabVIEW and the voltage source, the Keithley 617
electrometer. The uncertainty values presented in Table 5-2 are the combined Type A and
Type B uncertainties, which were obtained by Equation III-1.

It can be seen from Table 5-2 that the mobility increases with the applied voltage. However,
as uncertainties in the mobility values overlap with each other, this increase may not be
considered a statistically significant increase.

In [117], Mahidhar (2020) presents the mobility measurements conducted in MIDEL 7131
using the reverse-polarity method. These results show that the mobility of charge carriers in
MIDEL 7131 ranges from ~ 0.5 · 10-9 m2/(V·s) to ~ 1.1 · 10-9 m2/(V·s) under the electric field
ranging from 12.5 kV/m to 100 kV/m, which approximately one order of magnitude higher
than the results presented in this section. However, the temperature of the liquid in [117] was
30 C°, which is higher than the temperature of liquids in the present tests (~20 C°). Thus, the
higher mobility reported in [117] can be attributed to the higher test temperature.

As mentioned in Section 5.1.2, the mobility measurements under higher electric field,
400 kV/m – 1200 kV/m, were conducted using the single-polarity method. In this case, the
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correction coefficient for obtaining mobility values is required. This coefficient was defined
in Section 2.3.1 by Equation 2-25. Using Equation 2-25 and the ToF intervals presented in
Table 5-1, the correction coefficients for the SE were calculated, and their values for different
voltage levels are given in Table 5-3.

Table 5-3 Correction Coefficient for the SE

Tested Voltage

40 V

60 V

80 V

Correction coefficient

0.44

0.45

0.50

Uncertainty

±0.11

±0.06

±0.27

Table 5-3 shows that the values of the correction coefficient are almost the same for all three
applied voltages. However, further confirmation of this finding is required for other liquids.
This analysis will be presented in the following section.

5.2.2

Mobility of Charge Carriers in Natural Ester

The filtered current-time plot for the MIDEL eN1204 is shown in Figure 5-3. As introduced
in the previous section, the filtering process was performed using the same parameters
(window length: 9, polynomial order: 2) for all tested liquids. However, as it can be seen in
Figure 5-3, some current spikes are remaining in the filtered current graph, for example, in
the 0-10 min interval of the current-time graph obtained under 80 V. These current peaks
(outliners) were removed before identification of the current peak used for obtaining ToF
values. The removing procedure was conducted as follow: if the magnitude of current reading,
), is more than 120% higher than the magnitude of current reading ) + 1 and ) − 1, then this
current reading, ), will be replaced as the mean of the reading ) + 1 and ) − 1.
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Figure 5-3 Current-time graphs in the NE obtained using the reverse-polarity method

The ToF values obtained from these current plots are presented in Table 5-4.

Table 5-4 ToF values for the NE

First ToF (s)

Second ToF (s)

Tested Voltage

40 V

60 V

80 V

40 V

60 V

80 V

Test 1

155.5

110.5

56.0

256.5

152.0

89.0

Test 2

149.5

85.0

62.0

222.5

147.0

96.0

Test 3

121.5

73.5

65.0

180.5

93.5

86.0
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As can be seen from the results presented in Table 5-4, both the first and second ToF intervals
decrease with an increase in the applied voltage. This tendency agrees with the tendency
found for the SE fluid presented in Table 5-1.

Following the same calculation procedure introduced in the previous section, the mobility of
charge carriers was obtained using the ToF intervals presented in Table 5-4. The obtained
results and corresponding uncertainty values are presented in Table 5-5.

Table 5-5 Mobility of Charge Carriers in the NE

Tested Voltage

40 V

60 V

80 V

Mobility (´10-10m2/(V·s))

1.13

1.27

1.38

Uncertainty (´10-10m2/(V·s))

±0.40

±0.64

±0.16

It can be seen from Table 5-5 that the obtained mobility increases with an increase in the
applied voltage, while the corresponding uncertainty intervals overlap with each other. A
similar tendency was found for the SE fluid in the previous section, indicating that there is no
statistically significant increase in the mobility of charge carriers with an increase in the
applied field in both the NE and SE fluids.

The correction coefficient for the NE was also obtained using Equation 2-25 and the ToF
values presented in Table 5-4. The obtained correction coefficient values for the NE with the
corresponding uncertainties are listed in Table 5-6.
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Table 5-6 Correction Coefficient of the NE

Applied Voltage

40 V

60 V

80 V

Correction Coefficient

0.65

0.70

0.68

Uncertainty

±0.10

±0.27

±0.12

From Table 5-6, it can be seen that the correction coefficient for the NE under different
voltages remains quasi-constant, this tendency also has been reported for the SE in the
previous section. The values of the correction coefficient for the NE show a statistically
significant difference compared with the correction coefficients for the SE. In this case, it can
be suggested that the correction coefficient in the SE is only defined by the charged species
in the fluid rather than the electric field strength. This conclusion is important as it ensures
the validity of the application of the correction coefficient in higher electric fields in the tests
conducting in accordance with the single-polarity method. To verify this conclusion furtherly,
the correction coefficients for the mineral oil were obtained, and they are presented in the
following section.

5.2.3

Mobility of Charge Carriers in Mineral Oil

Figure 5-4 shows the filtered current plot of the Shell Diala B obtained using the reversepolarity method.
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Figure 5-4 Current-time graphs in the MO obtained by the reverse-polarity method

The filtering conditions for the current waveform in the MO were the same as in the two
previous two cases for the SE and the NE fluids: the window length was set at 9 data points,
and the polynomial order was set at 2.

From Figure 5-4, it can be seen that the shape of the current peaks in the MO is much sharper
than the current peaks observed in both the SE and the NE. In addition, the conduction current
in the MO (which was < 0.2 nA, as shown in Figure 5-4) is much lower than the current
obtained in both the SE ( ~ (0.5 – 1) nA, as shown in Figure 5-2) and the NE ( ~ (1 – 2) nA,
as shown in Figure 5-3).
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Apart from the differences mentioned above, the current peak positions (which correspond to
the ToF intervals) in the MO are also much shorter than the ToF intervals in both esters. Table
5-7 shows the ToF intervals for the MO obtained using the reverse-polarity method.

Table 5-7 ToF intervals for the MO

First ToF Interval (s)

Second ToF Interval (s)

Applied Voltage

40 V

60 V

80 V

40 V

60 V

80 V

Test 1

80.5

28.5

13.5

91.0

33.5

18.5

Test 2

70.0

25.0

13.5

83.5

28.5

16.0

Test 3

70.5

31.0

15.0

82.0

39.5

16.0

The mobility of charge carriers in the MO was obtained using the ToF intervals presented in
Table 5-7 using Equation 2-25. These values are given in Table 5-8 together with their
uncertainties.

Table 5-8 Mobility of Charge Carriers in the MO

Tested Voltage

40 V

60 V

80 V

Calculated Mobility (´10-10m2/(V·s))

2.92

4.93

7.43

Uncertainty (´10-10m2/(V·s))

±0.34

±1.63

±1.30
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Compared with both ester liquids used in the present work, the mobility of charge carriers in
the MO increases significantly with an increase in the applied voltage. Besides, the mobility
of charge carriers in the MO is also higher than that in the esters under the same voltage level.
Potential reasons for the different behaviour are discussed in detail in Section 5.4.

The correction coefficients of the MO were calculated using Equation 2-25 with the ToF
intervals listed in Table 5-7, and the obtained results are listed in Table 5-9.

Table 5-9 Correction Coefficient of the MO

Applied Voltage

40 V

60 V

80 V

Correction Coefficient

0.86

0.84

0.83

Uncertainty

±0.06

±0.12

±0.05

The correction coefficients of the MO are almost the same for all three levels of the applied
voltage, which is similar to the case of the ester liquids. However, the coefficients of the MO
are different from the coefficients obtained for both ester liquids, which provides further
confirmation that the correction coefficient is governed by the nature of the fluid rather than
by the applied voltage, ensuring the validity of its application in the single-polarity method.

5.3 Single-Polarity Method

One of the aims in this study is to investigate the potential dependency of the mobility of
charge carriers on the applied field strength. Thus, different test cells were used in this study
to meet the requirements of the tests under different magnitudes of electric field. Due to the
operational limitations of the power supply used in the tests, the measurement of the mobility
of charge carriers in dielectric liquids under higher electric field were conducted only using
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the single-polarity method and the plane-plane test cell. In this section, the ToF intervals and
corresponding mobility values obtained under higher electric field strength (400 – 1200 kV/m)
are presented and discussed. The correction coefficients obtained in Sections 5.2.1 to 5.2.3
were used to ensure the accuracy of the results obtained by the single-polarity method.

5.3.1

Mobility of Charge Carriers in Synthetic Ester

Figure 5-5 and Figure 5-6 show the current-time graphs obtained in the MIDEL 7131 (SE)
fluid under positive voltage and negative energisation, respectively.

A surprising feature of the current-time graphs shown in Figure 5-5 and Figure 5-6 is the
presence of two current peaks in each current waveform. To distinguish these two current
peaks, the “First” current peak refers to the current peak that occurs early after the application
of voltage, and the “Second” current peak refers to the current peak that occurs after the “First”
peak. To represent the second peak more clearly, a log scale is used for the time axis in Figure
5-5 and Figure 5-6.
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Figure 5-5 Current-time graphs in the SE under positive voltage obtained by the singlepolarity method

Figure 5-6 Current-time graphs in the SE under negative voltage obtained by the singlepolarity method
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The first current peak reflects the motion of charge carriers due to the application of the step
voltage. The time of appearance of the first current peak is the ToF interval used to calculate
the mobility of the charge carriers in the SE. The second current peak, which was not observed
in previous reverse-polarity tests, is observed in all single-polarity tests with the SE. The
magnitude of the second current peak in the case of negative energisation is even higher than
the magnitude of the first current peak in the SE (as shown in Figure 5-6).

From Figure 5-5 and Figure 5-6, it can be found that the second current peaks in the case of
higher voltages appear early. The magnitude of the second current peak in the case of a higher
voltage level is also higher. Both of these aspects suggest the link between the formation of
the second current peak and the electric field strength. The main difference between the
reverse-polarity tests and the single-polarity tests is the field strength: the electric field
strength in the single-polarity tests ranges from 400 kV/m to 1200 kV/m, while the strength
of the field in the reverse-polarity tests ranges from 40 kV/m to 80 kV/m, which is about one
order of magnitude lower than the single-polarity test. Therefore, potential reason for the
appearance of the second current peak can be attributed to the higher electric field strength,
and a detailed discussion on this will be presented in Section 5.3.3.

However, further understanding of the nature of the second current peak requires additional
experimental tests, especially in the case of the mineral oil, which is significantly different
from the ester liquids in terms of its chemical ingredients.

According to the current graphs shown in Figure 5-5 and Figure 5-6, the ToF intervals of the
SE can be obtained using the time of appearance of the first current peak. The results are
shown in Table 5-10.
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Table 5-10 ToF intervals of the SE under positive and negative voltage

ToF Intervals (s)

ToF Intervals (s)

Applied Voltage

+2 kV

+4 kV

+6 kV

- 2 kV

- 4 kV

- 6 kV

Test 1

6.0

3.5

2.5

8.0

5.5

3.0

Test 2

6.5

3.0

2.5

9.5

5.0

3.0

Test 3

6.0

3.5

2.5

8.0

6.0

3.5

As discussed in Section 2.3.1, a correction coefficient is required to obtain the mobility of
charge carriers in the single-polarity method. The application of this coefficient is described
by Equation 2-26. In this Chapter, the correction coefficients for all three liquids have been
obtained and presented in Section 5.2.1 to 5.2.3. In this case, the mobility of charge carriers
was obtained using the ToF intervals and the corresponding correction coefficients by
Equation 2-26. The results are shown in Table 5-11.

Table 5-11 Mobility of Charge Carriers in the SE

Applied Voltage

+2 kV

+4 kV

+6 kV

Calculated Mobility (´10-9m2/(V·s))

0.95

0.88

0.78

Uncertainty (´10-9m2/(V·s))

±0.17

±0.20

±0.12

Tested Voltage

- 2 kV

- 4 kV

- 6 kV

Calculated Mobility (´10-9m2/(V·s))

0.69

0.54

0.62

Uncertainty (´10-9m2/(V·s))

±0.17

±0.13

±0.14
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The obtained mobilities are presented in Table 5-11 with their uncertainties. The uncertainty
calculation procedure in this section remains the same as the procedure described in
Section 5.2.1.

From the results presented in Table 5-11, it can be seen that the mobility of charge carriers
obtained under different voltage levels remain almost the same for the same voltage polarity.
In addition, all mobilities obtained under the positive voltage are higher than the mobilities
obtained under the negative voltage. In [118], Aljure (2019) found that in the needle-plane
configuration stressed with a positive DC voltage, the currents are mainly dependent upon the
Zener molecular ionisation mechanism and the mobility of the positive ions, while the
electron multiplication and electron attachment process play only a secondary role. However,
for the same configuration under a negative DC voltage, the current is mainly dependent upon
electron multiplication and attachment processes, with Zener molecular ionisation providing
the seed of quasi-free electrons. In this case, it can be expected that the main charge carriers
produced under positive polarity could be different from the main charge carriers produced
under the negative polarity, resulting in the difference in the mobility of charge carriers
between the positive and negative polarities. However, the reason behind the higher mobilities
from the positive voltage still requires further investigation.

The mobility of charge carriers presented in Table 5-11 is approximately one order of
magnitude higher compared with the mobilities of charge carriers presented in Table 5-2 (in
Section 5.2.1), which were obtained in the lower electric fields (40 - 80 kV/m). The increase
in the mobility values can be attributed to the significantly higher electric fields (400 1200 kV/m) used in these tests.

5.3.2

Mobility of Charge Carriers in Natural Ester

Figure 5-7 and Figure 5-8 show the current-time plots for the MIDEL eN1204 under positive
and negative polarity, respectively.

From Figure 5-7 and Figure 5-8, it can be found that there are also two current peaks in each
current wave in the NE, which is similar to the current peaks in the SE as described in
Section 5.3.1. The behaviour of the second current peak found in the NE also has similarities
with the second current peak found in the SE, i.e., the second current peaks in the NE stressed
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with higher voltages appear early. Since the NE has chemical properties similar to the SE, (as
discussed in Section 2.1.3), the similar behaviour of the current found in the SE and the NE
fluids is not surprising.

Figure 5-7 Current-time graphs in the NE under positive voltage obtained by the singlepolarity method.
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Figure 5-8 Current-time graphs in the NE under negative voltage obtained by the singlepolarity method.
The ToF intervals in the NE were also obtained using the first current peaks in the currenttime graphs. The obtained results are shown in Table 5-12.

Table 5-12 ToF intervals in the NE under Positive and Negative Voltage

ToF Intervals (s)

ToF Intervals (s)

Applied Voltage

+2 kV

+4 kV

+6 kV

- 2 kV

- 4 kV

- 6 kV

Test 1

7.5

3.0

2.5

8.0

3.5

3.0

Test 2

8.0

3.5

2.0

9.0

3.5

2.5

Test 3

8.0

3.5

2.5

9.0

4.0

2.5
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Using the ToF obtained using the first current peak and the correction coefficients for the
reverse-polarity method, the mobility of charge carriers was obtained by Equation 2-26. The
results of this analysis are presented in Table 5-13.

Table 5-13 Mobility of Charge Carriers in the NE

Applied Voltage

+2 kV

+4 kV

+6 kV

Calculated Mobility (´10-9m2/(V·s))

1.07

1.26

1.20

Uncertainty (´10-9m2/(V·s))

±0.12

±0.25

±0.32

Tested Voltage

-2 kV

-4 kV

-6 kV

Calculated Mobility (´10-9m2/(V·s))

0.97

1.14

1.05

Uncertainty (´10-9m2/(V·s))

±0.16

±0.21

±0.24

From Table 5-13, it can be seen that the mobility of charge carriers obtained under different
voltage levels remains almost constant for the same voltage polarity, which is similar to the
results obtained for the SE. However, although the mobility of charge carriers in the NE
obtained under positive voltage is higher than those obtained under the negative voltage, the
difference in the mobility values obtained under opposite polarities is not statistically
significant.

5.3.3

Mobility of Charge Carriers in Mineral Oil

Figure 5-9 and Figure 5-10 show the current as a function of time in the Shell Diala B stressed
with positive and negative voltages, respectively.
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Figure 5-9 Current-time graphs in the MO under positive voltage obtained by the singlepolarity method

Figure 5-10 Current-time graphs in the MO under negative voltage obtained by the singlepolarity method
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Compared with the current plots obtained for two ester liquids presented in Sections 5.3.1
and 5.3.2, the current-time graph for the MO displays two different features.

1. Only single current peak was observed in each individual current plot for the MO, while
two current peaks were obtained in each individual current plot for both esters. Since the
chemical composition of the MO differs significantly from the chemical composition of both
esters, and the second current peak observed in both esters is linked with the electric field
strength, the possible reason for the appearance of the second current peak in esters can be
attributed either to a higher degree of molecule dissociation or to a stronger molecule
polarisation in the case of higher electric fields.

However, in Section 2.2.2, it has been proved that the increase in the molecule dissociation
rate due to an increase in the field strength is weak. It hence can be concluded that the second
peak found in the esters originates from the molecule polarisation.

Despite the complex chemical structure and composition of all three liquids used in this
research, the main molecular structures of mineral oil include paraffin and naphthene, while
the main molecular structures of the esters consist of several ester linkages (-COOR), as
presented in Section 2.1.2 and 2.1.3. Since the ester linkages (-COOR) are polar functional
chemical groups, the molecules of esters are hence more polar than the molecules of mineral
oils [119]. Therefore, the second current peak observed in the current-time graphs for ester
liquids could be attributed to the molecular polarisation process in the higher electric field:
the reorientation of the polarised molecules may induce an additional current, which manifests
itself as the second current peak in the current-time graph. However, this explanation still
requires further investigation and confirmation.

2. The second difference between the current-time plot for the MO and the current–time plots
for the esters are a lower signal-to-noise ratio in the case of the MO current-time plots. This
difference can be attributed to a significantly lower conduction current in the MO (< 0.02 nA)
compared with the current in the ester liquids (⁓ 0.4 – 1.4 nA).
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Using the current plots presented in Figure 5-9 and Figure 5-10, the ToF intervals which
correspond to the observed current peaks were obtained. The results are shown in Table 5-14.

Table 5-14 ToF intervals of the MO under Positive and Negative Voltage

ToF Intervals (s)

ToF Intervals (s)

Applied
Voltage

+2 kV

+4 kV

+6 kV

- 2 kV

- 4 kV

- 6 kV

Test 1

3.5

4.5

2.0

2.5

1.5

2.0

Test 2

5.0

2.0

1.5

5.0

2.0

1.5

Test 3

3.0

3.0

2.0

2.5

1.5

2.5

Unlike the ToF intervals obtained for the ester liquids (Table 5-10 and Table 5-12), the ToF
intervals for the MO obtained under higher voltages are not always shorter than those obtained
under lower voltage levels. For example, the ToF intervals obtained under +2 kV from Test
1 and Test 3 are shorter than the ToF intervals obtained for higher voltages, +4 kV from Test
1. The main reason for this discrepancy is the relatively low data acquisition rate (time
intervals between two consecutive data points) of the electrometer compared with the ToF
intervals for the MO. As discussed in Section 5.1.2, the data acquisition rate of the Keithley
6514 electrometer used in this measurement is 2 data reading per second. Therefore, for the
longest ToF intervals obtained for the MO which is 5 s (under +2 kV from Test 2), only 10
data points were recorded. Thus, to obtain an accurate time resolution of the current peak, a
higher data acquisition rate(s) should be used. It is expected that an increase in time resolution
in the current measurements should provide a better resolution of the current peaks.

The obtained ToFs were used to calculate the mobility of charge carriers in the MO used in
the present study. The results of this analysis are presented in Table 5-15.
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Table 5-15 Mobility of Charge Carriers in the MO

Tested Voltage

+2 kV

+4 kV

+6 kV

Calculated Mobility (´10-9m2/(V·s))

2.74

1.67

1.92

Uncertainty (´10-9m2/(V·s))

±1.50

±1.36

±0.62

Tested Voltage

-2 kV

-4 kV

-6 kV

Calculated Mobility (´10-9m2/(V·s))

3.18

3.18

1.76

Uncertainty (´10-9m2/(V·s))

±2.79

±1.12

±0.90

Table 5-15 shows that the mobility of charge carriers in the MO is higher than that in both
esters: the SE and the NE (as seen in Table 5-11 and Table 5-13, respectively). Besides, the
uncertainty in the mobility values for the MO is much higher than that for the ester liquids.

Therefore, to obtain better accuracy in determination on the ToF intervals under different
applied voltages, the data acquisition rate of the electrometer should be higher. It is expected
that an increase in the time resolution in current measurements will lead to a better resolution
of the current peaks and thus to an improved accuracy in the mobility values. However, the
mobility of charge carriers obtained in the present study, as shown in Table 5-15, still can be
used in evaluation of the injected space charge in different liquids, which will be discussed in
the next section.

5.4 Discussion and Summary

The mobilities of charge carriers in the SE, the NE, and the MO have been obtained using the
reverse-polarity and the single-polarity methods. These methods enable the mobility
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measurements to be carried out under different electric field strengths. Figure 5-11 shows the
mobility as a function of the electric field strength.

Figure 5-11 Mobility of Charge Carriers vs Electric Field Strength. The orange dots
indicate the mobility measured under positive voltage; The blue dots indicate the mobility
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obtained under the negative polarity. Error bars indicate the uncertainty in the mobility
values (obtained based on the 95% confidence level).

