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Abstract

This thesis presents a high frequency signal based condition assessment technique that
can detect and estimate the moisture content (MC) and total acid number (TAN) in insulating
oil samples. It also addresses the applicability of the developed technique to various insulating
oils such as mineral oil (MO), nanofluids (NFs), ester oil (EO), and blended oils (BO).

The MC and TAN are very important chemical properties that define the aging status of
insulation. Conventional moisture and acid measurement devices are bulky, costly, immobile,
and can be operated only in the laboratory environment due to their sensitivity and fragility.
Moreover, conventional testing requires the sample to be carried over to the testing location,
where waiting times may prevail for obtaining the test results. These factors may lead to delays
in adopting corrective measures and may lead to equipment failure. Therefore, there is a need
to develop a cost-effective and robust technique that can detect the physical parameters swiftly.
In addition, the ability to detect more than one parameter makes the technique meritorious. A
non-intrusive and non-destructive technique (NINDT) which uses an S-band horn antenna to
radiate the signals onto the oil samples for detecting and estimating the MC and TAN in MO
is developed. The reflected signal from the samples is analyzed to study the resonant frequency
corresponding to MC and TAN. Electromagnetic interference on the measurements is avoided
by placing the test setup in an anechoic chamber. Undesired reflections from the oil-test vessel
boundaries are avoided by making the test cell with a material having impedance and relative
permittivity close to that of the oil. The technique is applied to various laboratory-aged samples
and linear prediction graphs are deduced from the obtained reflection coefficient. These linear
prediction graphs are used to predict the MC and TAN in service-aged MO samples to evaluate
the effectiveness of the developed technique. The chosen frequency band of 2.1 to 2.6 GHz is
able to clearly differentiate MO samples with different TAN and MC. This technique is
unaffected by the operating frequencies in the electrical substation due to its EMI-free design.

The EOs and BOs prove to be a good alternative to MO due to their excellent
biodegradability, fire and flash points. BOs provide a middle ground by balancing the cost and
properties. Moreover, an involuntary blending of MO and EO occurs when an old MO based
transformer is retrofilled with EO. MO and a commercial EO (FR3) are mixed in various ratios
to prepare BOs in this work. The electrical and physiochemical properties such as MC, AC

breakdown voltage, dissipation factor, relative permittivity, specific resistance, flash points,
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interfacial tension, and density of the BOs are studied. The long term performance of the BOs
is also studied by oxidative aging them according to ASTM D1934. Since oils undergo electric
stress in the transformer during their operation, partial discharge (PD) study of the EO, MO,
and BOs helps in understanding their behavior under electric stress and gives an insight into
their relative performance under electric stress. The PD in the fresh and aged oils is studied
according to the IEC 60270 standard and the inception, extinction voltages, and phase resolved
partial discharge patterns are presented.

The dissolved gas analysis (DGA) provides extensive information on the gas emission
pattern of oils when subjected to thermal and electric stress. The fresh and oxidative aged MO,
EO, and BOs are subjected to multiple electrical sparks and the gases produced are noted. The
classical ratio methods such as Rogers, IEC, and Dornenburg ratios are used to predict the type
and intensity of fault in the BOs from the collected data. Further, the prediction of the type and
intensity of fault is attempted by using graphical methods such as Duval’s triangles and
pentagons. The total dissolved combustible gases produced in the oils are also presented.
Further, solid insulation is aged in the EO to study the gelling phenomenon and the surface
profile of the insulation. The retrofilling of an MO based transformer with FR3 or blended oil
does not pose any danger to its operation. In addition, it provides better electrical and
physiochemical characteristics. The amount of gases generated in BOs is different for
individual combinations of MO and EO. The thermal aging of kraft paper in vegetable oil leads
to the gelling of oil on the surface of the solid insulation at high temperatures.

The two-step method for preparation of the NFs is presented. The thermal conductivity
of various NFs is studied by varying the concentration and temperature. The electric field
around conducting, semi-conducting, and insulating nanoparticles (NP) under DC voltage is
simulated by assuming all the NPs are spherical and have an equal diameter of 50 nm. The
dielectric frequency response of insulating NP based NF with various concentrations of NPs is
studied. Although extensive literature is available on the physiochemical and electrical
properties of NFs, their magnetic behavior is unclear. Therefore, the magnetic response of the
NPs, base oils, and NFs to the quasi-static and dynamic magnetic fields is studied at room
temperature conditions, and various magnetic parameters of the NPs and NFs are extracted.

After extensive investigation and substantiation of the insulation, the NINDT and the
linear graphs developed for MO are investigated for their applicability to detecting and
estimating the MC and TAN in the NFs and BOs. Different test cells are used for each NF to
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avoid the contamination of the subsequent samples. An attempt is made to age the NFs to
prepare multiple samples with various TAN and MC. The EO and BOs are tested using the
NINDT to predict the MC and TAN in them which are compared with the conventional test
results. The percentage error between the predicted and actual value is reported, and the

applicability of the NINDT for the BOs and NFs is commented upon.
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1. Introduction

1.1 Introduction

The transformer is a critical link in the power system and its reliability decides the quality
of the power supply. Transformers have five major active components, namely magnetic,
conducting, insulating, cooling, and structural elements. Among them, insulation is subjected
to electric, thermal, chemical, and mechanical stresses simultaneously. Due to continuous
multi-stresses acting on it, the insulation, being also structurally the weakest, forms the weakest
link and dictates the reliability of the transformer. Hence, the transformer insulation needs to

be monitored continuously to avoid catastrophic failures resulting in long power outages.

The insulation system of transformers is mainly categorized into three types:
1. Oil impregnated cellulosic solid insulation (OIP)
2. Gas insulated systems with cellulose replaced by Polypropylene and oil by SF6 gas and

3. Dry type transformers cast in epoxy resin.

With an overwhelmingly large population of transformers having paper and oil insulation
systems, the work covered in this thesis is directed toward some reliability aspects of OIP
transformers. Solid insulating materials commonly used in OIP transformers are kraft paper,
pressboard, and fiberglass. MO is a vastly used liquid insulating material in transformers. MO
serves multiple purposes, acting as a major insulation in conjunction with cellulose, as an
impregnant to fill voids in solid insulation, and as a cooling medium.