The error bars in Figure 5-11 represent the corresponding uncertainty in the mobility values.
Since both positive and negative energisation was used in the single-polarity method, the
corresponding mobility values are presented in different colours: the orange dots indicate the
data measured under positive voltage while the blue dots indicate the negative polarity data.

Figure 5-11 shows a positive correlation between the mobility of charge carriers and the
electric field strength for all three liquids. The potential reason for this positive correlation is
the EHD movement of fluids stressed with an external electric field.

As discussed in Section 2.3.3, the EHD velocity of the liquid stressed with the electric field
can be estimated from the energy viewpoint: since the fluid motion is caused by the electric
field, the kinetic energy of the fluid can be assumed to be proportional to the electrostatic
energy of the electric field, which yields:

1 & 1 &
E1 ∝ gU
2
2

5-1

where E is the dielectric permittivity of the liquid; 1 is the electric field strength; and g and U
are the density and the velocity of the liquid, respectively. According to Equation 5-1, it can
be found that the fluid motion velocity is proportional to the electric field strength:

U ∝ 1ÅE⁄g

5-2

From Equation 5-2, it can be concluded that the electric field with a higher strength generally
leads to a higher EHD velocity of the fluid. As discussed in Section 2.3.3, not only the electric
field but also the liquid motion can stimulate the movement of the charge carriers in dielectric
liquids. Since measurements of the mobility using the ToF method relies on the motion of the
charge carriers in liquids, the effect of the EHD on the measurement results is unavoidable.
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In this case, the obtained mobility is called the ‘apparent mobility’, which can be increased
by the EHD due to the higher electric field.

It also should be noticed that there are other factors affecting the velocity of the EHD motion
of the fluid, including its viscosity, permittivity, and density. Since the viscosity of the MO is
significantly lower than that of both esters (as shown in Table 4-1 in Section 4.1.1), the impact
of the motion of the liquids on the mobility values can be higher for the MO compared with
the esters, resulting in the increasing of the mobility values in the MO (as shown in Table 5-8
in Section 5.2.3).

Also, the configuration of the test cell plays an important role in the formation of the EHD
movement. Further investigation of the potential effect of these factors on the apparent
mobility of charge carriers under different energisation regimes is required.

Although the EHD effect is complicated and beyond the scope of this work, the apparent
mobility obtained in this study provides valuable information on electrical conductivity and
charge motion in the mineral oil and the ester liquids. The obtained results can be used in
different practical applications that require information on the mobility of charge carriers in
the analysis of the dielectric behaviour of insulating liquids.

Apart from the mobility of charge carriers, another important parameter – space charge
density, can also be obtained from the experimental results presented in this chapter.

According to Equations 2-6 and 2-7, the current density V can be expressed as a product of
the mobility of charge carriers O, the average charge of the charge carriers X, the field strength
1, and the numbers of charge carriers per unit volume W :

V = WOX1

5-3

On the other hand, the current density can also be expressed as a function of the electrical
conductivity Z and the field strength 1 :
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V = Z1

5-4

Combination of Equations 5-3 and 5-4 provides the relationship between the electrical
conductivity and the mobility of charge carriers:

Z = WXO

5-5

In Equation 5-5, the product of WX provides the space charge density (charge per unit volume)
in the dielectric liquids. Using the experimental results obtained and presented in this chapter,
it can be found that the mobility values obtained in the same electric field have the same order
of magnitude for all three liquids. However, as can be found from the results shown in Table
4-1, the electrical conductivity σ of the MO is two orders of magnitude lower than that of the
ester liquids. In this case, according to Equation 5-5, it can be concluded that the space charge
density in the MO is lower than that in the ester liquids under the same electric field strength.

This lower space charge density in the mineral oil compared with the ester liquids for the
same energisation conditions can be attributed to the difference in the molecular structure of
the ester liquids and the mineral oil. As introduced in Section 2.1.2 and 2.1.3, the molecules
of the ester liquids contain ester linkages (-COOR), while molecules of typical mineral oils
are composed of hydrocarbons. According to Koopman’s theorem, the energy required for
the ionisation of a molecular system equals the orbital energy of the molecule’s typical
Highest Occupied Molecular Orbital (HOMO). Thus, the orbital energy of the HOMO from
the molecule can be used to estimate the threshold level of energy required for an electron to
be removed from the molecule.

In [120], Wang et al. (2018) simulated the energy variation in the HOMO of liquid molecules
under an external electric field. In their paper, it was found that the externally applied electric
field may result in larger orbital energy changes in the molecules of ester liquids than that in
the molecules of mineral oil. This indicates a higher probability for ester molecules to lose an
electron(s) in the electric field compared with the mineral oil molecules. Such an analytical
conclusion is consistent with the experimental results obtained in the present study, i.e., the
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space charge density in the MO is lower than that in the ester liquids under the same electric
field strength.

In this chapter, two methodologies of the ToF measurement have been used to obtain the
mobility of charge carriers in three dielectric liquids. Based on these results and the
corresponding analysis, two main conclusions have been reached:

Firstly, there is a positive correlation between the measured mobility of charge carriers and
the corresponding field strength. The reason for this correlation is the EHD effect in the liquid
stressed with an external electric field as the EHD motion of the bulk of the fluid is linked
with the electrostatic energy in the liquid.

Secondly, based on the relation between the mobility of charge carriers in the liquids and the
corresponding space charge density of the liquids (Equation 5-5), the mobilities obtained in
three liquids lead to the conclusion that the space charge density in the MO is about two orders
of magnitude lower than that in the SE and the NE. As the research objectives of this work
include not only pure liquids but also the nanofluids, this conclusion on the space charge
density can facilitate analysis of the charge distribution in the nanofluids, which will be
presented and discussed in Chapter 8.

Further investigation of the mobility of charge carriers was conducted in the present work
using a strongly non-uniform electric field. The results obtained using the SCLC method are
presented and discussed in Chapter 6.
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The mobility of charge carriers in the pure liquids in virtually uniform electric field
obtained under the field magnitudes ranging from 40 kV/m to 1200 kV/m using the ToF
method was presented and discussed in Chapter 5.
However, in many practical topologies employed in different power and pulsed power high
voltage systems, insulating liquids are stressed with highly non-uniform electric fields. A
typical example of such highly divergent electric field is the field generated in a point-plane
electrode topology. The maximum field at the tip of the point (needle) electrode is
significantly higher than the nominal ‘average’ field in the gap obtained by dividing the
applied voltage by the inter-electrode gap. This high electric field leads to the development
of the space charge in the inter-electrode gap filled with an insulating fluid. This space
charge redistributes the electric field in the gap. Thus, the space charge governed electric
field may affect the breakdown voltage in the point-plane topology. Also, the current
injected into the gap may lead to potential thermal effects such as the formation of prebreakdown gas cavities due to the Joule heating of the fluid which may affect the
breakdown strength of this liquid-filled gap.
In this chapter, the mobility of charge carriers has been investigated using the SCLC
method in the conditions of a highly divergent electric field. The obtained mobility and the
electric field in the point plane topology are presented and discussed in this Chapter.
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6.1 Experimental Procedure

The SCLC method is used to obtain the mobility of charge carriers in the conditions of a
highly non-uniform electric field in the Needle-Plane test cell. The principle of the SCLC
method was introduced in Section 2.3.2, the point-plane test cell used in this Chapter was
discussed in Section 4.3.4. The dielectric liquids used in the SCLC tests are the MIDEL 7131
Synthetic Ester, the MIDEL eN 1204 Natural Ester, and the Shell Diala B Mineral Oil, whose
details can be found in Table 4-1 in Section 4.1.1.

According to Section 2.3.2, the mobility of charge carriers can be obtained by analysing the
current-voltage squared (I-V2) curve, which should be a straight line in the case of the
complete space charge saturated regime of conduction in dielectric liquids. This conduction
regime corresponds to the third phase in the I-V graphs in Figure 2-8 in Section 2.2.2. The
space charge saturated phase of conduction can be described by the Fowler-Nordheim
mechanism, in which the conduction current is presented as a function of the applied voltage
in ln(K ⁄> & ) vs 1⁄> coordinates. Using the experimental I-V2 curves, the mobility of charge
carriers can then be obtained by Equation 2-32.

In the present chapter, I-V characteristics of the insulating fluids have been obtained using
two ranges of the applied voltages: from 1 kV to 40 kV and from 1 kV to 15 kV.

The first voltage range, 1kV - 40 kV, was used to obtain the conduction current using the
current sensing resistor: a voltage drop across this resistor with a value of 1 k Ohm was
measured. The plane electrode was virtually grounded using this current viewing resistor. The
voltage drop across this resistor was amplified by an INA 114 amplifier and then registered
by the Tektronix TBS 1102B oscilloscope. The details of the measuring procedure are
presented in Figure 4-15 in Section 4.3.4.

The schematic diagram of the test circuit in which the current was measured using the current
viewing resistor is shown in Figure 6-1.
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Figure 6-1 Schematic diagram of the current measurement circuit with the current sensing
resistor.

The needle-electrode was stressed with the DC voltage, raised in steps of 1 kV from 1 kV to
40 kV. The voltage signal across the current viewing resistor was obtained and saved into a
CVS file at each voltage step. Five measurements of the voltage across the current viewing
resistor were conducted at each voltage step.

The gain of the amplifier was 770.05±30.04. As discussed in Section 4.2.2, the actual voltage
drop across the current viewing resistor, Vc, was calculated for each voltage step by multiplied
the registered voltage across the resistor by the gain of the amplifier. Then, the conduction
current was obtained using the Ohms law. All I-V curves were measured in triplicate using
fresh samples of insulating liquids in each test. The surfaces of both electrodes and the test
cell were cleaned with ethanol and lint-free tissue after each test.

Although the current-sensing resistor was used for the voltages from 1 kV to 40 kV, it was
found that the measured voltage drops across this resistor was virtually constant for applied
voltages less than ~ 10 kV. This is because the current through the liquids (and through the
current viewing resistor) for such applied voltages was below ~ 2 nA and could not be
resolved by the current viewing resistor and the operational amplifier.
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Thus, to measure conduction lower currents, < 2 nA, the test cell was virtually grounded
through the Keithley 6514 electrometer. In this case, the current was measured directly by the
electrometer; however, for safety reasons, the applied voltage was limited by 15 kV to avoid
potential breakdown events in the test cell, which could damage the electrometer.

The input of the electrometer was connected to the plane electrode of the point-plane test cell.
Figure 6-2 shows the schematic diagram of the current measurement system using the
Keithley 6514 electrometer, which served as a virtual ground in the circuit.

Figure 6-2 Schematic Diagram of Current Measurement Circuit with the Electrometer

Controlled by the LabVIEW code, the Keithley 6514 electrometer provided current reading
at the fixed rate of 2 readings per second. The duration of each test was 30 min, which is long
enough to ensure the current through the liquids to reach its steady-state condition. The
measurements under the same voltage level were repeated three times for each sample. Then
the test cell was cleaned and filled with a fresh sample of insulating liquid.

The limitation of this method is a relatively low (< 15 kV) level of the applied voltage. This
voltage was not exceeded to minimise potential risk of breakdown events in the tested liquids.
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However, this voltage range is sufficient to compliment the voltage range used in the
measurements with the current-sensing resistor.

6.2 Space Charge Saturation Regime of Conduction and
Mobility of Charge Carriers

As discussed in Section 2.3.2, the mobility of charge carriers can be obtained from the I-V2
graphs when the space charge in the liquid under the test is saturated. In this section, the
experimental current-volt (I-V) characteristics for each tested liquid are presented. Using
these I-V characteristics, the Fowler-Nordheim graphs for each liquid were plotted, which
allow for the identification of the space charge saturated regions in these graphs. The least
squares method was used to plot fitting lines in the Fowler-Nordheim graphs to identify the
space charge saturation region, which is described by the I-V2 dependency. The functional
dependency of current on voltage squared in this region is then illustrated to obtain the
mobility of charge carriers by Equation 2-32.

6.2.1

Mobility of Charge Carriers in Synthetic Ester

The experimental I-V plots for the SE obtained by the direct current measurements using the
electrometer and by the current viewing resistor are presented in Figure 6-3 (a) and (b)
respectively. In the current-voltage curve obtained by the current-sensing resistor, every data
point in Figure 6-3 (a) represents an average value of three individual tests. In each test, the
current measurements were conducted five times for each voltage level. Thus, the average
current values shown in Figure 6-3 (a) were calculated using 15 current readings in total. The
current measured using the electrometer is shown in Figure 6-3 (b), each data point in Figure
6-3 (b) represents an average value of current obtained in three individual tests. Error bars in
this figure represent 95% confidence intervals for current values.
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Figure 6-3. I-V plot for the SE: (a) Voltage ranging from 1kV to 40 kV, (b) A zoom-in
view for voltages 1kV – 15 kV. The orange dots: current measurements by the electrometer;
the blue dots - current measurements by the current-sensing resistor. Error bars indicate
95% confidence intervals.

As shown in Figure 6-3 (b), for the voltages below ⁓ 15 kV, the current obtained by the
current-sensing resistor remains almost constant. In contrast to the current-sensing resistor
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method, the I-V curve obtained by the electrometer for voltages below 15kV shows the linear
ohmic behaviour, which can be attributed to the higher accuracy of the current measurements
carried out by the electrometer for currents below ⁓ (2 - 3) nA. Thus, the complete I-V
characteristic for the SE can be obtained by merging current values obtained by the
electrometer in the range 1 kV - 12 kV and the current values obtained by the sensing resistor
for 13 kV – 40 kV. Using this combined I-V characteristic, the Fowler-Nordheim (F-N) graph
for the SE was plotted. This graph is presented in Figure 6-4 (a).

As introduced in Section 2.2.2, the Fowler-Nordheim plot has three distinct conduction
regions, which can be identified in Figure 6-4 (a): 1 kV – 17 kV refers to Region I, 18 kV –
27 kV refers to Region II, and 28 kV – 40 kV refers to Region III. Practically, the
identification of the border between Region I and Region II is straightforward: there is a
turning point between these two regions. For the border between Region II and III, it is
conducted according to the nature of the region II reflected by Equation 2-14, i.e., the currentvoltage relationship is given by a straight line in coordinates ln(K ⁄> & ) vs 1⁄>. Following this,
the least squares method was introduced in the border identification; initially several borders
were selected approximately. Then the least squares method was applied to these borders and
the border whose fitting coefficient is closest to 1 was selected as the border between Region
II and Region III. Figure 6-4 (b) and Figure 6-4 (c) are zoom-in views of Region II and Region
III, respectively.

Region I (1 kV– 17 kV) is the region that represents the Ohmic conduction due to the intrinsic
charge carriers which are present in the fluid at low values of the applied voltage, i.e., high
values of 1/V > 0.059 (kV-1).

Region II (18 – 27 kV) in the F-N graph represents the conduction which is governed by the
charge injection and corresponds to the values of 1/V from ~ 0.037 (kV-1) to ~ 0.056 (kV-1).

Region III (28 – 40 kV) in the F-N graph represents the conduction in the case of complete
space charge saturation current where ln(I/V2) values show a quasi-constant behaviour.
Region III corresponds to the high values of the applied voltage, i.e., low values of 1/V,
< 0.036 (kV-1).
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Figure 6-4 Fowler-Nordheim (FN) plot for the SE, (a) FN plot for the SE from 1kV- 40 kV,
(b) A zoom-in of Region II, (c) A zoom-in of Region III. Error bars indicate 95%
confidence intervals.
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Using Equation 2-32, the mobility of charge carriers can be obtained from the I-V2
characteristics of the liquid when the current is a space charge saturated current, which
corresponds to Region III in the F-N graph. As Region III for the SE is found to be between
28 kV and 40 kV as shown in Figure 6-4 (c), the I-V2 plot for the SE for this range of voltages,
from 28 kV to 40 kV, is shown in Figure 6-5.

Figure 6-5. I-V2 Plot for the SE: Experimental data (blue dots, each dot is an average of 15
current values) and the best fit line (dotted line) based on the least-square fitting. Error bars
indicate 95% confidence intervals.

In Figure 6-5, the experimental current values are shown as blue dots. Each value is an average
of 15 current measurements. The experimental data in the I-V2 coordinates in Figure 6-5 were
fitted with a straight line using the least squares method. The goodness of the coefficient (R2)
of the fitting line is 0.972. Thus, the experimental data can be fitted with a straight line in the
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I-V2 coordinates, which confirms the complete space charge saturation regime of the current.
The slope of this straight line in the I-V2 coordinates was used to obtain the mobility of charge
carriers according to Equation 2-32. It was found that the mobility of charge carriers in the
SE is (5.04±1.17) ∙ 10-9 m2/(V·s).

6.2.2

Mobility of Charge Carriers in Natural Ester

The experimental current-volt (I-V) curves of the NE are presented in Figure 6-6 (a) and (b).
The current values obtained for the NE have been processed in the same way as in the case of
the SE: the current values obtained by the current-sensing resistor were averaged using the
data from three individual tests in which five values of current were obtained for each voltage
level (15 current readings in total). Every data point from the electrometer in Figure 6-6
represents an averaged conduction current from three individual tests. Error bars in Figure
6-6 show the 95% confidence intervals.

As introduced in Section 6.1, there is a transition between the current values obtained by the
current viewing resistor and the electrometer. For low voltages (below this transition level),
the Ohmic behaviour in the I-V curves is observed only in the case of the measurements
performed by the electrometer. Compared with the I-V characteristic of the SE (Figure 6-3 (a)
and (b)), the current in the NE (Figure 6-6 (a) and (b)) is higher under the same voltage level.

The complete I-V characteristic for the NE was obtained by merging the current values
obtained by the electrometer in the 1 – 10 kV range with the current values obtained by the
electrometer in the range from 11 kV – 40 kV. The F-N graph for the NE developed using
this combined I-V characteristic is shown in Figure 6-7 (a).
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Figure 6-6 I-V plot for the NE: (a) Voltage ranging from 1kV to 40 kV, (b) A zoom-in view
for voltages 1kV – 15 kV. The orange dots: current measurements by the electrometer; the
blue dots - current measurements by the current-sensing resistor. Error bars indicate 95%
confidence intervals.
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Figure 6-7 Fowler-Nordheim (F-N) graph for the NE, (a) F-N graph for the NE from 140 kV, (b) A zoom-in view of Region II, (c) A zoom-in view of Region III. Error bars
indicate the 95% confidence intervals.
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In Figure 6-7 (a), three distinct regions in the F-N graph for the NE can be identified: Region I,
1 – 17 kV; Region II, 18 – 27 kV, and Region III, 28 – 40 kV. The relative values of 1/V are
above ~ 0.059 (kV-1) in Region I; ~ 0.037 (kV-1) to ~ 0.056 (kV-1) in Region II, and below
~ 0.036 (kV-1) in Region III. It is found that these three conduction regions identified in the
NE and the SE are the same, which can be attributed to the similarity in their chemical
composition. To present the details of Region II and Region III of the NE, the zoom-in plots
of these two regions are shown in Figure 6-7 (b) and Figure 6-7 (c), respectively.

As introduced in the previous section, Region I of the F-N graph (1 – 17 kV for the NE)
represents the Ohmic conduction due to intrinsic charge carriers in the fluid. Region II (18 –
27 kV for the NE) represents the conduction that is governed by the charge injection.

Region III in the F-N graph (28 – 40 kV for the NE) represents the conduction in the case of
the complete space charge saturation regime where the obtained current shows a quasiconstant behaviour in ln(I/V2) coordinates. The I-V2 part of this region can be used to calculate
the mobility of charge carriers using Equation 2-23. Region III for the NE, which represents
the I-V2 part, is shown in Figure 6-8. A straight line representing the least square fitting to the
experimental I-V2 data is also included in Figure 6-8.
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Figure 6-8. I-V2 Plot for the NE. The blue dots represent experimental current data (average
value of 15 readings). The dotted line is the least-square fitting to the experimental data.
Error bars indicate 95% confidence intervals.

In Figure 6-8, the blue dots represent the experimentally obtained current, each point is an
average of 15 current readings in total. The goodness of fit coefficient (R2) of the least square
fitting line in Figure 6-8 is 0.993. Using the slope of this fitting line and Equation 2-32, the
mobility of charge carriers in the NE was obtained and found to be: (5.96±0.72) ∙ 10-9 m2/(V·s).

6.2.3

Mobility of Charge Carriers in Mineral Oil

Figure 6-9 (a) and (b) shows the experimental I-V characteristics of the MO obtained by both
methods, using the electrometer and the current-sensing resistor.
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Figure 6-9. I-V plot for the MO: (a) Voltage ranging from 1kV to 40 kV, (b) A zoom-in
view for voltages 1kV – 15 kV. The orange dots: current measurements by the electrometer;
the blue dots - current measurements by the current-sensing resistor. Error bars indicate
95% confidence intervals.
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For the current obtained by the current-sensing resistor, every data point in Figure 6-9
represents an averaged current reading from three individual tests and was calculated using
15 current measurements in total. For the current values obtained by the electrometer, every
data point in Figure 6-9 represents the current value which is an average of three individual
tests. The error bars show the 95% confidence intervals.

Due to the low electric conductivity of the MO, the current in the MO is lower than in both
esters fluids under the same voltage, which is shown in Figure 6-9 (a). According to Figure
6-9 (b), 13 kV is the critical voltage for the MO, below which the ohmic behaviour of the
current in the tested liquid can only be resolved using the electrometer. Following the same
procedure presented in two previous sections, a new combined I-V characteristic for the MO
consisting of the current values obtained by the electrometer for 1 kV to 13 kV and by the
sensing resistor between 14 kV to 40 kV was obtained. Based on this new I-V characteristic,
the F-N graph for the MO was plotted and is given in Figure 6-10.
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Figure 6-10 Fowler-Nordheim (F-N) graph for the MO, (a) FN plot for the SE from 1kV40 kV, (b) A zoom-in of Region II, (c) A zoom-in of Region III. Error bars indicate 95%
confidence intervals.

- 171 -

Space Charge Saturation Regime of Conduction and Mobility of Charge Carriers

In Figure 6-10 (a), three distinct regions in the F-N graph for the MO can be identified: Region
I, 1 – 10 kV; Region II, 11 – 26 kV, and Region III, 27 – 40 kV. The relative values of 1/V
are above 0.1 (kV-1) in Region I; ~ 0.091 (kV-1) to ~ 0.038 (kV-1) in Region II, and below
~ 0.037 (kV-1) in Region III. There is a significant difference between the F-N graph for the
MO and F-N graphs for two esters presented before. The voltage range of Region I for the
MO (1 – 10 kV) is smaller than that of the esters (1 – 17 kV). This difference shows that the
charge injection threshold for the MO is lower than for the ester liquids. To present the details
of Region II and Region III, the zoom-in plots of these two regions are shown in Figure
6-10 (b) and Figure 6-10 (c), respectively.

Using Equation 2-32, the mobility of charge carriers in the MO can be obtained from the
space charge saturated I-V2 characteristics, which corresponds to Region III in the FN plot.
As Region III for the MO is found to be 27 - 40 kV as shown in Figure 6-10 (c), the I-V2 plot
for the MO for this range of voltages is given in Figure 6-11.

Figure 6-11 I-V2 Plot for the MO: Experimental data (blue dots, each dot is an average of
15 current values) and the best fit line (dotted line) based on the least-square fitting. Error
bars indicate 95% confidence intervals.
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In Figure 6-11, the experimental current values are shown as blue dots. Each value is an
average of 15 current measurements. The goodness of the fit coefficient (R2) of the least
square fitting line in Figure 6-11 is 0.988. The slope of this straight line in the I-V2 coordinates
was used to obtain the mobility of charge carriers using Equation 2-32. It was found that the
mobility of charge carriers in the MO is (4.55±0.82) ∙ 10-9 m2/(V·s).

6.3 Space Charge Governed Electric Field

As discussed at the beginning of this chapter, the introduction of the SCLC method into this
study is based on two considerations: one is that the SCLC method enables the mobility of
charge carriers to be obtained in a much higher electric field (>104 kV/m), supporting the
investigation of potential dependency of the mobility on the field strength. Another
consideration is related to practical applications, i.e., highly non-uniform electric fields in
practical electrical systems, which requires the study of the effect of injection of charges on
the field strength re-distribution in the liquid. The analysis of the field strength in the NeedlePlane topology is based on the assumption of the full space charge saturation regime, which
is a different approach compared with the case of the uniform electric field. The space charge
is injected into the liquid into the vicinity of the needle HV electrode. In [62], theoretical
analysis of the field in the vicinity of the needle tip is provided, which results in redistribution
of the field in the needle-plane gap.

6.3.1

The Field Strength of the Needle Tip

As discussed in Section 2.3.2, the electric field distribution in the point plane topology will
be governed by the space charge injected into the liquid. In [62], it is assumed that the
conduction current is the steady-state current and the mobility of the charge carriers is
assumed to be independent from the field strength, also it is assumed that the diffusion current
is assumed to be negligible with respect to the conduction current. Following this, the
analytical expression for the field along the central axis of the point-plane configuration in
the case of the space charge saturation is given as [62]:
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1(U) =
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(U + g)(2 − U − g)

where, U = &⁄", and g = #⁄2", " is the sum of the needle tip radius and the distance between
the point at the needle tip to the plane electrode, & is the distance from the needle tip to the
plane electrode, and # is the radius of the tip apex, the details of these parameters can be found
in Figure 2-13 in Section 2.3.2.

In this analysis, the radius of the tip apex # is 20 µm (as shown in Figure 4-14). Since the
distance between the point at the needle tip and the plane electrode is 10 mm (Figure 4-13),
which is three orders of magnitude longer than the radius of the tip apex #, the value for " is
taken as 10 mm.

The factor , in Equation 6-1 can be calculated using the current K, the relative permittivity of
the liquids ε7 , and the mobility O of the charge carriers in the liquids:

,=

2K
D"ε7 ε* O

6-2

Term 16 in Equation 6-1 can be approximated as the electric field strength at the point apex.
The value for 16 can be obtained by fitting the experimental current and corresponding
voltage data using Equation 2-31 in Section 2.3.2.

In this research, the mobility of charge carriers and the I-V characteristic in all three liquids
(SE, NE, and MO) were obtained and discussed in Section 6.2. Thus, the approximation for
16 was conducted using the following procedure: for each specific liquid, i.e., the SE, the NE,
or the MO, the mobility of charge carriers and the experimental I-V characteristic which
corresponds to Region III of the F-N graph were used in Equation 6-1. Thus, field 1(U) can
be expressed using two independent variables from Equation 6-1: 16 and U. With this new
expression for 1(U) and a numerical range set for 16 , the voltage drop between the needle tip
and the ground plate can be obtained by Equation 2-31. Then the numerical value of 16 , which
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yields the minimum Mean Squared Error (MSE) between the calculated and the experimental
voltage drops, is selected as a nominal of 16 for this system

Using experimental I-V characteristics obtained in three independent tests, three nominal
values of 16 were obtained for each liquid, their averaged values with uncertainties are listed
in Table 6-1. Each uncertainty was calculated as a 95% confidence interval using the Student
distribution (t factor of 4.303 for 95% confidence interval).

Table 6-1 16 values of the three liquids

!! (kV/m)

Synthetic Ester

Natural Ester

Mineral Oil

43295.392
±3827.939

36742.871
±2128.070

16295.009
±8531.354

The results in Table 6-1 show the statistically significant difference in 16 values obtained for
two esters and the mineral oil: 16 values for two ester liquids are more than twice higher than
the 16 value for the mineral oil. This indicates significantly higher electric field strength in
the vicinity of the needle electrode in the ester liquids compared with the mineral oil under
the same voltage. These results can be used in the design of electrical insulation in high
voltage power or pulsed power system.

6.3.2

Field Distribution in the Point-Plane Topology

Using 16 and the mobility of charge carriers presented in Section 6.3.1 and Section 6.2,
respectively, the electric field strength distribution along the central axis of the point-plane
topology can be obtained by Equation 6-1. The electric field strength varies with the current
and the electric field distribution was obtained using different I-V characteristics from
Region III for each liquid. The resulting field distribution for the SE, the NE, and the MO are
shown in Figure 6-12, Figure 6-13, and Figure 6-14 respectively.
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Figure 6-12 Electric field strength along the central axis of the needle-plane configuration
based on different I-V characteristics of the Synthetic Ester. A distance of 0 mm
corresponds to the needle tip (anode), and a distance of 10 mm corresponds to the grounded
plane (cathode); the field strength at the needle tip (16 ) was set at 43295.392 kV/m.
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Figure 6-13 Electric field strength along the central axis of the needle-plane configuration
based on different I-V characteristics of the Natural Ester. A distance of 0 mm corresponds
to the needle tip (anode), and a distance of 10 mm corresponds to the grounded plane
(cathode); the field strength at the needle tip (16 ) was set at 36742.871 kV/m.
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Figure 6-14 Electric field strength along the central axis of the needle-plane configuration
based on different I-V characteristics of the Mineral Oil. A distance of 0 mm corresponds
to the needle tip (anode), and a distance of 10 mm corresponds to the grounded plane
(cathode); the field strength at the needle tip (16 ) was set at 16295.477 kV/m.
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It can be seen from Figure 6-12, Figure 6-13, and Figure 6-14 that the electric field strength
drops quickly when the distance from the tip increases. Although the electric field strength
near the needle tip in the MO is significantly lower than that for the esters, the field strength
in the middle of the gap is similar for all three liquids: ~ (2 – 5) ∙ 109 kV/m.

As introduced at the beginning of this chapter, one of the aims of this investigation is to
establish potential dependency of the mobility on the electric field. This analysis requires not
only the mobility which is obtained from experiments but also the relative electric field
strength. Since the main effect on the I-V2 curves in the SCLC method is provided by the
charge carriers near the needle tip, the electric field strength in the vicinity of the tip is used
in the analysis.

The field distribution in the point-plane topology filled with different liquids presented in this
section also provides the baseline reference data for the direct comparison between the liquids
in the Needle-Plane configuration. These results can be used for analysis of the breakdown
voltage in high voltage electrical power systems.

6.4 Discussion and Summary

In this chapter, the conduction currents in the SE, NE, MO under DC voltage in the range
from 1 kV to 40 kV have been obtained using the Needle-Plane electrode topology. Based on
the I-V characteristics obtained, the Fowler-Nordheim graphs for all three liquids have been
plotted to identify the voltage range where the space charge saturated regime is achieved. The
mobility of charge carriers was obtained based on the I-V2 characteristics in the space charge
saturated regime of conduction.

Using the obtained mobilities, the electric field distribution along the central axis in the needle
plane electrode configuration was obtained and presented for three liquids. These results can
be used to evaluate the breakdown voltages in the case of highly divergent fields in liquid
dielectrics.

The positive correlation between the mobility of charge carriers and the electric field strength
has been established and discussed in Section 5.4 in the previous chapter. The mobility of
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charge carriers in the three dielectric liquids (the SE, NE, and MO) was obtained in
Section 5.4 using the ToF method and found to be ~ (1 - 7) ∙ 10-9 m2/(V·s) at (4 – 8 ) ∙ 106
kV/m and ~ (1 - 3) ∙ 10-9 m2/(V·s) at (0.4 - 1.2 ) ∙ 108 kV/m. The mobility of charge carriers in
the three dielectric liquids (the SE, NE, and MO) obtained by the SCLC method in the present
Chapter is ~ (4 - 6) ∙ 10-9 m2/(V·s) at (1.6 – 4.3) ∙ 109 kV/m. These mobility values also
demonstrate a positive correlation with the field strength.

The results obtained using the ToF method prove that the charge density in the ester liquids
is higher than that in the MO, which is discussed in Section 5.4. The mobility of charge
carriers in the liquids obtained by the SCLC method has the same order of magnitude as in
the case of the mobility obtained by the ToF method. At the same time, the electrical
conductivity of the MO (7.5 ∙ 10-14 S/m2) is about two orders of magnitude lower than that of
the ester liquids (4.5 ∙ 10-12 S/m2 for the SE; 5 ∙ 10-12 S/m2 for the NE). Thus, according to
Equation 5-5 in Section 5.4, the results of the SCLC measurements are also in agreement with
the conclusion that the space charge density in the esters is higher than that in the mineral oil.
This difference can be attributed to the different molecular structures, which have been
explained in Section 5.4.

In this research, both the ToF and the SCLC methods have been used to obtain the mobility
of charge carriers under various electric fields. Implementing the SCLC method has
significantly extended the range of the electric fields from ~ 1.2 ∙ 108 kV/m to ~ (1.6 –
4.3) ∙ 109 kV/m. At the same time, although the SCLC method of obtaining mobility differs
from the ToF method, the conclusions derived from both methods are in good agreement with
each other, which enhances the credibility of the obtained results.
To achieve comprehensive understanding of the mobility behaviour, the mobility values for
esters and mineral oils reported in the literature are presented in Table 6-2.
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Table 6-2 Mobility of charge carriers from literature data

Method

Author

Liquid

Field
Strength
(kV/m)

Mobility
(m2/(V•s))

Butcher [121]

Univolt 61 (MO)

~ 10,000

2.9 · 10-7

Li [122]

Karamay 25# (MO)

~ 7,600-9,600

2.9 · 10-9
1.2 · 10-7

Diala S3 (MO)
SCLC
Jing [123]

MIDEL 7131 (SE)

N/A

1.4 · 10-7
1.3 · 10-7

Rapeseed Oil (NE)
Atten [124]

Mineral Oil

N/A

1.6 · 10-7

Chen [125]

Diala S3 (MO)

70

7.5 · 10-10
7.1 · 10-10

Mineral Oil A
Yang [126]

ToF

Mineral Oil B

2.5 - 100

Mineral Oil C

4.6 · 10-10

Mineral Oil

2.6 · 10-9

Zadeh [127]

~ 4 - 200
1.7 · 10-10

Natural Ester
Lv [128]

2.5 · 10-9

Karamay 25# (MO)

150

~ (0.5-1.1) · 10-9

MIDLE 7131 (SE)
Mahidhar [117]

1.5 · 10-9

12.5 - 100

TO335 (MO)
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From Table 6-2, it can be found that the mobility obtained by the SCLC method is typically
higher than the mobility obtained by the ToF method. For example, the mobility obtained by
the SCLC method is ~ 10-7 m2/Vs except for the result from [126] (a detailed discussion of
this result is presented in the discussion section of this chapter). On the other hand, the
mobilities obtained by the ToF method are typically below 2.6 ∙ 10-9 m2/(V·s) [127]. The main
reason for this difference is the higher electric field strength in the SCLC method than in the
ToF method. As the SCLC method assumes that the space charge in the tested liquids is
saturated, it requires a higher electric field strength for successful SCLC measurements. This
contrasts with the ToF measurements, which are typically conducted under significantly lower
electric field to minimise the electrohydrodynamic effects.

Besides, as shown in Table 6-2, the mobility obtained in the Karamay 25# mineral oil by Li
(2018) [122] is 2.6 ∙ 10-9 m2/(V·s), which is significantly lower than the mobilities obtained
in mineral oils using the SCLC method by other researchers: ~ (1.2-2.9) ∙ 10-7 m2/(V·s) [121]
[123] [124]. The main reason for this lower mobility could be the configuration of the test
cell used in [126]. To review all results obtained by the SCLC method, the test cell
configurations and equations used to calculate the mobility in the SCLC method are
summarised and presented in Table 6-3.

The terms in equations shown in Table 6-3 are defined as follows: K is the current through the
tested liquids, E* and E) is the vacuum permittivity and relative permittivity, respectively. >
is the voltage across the tested liquids, and - is the distance between the needle and the
electrode plane, O is the mobility of charge carriers in the liquids.
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Table 6-3 Equations for obtaining the mobility by the SCLC method

Author

Butcher [121]

Li [122]

Jing [123]

Atten [124]

Test Cell
Configuration

Equation

K = 0.71E* E) O

>&
-

Needle-Plane

K = 0.33E* E) O

>&
-

Plane-Plane

K = 2E* E) O

>&
-

K = 4.02E* E) O

>&
-

Configuration
Details
Needle Tip Radius: 10 Om
Separation: 10 mm
Plane diameter: 25 mm
Separation: 10 mm

Needle-Plane

Needle Tip Radius: 8 Om
Separation: 5 mm

Needle-Plane

Needle Tip Radius: 3 Om
Separation: 12 mm

It can be seen from Table 6-3 that the Plane-Plane configuration was only utilised in [122].
This is because that the Needle-Plane configuration typically requires a lower voltage level
than the Plane-Plane configuration to achieve the same maximum electric field strength due
to the highly divergent electric field near the needle tip. Therefore, compared with the PlanePlane configuration, the Needle-Plane configuration is more widely used in the mobility
measurement by the SCLC method.

The numerical factors in the equations shown in Table 1.3 differ from each other. This can be
attributed to the different considerations on describing the development of the space charge.
The formula from [121] is taken from [61], this equation was used for liquid hydrogen,
nitrogen, and oxygen. The formula used in [122] stems from the Mott-Gurney (MG) law,
which was more used with solids [129]. The formula utilised in [123] is based on the Poisson
equation [60]. However, this formula was developed based on the gas model, where the
ionisation mechanism differs from that in the dielectric liquids.
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Compared with the equations given in [121] to [123], the equation provided in [124] was
developed with the consideration on the field distortion due to the space charge near the needle
tip, which is closer to the conditions of the present research and hence was selected for the
analysis in the present work.

However, regardless of the specific equations used to obtain the mobility, the mobility of
charge carriers provides important information on the conduction processes in the dielectric
liquids and the field distribution in the case of noticeable space charge effects. Thus, it is
critically important to study the mobility of charge carriers. It provides vital information on
the behaviour of charge carriers in the mineral oil and ester liquids and can help to establish
a theory/analytical model which describes breakdown behaviour of the liquids in highly
divergent electric fields. Also, the mobility of charge carriers will be used in estimation of the
Joule heating effects in the dielectric liquids, which is essential for their health monitoring
and analysis of their ageing.

In this chapter, the mobility of charge carriers in three dielectric liquids was obtained using
the point-plane electrode topology. The obtained results confirm two conclusions derived in
Chapter 5, in which the mobility was measured using the ToF method:

•

There is a positive correlation between the mobility of charge carriers and the applied
field strength for both esters and mineral oils.

•

The space charge density in the esters is higher than the space charge density in the
mineral oil under the same electric field.

The research on the mobility of charge carriers in pure dielectric liquids has been delivered
using two methods: the ToF method and the SCLC method. Compared with other published
data, which are typically based only on a single method (ToF or SCLC), the combination of
these two methods allows the mobility measurements to be conducted in a wide range of
electric fields, i.e., from 40 kV/m to 80 kV/m, from 4 ∙ 102 kV/m to 1.2 ∙ 103 kV/m, and from
~ 1.6 ∙ 109 kV/m to ~ 4∙ 109 kV/m.

Thus, this range of electric fields helps to obtain the dependency of the mobility of charge
carriers on the field magnitude. The corrective coefficient in the modified single-polarity
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method was introduced for the first time in this research, which helps to increase an accuracy
of the single-polarity method.

As mentioned in Chapter 2, nanofluids also attract the attention of researchers and
practitioners. Thus, the mobility and the EHD effects in the nanofluids developed in this study
using the pure liquids and BN and TiO2 particles have also been investigated in this research.
In the following two chapters, Chapter 7 and Chapter 8, the investigation on the nanofluids is
presented: the dynamic behaviour of nanoparticles stressed with the electric field and the
mobility of charge carriers in nanofluids.
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Chapter 7 ELECTROHYDRODYNAMIC PROCESSES IN
NANOFLUIDS
The mobility of charge carriers under various electric fields was investigated in three pure
dielectric liquids and the results of this study are presented and discussed in Chapters 5 and
6. As mentioned in Chapter 2, one of the aims of the present work is to investigate the
behaviour of particles in nanofluids which may offer improved dielectric strength and
thermal conductivity compared with pure liquids. To investigate the mechanisms which
may lead to higher breakdown strength of nanofluids, the dynamics of dispersed particles
in nanofluids stressed with the external electric field, and the mobility of charge carriers in
nanofluids were investigated.

The dynamics of particles in nanofluids stressed with an external electric field was studied
in this chapter. Two types of particles, TiO2 and BN, were selected to produce nanofluids
using the following host liquids: MIDEL 7131, MIDEL eN1204, and Shell Diala B. The
nanofluids with two concentrations of particles, 0.005% b/w, and 0.1% b/w were prepared
and studied.

The investigation of the particles’ dynamics was conducted by a direct observation of
nanoparticles using a CCD camera and a micro-scale observation of using an optical
microscope equipped with a CCD camera. The direct optical observation was conducted
using a CCD camera located above the test cell with an open top, allowing for an
investigation of the motion of particles and their precipitation on the electrodes. The microscale observation allowed for a more accurate and detailed analysis of the particle dynamics
in the centre of the test cell and in the areas close to the electrodes. Thus, the specific aspects
of particle movement have been investigated and established. The modelling results
obtained in Chapter 3 and the results obtained in Chapter 5 and 6 were used in the analysis
of the particle behaviours in this chapter.
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7.1 Experimental Procedure

Investigation of the particle behaviour in nanofluids stressed with the external electric field
were conducted by the direct observation method using a CCD camera located above the
guard-ring test cell filled with nanofluid and stressed with the DC external field, and by the
micro-scale observation method, using an optical microscope equipped with the CCD camera,
nanofluids in this method were located in the transparent test cell which was located under
the lenses of the microscope.

7.1.1

Test Cell with a Guard-Ring Electrode

The test plane-plane cell with the guard-ring topology was used for the direct observations of
the movement of particles. The schematic diagram of the Plane-Plane test cell, energisation
and optical arrangements are provided in Figure 4-7 in Section 4.3.1. The AU-60 HV DC
power supplies were used to energise the test cell with DC voltage of both polarities. The
following voltage levels were used in this study: ± 2 kV, ± 4 kV, and ± 6 kV. The DC voltage
was applied to the electrode of the test cell filled with specific nanofluid for 1 hour in each
test. During the test, a CCD camera was placed above the test cell to perform direct
observation of the behaviour of the particles in nanofluids. The detailed arrangements of this
test arrangements are shown in Figure 4-8 in Section 4.3.1.

Nanofluids with particle concentrations of 0.005% b/w and 0.1% b/w were investigated in
this study. The preparation procedures of these nanofluids are described in Section 4.1.2, and
the rationale for the selection of these concentrations was discussed in Section 4.1.2. It was
shown that the lower concentration, 0.005% b/w of TiO2 particles in the mineral oil increases
the breakdown strength of nanofluids [21]. The higher concentration, 0.1% b/w, was selected
in this study to investigate the effect of a higher concentration of nanoparticles on their
behaviour in the external electric field. The size distribution of the particles in the tested
nanofluids is given in Table 4-4 in Section 4.1.3.

For each nanofluid tested under a specific voltage, three individual tests were conducted to
ensure statistical analysis of the obtained results. Each individual test was conducted using a
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fresh nanofluid. Nanofluids were stored and taken from a sealed container before each test.
After each ToF test, the test cell was cleaned with ethanol and lint-free tissue to remove
residual nanofluids from the surfaces of both electrodes.

7.1.2

Transparent Test Cell with Parallel Disk Electrodes

The micro-scale observation procedure was implemented using the optical microscope to
investigate the dynamics of particles under the external electric field.