The major disadvantages of MO are the low fire point and biodegradability. Also, being
less hydrophilic than cellulose, it is more likely to give away moisture to cellulose rather than
help to dry it. With the increasing stress on the use of green material, vegetable oil (VO) based
esters are being investigated as a replacement for MO, which has the added advantage of low
flammability. Moreover, the moisture saturation capability of VO helps keep the cellulose
insulation relatively dry from moisture compared to MO. The ester oils produced either from
natural resources or by synthesis are observed to possess better electrical characteristics
compared to the MO. Further enhancement is sought with the use of nanofluids (NFs) prepared
by the addition of nanosized particles into the mineral or ester oils, which have better thermal
and electrical characteristics (partial discharge (PD) and breakdown) compared to the base oils.
Irrespective of their origin, the insulation undergoes degradation over time due to various
factors.

Temperature, moisture, contaminants, defects, magnitude, and duration of electric stress
cause the aging of insulation and hence adversely affect its life. Among them, temperature and

moisture are the foremost reasons for the faster deterioration of the transformer insulation.
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Acids and moisture are formed in the insulation as by-products of degradation. As a result of
aging, resistivity, dielectric strength, flash and fire points of the insulation decreases. Sludge
formation occurs, and the viscosity increases, followed by a decrease in thermal conductivity
(TC) and an increase in hotspot temperature. Defects being cumulative, increase the risk of
insulation failure. Monitoring the condition of the aged insulation can reduce the risk of
predicted failures by enabling pre-emptive corrective action to break up the cumulative action
of defects.

Solid insulation, being closest to the conductor, is subject to the highest amount of
electric and thermal stresses, which, in the presence of moisture, ages, resulting in lower
electrical breakdown and mechanical strengths. Hence, it is important to monitor the aging of
solid insulation. Since it is not possible to access the solid insulation directly for routine
monitoring tests, oil serves as an agent for monitoring the condition of solid insulation. Several
tests such as breakdown voltage (BDV), moisture content (MC), resistivity, fand, total acid
number (TAN), furan content, dissolved gas analysis (DGA), interfacial tension (IFT), Furan
content and particle content measurements are in vogue that not only detect the aging of oil
itself but also indirectly that of the solid insulation. Each of these tests takes significant
measurement time and yields only a single parameter. An instrument or a technique that can
detect multiple parameters swiftly using high frequency signals and possess potential remote

monitoring capability would be of immense value to the power system operator.

1.2 Literature survey
1.2.1 Types of Liquid Insulation

Oil in the transformer serves as an insulant, coolant, acoustic damper, and health
indicator. Ideal insulation should have high resistivity, dielectric strength, thermal
conductivity, oxidation stability, flash, and fire points. It should also be chemically and
thermally stable with low viscosity, dielectric dissipation factor, and pour points. The
development of various insulating liquids over time is presented in Figure 1.1. MO has been
the most used dielectric fluid in transformers alongside pressboards and kraft papers for more
than a century [1, 2].

MO is a complex mixture of hundreds of different organic compounds. The properties of
MO may vary from one batch to another even though they are procured from the same supplier.
MO is generally categorized as paraffinic, naphthenic, aromatic (unsaturated ring molecules),
and mixed. Researchers felt the need to develop an alternative to MO due to its extinctive

nature, non-biodegradability, and mediocre electro-thermal properties [3-7]. Liquid insulation
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developed over time as an alternative to MO includes synthetic liquids, polychlorinated
biphenyls (PCB), high molecular weight hydrocarbons (HMWH), Silicone oils, synthetic esters
oils, natural ester oils (NEO), and Nanofluids (NF).

The NEOs have better electrical breakdown, moisture solubility, and aging
characteristics compared to MO. Poor dissipation factor, oxidation stability, pour point, relative
permittivity, and viscosity are their main disadvantages. NEOs are derived from plant sources
and are completely biodegradable. A variety of them is available in the market, namely linseed
oil, castor oil, corn oil, pongamia pinnata oil (karanji oil), soybean oil, punna oil, neem oil,
jatropha curcas oil, palm oil, sunflower oil, olive oil, peanut oil, cottonseed oil, rapeseed oil
(canola oil), coconut oil, honge oil, mustard oil, and hazelnut oil [8-16]. A few physiochemical
and electrical properties of a few NEOs are presented in Table 1.1. The proper blending of VOs
with MO may also be done to lower the pour point at the same biodegradability [17].
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The development of innovative alternatives like NFs came to the forefront due to their
better insulating and heat transfer properties than the conventional MO and ester oils [18, 19].
NFs are a new class of fluids developed by dispersing nanometer-sized materials (particles,
nanofibers, nanotubes, nanowires, nanorods, nanosheets, or droplets) into base fluids in two
step method as shown in Figure 1.2. The NFs can be used in cooling for engines, refrigeration,
biomedics, and solar water heaters for efficient performance. Despite many NFs having good

thermal conductivity, only a few NFs are suitable for insulating purposes [20-22].

Table 1.1: Physiochemical properties of a few natural ester oils [8, 12-14, 23-25]

w \I/<1 islé(e)rsril?;iz { Flash Point | Acid Value ACBDV Pour Point
Oils ey | €O | (mgKOHg | (k) (°C)
Jatropha oil 33.8 260 0.06 73 -3
Crude

Pongamia 32 250 1.3 87.5 -25
Oil

Pongamia

Oil Methyl 12 284 0.9 82 -1
Ester

Rapeseed Oil 43 325 0.03 73 -18
Biovolt A

(mineralicc) 36.1 312 0.05 55 -21
Soya Oil 33.1 318 0.08 42 -12
Rice Oil 324 318 0.04 37 -15
Sunflower

oil 38 312 0.06 37 -6
Coconut Oil 25.7 298 0.005 - 0.05 35 23
Honge Oil 116.62 298 -- 42.8 --
Neem Oil 108.79 288 -- 43 --
Mustard Oil 95.74 289 -- 41.6 --
Punna Oil 129.66 280 -- 42.3 --
Castor Oil 155.71 280 -- 31 --
Palm Oil 5.06 186 0.005 81 -32.5
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1.2.2 Aging and the importance of monitoring

The service life of mineral insulating oils is typically 30 to 40 years for power transformer
applications [1, 26-28]. As mentioned earlier, insulation is subjected to electrical, magnetic,
mechanical, chemical, and physical stresses during operation, resulting in its deterioration [29,
30]. Thermal stress is a result of fluxes interacting with the metallic body, normal and
overloading of equipment, and ineffective cooling of the equipment. Electric stress is due to
excitation, winding resonances, lightning, and switching transients. Mechanical stress is due to
the short-circuit and inrush currents.

The insulating oil and paper undergo oxidation and pyrolysis under thermal stress,
resulting in the formation of gases, sludge, etc., which accelerates the aging process. Thermal
aging results in the reduction of life by 50% for an increase in operating temperature by 6 to
8°C. Chemical degradation, such as oxidation, promotes the formation of acids. The
degradation eventually results in breakage in polymer chains of cellulose insulation and forms
polar groups, which progressively damage the entire insulation system. Failing to determine
aging ultimately leads to premature failure of the transformer, followed by loss of revenue and
reliability of power supply to the consumers [27, 28, 31]. Therefore, it is essential to monitor
the aging status periodically [18, 32-36].

Various tests are performed on the oil in laboratories to study and interpret the aging
status of both solid and liquid insulation. Tests are also conducted to assess the gases, furans,
phenols, cresols, and metal particles formed in the oil during its operation [27, 37]. Appropriate
maintenance has to be undertaken on observing any deviation in the physiochemical and
electrical properties from threshold values mentioned in ASTM, IEEE, and IEC standards.
Condition based monitoring is preferred over time-based monitoring as it helps in cost cutting
and saving time in attending to the equipment that is in need. It also helps in reducing
catastrophic failures, unplanned outages, and downtime associated with them. To summarize,
monitoring of a transformer should be done regularly while the maintenance is performed only
if required.

1.2.3 Measurement tests and techniques for monitoring

With the knowledge gained on the need for monitoring and maintenance, the methods
and techniques for monitoring are to be comprehended. The assessment of the insulation
condition gives insight into its degradation status and the remnant life of the transformer.
Although the transformer consists of both solid and liquid insulation, the solid insulation cannot

be extracted from the desired locations during operation as it requires the opening of the
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transformer. Therefore, liquid insulation is the best means to diagnose the condition of both
solid and liquid collectively. Some of the most used diagnostic methods for oil are DGA, PD,
MC, TAN, TC, dielectric dissipation factor (DDF), furan analysis, degree of polymerization
(DP), BDV, insulation resistance, UV-Visible spectroscopy (UVS), frequency domain
dielectric response measurements (FDDRM), and time domain dielectric response
measurements (TDDRM) [27, 28, 31, 38].

DGA is a tool to predict the type and intensity of a fault occurring in the transformer
based on the percentages and ratios of selected gases generated in the oil when subjected to
stress. The breakdown of solid and liquid insulation leads to the formation of hydrogen (H>),
methane (CH4), ethane (C2Hg), ethylene (C2H4), acetylene (C2Hz), carbon monoxide (CO)
and carbon dioxide (CO») gases. There are multiple techniques such as Roger’s, Dornenburg’s,
IEC, and IEEE ratios in addition to Duval’s triangles and pentagons to predict the faults from
dissolved gases (DQG).

Electrical methods involve testing of BDV, insulation resistance, DDF, and PD. PD is
said to happen when an electric discharge partially bridges the insulation between interturn or
interphase or interwinding or conductor and metal parts when subjected to electrical stress. PD
occurs due to local field enhancement and can be detected by optical, acoustic, electric, and
chemical methods [27, 28, 31].

Optical spectroscopy methods such as UVS and Fourier-transform infrared spectroscopy
(FTIR) provide reliable, easy, and affordable testing that unfolds information on different
bonds and functional groups linked with the oil structure. Polarization and depolarization
current measurement (PDC) and recovery voltage measurement (RVM) are important TDDRM
techniques that are measured as a function of time. Frequency domain spectroscopy (FDS) is
an important FDDRM technique and is measured as a function of frequency.

From the aforementioned literature, it 1S observed that the condition assessment of
insulation for the reliable and efficient operation of the transformer is very complex, and the
existing condition assessment devices provide a single parameter per device, which increases
the testing times when multiple parameters are required. Therefore, a single device that predicts
two or more parameters would be of benefit to various stakeholders. Further, techniques such
as TDDRM and FDDRM have long measurement times. The longer time requires long power
interruptions. Hence, higher frequency spectroscopy can be used as a new tool for insulation
analysis and condition monitoring [39]. The studies show that the GHz frequency range is
dominant on the dipolar polarization of the material, and hence, the moisture content can best

be detected using GHz spectroscopy. The reflectometric, transmission, and resonance methods
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were widely tested on the polar liquids for biomedical applications [40]. The studies report
variations in oil properties are better studied at frequencies lower than X and Ku-band [41].
Electromagnetic waves are also used for the detection of PD in the oil [42, 43]. Microstrip
antennas were developed to study the changes in liquid insulation permittivity with aging [44,
45]. Studies have shown that the usage of a ring resonator successfully detects transformer
pressboard aging and moisture content [46, 47]. Therefore, high-frequency signals provide a
means to measure the oil properties swiftly. With reference to this captivating theme of quick
assessment of multiple parameters, a high frequency signal based non-intrusive and non-

destructive technique is proposed in this thesis.
1.3 Motivation

Liquid insulation needs to be monitored to ensure reliable operation by initiating
necessary action in case of deviation of properties from stipulated values. A technique that can
detect the physiochemical parameters of the oil instantly and is potentially amenable to remote
monitoring can reduce the testing times of insulation. Such a technique would also complement
PD detection in addition to its regular function. The technical gaps found from the literature
survey are as follows:

1. Conventional measurement devices yield a single physical or, chemical or electrical
parameter per equipment. An equipment that can detect two or more parameters with a
potential remote operability is beneficial.

2. Blended oils are finding applications as they inherit properties from both the base oils. The
study of these blended oils is important as their gas generation rates, PD, and
physiochemical properties are solely dependent on the blending ratio of these oils and are
useful for utilities in choosing the best insulation and balancing the price and performance.