The test cell with a transparent body, which is shown in Figure 4-9 (Section 4.3.2), together
with the CCD utilised microscope, was used to perform micro-scale observations. Two AU-60
power supplies were used to produce three voltage levels of both polarities: ± 2 kV, ± 4 kV,
and ± 6 kV. The arrangement of the complete test system is presented in Figure 4-10 in
Section 4.3.2.

Nanofluids with both concentrations of particles, 0.005% b/w and 0.1% b/w were tested in
the transparent test cell. During each individual test, the nanofluid samples were stressed with
DC voltage for 20 minutes, while the behaviour of the particles was observed by the CCD
camera attached to the microscope and videos were recorded. The test cell was cleaned with
ethanol and lint-free tissue after each test.

7.2 Particle Dynamics in Synthetic-ester-based Nanofluids

In Section 3.2.2, the surface charge accumulated on TiO2 and BN particles in different hosting
liquids was obtained analytically. Due to the different electrical conductivities and relative
permittivities of the TiO2 and BN particles (as seen in Table 3-1 in Section 3.2.1), the surface
charges on these particles with the same hosting liquid are different for these particles. In this
section, the nanofluids consisting of the MIDEL 7131 Synthetic Ester are studied using both
methods: direct observation and the micro-scale observation methods. The behaviour of the
dispersed TiO2 and BN particles are presented by images from the videos obtained in each
observation method.
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7.2.1

Direct Observation

For all measurements delivered with the direct observation, the dispersed nanoparticles were
found to be attracted to the electrode with the higher electric potential, which is shown in
Figure 7-1 and Figure 7-2. Figure 7-1 presents still images of the SE-based nanofluids with
0.1% b/w concentration of BN and TiO2 particles. These images are the snapshots from the
videos recorded at the 30th minute and the 60th minute after stressing the nanofluid with an
external DC field (voltage). All images in Figure 7-1 show the area in close proximity to the
positively energised electrode.
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Figure 7-1 Direct observation images of nanofluids with 0.1% b/w concentration of BN
and TiO2 particles stressed with positive DC voltage. t is the elapsed after application of
DC voltage, V is the applied voltage, BN or TiO2 indicated the type of dispersed particles.
The electrode on the right side of each image is the energised electrode, while the opposite
electrode is the grounded electrode.
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Figure 7-2 Direct observation images of nanofluids with 0.1% b/w concentration of BN
and TiO2 particles stressed with negative DC voltage. t is the elapsed after application of
DC voltage, V is the applied voltage, BN or TiO2 indicated the type of dispersed particles.
The electrode on the right side of each image is the energised electrode, while the opposite
electrode is the grounded electrode.
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As shown in Figure 7-1, the external electric field results in precipitation of both TiO2 and
BN particles on the HV electrode stressed with positive voltage in all cases: this electrode has
the higher potential in all tests shown in Figure 7-1. At the same time, the surface of the
grounded electrode, which is shown on the left of each image, remains clean during these 1hour tests.

The conclusions derived from Figure 7-2 are similar to what was obtained from Figure 7-1:
both TiO2 and BN nanoparticles were precipitated on the grounded electrode, which is shown
on the left in each image and has a higher potential compared with a negatively energised HV
electrode. At the same time, the surface of the negatively energised electrode remains
relatively clean during each 1-hour test.

Besides, the BN particles in nanofluids show a higher precipitation tendency compared with
the TiO2 particles, which can be seen in Figure 7-2 (i) and (k): after being stressed with the
same voltage level (-6 kV) for the same duration (30 minutes), the nanofluids with BN
particles shown in image (i) is clearer than the nanofluids with TiO2 particles shown in image
(k).

From both Figure 7-1 and Figure 7-2, a summary of the common characteristics between these
two figures can be achieved and listed as below:

1) Both, TiO2 and BN nanoparticles precipitated on the electrode with a higher electric
potential (energised HV electrode in the case of the positive energisation, and
grounded electrode in the case of the negative energisation). Both, TiO2 and BN
nanoparticles were repelled from the electrode with a lower electric potential
(energised HV electrode in the case of the negative energisation, and grounded
electrode in the case of the positive energisation).
2) Precipitation process of both TiO2 and BN particles can be accelerated by increasing
the electric field strength.
3) TiO2 particles demonstrated a lower precipitation tendency compared with BN
particles.

The first statement can be explained by two potential reasons. First, the particles in the
nanofluids are negatively charged due to the external electric field, which leads to the
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movement of the particles towards the electrode with a higher potential (namely moving in
the opposite direction of the electric field between the two electrodes). Second, the particles
move due to the EHD movement of the nanofluids, and the direction of this movement is
always towards the high potential electrode. To support these two hypotheses, several images
from the videos are presented in Figure 7-3.

Figure 7-3 Direct observation images of the SE-based nanofluids with 0.1% b/w
concentration of BN and TiO2 particles under negative DC voltages. t is the time elapsed
after application of volatge, V is the voltage, BN and TiO2 indicates types of particles in
the nanofluid. The electrode presented on the right side of each individual image is the
energised electrode. The ‘Gap’ in each image indicates a part of the inter-electrode gap
filled with the nanofluid which has a low concentration of particles (thus looks brigther in
these images).
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As shown in Figure 7-3, a ‘clear gap’ is formed in the nanofluid at the surface of the negatively
charged electrode. This gap is manifestation of a lower concentration of particles in the
vicinity of the negative electrode.

Thus, a straightforward explanation of the second statement can be provided: the magnitude
of the electric force acting on the (negatively) charged particles is proportional to the field
strength, leading to acceleration of the precipitation process in a stronger electric field.

The reason for the weaker precipitation tendency of TiO2 particles compared with BN
particles still requires further investigation: there could be several aspects which can
potentially result in such different precipitation tendencies of TiO2 and BN particles,
including the difference in the accumulated/induced charge on these particles: the higher net
charge on the individual particle can lead to a stronger Coulomb force pushing the particle in
the direction opposite to the direction of the electric field. Moreover, the difference between
the dispersion stability of these two types of particles can also induce the different
precipitation tendencies. The higher dispersion stability can lead to a lower precipitation rate
under the same attraction force from the electrode in this experiment.

The EHD behaviour of the dispersed particles was also studied by the micro-scale observation
method. In the next section, the results of the micro-scale observations of the SE-based
nanofluids are presented and discussed.

7.2.2

Micro-scale observation

To conduct the detailed study of the dynamics of the particles, the movement of nanoparticles
in the SE-based nanofluids was investigated using the micro-scale observation method. The
results of this investigation are shown in Figure 7-4.

Figure 7-4 shows the images of nanofluids under +6 kV stress at different moments. Figure
7-4 (a) – (d) are the images of the SE-based nanofluid with 0.1% b/w concentration of TiO2
particles, while Figure 7-4 (e) - (h) are images of the SE-based nanofluids with 0.1% b/w
concentrations of BN particles. The dark areas on the left in the individual image in Figure
7-4 are the surface edges of the grounded electrode, and the dark areas on the right in each
image represent concentrated particles in the nanofluids.
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Figure 7-4 Micro-scale observation images of the SE-based nanofluids with 0.1% b/w
concentration of BN and TiO2 particles under positive DC voltages. t is the elapsed after
application of voltage, V is the voltage level, BN and TiO2 indicates the type of particles. The
electrode presented on the left side of each image is the grounded electrode. The white dash
line in each image indicates the edge of the electrode surface.
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As can be seen from Figure 7-4 (a) - (d), and (e) - (h) respectively, a lower particle density
gap appears as time increases, which is in a good agreement with the finding produced by the
direct observation method (as shown in Figure 7-3). This gap is a manifestation of a lower
concentration of dispersed particles in the vicinity of the grounded electrode. Furtherly, it can
be concluded that the low dispersing particle concentration of the nanofluids near the
electrode surface is the result of the Coulomb force acting on the negatively charged particles,
which confirms the first conclusion obtained in the previous section.

As can be seen from Figure 7-4 that the gap in the nanofluids with TiO2 particles is wider than
the gap in the nanofluids with BN particles when stressed with the same DC voltage level for
the same duration, like Figure 7-4 (d) and (h). To present the difference between the gaps of
these two samples clearly, image (d) and (h) in Figure 7-4 are converted into high contrast
images with black and white 50% mode, i.e., all pixels in the original image were converted
into neither white nor black according to the original lightness of these pixel. The results of
this conversion are shown in Figure 7-5.

Figure 7-5 Converted micro-scale observation images of the SE-based nanofluids with
0.1% b/w concentration of BN or TiO2 particles under positive DC voltages. 3 is the time
elapsed after the voltage switch on, > is the voltage level, BN and TiO2 indicated the types
of particles.
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It can be seen that the brighter/clearer part in Figure 7-5 (b) is significantly wider than that in
Figure 7-5 (a), which means that the low particle concentration gap formed in the nanofluids
with TiO2 particles is wider than that in the nanofluids with BN particles. This indicates that
the impact of the electric field on the BN particles is stronger than the impact on the TiO2
particles, which agrees with the third feature obtained via the direct observation method, i.e.,
TiO2 particles demonstrated a lower precipitation tendency compared with BN particles.

Images obtained by both direct observation and micro-scale methods in the previous section
and in this section are based on the nanofluids with 0.1% concentration of particles. During
the measurement, images of nanofluids with 0.005% concentration of particles with both these
two scales were also obtained, two of which are shown in Figure 7-6.
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Figure 7-6 Micro-scale observation and direct observation images of the SE-based
nanofluids with 0.005% b/w concentration of TiO2 particles. (a) and (b) is the micro-scale
observation images of the nanofluids before and after application of voltage (+ 6 kV),
respectively. The dark areas in (a) and (b) are the surfaces of the groudned electrode. (c)
and (d) are direct observation images of the SE-based nanofluids before and after application
of voltage (+ 6 kV), respectively. The electrode on the left in (c) and (d) is the grounded
electrode.

All the images shown in Figure 7-6 are obtained from one individual measurement: the SEbased nanofluids with 0.005% b/w concentration of TiO2 particles under +6 kV DC stress for
20 minutes.

Both Figure 7-6 (a) and (b), are micro-scale observation images: Figure 7-6 (a) is the image
of the nanofluids in the vicinity of the grounded electrode surface before application of
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voltage, while Figure 7-6 (b) is the image of the same location after 20 minutes of application
of +6 kV DC. The gap observed in the nanofluids with 0.1% b/w concentration of particles,
like Figure 7-4, is also visible in Figure 7-6 (b).

Both Figure 7-6 (c) and (d), are direct observation images of the nanofluids: Figure 7-6 (c) is
the image of the nanofluid before application of voltage while Figure 7-6 (d) is the image of
the nanofluids after 20 minutes application of +6 kV. The electrode on the left in Figure 7-6 (c)
and (d) is the grounded electrode.

Analysis of these images show that the nanofluids in the vicinity of the grounded electrode in
Figure 7-6 (d) are clearer than in the case of the nanofluids shown in Figure 7-6 (c). Thus, a
low particle density is formed similar to the gap seen in Figure 7-1 and Figure 7-2 for the
nanofluids with the 0.1% b/w concentration of particles. At the same time, the precipitation
of the nanoparticles precipitated on the energised electrode can be clearly observed in Figure
7-6 (d), which is similar to the precipitation process observed in the nanofluids with 0.1%
concentration of particles (as seen in Figure 7-1 and Figure 7-2).

Analysis of Figure 7-6 demonstrates that the behaviour of nanoparticles observed in the
nanofluids with the 0.005% b/w concentration of particles is similar to the behaviour of the
particles in the nanofluids with the 0.1% b/w concentration of particles. The images of the
nanofluids with the 0.1% b/w concentration of particles have higher contrast, thus the
following analysis of the behaviour of the nanofluids will be based on the images of
nanofluids with the with the 0.1% concentration of particles.

In this section, the images obtained using the micro-scale observation method were used to
investigate the dynamic behaviour of the nanoparticles and it was shown that the TiO2 and
BN particles are negatively charged under the DC stress. The same conclusion was reached
based on the direct observation method. Besides, the higher precipitation tendency of the BN
particles compared with the TiO2 particles was confirmed by the analysis of the micro-scale
observation images. However, the reason for this difference in the precipitation tendencies
requires further investigation, which will be discussed in Section 7.5.
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7.3 Particle Dynamics in Natural-ester-based Nanofluids

In this section, the nanofluids based on the MIDEL eN 1204 were studied using both the direct
observation and the micro-scale observation methods. The electric conductivity, dielectric
permittivity and charge carrier density of the NE are like these parameters of the SE, (the SEbased nanofluids were investigated in the previous section). Thus, it is expected that the EHD
behaviour of the NE-based nanofluids will be similar to the behaviour of the NE-based
nanofluids.

7.3.1

Direct Observation

The direct observation images of the NE-based nanofluids with the 0.1% b/w concentration
of BN or TiO2 particles are shown in Figure 7-7 and Figure 7-8. These images are the
snapshots from the videos recorded via the direct observation taken at two moments: at the
30th minute and the 60th minute after application of voltage. All images in Figure 7-7 and
Figure 7-8 show the vicinity of the positive and the negative energised electrode, respectively.
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Figure 7-7 Direct observation images of nanofluids with 0.1% b/w concentration of BN and
TiO2 particles stressed with positive DC voltage. t is the elapsed after application of DC
voltage, V is the applied voltage, BN or TiO2 indicated the type of dispersed particles. The
electrode on the right side of each image is the energised electrode, while the opposite
electrode is the grounded electrode.
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It can be seen that the precipitation tendencies presented in Figure 7-7 are similar to the
precipitation tendencies shown in Figure 7-1: both TiO2 and BN nanoparticles were
precipitated on the positive energised electrode, which is located on the right in each image
and has the higher potential compared with the opposite electrode: grounded electrode, the
surface of which remains clean during the one-hour test.

The obtained images also demonstrate that an increase in the field strength leads to an
acceleration in precipitation of nanoparticles in the NE-based nanofluids. As can be seen from
Figure 7-7 (a), (e) - (i), and (c), (g) - (k), the nanofluids between the electrodes become clearer
with the higher voltage levels, indicating that more particles were precipitated to the electrode
surface due to the higher applied voltages.

Finally, the NE-based nanofluids with TiO2 particles show a higher precipitation tendency
than the NE-based nanofluids with of BN particles, which is similar to the precipitation
tendency of BN and TiO2 nanoparticles obtained in the SE based nanofluids reported in the
previous section. For example, the NE-based nanofluids with of BN particles, as shown in
Figure 7-7, (b), (f), and (g), are clearer than the NE-based nanofluids with TiO2 particles, as
shown in Figure 7-7 (d), (h), and (l), respectively.
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Figure 7-8 Direct observation images of nanofluids with 0.1% b/w concentration of BN and
TiO2 particles stressed with negative DC voltage. t is the elapsed after application of DC
voltage, V is the applied voltage, BN or TiO2 indicated the type of dispersed particles. The
electrode on the right side of each image is the energised electrode, while the opposite
electrode is the grounded electrode.
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The behaviour of nanoparticles presented in Figure 7-8 is similar to the behaviour of particles
presented in Figure 7-2: precipitation of both TiO2 and BN nanoparticles to the grounded
electrode can be seen in each image in Figure 7-8. On the other hand, Figure 7-8 demonstrates
a clean surface of the negatively energised electrode, located on the right in each image.

The NE-based nanofluids with BN particles, as shown in Figure 7-8, stressed with the same
voltage level and during the same time interval are clearer than the NE-based nanofluids with
TiO2 particle: Figure 7-8 (e) with (g), and Figure 7-8 (i) and (k). This tendency supports the
conclusion obtained in Section 7.2.1: the precipitation tendency of the BN particles dispersed
in the NE-based nanofluids is higher than the precipitation rate of the TiO2 particle dispersed
in NE-based nanofluids.

Based on the analysis of Figure 7-7 and Figure 7-8, three characteristics found in the SEbased nanofluids were also observed in the NE-based nanofluids:

1) Both TiO2 and BN nanoparticles were precipitated on the electrode with a higher
electric potential and repulsed from the electrode with a lower electric potential.
2) The higher voltage level (field strength) leads to faster precipitation of both TiO2 and
BN particles in the nanofluids.
3) The precipitation tendency of TiO2 particles is lower compared with BN particles.

From the first and second characteristics, it can be concluded that the particles dispersed in
the NE-based nanofluids are negatively charged, the same conclusion was reached for the
particles dispersed in the SE-based nanofluids. Further analysis is required to explain the 3rd
characteristic, which will be presented in Section 7.5.

Apart from the direct observation, the study of the NE-based nanofluids was also conducted
using the micro-scale observation method, the results of this study are presented in the
following section.
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7.3.2

Micro-scale Observation

Figure 7-9 presents two groups of micro-scale observation images, which were taken in two
separate tests. Figure 7-9 (a) – (d) are the images of the NE-based nanofluids with 0.1% b/w
TiO2 particles under +6 kV DC stress at different time moments. Figure 7-9 (e) – (h) are the
images of the NE-based nanofluids with 0.1% b/w BN particles under +6 kV DC stress at
different time moments. The dark space in the left of each image in Figure 7-9 is the surface
of the grounded electrode, and the dark space on the right side in each image is the nanofluids.
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Figure 7-9 Micro-scale observation images of nanofluids consisting of 0.1% b/w
concentrated BN/TiO2 and the NE under positive DC voltages. For (a) - (l), t is the moment
after the voltage switch on, V is the stressed voltage level, and ‘BN/TiO2’ indicates dispersed
particles. The electrode presented on the left side of the individual image is the grounded
electrode, one of which is labelled in image (d), (h).
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As shown in Figure 7-9, the low particle density space (labelled as ‘Gap’ in Figure 7-9 (d)
and (h)) in the nanofluid stressed with the electric field becomes wider with an increase in the
voltage magnitude and time of application. This tendency is in agreement with the results
obtained by the direct observation method of the NE-based nanofluids, and it confirms that
both, TiO2 and BN nanoparticles are negatively charged in the NE-based nanofluids.

The images shown in Figure 7-9 also confirm that the low particle density space in the NEbased nanofluids with TiO2 particles is wider than the low particle density space in the NEbased nanofluids consisting with BN particles at the same DC voltage levels and the same
duration of DC stress. This tendency is similar to the tendency observed in the SE-based
nanofluids, as shown in Figure 7-4. As discussed in the previous section, the larger low
particle density space in the NE-based nanofluids with BN particles compared with the NEbased nanofluids with TiO2 particles indicates a stronger effect of the electric field on the BN
particles than on the TiO2 particles. This finding agrees with the third characteristic obtained
by the direct observation method, i.e., the TiO2 particles demonstrate a lower precipitation
tendency compared with the BN particles at the same conditions.

According to the images of the SE-based nanofluids obtained by both the direct observation
and the micro-scale observation methods, particles in the NE-based and the SE-based
nanofluids behave similarly. This is an expected finding as the NE and SE fluids have similar
electrical conductivities and relative permittivities (as shown in Table 4-1 in Section 4.1.1),
And furthermore, the results in Chapter 5 and 6 have shown that the mobility of charge carriers
in these two esters and the space charge density of these two esters are also similar to each
other.

In this case, to investigate the effect of the base liquid on the behaviours of nanofluids, a
comprehensive investigation of the nanofluids prepared using different base was conducted
and the obtained results are presented in the next section

7.4 Particle Dynamics in Mineral-oil-based Nanofluids

The Shell Diala B has significantly lower electrical conductivity and lower dielectric
permittivity compared with both ester liquids. It was shown in Chapters 5 and 6 that the space
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charge density of the MO is also lower than that in both esters. Thus, it can be expected that
the dynamic behaviour of the MO-based nanofluids will be different from the ester-based
nanofluids presented in two previous sections. Moreover, the lower viscosity of the mineral
oil also results in a weaker dispersion stability of the particles suspended in the MO-based
nanofluid. Both aspects are reflected in the results presented in this section.

7.4.1

Direct Observation

The direct observation images of the MO-based nanofluids with the 0.1% b/w concentration
of BN or TiO2 particles stressed with positive and negative voltages are presented in Figure
7-10 and Figure 7-12, respectively. All experimental arrangements remain the same as in the
previous two sections: the images in Figure 7-10 and Figure 7-12 are the snapshots from the
videos recorded using the direct observation method at two moments, at the 30th minute and
at the 60th minute after application of voltage. All images in Figure 7-10 and Figure 7-12 show
the local area close to the positive energised electrode.
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Figure 7-10 Direct observation images of nanofluids with 0.1% b/w concentration of BN
and TiO2 particles stressed with positive DC voltage. t is the elapsed after application of DC
voltage, V is the applied voltage, BN or TiO2 indicated the type of dispersed particles. The
electrode on the right side of each image is the energised electrode, while the opposite
electrode is the grounded electrode.

- 209 -

Particle Dynamics in Mineral-oil-based Nanofluids

As shown in Figure 7-10, the behaviour of the MO-based nanofluids is significantly different
from the behaviour of the ester-based nanofluids: the dispersed particles are attracted to both
electrodes in all tests. Besides, the precipitation tendency of both TiO2 and BN particles in
the MO-based nanofluids is more intensive (faster) than in any of the ester-based nanofluids.
For example, as it is shown in Figure 7-10 (a) and (c), the MO-based nanofluids are clearer
than the ester-based nanofluids ( Figure 7-7 (a) and (c)) under the same conditions.

Also, it was found that TiO2 particles in highly concentrated (0.1% b/w) MO-based nanofluids
stressed with DC voltage demonstrated a tendency to agglomerate and to form clusters of
particles during the test. These clusters were floating on the surface of the MO-based
nanofluids, such clustering was not observed in any other types of nanofluids studied in this
research.