3. NFs are proving to be a promising alternative to MO because of their better electrical and
thermal characteristics. The study of the response of these liquids to magnetic fields can
help extract critical parameters that are useful in developing multiphysics models to
simulate the in-service conditions.

4. A few conventional techniques, such as DGA, require elemental changes for their
applicability to alternate insulating oils. A generalized technique that can detect two or

more parameters with ease of applicability for MO and ester oils is of interest.
1.4 Objective of the thesis

This work focuses on developing a novel offline condition assessment technique for

transformer liquid insulation. The objectives of the thesis are as follows:
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1. Development of a non-intrusive and non-destructive condition assessment technique for
condition assessment of MO.

2. Assessment of in-service transformers operating with MO to validate the developed non-
intrusive and non-destructive condition assessment technique and comparison of the
obtained results with those from existing oil testing methods.

3. Studying the physiochemical and electrical characteristics of the mixtures of MO and NEO
to comprehend their performance as transformer insulants.

4. Studying the magnetic response of the nanofluids by subjecting them to various magnetic
fields to comprehend their magnetic behavior which can be used to develop multiphysics
models.

5. Assessment of nanofluids and mixed insulating oils by the developed technique to

establish its applicability to the alternate insulating oils.

1.5 Contribution of the thesis

The major contributions of the thesis towards the realization of a novel condition
assessment technique for liquid insulation are as follows:

1. A condition assessment technique comprising of an S-Band horn antenna operating
between 2.1 to 2.6 GHz placed in an EMI free chamber is used to study the laboratory aged
MO samples. The response obtained is used to derive linear prediction graphs for MC and
TAN, which are further used to predict the condition of in-service transformer oil samples.
The S11 parameter at the first and second resonance frequencies in the chosen band
corresponds to the TAN and MC of the insulating oil sample, respectively, and the
technique is able to clearly differentiate samples with respect to their TAN and MC.

2. Fresh as well as aged mineral, ester, and mixed insulating oils are studied for their partial
discharge and dissolved gas generation behaviour. Apart from the above, multiple
physiochemical properties of the mixed insulating oil that endorse the usage of the chosen
oils for transformer applications are also studied.

3. The behaviour of Nanofluids subjected to quasi-static and dynamic magnetic fields and
their magnetic response is plotted. Useful parameters such as magnetic relaxation time and
magnetic susceptibility of nanofluids prepared from various nanoparticles are extracted
from the magnetic response.

4. Nanofluids are studied using the non-intrusive and non-destructive setup to endorse the
applicability of the developed setup. The effect of aging the nanofluids on the applicability

of the developed technique is also studied.
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5. Fresh as well as aged mineral, ester, and mixed insulating oils are studied using the non-
intrusive and non-destructive setup to establish its applicability to alternate insulating oils.

1.6 Organization of the Thesis

This thesis is organized into six chapters as follows:

Chapter 2 focuses on the development of a condition monitoring technique using high
frequency waves generated from an S-Band pyramidal horn antenna. The high frequency waves
are incident on the insulating liquid and the reflected signal is analyzed for the resonances.
Mineral oil samples with various moisture and acid content are prepared in the laboratory by
two different aging apparatuses. These samples are analyzed in the frequency range of 2.1 to
2.6 GHz as two resonances, one corresponding to moisture and the other to the acid content
present in the sample. The data from the analysis of laboratory aged samples is used to generate
a linear prediction graph. These linear graphs can be used to predict the moisture and acid in
any mineral oil sample. To validate the effectiveness of the developed setup, multiple in-service
transformer oil samples are tested. The findings support the usage of the technique for mineral
insulating oils for their condition assessment.

Chapter 3 proposes the usage of mixed insulation as an alternate insulation to mineral
oil. The physiochemical, partial discharge, and dissolved gas behaviour of the oils are studied
elaborately. The oils are aged to study their long-term behaviour to ensure their application in
transformers. The results show that the mixed insulating oils do not pose any threat if they are
used as an alternative. They also provide the added advantage of improved electrical
characteristics. This study will be a guide to manufacturers and transmission system operators
in choosing the appropriate insulation by balancing cost and performance.

Chapter 4 addresses the magnetic properties of the special alternate insulating oils known
as nanofluids. Magnetic susceptibility and magnetic time constants are extracted from the
results obtained from vibrating sample magnetometer and electron spin resonance
spectroscopies. The nanofluids are also studied using frequency domain spectroscopy (FDS)
for their low frequency behaviour. Insulating nanoparticle based nanofluids are also studied for
their low frequency behaviour by varying the concentration of nanoparticles.

In Chapter 5, nanofluids and mixed insulating oils are tested using the non-intrusive and
non-destructive technique for verifying the applicability of the developed setup. An effort has
been made to study the aged nanofluids with an antenna. Due to the agglomeration and settling
of nanoparticles on solid insulation, the aged samples could not be prepared with accuracy,

implying the technique is unverifiable for nanofluids. Whereas, the fresh and oxidative aged
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mixed insulating oil samples are studied for their response using non-intrusive and non-
destructive technique. The results show that the developed technique can be used for condition
assessment of mixed insulating oils with low moisture and acid content.

In Chapter 6, the conclusion of the thesis and the suggestions for the future scope of this

research work are presented.
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2. The non-intrusive and non-destructive technique for condition assessment of MO

2.1. Introduction

MO has been traditionally used in transformers for insulation and cooling purposes for a
century now. The insulation degrades over time in the combined or individual presence of high
temperature, moisture, and oxygen. The high temperature is due to heat dissipated by the
windings during the operation of the transformer. In contrast, moisture appears due to
ingression from the atmosphere and the breakdown of cellulose. The moisture and oxygen form
acids in the presence of heat leading to degradation of the paper insulation which in turn results
in the formation of sludge. The sludge reduces the TC of liquid insulation and thus the operating
temperature of the transformer will further increase. Therefore, due to aging, the acid, sludge,
and other impurities in the oil increase [48]. Therefore, the monitoring of insulation integrity
is important for the uninterrupted operation of the system [49]. The reliability of insulation
depends on condition-based maintenance rather than time-based maintenance [27, 50].

The chemical methods used for condition assessment are MC, DGA, DP, furan content,
and TAN analysis. A few electrical techniques are insulation resistance measurement, and
dielectric loss factor measurement (fand). The popular TDDRM for insulation integrity
assessment are PDC measurements and RVM [27]. The FDDRM for insulation assessment
comprises tand, capacitance, and complex permittivity measurement as a function of
frequency. The TDDRM and FDDRM are used to assess the condition of the insulation with
respect to the state of aging or the moisture content [46]. The FDDRM is gaining popularity as
it can characterize electrical properties in terms of frequency. Also, there is no unanimously
accepted diagnosing technique over the globe to detect the degradation of oil [27].

All the techniques being developed are used to detect the aging in insulating oil. The
aging of oil leads to an increase in contaminants which scale down the electrical properties of
liquid insulation by generating free radicals. The studies have reported that the resonance
frequency shifts toward a lower frequency for the aged oil as compared to fresh oil and it can
be interpreted as an increase in the dielectric constant of aged oil [51].

Though high frequency techniques could establish a relation with aging, there are a few
drawbacks concerning the reliability of the measurement, such as the antenna in [46] being
held onto a pressboard using metal clips in the studies and the presence of metal clips closer to
the antenna may affect the measurements. The other impediments of the high frequency
measurement techniques are that either the antenna is to be immersed in the oil or the sample
is to be placed precisely in the slot (for waveguide and cavity techniques) [51]. A small

dislodgment may cause severe measurement errors.
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Also, the degraded oil contains minuscule amounts of acids, dissolved gases, and other
hydrocarbon chains. When an antenna is placed in the oil, the acid constituents of the oil may
erode the sensor or antenna used for testing and if the same antenna is used for multiple sample
assessments, it may contaminate the subsequent test samples and lead to erroneous results. The
presence of an antenna in oil affects the conductivity of the oil in the region surrounding the
antenna and may result in electrolysis and space charge development [44].

Considering the disadvantages of an antenna being inserted in the insulating oil, a new,
reliable, non-intrusive, and non-destructive testing technique is introduced in this work. A horn
antenna operating in the S-band is placed over an open top Polytetrafluoroethylene (PTFE)
vessel filled with oil to study its characteristics. To avoid electromagnetic interference (EMI)
and noise, the entire study is conducted in an anechoic chamber. The state of the oil is
quantified in terms of the MC and the TAN. Both these parameters describe the state of aging
of an oil sample. Based on some studies [52, 53], the samples were aged using two different
processes, namely thermal and oxidative aging. Two different experimental setups for these
aging processes were developed in the laboratory to age the transformer liquid insulation. The
proposed method is tested initially on laboratory samples. The resonance in frequency response
is correlated with the MC and TAN of the insulating oil. This study is further extended to
predict the MC and TAN of in-service transformer oil samples obtained from various
transformers belonging to the substations of Assam State Electricity Board (ASEB) and Indian
Institute of Technology Guwahati (IIT Guwahati). The state of aging of in-service transformer
samples is established by mapping the obtained reflection coefficient |Sii| response with an
established linear fit from the laboratory aged sample data. Later, an attempt is made to study

the oxidatively aged solid insulation by using thermogravimetric analysis (TGA).

2.2. Materials and experimental technique

MO used in the present study was procured from M/s Savita Oil Technologies Limited
and its properties are given below in Table 2.1. According to IEEE C57.106, this oil can be
accepted for transformer applications [54]. The MO is degassed and dried in a vacuum oven to
remove moisture and dissolved gases before experimentation as per IEEE C57.637 [55]. After
removing moisture, the transformer insulation grade pressboard is immersed in MO along with
copper conductor and proceeded for aging.
2.2.1.Sample Preparation

In the present study, MO along with pressboard and copper conductor is aged in closed

beaker accelerated thermal aging and open beaker oxidative aging setup. All the samples
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prepared in sections 2.2.1.1 and 2.2.1.2 are tested for TAN and MC following IEC 62021 and

ASTM D1533 standards respectively, and the data is enlisted in Tables 2.4 and 2.5 respectively.

Table 2.1: Specification of insulating oil procured.

Parameter Test Method MO
Density (kg/m?) ASTM D1298 0.8180
Kinematic viscosity @ 27°C (cSt) ASTM D445 11.46
Interfacial tension @ 27°C (N/m) ASTM D971 47
Flashpoint (°C) ASTM D93 154
Pour point (°C) ASTM D97 =27
DDF @ 90°C ASTM D924 0.0045
Water content (ppm) ASTM D1533 12.40

2.2.1.1. Accelerated Thermal aging

The oil needs to be aged at a faster rate to study the early, midlife, and afterlife properties
of transformer insulation. An accelerated thermal aging setup was developed in the laboratory
as shown in Figure 2.1a. In this setup, the oil sample, pressboard, and kraft paper in the ratio
of 20:1:1 along with copper conductors are thermally stressed at a constant temperature of
140°C for 325, 650, and 975 hours. The samples are kept in a sealed beaker. As per IEEE
C57.91, the age factor at 140°C is 17.1994, which gives the samples aged 3.4, 6.72, and 10.1%
of their total life [56]. The reason for choosing these aging hours is to prepare oil samples with
lower TAN and MC. The fresh and aged samples are shown in Figure 2.2a. The samples turn

brown with aging and the color becomes darker with the increase in aging hours.

@ o)
Figure 2.1: (a) Sealed Beaker accelerated thermal aging setup and (b) Open Beaker
accelerated oxidative aging setup.
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2.2.1.2. Oxidative aging
In this aging process, oil, pressboard, and kraft paper are added to 300 ml MO in the ratio
of 20:1:1 to the beaker along with a spirally wounded copper conductor (475 mm long). Open
beakers are placed on a rotating platform inside the chamber, which is rotating at a speed of 2
RPM. The temperature inside the chamber is maintained at 115+1°C throughout the aging
process following ASTM D1934 [57]. The aging is done for 500, 1000, and 1500 hours to
prepare oil samples with higher TAN and MC. The open beaker accelerated oxidative aging
setup developed in the laboratory is shown in Figure 2.1b. The fresh and aged samples are

shown in Figure 2.2b. The oxidative aged samples turn crimson red in color with aging.
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Figure 2.2: (a) Closed Beaker accelerated thermal aged samples (b) Open Beaker accelerated
oxidative aged samples and (c) In-service transformer oil samples.