Another effect observed in the MO-based nanofluid stressed with high electric field is a
formation of particle chains, as shown in Figure 7-10. It can be seen that straight BN and TiO2
particle chains were formed during the tests. For example, several straight particle chains are
clearly visible in Figure 7-10 (e), (i), and (j). To deliver a clear view of these particle chains,
two direct observation images were zoomed in and presented in Figure 7-11.
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Figure 7-11 Direct observation images of MO-based nanofluids with the 0.1% b/w
concentration of BN and TiO2 particles the under positive DC stress. t is the time elapsed
after application of volatge, V is the voltage level, BN and TiO2 indicate the type of
particles. The electrode presented on the right side in each image is the energised electrode.
The ‘Particle Chain’ label indicates the particle chains formed in the nanofluid.

The straight particle chains are visible in both images in Figure 7-11. It can be seen that all
these chains are formed perpendicular to the electrode surface, along the field lines, which
stipulates that these chains are formed due to polarisation of the particles in the external
electric field.
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Figure 7-12 Direct observation images of nanofluids with 0.1% b/w concentration of BN
and TiO2 particles stressed with negative DC voltage. t is the elapsed after application of
DC voltage, V is the applied voltage, BN or TiO2 indicated the type of suspended particles.
The electrode on the right side of each image is the energised electrode, while the opposite
electrode is the grounded electrode.
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The direct observation images of the MO-based nanofluids with 0.1% b/w concentration of
BN and TiO2 particles under negative DC stress are shown in Figure 7-12. This figure shows
that the behaviour of the nanofluids stressed with negative voltage is similar to the behaviour
of the nanofluids under positive DC stress. Firstly, as all images in Figure 7-12 show, the
particles precipitate on both electrodes. Secondly, clusters of floating TiO2 particles can be
formed in the nanofluids under negative DC stress. Finally, the straight particle chains were
formed in the MO-based nanofluids under positive DC stress as in the case of the negatively
stresses MO-based nanofluids. Furthermore, in some cases, these chains of TiO2 particles
formed in the MO-based nanofluids under the negative DC stress cross the entire interelectrode gap and form ‘particle bridges’, some of which are shown in Figure 7-12 (g), (h). A
zoomed-in image of the particle bridges is shown in Figure 7-13.

Figure 7-13 Direct observation image of MO-based nanofluids with 0.1% b/w
concentration of TiO2 particles under positive 4 kV DC voltage. The image was taken at
the 40th minute after application of volatge. The electrode shown on the right side of the
image is the energised electrode.
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Two particle bridges formed between the electrodes are clearly visible in Figure 7-13. This
bridging phenomenon will be discussed in the next section based on the micro-scale images
of the nanofluids.

Figure 7-10 to Figure 7-12 show the behaviours of the MO-based nanofluids under DC stress,
from which a summary was obtained and presented below:

1) TiO2 and BN nanoparticles in the MO-based nanofluids precipitate on both electrodes
in the case of positive and negative DC stress.
2) Straight particle chains are formed in the nanofluids with BN and TiO2 particles.
Several parallel particle bridges were observed in the nanofluids with TiO2 particles.
3) The precipitation process is faster in the MO-based nanofluids than the ester-based
nanofluids.

The faster precipitation tendency of particles in the MO-based nanofluids can be attributed to
the weaker dispersion stability of the MO-based nanofluids. It was found that visually notable
precipitation of particles in the MO-based nanofluids with 0.1% b/w concentration of
nanoparticles took place within ~ 2 hours after preparation of these nanofluids, while for the
ester-based nanofluids sedimentation of the particles started to be visible after more than one
week from the preparation date of these nanofluids.

7.4.2 Micro-scale Observation
Figure 7-14 and Figure 7-15 present the micro-scale images of the nanofluids under +6 kV
stress at different time moments. Figure 7-14 shows the images of the MO-based nanofluids
with 0.1% b/w concentration of BN nanoparticles, while Figure 7-15 shows the images of the
MO-based nanofluids with 0.1% b/w concentration of TiO2 particles. The dark areas on the
left in each image in Figure 7-14 and Figure 7-15 are the surface edges of the grounded
electrode.
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Figure 7-14 Micro-scale images of the MO-based nanofluid with 0.1% b/w concentration
of BN particles under + 6 kV DC voltage. t is the time elapsed after application of voltage.
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As shown in Figure 7-14, the BN particles suspended in the MO start to assemble into straight
particle chains after application of the voltage, these chains are perpendicular to the surface
of the electrode, i.e., they are aligned with the direction of the electric field between two
electrodes. This tendency is in a good agreement with the structure and location of the particle
chains obtained from the direct observation images (as seen from Figure 7-10 to Figure 7-12 ).
Besides, it is also shown in Figure 7-14 that the particle chains increase in their size with an
increase in time.

Figure 7-15 Micro-scale observation images of nanofluids consisting of 0.1% b/w
concentrated TiO2 and the MO under positive 6 kV DC voltages. For image (a) - (f), t is
time elapsed after application of the voltage.
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Figure 7-15 shows the formation of the TiO2 particle chains in the MO-based nanofluids.
Firstly, the TiO2 particle chains are aligned with the direction of the electric field between
two electrodes, which agrees with the chain topologies obtained from the direct observation
images (as seen in Figure 7-11).
Secondly, compared with the BN particle chains, the TiO2 particle chains are longer. These
longer chains lead to formation of the particle bridges found only in the nanofluids with TiO2
particles during the direct observation measurement. In [130], Mahmud et al. reported similar
‘particle bridges’ formed between two electrodes under the DC voltage stress. In their
research, the fibber-like dust particles made from pressboard were dispersed into mineral oils
to simulate the contaminated transform oil. The author observed that the longer fibre-like
particles attach to the electrodes first and then elongate towards the opposite electrode under
the DC stress. At the same time, smaller particles are attracted to the long fibre-like particles.
The particle chains continue to grow and eventually form complete bridges. As Figure 7-15
show that the TiO2 particle chains are longer than the BN particle chains, it can hence
conclude that it is easier to form particle bridges in the nanofluids with the TiO2 particles
rather than with the BN particles.
In this section, the existence of the straight particle chains in the MO-based nanofluids is
confirmed by the micro-scale observation images. Besides, it is shown by the images that the
direction of both the BN and TiO2 particle chains is parallel to the external electric field.
Finally, it is found that the TiO2 particle chains are generally longer than the BN particle
chains, which results in the formation of the TiO2 ‘particle bridge(s)’ in the MO-based
nanofluids with 0.1% b/w concentration of TiO2 particles.
Based on the results obtained and presented in this section, it can be stated that the suspended
particles become polarised when the nanofluid is stressed with the external electric field. The
dynamics of the particles is governed by both the EHD movement of the fluid and by the
dipole-dipole interaction between the particles, the latter may lead to the formation of the
particle chains and bridges. Polarised particles can form the particle chains along the field
lines and these chains attach to the electrode surface. The ‘particle bridge’ can be formed
between two electrodes.
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7.5 Discussion and Summary

The images of nanofluids stressed with DC electric field obtained by the direct observation
and the micro-scale observation methods are presented in this chapter. These images provide
insight into the dynamic behaviour of the particles in the nanofluids.

For the ester-based nanofluids it was found that:

(1) both BN and TiO2 particles are negatively charged under the DC stress.
(2) BN particles in the esters-based nanofluids precipitate faster than TiO2 particles.

For the mineral-oil-based nanofluids it was found that:

(3) BN and TiO2 particles are polarised under the DC stress, which leads to formation of the
straight particle chains in the nanofluids.
(4) The TiO2 particle chains are longer than the BN particle chains. The ‘particle bridges’
formed between two electrodes were observed in the MO-based nanofluids with TiO2
particles. No complete particle bridges were formed in the MO-based nanofluids with BN
particles.

Potential reason for results (2) and (4) is not only the surface charge on the particles but also
all forces acting on the particle, i.e., the Coulomb force, gravity, buoyance, and the drag force
due to the motion of particles in the fluid. For example, more intensive precipitation of TiO2
particles than BN particles could be a result of their different physical and topological
properties: the nominal specific density of TiO2 particles, 4.23 g/cm3 is almost twice higher
than the nominal specific density of BN particles, 2.1 g/cm3 although the average diameter of
TiO2 particles in the NE-based and MO-based nanofluids is greater than the average diameter
of BN particles, as shown in Table 4-4. Further investigation of these aspects is required.

To explore potential mechanisms which underpin results (1) and (3), an analysis based on the
model of polarisation processes (Chapter 3) and the space charge density (Chapter 5 & 6), has
been conducted and discussed below.
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The surface charge distribution on a single particle placed in the dielectric liquid was obtained
in Section 3.2.2. Using Equation 3-10, 3-11 and 3-13 with the relevant parameters, the surface
charge distribution on the particles was calculated, and shown in Figure 7-16 and Figure 7-17.
The following conditions were used in this analysis.

Firstly, as discussed in Section 3.2.1, the surface charge was calculated based on the MaxwellWagner relaxation process, which takes place during specific transient time. The surface
charge obtained in Section 3.2.1 show that the transient time (which is defined as five
Maxwell-Wagner time constants) for a TiO2 particle is 147.00 s in esters and 280.90 s in
mineral oils. Considering that the duration of the DC stress in the direct and the micro-scale
observation methods is 3600 s and 1200 s, respectively, the present analysis assumes that all
particles have their saturated surface charge. Thus, the duration of the applied voltage in the
present analysis equals to 5 Maxwell Wagner time constants.

Secondly, Equation 3-10, 3-11 and 3-13 determine the linear relationship between the surface
charge and the electric field strength. In this case, the simulations were conducted using a
single field strength, 800 kV/m, which corresponds to the electric field strength between the
two electrodes in the Plane-Plane test cell stressed with 4 kV.

Thirdly, the electrical conductivity and relative permittivity of the SE, the NE, and the MO
can be found in Table 4-1 in Section 4.1.1. The electrical conductivity and relative
permittivity of the BN and TiO2 particles can be found in Table 3-1 in Section 3.2.1. Using
these values, the surface charge on BN particles was obtained using the maximum and
minimum values of the electrical conductivity of these particles and the fluids. The
dimensions of the BN and TiO2 particles are given in Table 4-4 in Section 4.1.3.

Finally, the units of the surface charge density used in Figure 7-16 and are “elementary charge
per nanometre squared”, e/nm2.
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Figure 7-16 Surface charge distribution on individual TiO2 particle in three dielectric
liquids. The electric field strength is 800 kV/m. The duration of the applied field equals to
5 Maxwell Wagner time constants. The blue arrows indicate the direction of the electric
field. The colors on the particle surface indicate the relative charge density.

Figure 7-16 shows that the surface charge distribution on a single TiO2 particle has a rotation
symmetry, it is symmetrical in the direction of the external electric field. The highest surface
charge density is observed on the poles of the particle. The highest surface charge density on
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TiO2 particles in esters is much higher than that of TiO2 particles in the mineral oil. The
maximum values of the charge densities on TiO2 particles in different liquids are presented in
Table 7-1.

Table 7-1 Maximum Surface Charge Density on TiO2 Particle

Liquid

Synthetic Ester

Natural Ester

Mineral Oil

Highest Charge Density
(e/nm2)

~ 0.0017

~ 0.0018

~ 0.0002

Thus, based on these simulation results, the following conclusion can be derived: for the TiO2
particles under the same external electric field, the accumulated surface charge on TiO2
particles in ester is approximately one order of magnitude higher than that TiO2 particle in the
mineral oil. Based on this conclusion, a potential mechanism for the different charge states of
the TiO2 particle in esters and mineral oils can be proposed as follows.

Generally, the positive and negative charge carriers in the dielectric liquids can be considered
as the positively and negatively charged molecules, respectively. According to the
mathematical model developed in this research, the positive/negative charges are distributed
on the two half-spheres of the particle. This distribution characteristic can be applied to the
scenario in the mineral-oil-based nanofluids well: the positively charged molecules and
negatively charged molecules are distributed on the two poles of the particles equally, leading
to the polarised state of the particle in the nanofluids.

However, for the ester-based nanofluids, the results presented in Chapter 5 and 6 show that
the charge density in the ester is approximately one order of magnitude higher than that in the
mineral oils. The higher space charge density in esters is explained by the simulation in [120]
which show that it is easier for ester molecules to release electrons than for the mineral oil
molecules. In this case, it can be expected that the negative charge accumulated on the particle
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in the ester-based nanofluids is not only the negatively charged molecules but also electrons,
while the positive charge is still defined by only positively charged molecules.
Correspondingly, the difference between the constituent of the positive accumulated charge
and the negative accumulated charge could cause a different accumulating efficiency, i.e.,
there could be more negative charge accumulated on the particle than the positive charge,
leading to the net negative charge on the particle in the ester.

In particular, as the results in Table 7-1 show, the accumulated charge on the particle in the
ester is approximately one order of magnitude higher than that on the particle in the mineral
oil, which can furtherly amplify the net negative charge on the particle in the ester, resulting
in the negatively charged particles in the ester.

From Figure 7-17, it can be seen that the surface charge distribution on a single BN particle
shows the same characteristics in the case of TiO2 particles: the surface charge density
demonstrates a rotation symmetry in the direction of the external electric field, and the highest
surface charge density occurs at the poles of the particle.
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Figure 7-17 Surface charge distribution on individual BN particle in three dielectric liquids.
The electric field strength is 800 kV/m. The duration of the applied field equals to 5
Maxwell Wagner time constants. The blue arrows indicate the direction of the electric field.
The colors on the particle surface indicate the relative charge density.

The results in Figure 7-17 show that that the maximum surface charge density on BN particles
in esters is significantly higher than that on BN particles in mineral oils.
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Therefore, the mechanisms similar to those used to explain the charging processes of TiO2
particles can be proposed to explain the experiment results in the case of the BN particles: the
potential negative net charge on BN particle in the ester is amplified by significantly higher
accumulated charge on BN particle in the ester- compared with the charge on the BN particle
in the mineral-oil, leading to the net negatively charged BN particles in the esters, but only
polarised BN particles in the mineral oils.

In this chapter, both the direct observation and the micro-scale observation were utilised to
investigate the dynamic behaviours of the nanofluids under the DC voltage stress. The TiO2
and BN particles are dispersed with the SE, the NE, and the MO, respectively, to achieve the
nanofluids being studied in this research. The results of these investigations show that both
the TiO2 and BN particles are negatively charged in the esters under the DC stress. However,
TiO2 and BN particles are polarised only (no net charge) in the mineral oils under the DC
stress. This is due higher electron capture ability of these two particles as compared with the
ester molecules, but lower electron capture ability as compared with the mineral oil molecules.
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OF CHARGE CARRIERS IN NANOFLUIDS

In Chapters 5 and 6, the conduction current and the mobility of charge carriers in three
dielectric liquids (the synthetic and natural esters and the mineral oil) were obtained in the
electric field from ~ 10 kV/m to ~ 10 ∙ 108 kV/m. A positive correlation between the
mobility of the charge carriers and the electric field strength was established for all three
tested liquids. Besides, the obtained results show that the space charge density in the ester
liquids is significantly higher (about one order of magnitude) than that in the mineral oil
under the same applied electric field.
The mobility of charge carriers and the EHD movement of particles was also investigated
in nanofluids. In Chapter 7, the EHD behaviour of nanoparticles in the nanofluids was
investigated using the direct and micro-scale observation methods. The results of this study
demonstrated that both TiO2 and BN particles are negatively charged in the ester-based
nanofluids but only polarised in the mineral-oil-based nanofluids.
Further investigations of the nanofluids are required to obtain their dielectric properties.
Thus, it is necessary and important to characterise the electric conduction processes in these
nanofluids. The results of these investigations will help to provide recommendations for
practical use of nanofluids as insulating liquids in high voltage systems and apparatuses in
different power and pulsed power applications. Therefore, the electric conduction current
and the mobility of charge carriers in the nanofluids were investigated in the present
chapter. This chapter presents and discusses the obtained experimental results on the
conduction processes in the nanofluids with 0.1 % b/w and 0.005% b/w concentrations of
TiO2 and BN particles. The DC electric current and the mobility of charge carriers in the
nanofluids have been obtained, and these characteristics have been compared with the same
parameters obtained in pure liquids.
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8.1 Experimental Procedure

The ToF measurements were conducted to facilitate the analysis of the mobility of charge
carriers in the nanofluids. The prepared nanofluids were subjected to the DC stress in the test
cell with the guard-ring structure. The single-polarity method was used to measure the time
of flight.

8.1.1

Tests Conducted in the Guard-Ring Test Cell

Nanofluids with 0.005% b/w and 0.1% b/w concentrations of TiO2 and BN particles were
tested in this study. The preparation procedure of these nanofluids and the rationale for
selection of these specific concentrations of BN and TiO2 particles were presented in
Section 4.1.2. The lower concentration of TiO2 nano-particles, 0.005% b/w, is proved to
increase the breakdown strength of nanofluids [21]. The higher concentration, 0.1% b/w, was
selected to investigate the effect of higher concentration of solid nanoparticles on the
behaviours of these nanoparticles in the external electric field. The size distribution of the
TiO2 and BN nanoparticles in the developed nanofluids were obtained and presented in Table
4-4 in Section 4.1.3.

The single-polarity measurements were conducted by applying a DC step voltage to the test
cell with the guard-ring topology. The schematic diagram of the test cell and the experimental
test system arrangement were presented in Figure 4-8 in Section 4.3.1. During the individual
test, all nanofluids were stressed with DC voltage for 60 minutes. The electric current passing
through the test cell was measured by the Keithley 6514 electrometer, and the data acquisition
rate was two current readings per second.

Three DC voltage levels of both polarities: ± 2 kV, ± 4 kV, and ± 6 kV, were selected for
these single-polarity ToF tests. Three individual tests were carried out for each type of
nanofluid stressed with a specific voltage level. Each individual test was conducted using a
fresh sample of specific nanofluid, the prepared nanofluids were stored in a sealed storage
container. After each ToF test, the test cell was cleaned with ethanol and lint-free tissue to
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remove residual fluid from the internal surface of the test cell and the surface of the two
electrodes.

8.2 Experimental Results: Nanofluids with TiO2 Particles

The results obtained using nanofluids consisting of the TiO2 particles are presented in this
section. The electric current passing through the nanofluids stressed with different voltage
levels was obtained by the single-polarity method and the mobility of the charge carriers was
obtained and analysed. The current through the pure liquids (no suspended particles) and the
mobility of charge carriers in the pure dielectric liquids obtained from Section 5.3.1 to 5.3.3.
are presented in this chapter as the reference.

8.2.1

Electric Current and Mobility of Charge Carriers in Synthetic-esterbased Nanofluids

The conduction current passing through the MIDEL 7131 Synthetic Ester based nanofluids
with 0.005% b/w and 0.1% b/w concentrations of TiO2 particles, and through the pure SE
liquid stressed with DC voltage is shown in Figure 8-1 and Figure 8-2. The conduction current
in the pure SE fluid was obtained and discussed in Section 5.3.1. This current as a function of
time is shown in Figure 8-1 and Figure 8-2 for the reference purposes. Each current line in
Figure 8-1 represents the value from three individual tests.
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Figure 8-1 Current through the SE-based nanofluids with 0.1% b/w and 0.005% b/w
concentrations of TiO2 particles (positive DC voltage). Each individual current line is an
average of three individual tests. The current through the pure SE is shown as a reference.
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Figure 8-1 shows that the electric current through the SE-based nanofluids with 0.1% b/w
concentration of TiO2 particles is significantly higher than the current through both the pure
SE and the SE-based nanofluid with 0.005% concentration of TiO2 particles under the same
voltage level.

The current values fluctuate during the 60-minute measurement interval. In this research, it
was found that the nanofluids with 0.1% concentration took much longer time (generally more
than 3 hours) than the dielectric liquids to reach the quasi-steady state. In this case, it is
impossible to use the conduction current for the current analysis in this study. To quantify the
difference between the currents in the prepared nanofluid, the current obtained at the end of
each test (i.e., between the 59th and 60th min of measurements) was used. This current is
referred to as the ‘Final Current’. Thus, the current obtained between the 59th and 60th min of
application of the DC stress was used to calculate the average “Final Current” value for each
sample, the obtained “Final Currents” for each nanofluids studied in this section are shown in
Table 8-1.

Table 8-1 Final current for the SE-based nanofluids (positive energisation)

Final Current (nA)
Liquid

Pure Synthetic Ester
SE-based Nanofluid
(0.005% b/w TiO2 particles)
SE-based Nanofluid
(0.1% b/w TiO2 particles)

+2 kV

+4 kV

+6 kV

0.397±0.002

0.780±0.001

1.033±0.004

0.358±0.004

0.895±0.006

1.041±0.008

0.938±0.004

1.726±0.011

1.895±0.006
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The uncertainty in Table 8-1 was calculated according to the procedure presented in Section 0.
Type A uncertainty evaluation method was used to calculate the standard deviation at the 95%
confidence level using the sample size of 360 data points. Type B evaluation was used to
obtain the uncertainty associated with the voltage source. The uncertainties provided in Table
8-1 are combined uncertainties which were obtained by Equation III-1 in Section 0 using both
evaluation types: A and B.

As shown in Table 8-1, the final current through the SE-based nanofluids with 0.005% b/w
concentration of the TiO2 particles is like that through the pure SE fluid under the same
voltage level. On the other hand, the final currents through the SE-based nanofluids with 0.1%
b/w concentration of the TiO2 particles are ~ (1.8 - 2.2) times higher than the final currents
through the pure SE fluid under the same DC voltage. The difference between the final
currents through the SE-based nanofluids with 0.1% b/w concentration of the TiO2 particles
and the pure SE fluid decreases when the voltage level increases. Based on the current plots
and the EHD behaviours of the nanoparticles obtained in the previous chapter, it can be
concluded that the higher currents through the SE-based nanofluids with 0.1% b/w
concentration of the TiO2 particles can be attributed to the motion of the TiO2 particles. A
detailed discussion of this effect is presented in Section 8.4.