2.2.1.3. In-service transformer samples

The in-service MO based transformer insulation oil samples are obtained from
operational transformers of 33 kV and 132 kV substations of IIT Guwahati and ASEB
respectively. These transformers are of different age groups, and they have different voltage

and power ratings.
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Table 2.2. Nomenclature of transformer oil samples obtained from substations of

ASEB and IIT Guwahati.

Name Tr. A Tr. 1 Tr. I Tr. 1T
Make CGL* EMCO EMCO EMCO
Affiliation [T Guwahati ASEB ASEB ASEB
Operating Age (in years) 21 11 25 25
Power Rating 5SMVA, 40 MVA, 31.5MVA, | 31.5 MVA,

33 kV 132 kV 132 kV 132 kV

Winding Temp 65°C 75°C 60°C 65°C
Type of cooling ONAN ONAN ONAN ONAN
Oil Temp. 55°C 58°C 54°C 58°C
Oil Last Filtered - - 2013 2013

*CGL = Crompton Greaves Limited

The liquid insulation from transformers is sampled in accordance with ASTM D923 [58].
The liquid insulation samples are stored in air-tight glass bottles after sampling. The
nomenclature of the samples is shown in Table 2.2 and the samples collected from the two
different substations are shown in Figure 2.2c. The oil sample Tr. A belongs to the 33 kV
substation at IIT Guwahati, and the samples Tr. I, Tr. II, Tr. III belongs to the 132 kV substation
operated by ASEB.

2.2.2. Test Setup and calibration

To avoid external noise and the internal reflection of incident electromagnetic waves, the
experiment is performed in an anechoic chamber of size 6 x 4 x 6 m? erected in the Department
of Electronics and Electrical Engineering (EEE), II'T Guwahati and is shown in Figure 2.3. The
operating frequency range of this chamber is from 0.1 to 40 GHz for any polarization and
incident angle with an isolation of -40 dB.

Since the frequency response of the insulating liquid is highly sensitive to temperature
variation and humidity, the temperature inside the anechoic chamber is always maintained at
20°C using the temperature controller and humidity at 50% using the dehumidifier (AMDH
600, Advance International).

To study the reflection coefficient (S11) of the prepared liquid insulation, the sample is

filled in a PTFE vessel of inner dimensions of 142 x 105 x 40 mm? since using the glass,
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plastic, metallic, and fiberglass vessels for experimentation results in high reflections at the oil-
vessel boundary due to impedance mismatch. As the permittivity of the PTFE and MO are
nearly the same, the reflection of the wave from the boundary of the oil-vessel is minimized.
The testing vessel is molded with utmost care to match the aperture size of the S-band
pyramidal horn antenna and is placed right below it such that there is no air gap between the
aperture of the antenna and the oil sample. This effort avoids unnecessary reflections from the
edges of the vessel. The prepared testing vessel can accommodate approximately 600 mL of

oil.
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MO
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Figure 2.3: Anechoic chamber for insulation monitoring (1) Vecor ntwork analyzer
(MS46122B, Anritsu) (2) Antenna placed over the testing vessel with no air gap.

i
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I— Ms461228 0il
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Figure 2.4: Schematic representation of the experimental setup in the anechoic chamber.
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(b)
Figure 2.5: (a) Dimensions of the pyramidal horn antenna and (b) radiation pattern of the
antenna at 2.45 GHz.

A radiation absorber is placed in between the vessel and the table to avoid reflections, if
any. The absorbers are also placed in between the antenna and the antenna mount stand. The
schematic representation of the experimental setup placed in the anechoic chamber is shown in
Figure 2.4. The dimensions of the pyramidal horn antenna are shown in Figure 2.5(a). The
aperture of the antenna has an inner dimension of 142x 105 mm and the waveguide has a
dimension of 90 x 82 mm. The distance between the radiating element and the aperture end is
273 mm. The horn antenna is chosen for this study because it has no resonance elements,
making it operate smoothly over a wide frequency range of the S-band. This antenna also has
an easy interface, high gain, simple construction, and high directivity. The output of the horn
antenna is a linearly polarized wave. This antenna is designed with a center frequency of 2.45
GHz, which makes the antenna reliable and error-free for measurements in the band of 2 to 3
GHz. The antenna is connected to a vector network analyzer (VNA, MS46122B, Anritsu make)
using cables and connectors. The cables used to connect the antenna and VNA are noise free.
The testing vessel is designed in such a way that most of the radiation is focused on liquid
insulation. Since radiation pattern in Figure 2.5(b) shows that radiation from the antenna is
focused onto the liquid rather than the walls of the vessel. Thus, the walls of the vessel have a
negligible impact on the scattering parameters obtained.

The VNA is calibrated for open, short, and loaded conditions before performing an
experiment to avoid systematic errors. The main factors deteriorating the insulation of the
transformer are moisture, temperature, and oxygen. Oxygen leads to oxidation of the liquid
insulation, which in turn results in the formation of acids and sludge. These byproducts formed

degrade the liquid insulation and they are conducting in nature. Hence these conducting
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contaminants can be detected by the electromagnetic fields. The response in the frequency

range barring 2-3 GHz cannot be relied upon with this designed antenna and testing vessel.

2.3. Frequency response analysis of samples and validation of the technique

This section presents the Si1 parameter obtained from the experimentation of the fresh
and laboratory aged insulating oil in the frequency range of 2.1 to 2.6 GHz. Every sample is
measured three times for repeatability and a total of 301 readings are noted in the chosen
frequency range. This frequency band is able to establish the status of the liquid insulation with
the designed antenna and testing vessel deftly. The obtained results are used to predict the
degradation level of in-service oil samples. All the measurements are performed at room
temperature of 20°C and relative humidity (RH) of 50%. When oil degrades, the conductivity
increases due to an increase in contaminants. The higher the amount of contaminants, the
higher the degradation, the lower the impedance, the higher the conductivity, and the higher
the reflections from the oil. Hence, the degradation of oil causes changes in the Si; parameter.

Low molecular weight carboxylic acids (LMWCA) such as formic, acetic, and levulinic
acids and high molecular weight carboxylic acids (HMWCA) such as naphthenic and stearic
acids are formed due to aging of the cellulose solid insulation and liquid insulation [59, 60].
The molecular weight and the formula of the acids are mentioned in Table 2.3. The degradation
of oil gives rise to long chained acids, whereas the degradation of paper forms short chained
acids [61]. LMWCA are adsorbed mostly by cellulose and are soluble in water. In contrast,
HMWCA are absorbed by oil insulation and are not significantly water soluble [62]. Since the
aging is done with pro rata liquid and solid insulation, both the LMWCA and HMWCA are
formed in the laboratory aged samples as in transformers.

The LMWCA and HMWCA mentioned in Table 2.3 are added individually to the fresh
mineral oil in various concentrations, followed by magnetic stirring, and the S11 parameter of
the contaminated oil is studied. It is observed from the experiments that LMWCA
concentration does not have any effect on the Si1 parameter, whereas the S11 parameter of
HMWCA shows a shift in the response at resonance frequency as the concentration of
HMWCA increases. The frequency response on the addition of one such HMWCA
(Naphthenic acid) to 580 mL of fresh mineral oil in different concentrations (100 puL, 500 pL,
1000 uL) is shown in Figure 2.6. The frequency response shows two resonance frequencies
within the band of 2.1 to 2.6 GHz. As the horn antenna does not have any resonating
components, the resonance is solely due to the oil response. It is observed from the figure that

the change in concentration of HMWCA is reflected on the S11 parameter at the first resonance
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frequency. As the increase in HMWCA content causes the increase of | S11], the first resonance

frequency corresponds to the HMWCA content of the liquid insulation.
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Figure 2.6: Frequency response on the addition of HMWCA.
The second resonance frequency at 2.45 GHz is related to structural changes in Van der
Waal’s bonds of the water molecule [63]. Hence, the second resonance corresponds to the MC
of the liquid insulation. As the MC is not significantly changed during HMWCA addition, the

response at 2.45 GHz remains nearly the same for various concentrations of HMWCA.

Table 2.3: Different types of Carboxylic acids [59].

Name of acid Formula Molecular weight Acid dissociation constant
Formic CH:02 4 3.8
Acetic CH4O2 60 4.8
Levulinic CsHz0s 116 4.6
Naphthenic Variable 200-700 5.5
Stearic Ci6H3602 285 10.5

2.3.1. Frequency response of accelerated thermal aged samples
The frequency response of the samples prepared in section 2.2.1.1 is plotted in Figure

2.7. The MC and TAN of the samples are shown in Table 2.4. It is observed from the figure

21
TH-3272_186151014



2. The non-intrusive and non-destructive technique for condition assessment of MO

that the frequency response has two resonance frequencies. The fresh MO has the lowest |S11]
for all frequencies. As the oil ages, the | S11|is observed to increase, indicating higher reflections

from the oil.

|S44] (dB)
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Figure 2.7: Frequency response of sealed beaker accelerated thermal aged samples.

Table 2.4: MC and TAN of sealed beaker aged samples.

MO sample MC (ppm) TAN (mg KOH/g)
Fresh 124 0.012
325 hours aged 22.1 0.0297
650 hours aged 25.5 0.0387
975 hours aged 28.9 0.0466

Fresh MO has lower contaminants and with aging, the MC and the TAN of the oil
insulation are found to increase as indicated in Table 2.4. The frequency response in Figure 2.7
confirms the trend in Table 2.4 with higher |S;1| scattering values at resonance frequencies for
aged oil. The relationship between the cut-off frequency (f:) of the horn antenna and the

effective relative permittivity (¢,) of the oil is given by (2.1).

f ke
¢ 2+/ur€r

2.1)
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where k is a constant that depends on the dimension of the aperture and the mode of excitation
of the antenna, c is the velocity of light in free space, and u, is the relative permeability of the
medium. The frequency below the cut-off frequency at which the system and excitation
resonate is the resonant frequency.

As the oil ages, the relative permittivity increases with an increase in moisture and other
polar contents. Hence, there is a dwindle in the resonance frequency with aging, as shown in
the figure. On account of the lower TAN and MC of the samples prepared in section 2.2.1.1,
the shift in resonance frequency is also smaller for these oil samples. The obtained results are
in accordance with the results obtained by other testing methods in [45-47]. The increase in
|S11] at the first resonant frequency is observed to be proportional to the increase in the TAN
which is established in Figure 2.6. Meanwhile, the increase in [S11| at the second resonant

frequency is observed to be proportional to the increase in the MC.

2.3.2.Frequency response of open beaker oxidative aged samples

The frequency response of the samples prepared in section 2.2.1.2 is plotted in Figure
2.8. The MC and TAN of the samples are shown in Table 2.5. With the increase in aging hours,
the MC and TAN increase at a higher rate in open beaker oxidative aging than in closed beaker
accelerated thermal aging. This is due to the presence of oxygen in the aging chamber. The
presence of oxygen amplifies the acid formation in the aging process. Further, data in Table
2.5 shows a higher MC and TAN with aging hours for the oxidative aged samples compared to
the data provided in Table 2.4.

Table 2.5: MC and TAN of open beaker aged samples.

MO sample MC (ppm) TAN (mg KOH/g)
Fresh 124 0.012
500 hours aged 89.2 0.0319
1000 hours aged 120.5 0.0496
1500 hours aged 175.4 0.0551

On account of the higher TAN and MC of the samples prepared in section 2.2.1.2, the
shift in resonant frequency is higher for these oil samples. Figure 2.5 illustrates the variation in
resonance frequency with aging hours. The increase in |Si1| at first resonance frequency is
observed to be proportional to the increase in TAN and the second resonant frequency is

observed to be proportional to the increase in the MC for the aged samples. The results obtained
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in this section agree with the relation between f. and ¢, in (2.1). The obtained results are also in
accordance with the results obtained by other testing methods in [45, 46, 51].