From Figure 8-1, two current peaks, which were found in the pure dielectric liquids, are also
present in these two nanofluids. Like the description in Section 5.3.1, the ‘first current peak’
refers to the peak which appears early in the test, and the ‘second current peak’ refers to the
peak that appears after the first one. To resolve the second peak more clearly, time axis in the
current plots is presented in the log scale. According to Section 5.3.1, the time to appearance
of the first current peak is the ToF interval, which is used to calculate the charge carrier
mobility according to Equation 2-26 in Section 2.3.1.

In addition, as introduced in Section 2.3.1, a correction coefficient is introduced in
calculations of the mobility of charge carriers in the single-polarity method. The application
of this coefficient is described by Equation 2-26 in Section 2.3.1. However, the measurement
of the correction coefficient for the nanofluids was obstructed because the particles in the
nanofluids can form a closed-circuit easily in the coaxial test cell (the gap distance between
the two electrodes is only 1 mm). Therefore, for the nanofluids, the correction coefficient used
in the mobility calculation is followed the correction coefficient of the relative hosting liquids.
In this case, the correction coefficient of the SE presented in Section 5.2.1 was selected as the
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correction coefficient for the SE-based nanofluids. In this Section, the mobility of charge
carriers in the nanofluids was calculated following the same procedure as described in
Section 5.3.1. The obtained mobilities and their uncertainties are presented in Table 8-2.

Table 8-2 Mobility of charge carriers in the tested liquids under positive DC voltage

Mobility (´10-9 m2/(V·s))
Liquid

Pure Synthetic Ester
SE-based Nanofluid
(0.005% b/w TiO2 particles)
SE-based Nanofluid
(0.1% b/w TiO2 particles)

+2 kV

+4 kV

+6 kV

0.95±0.17

0.88±0.20

0.78±0.12

1.26±1.08

1.26±0.59

0.98±0.14

2.20±1.13

1.60±0.67

1.30±0.19

The Type A uncertainty in the mobility calculation is related to the ToF intervals obtained in
three individual tests. Considering the small sample size (three tests), the Type A uncertainty
was calculated at the 95% confidence level using the two-sided, two degrees of freedom
Student distribution parameters.

The Type B uncertainty in the calculation stems from the uncertainty of the clock of the
LabVIEW and the voltage source. The uncertainty given in Table 8-2 is the combined
uncertainty which includes uncertainties of both Type A and Type B. This combination was
delivered by Equation III-1 in Section 0.

The obtained mobility of charge carriers in three types of liquids are given in Table 8-2, which
shows that the mobility decreases with a decrease in the concentration of nanoparticles in the
tested liquid. The mobility is highest for the SE-based nanofluid with a 0.1% b/w
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concentration of TiO2 nanoparticles and the lowest for the pure SE. This tendency can be seen
at all three tested voltage levels. Further discussions on the mechanisms behind this
characteristic will be presented in Section 8.4.

Moreover, it was found that the uncertainties in the obtained mobility values for the nanofluids
with 0.005% b/w and 0.1% b/w concentrations of TiO2 nanoparticles decrease with an
increase in the applied voltage. This is the result of short ToF values, which are close to data
acquisition rates, i.e., the ToFs of all three individual tests of the nanofluids with 0.1% b/w
concentration of TiO2 nanoparticles stressed with +6 kV are 1.5 s, which corresponds to 3
current acquisition intervals (the electrometer returns only three current measurements within
1.5 s). Thus, the accuracy in resolution of the current peaks in the time domain is limited by
the data acquisition rate, resulting in that the Type A uncertainty of the ToF was zero in this
case.

The conduction current through the nanofluids was also obtained under negative DC
energisation. The current-time characteristics under negative voltage stress is presented in
Figure 8-2.
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Figure 8-2. Current through the SE-based nanofluids with 0.1% b/w and 0.005% b/w
concentrations of TiO2 particles (negative DC voltage). Each individual current line is an
average of three individual tests. The current through the pure SE is shown as a reference.
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The final current in all three types of dielectric liquids under the negative DC stress was
obtained following the procedure described for the positive energisation, and the results are
listed in Table 8-3.

Table 8-3 Final current for the SE-based nanofluids (negative energisation)

Final Current (nA)
Liquid

Pure Synthetic Ester
SE-based Nanofluid
(0.005% b/w TiO2 particles)
SE-based Nanofluid
(0.1% b/w TiO2 particles)

-2 kV

-4 kV

-6 kV

0.399±0.001

0.791±0.001

1.182±0.002

0.376±0.004

0.874±0.009

1.044±0.008

1.417±0.038

2.364±0.004

3.399±0.008

It can be seen from Table 8-3 that the final currents in the nanofluids with 0.1% b/w
concentration of TiO2 nanoparticles are approximately three times higher than the final
currents in both pure SE and the SE-based nanofluid with 0.005% b/w concentration of TiO2
nanoparticles under the same DC voltage.

The final currents in the nanofluids with 0.1% b/w concentration of TiO2 stressed negatively
are ~ 50% higher than the final currents in the same nanofluid under positive energisation
under the same voltage level. However, the final currents in the nanofluid with 0.005% b/w
concentration of TiO2 nanoparticles under positive DC energisation are similar to the final
currents in the same nanofluids under negative energisation.

In the case of the negative energisation, the current waveforms also demonstrate two current
peaks, which are like the case of the positive energisation. The ToF obtained using the first
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current peak were used to calculate the mobility of charge carriers in the nanofluids, and the
results with the relative uncertainties are presented in Table 8-4.

Table 8-4 Mobility of charge carriers in the tested liquids under negative DC voltage

Mobility (´10-9 m2/(V·s))
Liquid

Pure Synthetic Ester
SE-based Nanofluid
(0.005% b/w TiO2 particles)
SE-based Nanofluid
(0.1% b/w TiO2 particles)

-2 kV

-4 kV

-6 kV

0.69±0.17

0.54±0.13

0.62±0.14

1.21±1.01

1.10±0.61

1.07±0.45

2.07±1.09

1.96±0.29

1.30±0.19

It shows that the mobility of charge carriers in the SE-based nanofluids under negative
energisation is the highest with the largest concentration of the TiO2 0.1% b/w and the smallest
with the pure SE fluid. This tendency is same with the tendency demonstrated by the
mobilities obtained under positive energisation.

The results presented in Table 8-2 and Table 8-4, also demonstrate that the mobility of charge
carriers in the pure SE under positive energisation is higher than that under negative
energisation (at the same voltage level). However, in the SE-based nanofluids, the mobility
of charge carriers under positive energisation is similar to that under negative energisation (at
the same voltage level).

It was also found that the uncertainties in the mobility for both SE-based nanofluids with
0.005% b/w and 0.1% b/w concentrations of TiO2 nanoparticles decreases with an increase in
the applied voltage, which is like the tendency observed under positive energisation.
- 235 -

Experimental Results: Nanofluids with TiO2 Particles

8.2.2

Electric Current and Mobility of Charge Carriers in Natural-ester-based
Nanofluids

Figure 8-3 and Figure 8-4 show the current plots of the NE-based nanofluids under positive
and negative voltages, respectively. The current plots of the NE from Section 5.3.2 are also
included in Figure 8-3 and Figure 8-4 for reference.
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Figure 8-3 Current through the NE-based nanofluids with 0.1% b/w and 0.005% b/w
concentrations of TiO2 particles (positive DC voltage). Each individual current line is an
average of three individual tests. The current through the pure NE is shown as a reference.
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Figure 8-3 presents the current plots obtained for the NE-based nanofluids with the following
concentrations of TiO2 particles: 0.005% b/w and 0.1% b/w. Each individual current plot in
Figure 8-3 represents an averaged result based on three individual tests. Using current
waveform shown in Figure 8-3, the final currents in three types of liquids were obtained, and
the results with the relative uncertainties are given in Table 8-5:

Table 8-5 Final current for the NE-based nanofluids (positive energisation)

Final Current (nA)
Liquid

Pure Natural Ester
NE-based Nanofluid
(0.005% b/w TiO2 particles)
NE-based Nanofluid
(0.1% b/w TiO2 particles)

+2 kV

+4 kV

+6 kV

0.405±0.001

0.738±0.002

1.083±0.005

0.545±0.005

1.053±0.005

1.504±0.009

0.766±0.006

1.460±0.007

2.405±0.012

The results presented in Table 8-5 show that the final currents in both NE-based nanofluids
with 0.005% and 0.1% b/w concentration of TiO2 nanoparticles are higher than the final
currents of the pure NE under the same voltage level. The final currents in the NE-based
nanofluid with 0.005% b/w concentration of TiO2 nanoparticles are ~ (1.3 – 1.4) times higher
than the final currents in the pure NE, while the final currents in the NE-based nanofluids with
0.1% b/w concentration of TiO2 nanoparticles are ~ (1.9 – 2.2) times higher than the final
currents in the pure NE.

The mobility of charge carriers in the tested liquids was following the same procedure
described in the previous section, the obtained mobility values with their relative uncertainties
are shown in Table 8-6.
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Table 8-6 Mobility of charge carriers in the tested liquids under positive DC voltage

Mobility (´10-9 m2/(V·s))
Liquid

Pure Natural Ester
NE-based Nanofluid
(0.005% b/w TiO2 particles)
NE-based Nanofluid
(0.1% b/w TiO2 particles)

+2 kV

+4 kV

+6 kV

1.07±0.12

1.26±0.25

1.20±0.32

1.80±2.81

2.80±2.33

3.36±5.78

1.48±0.40

1.68±1.45

0.99±0.26

The mobility of charge carriers in the tested liquids is given in Table 8-6. However, due to
the large uncertainties in the results, there is no statistically significant difference among the
obtained mobility values. For example, the uncertainties in the mobility for the NE-based
nanofluid with 0.005% b/w concentration of TiO2 nanoparticles are greater than or close to
the values of the relative mobility.

The reason for much higher uncertainties in the mobility of charge carriers in the two types
of nanofluids is not well pronounced current peaks in the current graphs. Thus, it could be
problematic to identify the first current peak in the NE-based nanofluids, as shown in Figure
8-3. In this case, it is difficult to quantify the effect of the nanoparticles on the mobility of
charge carriers is in the NE-based nanofluids.

The results obtained under the negative DC stress are presented in Figure 8-4.
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Figure 8-4 Current through the NE-based nanofluids with 0.1% b/w and 0.005% b/w
concentrations of TiO2 particles (negative DC voltage). Each individual current line is an
average of three individual tests. The current through the pure NE is shown as a reference.
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The final current in the three types of liquids under the negative DC voltage is calculated
using the same procedure as in the case of positive polarity, the final current values with their
relative uncertainties are listed in Table 8-7.

Table 8-7 Final current for the NE-based nanofluids (negative energisation)

Final Current (nA)
Liquid

Pure Natural Ester
NE-based Nanofluid
(0.005% b/w TiO2 particles)
NE-based Nanofluid
(0.1% b/w TiO2 particles)

-2 kV

-4 kV

-6 kV

0.424±0.001

0.751±0.002

1.073±0.004

0.529±0.004

1.112±0.009

1.456±0.009

0.682±0.004

1.443±0.010

1.925±0.010

According to the results shown in Table 8-7, the final currents in the nanofluids with 0.005%
b/w concentration of TiO2 nanoparticles are ~ (1.2 – 1.4) times higher than the final currents
in the pure NE, while the final currents in the nanofluid with 0.1% b/w concentration of TiO2
nanoparticles are ~ (1.7 – 1.9) times higher than the final currents in the pure NE. Both of
these two findings are similar to the results under the positive energisation.

The mobility of charge carriers in the tested liquids was obtained based on the current plots
shown in Figure 8-4, the mobility values with their uncertainties are shown in Table 8-8.
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Table 8-8 Mobility of charge carriers in the tested liquids under negative DC voltage

Mobility (´10-9 m2/(V·s))
Liquid

Pure Natural Ester
NE-based Nanofluid
(0.005% b/w TiO2 particles)
NE-based Nanofluid
(0.1% b/w TiO2 particles)

-2 kV

-4 kV

-6 kV

0.97±0.16

1.14±0.21

1.05±0.24

2.80±4.92

1.80±1.12

1.12±0.57

1.14±0.74

2.10±0.18

2.40±2.95

The mobilities of charge carriers in the nanofluids obtained under negative energisation also
have large uncertainties in the case of negative energisation. For example, for the nanofluids
with 0.005%b/w concentration of TiO2 nanoparticles, the mobility obtained under -2 kV is
smaller than its relative uncertainty, and the uncertainty in the mobility values obtained under
-4 kV and -6 kV is more than half of the mobility values. Thus, further studies on the mobility
in the NE-based are required.

8.2.3

Electric Current in Mineral-oil-based Nanofluids

In Chapter 5 and 6, the mobility of charge carriers in the esters and the mineral oils was
presented and discussed, it was also shown that the space charge density in the ester liquids
is approximately one order of magnitude higher than that in the mineral oils. In Chapter 7, it
was concluded that the nanoparticles are polarised in the mineral oils however they become
negatively charged (acquired a net negative charge) in the ester liquids stressed with the
external electric field.

In this section, the current plots for the MO-based nanofluids under positive and negative
voltages are presented and analysed. The current plots for the MO-based nanofluids are shown
in Figure 8-5 and Figure 8-6, respectively. These current waveforms in the MO-based
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nanofluids were obtained using the single-polarity method, which is discussed in Section 5.3.3.
The current plots obtained in the pure MO are shown as reference.

It was found that the conduction current through the nanofluid with 0.1% b/w concentration
of TiO2 nanoparticles is significantly higher than the conduction current through the nanofluid
with 0.005% b/w concentration of TiO2 nanoparticles at the same voltage level. To provide
the detailed current waveforms for these two nanofluids, the current plots for the nanofluid
with 0.1% b/w and 0.005% b/w concentrations of TiO2 nanoparticles are presented in different
graphs.

For the nanofluids with 0.005% b/w concentration of TiO2 nanoparticles, the current plots
obtained under the positive energisation are shown in Figure 8-5. The current in the nanofluids
with 0.1% b/w concentration of TiO2 nanoparticles under positive energisation is shown in
Figure 8-6. Each individual current line in Figure 8-5 and Figure 8-6 represent an averaged
result from three individual tests.
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Figure 8-5 Current through the MO-based nanofluids with 0.005% b/w concentrations of
TiO2 particles (positive DC voltage). Each individual current line is an average of three
individual tests. The current through the pure MO is shown as a reference.
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Figure 8-6 Current through the MO-based nanofluids with 0.1% b/w concentrations of TiO2
particles (positive DC voltage). Each individual current line is an average of three
individual tests. The current through the pure MO is shown as a reference.
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The final current in all three types of liquids under the positive DC voltage were obtained
using individual current waveforms, the final currents with their relative uncertainties are
listed in Table 8-9:

Table 8-9 Final current for the MO-based nanofluids (positive energisation)

Final Current (nA)
Liquid

Pure Mineral Oil
MO-based Nanofluid
(0.005% b/w TiO2 particles)
MO-based Nanofluid
(0.1% b/w TiO2 particles)

+2 kV

+4 kV

+6 kV

0.007±0.000

0.014±0.000

0.022±0.000

0.026±0.003

0.040±0.006

0.087±0.032

0.178±0.004

0.638±0.061

1.118±0.088

Using the current waveforms shown in Figure 8-5, it can be concluded that the current through
the nanofluid with 0.005% b/w concentrations of TiO2 nanoparticles is ~ (2.9 – 4.0) times
higher than that though the pure MO.

The variation of the current through the nanofluid with 0.005% b/w concentration of TiO2
nanoparticles is significantly higher than the variation in the current through the pure MO,
which is reflected by the relevant uncertainties in the final currents listed in Table 8-9. It
should be emphasised here that the higher variations in the current in the nanofluids with
0.005% b/w concentration of TiO2 nanoparticles results in a difficult identification of the first
peak. Thus, the mobility of the charge carriers in the nanofluids with the 0.005% b/w
concentration of TiO2 nanoparticles requires further investigation.
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Compared with the pure MO, the nanofluids with 0.1% b/w concentrations of TiO2
nanoparticles show ~ (25.4 – 50.8) times higher final currents compared with that through the
pure MO. As shown in Figure 8-6, one clearly resolved current peak occurs in each individual
current waveform. This current peak typically occurs within ~ 5 s after the voltage switch-on.
Then, the current keeps decreasing until the end of the test. Combination this finding with the
observations shown in Section 7.4.1 and 7.4.2, leads to that this current peak is formed due to
the motion of the TiO2 particles in the nanofluids. Thus, the ‘ToF’ obtained from this current
peak cannot be used for the calculation of the mobility.

Figure 8-7 and Figure 8-8 show the current through the nanofluids obtained under negative
energisation.
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Figure 8-7 Current through the MO-based nanofluids with 0.005% b/w concentrations of
TiO2 particles (negative DC voltage). Each individual current line is an average of three
individual tests. The current through the pure MO is shown as a reference.
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Figure 8-8 Current through the MO-based nanofluids with 0.1% b/w concentrations of TiO2
particles (negative DC voltage). Each individual current line is an average of three
individual tests. The current through the pure MO is shown as a reference.
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The Final current in all three types of liquids obtained under the negative energisation with
their relative uncertainties are listed in Table 8-10:

Table 8-10 Final current for the MO-based nanofluids (negative energisation)

Final Current (nA)
Liquid

Pure Mineral Oil
MO-based Nanofluid
(0.005% b/w TiO2 particles)
MO-based Nanofluid
(0.1% b/w TiO2 particles)

-2 kV

-4 kV

-6 kV

0.007±0.001

0.015±0.001

0.023±0.001

0.023±0.001

0.049±0.005

0.063±0.009

0.415±0.031

1.642±0.053

1.292±0.049

The current passing through the nanofluids with 0.005% b/w concentration of TiO2
nanoparticles under negative energisation is ~ (2.7-3.3) times higher than the current passing
through the pure MO. As shown in Table 8-10, the variation of the currents through the
nanofluids with 0.005% b/w concentration of TiO2 nanoparticles are also higher than that
through the pure MO. Therefore, an accurate identification of the first current peak requires
further, higher resolution measurements.

The current as a function of time for the nanofluids with 0.1% b/w concentration of TiO2
nanoparticles, is shown in Figure 8-8. These current waveforms have demonstrated the
tendencies similar to the tendencies found in the current under the positive energisation: the
first current peak is observed in each individual test typically within ~ 5 s after application of
the voltage. The current after this peak decreasing until the end of each individual
measurement, which can be attributed to the motion of the TiO2 particles in the nanofluids.
Moreover, the motion of the TiO2 particles also causes significantly higher currents compared
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with the currents through the MO: the currents through the nanofluids with 0.1% b/w
concentrations of TiO2 nanoparticles are ~ (56.2 – 109.5) times higher than the currents
through the pure MO.

Apart from the nanofluids with TiO2 particles, this study also included investigation of
nanofluids prepared with the BN particles. From Section 8.3.1 to 8.3.3, the current through
the SE-, NE-, MO-based nanofluids with BN particles are presented and discussed,
respectively.

8.3 Experimental Results: Nanofluids with BN Particles

In this section, the conduction current through the SE-, NE- and MO-based nanofluids with
BN particles have been obtained and discussed. The conduction current as a function of time
was obtained under different voltage levels using the single-polarity method. Based on these
current plots, the mobility of charge carriers in these nanofluids was calculated and analysed.
The current plots and mobilities for the pure dielectric liquids first presented in Section 5.3.1
to 5.3.3 are used in this chapter as reference data.

8.3.1

Electric Current and Mobility of Charge Carriers in Synthetic-esterbased Nanofluids

The current through the synthetic-ester-based nanofluids obtained under positive and negative
voltages are shown in Figure 8-9 and Figure 8-10, respectively. The current through the pure
Synthetic Ester (SE, MIDEL 7131) obtained by the single-polarity method, is also presented
in Figure 8-9 and Figure 8-10 for reference.

Figure 8-9 presents the current waveforms obtained for the SE-based nanofluids with the
following concentrations of BN particles: 0.005% b/w and 0.1% b/w. Each current line in
Figure 8-9 represents an averaged result from three independent tests.
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Figure 8-9 Current through the SE-based nanofluids with 0.1% b/w and 0.005% b/w
concentrations of BN particles (positive DC voltage). Each individual current line is an
average of three individual tests. The current through the pure SE is shown as a reference.
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Using the results presented in Figure 8-9, the final current for all three types of liquids under
the positive DC voltage was calculated, the final currents and their relative uncertainties are
listed in Table 8-11:

Table 8-11 Final current for the SE-based nanofluids (positive energisation)

Final Current (nA)
Liquid

Pure Synthetic Ester
SE-based Nanofluid
(0.005% b/w BN particles)
SE-based Nanofluid
(0.1% b/w BN particles)

+2 kV

+4 kV

+6 kV

0.397±0.002

0.780±0.001

1.033±0.004

0.533±0.005

1.405±0.012

1.660±0.007

1.003±0.005

1.369±0.019

1.711±0.003

The final currents listed in Table 8-11 show that BN particles cause an increase in the currents
in both nanofluids with 0.005% and 0.1% b/w concentrations of BN nanoparticles compared
with the current in the pure SE: the final currents in the nanofluid with 0.005% b/w
concentration of BN nanoparticles is ~ (1.4 – 1.8) times greater than the final currents in the
pure SE, while the final current in the nanofluids with the 0.1% b/w concentrations of BN
nanoparticles is ~ (1.7 – 2.3) times greater than the final current in the pure SE.

It can be found from both Table 8-11 and Figure 8-9 that the final currents in the nanofluids
with 0.005% and 0.1% b/w concentration of BN nanoparticles are closed to each other under
+4 kV and +6 kV, energisation. On the other hand, the final current in the nanofluid with 0.1%
b/w concentration of BN nanoparticles is approximately twice higher than the final currents
through the nanofluid with 0.005% b/w concentration of BN nanoparticles under +2 kV.
Besides, the ratio between the final currents in the nanofluid with 0.1% b/w concentration of
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BN nanoparticles and in the pure SE decreases when the voltage level increases: ~ 2.5 for
+2 kV, ~ 1.8 for +4 kV and ~ 1.7 for +6 kV. This tendency is like the tendency observed in
the nanofluids prepared with TiO2 particles. Further analysis of these effects will be presented
in the discussion section in this chapter.

Based on the current plots shown in Figure 8-9, the mobility of charge carriers in the
nanofluids was calculated, the mobility values and their relative uncertainties are presented in
Table 8-12:

Table 8-12 Mobility of charge carriers in the tested liquids under positive DC voltage

Mobility (´10-9 m2/(V·s))
Liquid

Pure Synthetic Ester
SE-based Nanofluid
(0.005% b/w BN particles)
SE-based Nanofluid
(0.1% b/w BN particles)

+2 kV

+4 kV

+6 kV

0.95±0.17

0.88±0.20

0.78±0.12

2.35±4.05

0.98±1.08

0.84±0.29

2.20±2.34

0.93±0.25

0.98±0.14

The mobility of charge carriers in the tested liquids is given in Table 8-12. The uncertainties
in the mobility results show an obvious decreasing trend under the higher voltage levels. Thus,
there is no statistically significant difference between the mobility values obtained for three
liquids under 2 kV and 4 kV. However, in the case of 6 kV, the mobility of charge carriers
decreases with a decrease in concentration of nanoparticles: the largest mobility was obtained
for the nanofluids with 0.1% b/w concentration of BN nanoparticles and the smallest mobility
was obtained for the pure liquids. This tendency agrees with the tendency found in the case
of nanofluids prepared with TiO2 particles. (As can be seen in Table 8-3 in Section 8.2.1).
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The results obtained under the negative DC stress are also presented in Figure 8-10.

Figure 8-10 Current through the SE-based nanofluids with 0.1% b/w and 0.005% b/w
concentrations of BN particles (negative DC voltage). Each individual current line is an
average of three individual tests. The current through the pure SE is shown as a reference.
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Based on the currents presented in Figure 8-10, the final current through the tested liquids
under the negative DC voltage was calculated, and the final current values with their relative
uncertainties are listed in Table 8-13:

Table 8-13 Final current for the SE-based nanofluids (negative energisation)

Final Current (nA)
Liquid

Pure Synthetic Ester
SE-based Nanofluid
(0.005% b/w BN particles)
SE-based Nanofluid
(0.1% b/w BN2 particles)

-2 kV

-4 kV

-6 kV

0.399±0.001

0.791±0.001

1.182±0.002

0.568±0.004

1.726±0.020

2.227±0.005

0.991±0.006

1.578±0.026

2.308±0.007

The final currents presented in Table 8-13 show that BN particles cause an increase in the
final currents in both nanofluids with 0.005% and 0.1% b/w concentration of BN
nanoparticles compared with the current through the pure SE. the final currents through the
nanofluid with 0.005% b/w concentration of BN nanoparticles is ~ (1.4 – 2.2) times greater
than the final current in the pure SE, while the final currents through the nanofluids with 0.1%
b/w concentration of BN nanoparticles is ~ (2.0 – 2.5) times greater than the final currents in
the pure SE.

It can be found from both from both Table 8-13 and Figure 8-10 that the final current in the
nanofluid with 0.1% b/w concentration of BN nanoparticles is approximately twice higher
than the current through the nanofluid with 0.005% b/w concentration of BN nanoparticles
under -2 kV. However, the final currents in the nanofluids with the 0.005% and 0.1% b/w
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concentrations of BN nanoparticles are similar to each other under -4 kV and -6 kV. This
finding is like the tendencies obtained under the positive polarity (as shown in Table 8-11).

Based on the current plots in Figure 8-10, the mobility of charge carriers in the nanofluids
were calculated, the mobilities and their relative uncertainties are presented in Table 8-14:

Table 8-14 Mobility of charge carriers in the tested liquids under negative DC voltage

Mobility (´10-9 m2/(V·s))
Liquid

Pure Synthetic Ester
SE-based Nanofluid
(0.005% b/w BN particles)
SE-based Nanofluid
(0.1% b/w BN particles)

-2 kV

-4 kV

-6 kV

0.69±0.17

0.54±0.13

0.62±0.14

0.95±0.26

0.93±0.25

0.98±0.14

1.85±1.14

1.35±0.92

0.98±0.14

It was found that like the results obtained under positive energisation, the uncertainties of the
mobility values decrease with an increase in the applied voltage.

Based on the results presented in Table 8-14, it can be concluded that the mobility of charge
carriers in both two types of SE-based nanofluids is higher than that in the pure SE, which
agrees with the tendency obtained in the case of positive energisation.
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8.3.2

Electric Current and Mobility of Charge Carriers in Natural-ester-based
Nanofluids

Figure 8-11 and Figure 8-12 show the current through the NE-based nanofluids (NE – Natural
Ester, MIDEL eN1204) under positive and negative energisation, respectively. Figure 8-11
presents the current in the NE-based nanofluids with the following concentrations of BN
particles: 0.005% b/w and 0.1% b/w. Each individual current plot in Figure 8-11 is an
averaged result from three individual tests.
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Figure 8-11 Current through the NE-based nanofluids with 0.1% b/w and 0.005% b/w
concentrations of BN particles (positive DC voltage). Each individual current line is an
average of three individual tests. The current through the pure NE is shown as a reference.
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Based on the obtained current waveforms, the final current in all three types of liquids under
the positive DC voltage was obtained, the final current values with their relative uncertainties
are listed in Table 8-5:

Table 8-15 Final current for the NE-based nanofluids (positive energisation)

Final Current (nA)
Liquid

Pure Natural Ester
NE-based Nanofluid
(0.005% b/w BN particles)
NE-based Nanofluid
(0.1% b/w BN particles)

+2 kV

+4 kV

+6 kV

0.405±0.001

0.738±0.002

1.083±0.005

0.425±0.004

0.908±0.005

1.334±0.015

0.736±0.005

0.929±0.014

1.659±0.020

The results in Table 8-15, demonstrate that the nanoparticles in the fluids affect the final
current: the final current in the nanofluids with 0.005% b/w concentrations of BN
nanoparticles is ~ (1.0 – 1.2) times higher than the final current in the pure NE, while the final
current in the nanofluids with 0.1% b/w concentrations of BN nanoparticles is ~ (1.3 – 1.8)
times greater than the final current in the pure NE.

Like the SE-based nanofluids prepared with the BN particles (as seen in Table 8-13), the final
current through the NE-based nanofluid with 0.1% b/w concentrations of BN nanoparticles
show the decreasing tendency with an increase in the applied voltage.

Based on the obtained currents, the mobility of charge carriers in the tested liquids was
calculated. The mobility values and their relative uncertainties are shown in Table 8-16.
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Table 8-16 Mobility of charge carriers in the tested liquids under positive DC voltage

Mobility (´10-9 m2/(V·s))
Liquid

Pure Natural Ester
NE-based Nanofluid
(0.005% b/w BN particles)
NE-based Nanofluid
(0.1% b/w BN particles)

+2 kV

+4 kV

+6 kV

1.07±0.12

1.26±0.25

1.20±0.32

1.29±0.11

1.40±0.59

1.12±0.09

1.44±1.77

0.93±0.27

0.80±0.29

The obtained mobility does not show a clear functional dependency on the applied voltage.
For example, for the nanofluids with 0.005% b/w concentration of BN nanoparticles, the
mobility of the charges carriers is higher than that in the pure NE under +2 kV but lower than
that in the pure NE under +6 kV. For the nanofluids with 0.1% b/w concentration of BN
nanoparticles, the mobility of charge is lower than that in the pure NE under +4 kV and +6 kV,
however, the wide uncertainty in the mobility results (+2 kV stress) does not allow for
identifications of statistically significant tendencies.

It is expected that the results obtained under the negative energisation will provide more
detailed information on the functional dependency of the mobility of charge carriers.
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Figure 8-12 Current through the NE-based nanofluids with 0.1% b/w and 0.005% b/w
concentrations of BN particles (negative DC voltage). Each individual current line is an
average of three individual tests. The current through the pure NE is shown as a reference.
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The final current in all three types of liquids under the negative DC voltage were obtained,
the final currents with their relative uncertainties are listed in Table 8-17.

Table 8-17 Final current for the NE-based nanofluids (negative energisation)

Final Current (nA)
Liquid

Pure Natural Ester
NE-based Nanofluid
(0.005% b/w BN particles)
NE-based Nanofluid
(0.1% b/w BN particles)

-2 kV

-4 kV

-6 kV

0.436±0.001

0.751±0.001

1.073±0.004

0.450±0.005

1.015±0.007

1.363±0.015

0.739±0.004

1.063±0.008

1.499±0.008

From Table 8-17, it can be seen that both NE-based nanofluids with 0.005% and 0.1% b/w
concentrations of BN nanoparticles demonstrate higher final currents compared with the pure
NE under the same voltage level. The final current in the nanofluids with 0.005% b/w
concentration of BN nanoparticles is up to ~ 1.4 times greater the final current in the pure NE,
while the final current in the nanofluids with 0.1% b/w concentrations of BN nanoparticles is
~ (1.4 – 1.7) times greater than the final currents in the pure NE.

It was also found that final current through the nanofluid with 0.1% b/w concentration of BN
nanoparticles decreases when the applied voltage increases: ~ 1.69 for -2 kV, ~ 1.42 for -4 kV
and ~ 1.40 for -6 kV, which confirms the similar tendency found in the results under positive
polarity.
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Table 8-18 Mobility of charge carriers in the tested liquids under negative DC voltage

Mobility (´10-9 m2/(V·s))
Liquid

Pure Natural Ester
NE-based Nanofluid
(0.005% b/w BN particles)
NE-based Nanofluid
(0.1% b/w BN particles)

-2 kV

-4 kV

-6 kV

0.97±0.16

1.14±0.21

1.05±0.24

1.48±0.51

1.40±0.59

1.20±0.38

1.40±0.59

1.20±0.44

1.20±0.74

As shown in Table 8-18, the mobility of charge carriers in all tested liquids under the negative
DC voltages is higher than the mobility in the pure NE under the same voltage level.

8.3.3

Electric Current in Mineral-oil-based Nanofluids

The current through the Shell Diala B MO-based nanofluids under positive and negative
voltages was obtained and shown in Figure 8-13 and Figure 8-14, respectively. The current
through the pure MO, obtained in Section 5.3.3 previously, are included in Figure 8-13 and
Figure 8-14 for reference.

Figure 8-13 presents the current through the MO-based nanofluids with the following
concentrations of BN particles: 0.005% b/w and 0.1% b/w. Each individual current plot in
Figure 8-13 represents an averaged result from three individual tests.
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Figure 8-13 Current through the MO-based nanofluids with 0.1% b/w and 0.005% b/w
concentrations of BN particles (positive DC voltage). Each individual current line is an
average of three individual tests. The current through the pure MO is shown as a reference.
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Using the current as a function of time shown in Figure 8-13, the final current in the tested
liquids is calculated, of which the results with the uncertainties are listed in Table 8-19.

Table 8-19 Final current for the MO-based nanofluids (positive energisation)

Final Current (nA)
Liquid

Pure Mineral Oil
MO-based Nanofluid
(0.005% b/w BN particles)
MO-based Nanofluid
(0.1% b/w BN particles)

+2 kV

+4 kV

+6 kV

0.007±0.000

0.014±0.000

0.022±0.000

0.040±0.003

0.142±0.010

0.153±0.003

0.034±0.002

0.263±0.007

0.286±0.009

It was found that the addition of the BN particles significantly increased the current through
the nanofluids as compared with the current through the pure MO. For example, the final
current through the nanofluid with the 0.005% b/w concentration of BN nanoparticles is ~ (5.7
– 7.0) times greater than the final currents through the pure MO, while the final currents
through the nanofluid with 0.1% b/w concentrations of BN nanoparticles is ~ (4.9 – 18.8)
times greater than the final current through the pure MO.

In Section 8.2.3, an obvious current peak is observed in the current plots obtained for the MObased nanofluids with the 0.1% b/w concentration of TiO2 nanoparticles. However, there is
no similar current peak in the current through the MO-based nanofluids with the 0.1% b/w
concentration of BN nanoparticles.

To calculate the mobility, the first current peak is required to obtain the ToF, (as shown in
Figure 8-13). However, as the peaks are not clearly pronounced in the present current graphs,
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it is not possible to identify ToF and to obtain mobility. Therefore, further studies using
electrometer with a larger sampling rate (higher resolution in time) are required for
identification of time of flight of the charge carriers in these nanofluids.

Figure 8-14 shows the current through the nanofluids obtained under negative energisation.
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Figure 8-14 Current through the MO-based nanofluids with 0.1% b/w and 0.005% b/w
concentrations of BN particles (negative DC voltage). Each individual current line is an
average of three individual tests. The current through the pure MO is shown as a reference.
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Using the currents shown in Figure 8-14, the final current in all tested liquids and its relative
uncertainty was obtained, Table 8-20.

Table 8-20 Final current for the MO-based nanofluids (negative energisation)

Final Current (nA)
Liquid

Pure Mineral Oil
MO-based Nanofluid
(0.005% b/w BN particles)
MO-based Nanofluid
(0.1% b/w BN particles)

-2 kV

-4 kV

-6 kV

0.007±0.001

0.015±0.001

0.023±0.001

0.027±0.003

0.150±0.007

0.161±0.004

0.035±0.003

0.262±0.006

0.140±0.003

As shown in Figure 8-14, the current through the nanofluids increases when concentration of
BN particles increases: the final current through the MO-based nanofluid with 0.005% b/w
concentration of BN nanoparticles is ~ (3.9 – 7.0) times higher than the current through the
pure MO, and the final current through the MO-based nanofluid with the 0.1% b/w
concentrations of BN nanoparticles is ~ (5.0 – 17.5) times greater than the current through the
pure MO.

As in the case of the positive energisation (as seen in Figure 8-13), the current peak indicating
the ToF is not well resolved under the negative polarity (as seen in Figure 8-14). Thus, to
obtain the mobility of charge carriers in the nanofluids in this case, further investigation is
required.

However, as can be seen from Figure 8-14, there are several unusual current peaks that
occurred in the current waveforms obtained in the nanofluids with the 0.1% b/w concentration
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of BN nanoparticles under -4 kV and -6 kV. Further discussion on this phenomenon will be
presented in the discussion part of this chapter.

8.4 Discussion and Summary

The electric current through the Synthetic Ester, Natural Ester, and Mineral Oil based the
nanofluids was obtained in the present chapter.

Using the methodology presented in Section 2.3.1, the ToF values have been obtained for the
ester-based and MO-based nanofluids. The mobility of charge carriers in the ester-based
nanofluids was calculated and presented.

The ‘final current’, which is the averaged current at the end of each one-hour test, was
obtained for all the nanofluids and the pure dielectric liquids. The values of the final current
are used to deliver the quantitative analysis of the current plots obtained in this study. And
particularly, the final current values were used for investigations of the effect of nanoparticles
on the conduction current.

First of all, using the current plots presented for all nanofluids, it can be concluded that the
addition of TiO2 and BN particles increases the conduction current through the nanofluids
compared with the current through the relative pure liquid. The nanofluids with 0.1% b/w
concentration of TiO2/BN nanoparticles have a higher electric current than the nanofluids with
0.005% b/w concentration of TiO2/BN nanoparticles. This can be attributed to the motion of
the particles under the action of the external electric field.

For example, as it can be seen from Figure 8-1 the current through the nanofluids with 0.1%
b/w concentration of TiO2 nanoparticles under +4 kV and +6 kV reach its quasi-steady state
by the end of one-hour DC test. At the same time, the direct observation images (Figure 7-1
(g) and (k)) show that the nanofluids in the test cell become transparent by the end of onehour period: the electrode can be clearly seen in the two images.

On the other hand, according to the current plots shown in Figure 8-1, the currents through
the nanofluids with 0.1% b/w concentration of TiO2 nanoparticles under +2 kV decreases to
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the end of test. At the same time, the direct observation images (Figure 7-1 (c)) in indicates
that for the nanofluids with 0.1% b/w concentration of TiO2 nanoparticles under +2 kV, there
are residual particles between two electrodes which can be observed after 30 minutes of
application of DC voltage.

Similar correlation between the observation images and measured current can also be found
for other nanofluids, including the NE-based nanofluids with 0.1% b/w concentration of BN
nanoparticles, the MO-based nanofluids with 0.1% b/w concentration of TiO2 nanoparticles.
It demonstrates an increase in the electric current through the nanofluids due to the motion of
nanoparticle in these nanofluids.

This mechanism can be used to explain the drop of the ratio between the final currents of the
0.1% concentrated nanofluids and the relative dielectric liquids, for example, the ratio
between the final currents in the SE-based nanofluid with 0.1% b/w concentration of BN
nanoparticles and in the pure SE decreases when the voltage level increases: ~ 2.5 for +2 kV,
~ 1.8 for +4 kV and ~ 1.7 for +6 kV (as seen in Section 8.3.1). For the nanofluids being tested
with the lower DC voltage, like 2 kV, there are more nanoparticles dispersed in the nanofluids
than the nanofluids being tested with the higher DC voltage, like 6 kV. Higher concentration
of nanoparticles in the nanofluids leads to a higher current through the nanofluid, therefore
the ratio of the final currents in the nanofluids and in the pure liquids stressed with lower
voltage levels will be higher than in the case of higher voltage stress.

Another aspect reflected by the current signal of the nanofluids can also be potentially linked
with the motion of the particles: it can be found that the end current of the nanofluids typically
has a higher uncertainty than that of the dielectric liquids. The reason for this higher
uncertainty can be proposed that the particles are proved to be charged in the nanofluids, and
hence the precipitation of these charged particles could also influence the measured current
signal through the electrode, resulting the higher uncertainty than the dielectric liquids.

Apart from the analysis on the electric current, the investigation on the mobility of charge
carriers in the nanofluids was conducted in this chapter. The mobility of charge carriers in the
ester-based nanofluids were obtained. However, the mobility values for the MO-based were
not resolved in this study and further investigation is required to obtain the mobility values in
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these nanofluids. It was shown that the mobility values for all the nanofluids are higher than
the mobility values obtained for pure dielectric liquids.

According to the relaxation time model [83][84][85], and the electron trapping model [73][74],
a potential explanation of observed functional dependencies of the mobility of charge carriers
in nanofluids can be proposed as follows:

For nanofluids stressed with an external electric field, the charge carriers start to move due to
the Coulomb force. During this process, the charge carriers with various mobilities in the
liquids, were possible to be trapped by the dispersed nanoparticles. This trapping process can
be described by the Maxwell-Wagner relaxation process. However, not all charge carriers
become trapped, the charge carriers with higher mobility continue to move in the fluid leading
to the formation of the first current peak. Thus, the first current peak in the current through
the nanofluid is formed by fast-moving charge carriers, resulting in higher mobility values
obtained by the ToF method.

In conclusion, the results presented in this chapter show that the electric conduction process
in the dielectric liquids is affected by the interaction between the dispersed nanoparticles and
the host liquids. It is suggested that this increase in the spread in the mobility values is due to
the presence of nanoparticles in the liquid and their effect on the dynamic of the charge
carriers in the nanofluids. This result agrees with the analysis of the dynamic behaviour of the
particles provided in the previous chapter. Analysis of the conduction mechanisms in
nanofluids can be used as a baseline for future investigations to make contributions to the
development of nanofluids.
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Chapter 9 CONCLUSIONS AND FURTHER WORK

9.1 Main conclusions

9.1.1

Liquids in Uniform Electric Field

The mobility of charge carriers was obtained in 3 pure dielectric liquids stressed with the
uniform electric field: synthetic ester, natural ester, and mineral oil.

The results showed that the mobility of charge carriers in all three liquids have the same
magnitude when stressed with the same electric field strength. The mobility results obtained
in the higher field (400 kV/m to 1200 kV/m) was approximately one order of magnitude
higher than the mobility obtained in the low electric fields (40 kV/m to 80 kV/m), which can
be explained by the electrohydrodynamic effect due to the external field.

Based on the obtained mobilities of charge carriers and nominal values of electrical
conductivities of the dielectric liquids, it was found that the space charge density in the
mineral oil was approximately one order of magnitude lower than the space charge density in
the synthetic and natural esters.

The reverse-polarity method was used to study the electric current in the low field range
(40 kV/m to 80 kV/m). It was found that the mobility of charge carriers in the synthetic ester
is ⁓ 1.18×10−10 m2/(V·s); the mobility of charge carriers in the natural ester is
⁓ 1.26×10−10 m2/(V·s); the mobility of charge carriers in the mineral oil ranges from
⁓ 2.92×10−10 m2/(V·s) to ⁓ 7.43×10−10 m2/(V·s), and shows a statistically significant increase
with an increase in the applied voltage.

The single-polarity method was used to measure the conduction current in the higher fields
from 400 kV/m to 1200 kV/m. In this field range, it was found that the mobility of charge
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carriers in the synthetic ester is ⁓ 0.41×10−9 m2/(V·s) for the positive polarity and
⁓ 0.29×10−9 m2/(V·s) for the negative polarity; the mobility of charge carriers in the natural
ester is ⁓ 0.79×10−9 m2/(V·s) for the positive polarity and ⁓ 0.71×10−9 m2/(V·s) for the
negative polarity; the mobility of charge carriers in the mineral oil is ⁓ 1.76×10−9 m2/(V·s) for
the positive polarity and to ⁓ 2.25×10−9 m2/(V·s) for the negative polarity.

9.1.2

Dielectric Liquids in Non-uniform Electric Field

A highly divergent electric field was employed to obtain the mobility of charge carriers in the
dielectric liquids in the case of the space charge limited current. The space charge limited
current method was used to measure the conduction current through the dielectric liquids
stressed the voltage ranging from 1 kV to 40 kV (in the needle-plane topology with a gap
distance of 10 mm and the needle tip radius of ~ 20 Om). The obtained results confirmed the
positive correlation between the mobility and the electric field strength, as in the case of the
mobility obtained under the uniform electric field. It was also confirmed that the space charge
density in the esters was about one order of magnitude higher than that in the mineral oil.

In the case of the space charge limited method, it was found that the mobility of charge carriers
in the synthetic ester is ⁓ 5.0×10−9 m2/(V·s); the mobility of charge carriers in the natural
esters is ⁓ 6.0×10−9 m2/(V·s); the mobility of charge carriers in the mineral oils is
⁓ 4.6×10−9 m2/(V·s).

The field distribution along the central line between the needle tip and the centre of the plane
electrode was calculated using the Poisson equation which considers the space charge in the
dielectric liquids, The electric field strength at the needle tip was obtained for all pure liquids
used in this study: ⁓ 4.33 ∙ 109 kV/m for the synthetic ester, ⁓ 3.67 ∙ 109 kV/m for the natural
ester, and ⁓ 1.63 ∙ 109 kV/m for the mineral oil.

The literature data on the mobility published by other researchers and the experimental
methods used to obtain this mobility were also reviewed in this study.
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9.1.3

Nanofluids in Uniform Electric Field

Two types of particles, TiO2 and BN particles, were used to develop nanofluids using three
dielectric liquids: synthetic ester, natural ester and mineral oil.

It was found that both TiO2 and BN particles become negatively charged (obtained a net
negative charge) in the ester-based nanofluids stressed with the external electric field. On the
other hand, it was shown that TiO2 and BN particles were only polarised in the mineral-oilbased nanofluids stressed with the external electric field. The experimental results showed
that the mobility of the charge carriers in the ester-based nanofluids is higher than the mobility
in the pure dielectric liquids under the same field strength.

For the synthetic-ester-based nanofluids and the natural-ester-based nanofluids, the microscale and the normal observation methods demonstrated that the TiO2 and BN particles were
attracted to the electrode with a higher potential and repulsed from the electrode with a lower
potential. However, for the mineral-oil-based nanofluids, both the micro-scale and the normal
observation methods showed that the TiO2 and BN particles were attracted to both electrodes
in the test cell. In addition, particle chains consisting of BN and TiO2 particles were found in
the mineral-oil-based nanofluids. The micro-scale images demonstrated that these particle
chains are aligned with the direction of the electric field. In the nanofluids with BN particles,
particle chains formed perpendicular to the electrode surface were found; in the nanofluids
with TiO2 particles, the particle bridges between the two electrodes were formed.

The modelling part of the thesis included the developed mathematical model of the
polarisation and charging of particles in the dielectric liquids. It was found that the surface
charge on the TiO2 and BN particles suspended in the ester liquids is higher than that in the
mineral oil under the same extern field strength. This could result in the net negative charge
on TiO2 and BN particles in the esters, while it was established that these particles were only
polarised in the mineral oils stressed with the external electric field.

9.2 Summary of Contributions

The major contributions of this thesis are listed as follows:
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•

In this thesis, a comprehensive study of the mobility of charge carriers in the dielectric
liquids (synthetic ester, natural ester, and mineral oil) was conducted, and the
obtained results were analysed and presented. The mobility of charge carriers was
obtained under the electric field ranging from 40 kV/m to 80 kV/m, from 4 ∙ 102 kV/m
to 1.2 ∙ 103 kV/m, and from ~ 1.6 ∙ 109 kV/m to ~ 4 ∙ 109 kV/m.

•

A mathematical model developed in this research provides the analytical expression
for the surface charge distribution on the single particle in dielectric (poorly
conductive) liquids under external electric fields. The Coulomb forces acting between
two particles immersed in dielectric liquid were calculated based on this model.

•

The electrohydrodynamic behaviour of TiO2 and BN particles suspended in different
hosting liquids (synthetic ester, natural ester, and mineral oil) were reported for the
first time. The charging and polarisation of the particles suspended in the dielectric
liquid stressed with the external electric field was described analytically for the first
time.

9.3 Future work

This thesis provides a comprehensive investigation of the mobility of charge carriers and
charging processes in dielectric liquids. It is important to continue this work, and this section
outlines the potential direction of future research initiated in this research project:

•

As discussed in Chapter 3, the forces between two spheres were calculated according
to the dipole-dipole interaction based on the image method. The pre-condition of
utilizing the image method is the particles/objects should be conductive. This
condition was extrapolated into the domain of non-conductive/dielectric particles
suspended in the liquid by putting Y → 1, where Y is the ratio of the dielectric
constants from the dispersed particle and hosting liquids. Although this extrapolation
enabled the force calculation for TiO2 particles, with Y → 0.92, the results for BN
particles still require further confirmation through another force calculation method.

•

In this work, only the force acting between two particles was obtained. However, this
analysis could be extended into multiple particles using other analytical and
computational methods, like the Monte Carlo simulations.
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•

The second stage in the Fowler-Nordheim plot can provide the energy barrier for the
electron excitation in the dielectric liquids. However, this analysis requires numerical
value(s) for the energy barrier, which are unknown currently. Once this information
will be available, the source for the charge carriers can be established.

•

More details on the particles, including their dimensions, surface geometry, surfactant
information, will benefit both the mathematical modelling work and the analysis of
the experimental results. For example, the DLS measurement involves a group of
parameters to calculate the dimensions of the dispersed particles, which can
potentially cause errors in the calculated dimensions. In this case, the scanning
electron microscope or transmission electron microscope can be used to obtain the
particle dimension and the surface geometry directly and accurately, enabling more
effective analysis.

•

The information on the molecules' structures is also required to reveal the surface
charge distribution on the particles. The actual dimensions of the molecules in the
dielectric liquids are essential for understanding their distributions on the particle's
surface. Moreover, this molecule structure information can also help to understand
the excitation state of the molecules under an external electric field, assisting the
investigations on the sources of the charge carriers and the reason causing the second
current peak in the ester liquids.
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APPENDIX I MATHEMATICAL DERIVATION
This section presents the mathematical work on modelling of single particle in Dielectric
liquids, which follows the conditions listed in Section 3.1.1. The electric potential across the
particle-liquids interface should be continues:

c$ = c&

at # = Y

I-1

The rate of change of the surface charge density at the interface must be equal to the difference
of the radial current from either side of the interface:

V$ − V& =

-Z?F)/5G1
-3

at # = Y

I-2

where, V$ = Z$ 1)$ , and V& = Z& 1)& is the radial current from the particle and the liquid
respectively, Z?F)/5G1 is the charge density at the interface and can be presented as:

Z?F)/5G1 (3) = E$ 1)$ − E& 1)&

at # = Y

I-3

This relationship between the rate of change of the surface charge density and the radial
current can be summarised as the charge continuity condition. This condition is time
dependent and can be written for three time domains at 3 = 0, 0 < 3 < ∞ and 3 → ∞:

Z?F)/5G1 (3) = E$ 1)$ − E& 1)& = 0
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V$ − V& =

for
0 < 3< ∞

-Z?F)/5G1
-3

I-5

#=Y

V$ − V& = Z$ 1)$ − Z& 1)& = 0

for 3 → ∞
#=Y

I-6

The relationship between ,(3) and ç(3) can be established by combining Equations I-1 with
I-5, which yields:

,(3)Y% + 1å(3)Y% = ç(3)

at # = Y

I-7

Substituting this relationship into Equation I-6, gives:

,(3) +

E$ + 2E& {,(3)
Z& å(3) + E& ´(3)
¥
+ 31
=0
Z$ + 2Z& {3 )A,
Z$ + 2Z&

I-8

As Equation I-8 is a nonhomogeneous differential equation its solution requires the associated
homogeneous differential equation:

{,(3)
1
¥
+ ,(3) = 0
{3 )A, ó

I-9

; H&;

where, ó = I! H&I" , and Equation I-9 yields:
!

"

3
,(3) = !exp (− )
ó
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where ! is an arbitrary constant for a general solution, ,(3). By exchanging the constant !
with an unknown function µ(3), Equation I-10 turns into:

3
,(3) = µ(3)exp (− )
ó

I-11

Substituting Equation I-11 into Equation I-8, and solving the expression for µ(3):

{µ(3)
Z& å(3) + E& ´(3)
3
∂
= −31
exp [ ]
{3 )A,
E$ + 2E&
ó
-µ(3) = −31

Z& å(3) + E& ´(3)
3
exp [ ] -3
E$ + 2E&
ó

Z&
3
v -µ(3) = −31
v å(3) exp [ ] -3
E$ + 2E&
ó
− 31

I-12

E&
3
v ´(3) exp [ ] -3
E$ + 2E&
ó

Since Equation I-12 origins from Equation I-5, which is only available for 0 < 3 < ∞.
0

Therefore, the ∫ ´(3) exp R S -3 equals to zero, and å(3) = 1, then Equation I-12 turns into:
J

Z&
3
v exp [ ] -3
E$ + 2E&
ó
Z&
3
= −31
sexp [ ] + !t
Z$ + 2Z&
ó

µ(3) = −31

I-13

And:

,(3) = −31

Z&
Z&
3
− 3!1
exp (− )
Z$ + 2Z&
Z$ + 2Z&
ó
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By introducing another boundary condition into Equation I-14, the arbitrary constant ! in
Equation I-14 can then be solved and the final expressions for both ,(3) and ç(3) are
provided below:

E&
3
Z&
3
,(3) = −31 s
exp [− ] +
[1 − exp [− ]]t
E$ + 2E&
ó
Z$ + 2Z&
ó

E$ − E&
3
Z$ − Z&
3
ç(3) = 1Y% s
exp [− ] +
[1 − exp [− ]]t
E$ + 2E&
ó
Z$ + 2Z&
ó

I-15

I-16

where,

ó=

E$ + 2E&
Z$ + 2Z&

I-17

is the Wagner-Maxwell relaxation time, according to Equation I-15 and I-16 above, the radial
electric field can be presented as:

E&
3
Z&
3
1Ü⃗)$ = 31 s
exp [− ] +
[1 − exp [− ]]t *%2à#̌
E$ + 2E&
ó
Z$ + 2Z&
ó

1Ü⃗)&

E$ − E&
3
exp [− ]
⎤
Y% ⎡
E + 2E
ó
⎥
= 1å(3)*%2à + 21 % ⎢ Z $− Z &
3 ⎥ *%2à#̌
$
&
# ⎢
+
[1 − exp [− ]]
ó ⎦
⎣ Z$ + 2Z&
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APPENDIX II PARAMETERS FOR QUICKFIELD
MODELLING
By introducing the QuickField software, the electric field distribution in the two self-designed
test cells can be simulated, of which the simulations are presented in Figure 4-7 and 4-9,
respectively. The simulations show that the electric field distribution in the two test cells is
quasi-uniform. This section presents the simulation parameters, including both the
dimensional information and the electrical information.

The simulations are conducted based on the ‘electrostatic analysis mode’ in the QuickField.
The modelling of the two test cells is based on two-dimensional condition. The dimensional
information of the modelling is shown in Figure II-1.
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(a)

(b)
Figure II-1 (a) Schematic illustration of the Guard Ring Test Cell. (b) Schematic illustration
of the Transparent Test Cell with Parallel Disk Electrodes.

Correspondingly, the parameters for the modelling work are listed in Table II-1 below. Any
other parameters not listed in Table II-1 are selected as the default values in the QuickField.
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Table II-1 Parameters for QuickField Modelling

Materials

Test Cell Body

Problem

Electrode

Dielectric Liquids

Electrostatic
Area Label Property

Relative
Permittivity X

3.8

10000

3.2

Relative
Permittivity Y

3.8

10000

3.2

Electric Charge Density
Coordinates

Cartesian

Cartesian

Cartesian

Edge Label Property
Voltage

0 kV

4 kV

0 kV

Noddle Label Property
Voltage

0 kV

4 kV
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APPENDIX III DATA ANALYSIS METHODS
The data acquired in the experimental tests should be processed before further analytical
analysis. This processing includes filtering raw data and statistical analysis of the obtained
results. The filtering method used in the present work, its implementation in Python 3.7 and
the error analysis methodology are discussed in this section.

Errors and Uncertainty

The term ‘error’ describes the difference between the true and measured values [1]. Most of
measured values obtained in this research include both systematic and random errors, which
leads to the uncertainty in the final results. Section 4.4.1 presents an overview of the
methodology used to obtain the uncertainties used in this study.

Measurement errors occur due to multiple factors, including instrument accuracy,
environmental changes, the measuring process itself. The experimental errors are divided into
two main categories: the random and systematic errors. The random errors are related to the
unknown and unpredictable elements in the measurements and can be reduced by increasing
the number of measurements. The systematic errors are related to the instrument(s) accuracy
and the measurement methodology and cannot be reduced simply by increasing the number
of tests.

To describe the errors quantitatively, two types of evaluation of uncertainties, Type A and
Type B evaluation, can be introduced.

Type A uncertainty evaluation can be conducted using the statistical method(s) for treating
the obtained experimental data [2]. An example of such evaluation includes obtaining the
mean and its standard deviation or a number of independent, repeated measurements.
However, it should be noted that the standard deviation can be obtained only when the number
of observations is sufficiently high. To obtain a more reliable evaluation of the experimental
results, the t-distribution (also known as the Student Distribution) can be used. This
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distribution allows for evaluation of the uncertainty in measurements using smaller sample
sizes.

As outlined in [3], Type B evaluation of uncertainty can be conducted by taken into account
of the information related to the measurement procedures including any previously obtained
results, knowledge on the behaviour of the materials and instruments involved in the
measurements, manufacture’s data sheets/specifications, relevant reference data etc, [3]. In
this research, the uncertainty caused by the instrument is evaluated as the Type B uncertainty.
The relevant information is provided in Table III-1.

Table III-1 Uncertainty of Instruments

Item

Uncertainty

Data Source

Voltage Source (AU-60)

±1%

User Manual [4]

Voltage Source (Keithley-617)

±50 mV

User Manual [5]

Digital Caliper

±0.01 mm

User Manual

Digital Electrometer (Keithley-6514)

±0.001 nA

User Manual [6]

Clock (LabVIEW)

±1 millisecond

User Manual [7]

Generally, obtaining uncertainty in practical measurements involves more than one input, and
each individual uncertainty can be evaluated via either Type A or Type B methods. Then, the
uncertainty propagation formula can be used to obtain the final uncertainty from each
individual input.
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Assuming π value is obtained as π = å(∫$ , ∫& , … , ∫> ), with individually measured inputs:
∫$ , ∫& , … , ∫> . If inputs &. , "W- &K are not related to each other, the uncertainty of π can then
be obtained as the combined uncertainty of each input:

L

{å & &
µG (') = º™ [ ] µ (&. )
{&.

III-1

.A$

where, µG denotes the combined uncertainty of value π, µ(&. ) denotes the uncertainty of each
individual input &. . Since the measured experimental data are acquired via different methods
and instruments, the details of the uncertainty calculations may differ from each other.
However, the main principles of these uncertainty calculations are based on the principles
introduced above.

Data Filtering

The parameters which were measured / obtained experimentally in this work include electric
current, voltage, and time. Among them, the electric current values, including the current
measurements acquired via the electrometer, are used to determine the electric conductivity
of the tested fluids and the time of flight. However, as the current through insulating liquids
is low (pA to nA), there are variations in the measured current values.

Since the accuracy in measurement of the ToF is based on the identification of the current
peak position in time, the variations in the raw current data can result in significant error in
the obtained ToF values and generate further errors. Thus, signal processing, filtering and
denoising of raw current-time characteristics should be conducted to identify current peaks
which are used to measure the ToF values.

In this research, the Savitzky-Golay (SG) filter was used in the current data analysis. The SG
filter is based on averaging a group of input data sets and converting them into the data output.
The averaging coefficients are calculated using the least-squares fit with a high order
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polynomial in the moving window [8]. The details of the SG filter are introduced in the
following paragraphs.

First, a brief review of the Moving Average filter is provided, as this filter is the most
commonly used filter and lays the foundation for the SG filter. It can be mathematically
expressed as:

'!

1
"" =
( )"%&
%# + %$ , +1

III-2

&()'"

where, & is the input signal, ' is the filtered output. The integer W3 , and W, represent the
number of data points on either side of the )0M data, respectively. Once W3 = W, , the moving
average filter is called the symmetric moving average filter. Compared with the other moving
average filter(s), the symmetric filter can remove the shift between the original and filtered
data, which is especially beneficial in the time domain data.

The Signal-to-Noise Ratio (SNR) of moving average filter can be improved by increasing the
averaging window length, namely W3 + W, + 1 . However, the length of the averaging
window must be limited as otherwise, the data will be excessively filtered, resulting in losing
or distorting some information.

To overcome these limitations (time delay and data lost), the SG filter was introduced by
Abraham Savitzky and Marcel Golay in 1964, this filter has an advantage of preserving
information on peaks in the filtered data [9].

The basic idea of the SG filter is the high order polynomial approximation based on the leastsquares fitting. Assuming that there is a set of equally spaced data å. , and a moving window
with window length 2W + 1, a polynomial with higher order, @, for the approximation of the
data within the window: å.4> , å.4>H$ , …, å* , …, å.H>4$ , å.H> , can be written as:
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2

Q()) = ™ "N ) N

III-3

NA*

where, "N are unknown coefficients. Before moving to the next step, one thing must be
pointed out: the precondition for solving Equation III-3 is that the number of the unknown
coefficients "N must be no more than the number of the unsolved equations: @ ≤ 2W + 1, i.e.,
the order degree of the approximation polynomial must be no more (typically less) than the
length of the filtering window.

To obtain the values of "N , the least squares method is used:

>

E = ™ (Q()) − å. )&

III-4

.A4>

where, E is the mean-squared approximation error of data å. within the moving window. The
least-squares method requires E to be minimised:

{E
=0
{"N

for = ∈ [0, @]

III-5

"N can hence be resolved with Equation III-5, which gives the values of Q()). Q* is located in
the centre of the data set Q. , its value equals to first coefficient "* , and corresponds to the
filtered output value of the original å* .

After this procedure, only the centre value is kept as the filtered result. The moving window
is then moved by one value to make a new approximation. Once the window goes through the
whole data set, å. , the filtering procedure is completed. However, the procedure above
provides only a generic algorithm of the SG filter. In practice, it was pointed out by Savitzky
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and Golay that there are specific sets of the filter coefficients used for fitting within a moving
window.

To get a general solution for Equation III-5, Equations III-3 and III-4 are introduced, yielding:

&

N
{ ∑>.A4>¢∑2
NA* "N ) − å. £
=0
{")

for # ∈ [0, @]

III-6

Solving Equation III-6 yields:

2

>

™( ™ )

>
NH)

NA* .A4>

)"N = ™ å. ) )

for # ∈ [0, @]

III-7

.A4>

It can be helpful to convert Equation III-7 into a matrix form, which requires defined matrix
æ, as presented below [10]:

(−W)* (−W)$ … (−W)24$ (−W)2
⎡
⎤
*
$
24$ (1 − W)2
⎢(1 − W) (1 − W) … (1 − W)
⎥
⋮
⎥
⋮
æ=⎢
⋮
⋮
⋮
⎢(W − 1)* (W − 1)$ … (W − 1)24$ (W − 1)2 ⎥
⎢
⎥
(W)2 ⎦
(W)$ … (W)24$
⎣ (W)*

III-8

Then Equation III-7 can be expressed as:

æO æ¿ = æO x

III-9

where, ¿ = [¿P , ¿Q , … , ¿R4Q , ¿R ]O , and x = [¡4S , ¡Q4S , … , ¡P , … , ¡S4Q , ¡S ]O . Following
these results, the relationship between the polynomial coefficients and the observed data can
be expressed as:
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¿ = (æO æ)4Q æO x

III-10

Matrix æ only depends on W and @, i.e., the moving window length and polynomial order,
which are fixed once the filtering starts. It hence can be concluded that there is a fixed linear
relationship between the observed data and the polynomial coefficients from the beginning to
the end of the observed data. Thus, each filtered result from each single moving window can
be calculated with a set of the fixed coefficients and the observed data within the window.

Recalling that the first value, "* is the value of the filtered result of the centre of the observed
data in the moving window, the coefficients are the first row of the matrix (æO æ)4Q æO .
Therefore, the SG filter turns into a weighted moving average filter in terms of the practical
calculations, the specific weights are decided by the window length and the approximation
polynomial order.

In this research, the current values acquired via the electrometer represent a discrete-time
signal. The time sequence of the signal amplitude (i.e., the current value) is required to obtain
the ToF for calculations of the mobility. Compared with the moving average filter, the SG
filter’s ability to maintain the shape and heights of the signal peak during the data smoothing
can significantly reduce the bias without delays. Particularly, as the smoothing degree of the
SG filter can be modified not only by the window length but also by the polynomial order,
the various types of signal peaks in the observed data can then be preserved or smoothed,

The SG filter was implemented in Python 3.7 (scipy.signal.savgol_filter in SciPy Python
library [11]) to implement the practical data filtering process.
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