Though the response curves of oxidative aged and thermally aged samples are similar,
the magnitude of the reflection coefficient is different. This is because of the higher amount of
contaminants in the oxidative aged samples. The higher the contaminants, the higher the

reflections and the lower the |S11] are.
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Figure 2.8: Frequency response of open beaker accelerated oxidative aged samples.

The difference in magnitude of [S11| measured between each oxidative aged sample is
higher compared to [S11| measured between each thermally aged sample. This shows that the
test setup developed can clearly distinguish the samples based on the amount of MC and TAN.
With this comprehension, a linear prediction curve is generated from the above data which is

later used to predict the MC and TAN of the in-service transformer oil samples.

2.3.3. Estimation of degradation of in-service transformer oil samples from frequency
response
From the frequency response curves in Figures 2.7 and 2.8, the reflection coefficient |11
at the first and second resonance frequencies are plotted as a function of the TAN and MC,
respectively. A linear relationship is estimated to best fit the laboratory sample data points,

according to (2.2).
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The coefficients obtained from the linear curve fit are given in Table 2.6. The linear fit
is extrapolated in MATLAB and the extrapolated curve is shown in Figures 2.9 and 2.10 with
TAN and MC values of Section 2.3.1 and 2.3.2 overlapped. The linear fitting relation given in
(2.2) and curves shown in Figures 2.9 and 2.10 correspond to a measurement temperature of
20°C and RH of 50%. Since the correlation of |S11|is done with absolute water content and acid
content of the oil sample, it is relevant to plot and compare the MC and TAN data of laboratory
aged and in-service samples in the same graph for Figures 2.9 and 2.10.

|S]_1| =a'x+ b (22)

where x is the independent variable (TAN/MC). The mean absolute error (MAE) root mean
squared error (RMSE) and the coefficient of determination (R?) mentioned in Table 2.6 indicate
the goodness of fit.

These linear graphs are used to predict the TAN and MC of the in-service transformer oil
samples. The frequency response of the in-service transformer oil samples obtained using the
developed test setup is shown in Figure 2.11. The |S11| corresponding to the first resonance
frequency in Figure 2.11 is then used to estimate the TAN of the in-service transformer oil
samples from the best-fitting curve in Figure 2.9. Similarly, the |[S11| corresponding to the
second resonant frequency in the in-service transformer oil samples is used to predict their MC
using the fitting curve in Figure 2.10. The estimated values of TAN and MC for these samples
are given in Table 2.7. In order to compare these estimates with actual values, the TAN and
MC for the in-service transformer oil samples are measured using conventional techniques
following the IEC 62021 and ASTM D1533 standards respectively and the data is shown in
Table 2.7. The percentage error between the estimated and measured values is calculated and
shown in Table 2.7. The in-service oil samples are filtered using vacuum dried filter paper
(pore size of 2 um) to remove sludge and metallic solid contaminants in order to avoid their

influence on the measurement and allow reproducibility.

Table 2.6: Coefficients, MAE, and R? of the first order polynomial for TAN and MC.

TAN MC
a 162.30863 0.01456
b -27.11856 -14.3307
MAE 0.002 21.239
RMSE 0.00272 28.94945
R? 0.98463 0.78779
25
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Figure 2.10: Extrapolated linear fit for MC.
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Table 2.7: Predicted and measured results of MC and TAN of in-service transformer oil

samples.
Sample TAN MC
(mg KOH/g) (ppm)
Predicted | Measured | % error | Predicted | Measured | % error
value value value value
Tr. A 0.03704 0.0364 1.78 44.685 38.6 15.7
Tr. 1 0.0818 0.1019 19.72 83.97 89.8 6.49
Tr. 11 0.0568 0.0735 22.72 66.69 70 473
Tr. 11 0.02412 0.0222 8.65 27.405 36.3 24.5
N
-10
= 15
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2]
- Fresh MO
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Figure 2.11: Frequency response of in-service transformer oil samples.

As per ASTM D974, the maximum limit for neutralization number (mgKOH/g) for

accepting MO is 0.03. The percentage error for oil samples with TAN around and below 0.03

is less than 10% in Table 2.4, indicating that the linear prediction in Figure 2.9 is rational for

MO samples with acceptable TAN. The mapped MC value is closer to the measured value for

high MC content samples. The accuracy of the MC prediction at lower MC values can be

further improved by having a larger data set.
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Any alternate liquid insulation to mineral oil also has TAN and MC, and they increase
with aging. The changes in TAN and MC of any liquid insulation can therefore also be detected
with the developed setup after obtaining a suitable best-fitting curve. Making use of the MC in
oil obtained from the experiment and the transformer operating temperature, MC in solid
insulation can be derived using moisture equilibrium curves. Therefore, the relative state of
moisture in solid insulation can also be predicted using this technique.

It is important to point out that the anechoic chamber used in the experimentation can be
easily scaled to a smaller size to fit the antenna and testing vessel. This makes the experimental
setup compact, lightweight, and portable. A customized portable VNA working in the
frequency band established in this chapter will make this technique cost-effective. Therefore,
using a customized portable VNA and a miniaturized testing chamber, the test setup can be
made lighter and handy to carry out experiments on the field. This technique is useful in the
fast identification of contaminants, reduces truck rolls, and is safe for the operating personnel.
Therefore, the asset downtime can be minimized and the profitability can be increased.

2.4. Non-isothermal thermogravimetric analysis of kraft paper

Kraft paper is widely used as an insulating material in HV equipment. The degradation
of paper as well as liquid insulation is due to the electrical and thermal stresses developed in
the equipment. The degradation of solid insulation is irreversible and thus it is considered the
end of the lifetime for equipment [64]. In addition to liquid insulation, solid insulation also
provides extensive information on the aging and degradation status. There are several
assessment techniques that determine the deterioration in paper namely, furan analysis, DP,
and tensile strength of the paper. Among them, DP and mechanical strength tests on solid
insulation are widely performed. The DP values and mechanical strength of paper can be
correlated to each other and are mainly influenced by initial moisture, aging duration, and
operating temperature of the insulation [65]. In this subsection, an attempt has been made to
study the degradation of solid insulation using the non-isothermal thermogravimetric analysis
(TGA) technique.

TGA is a technique in which the mass or mass degradation rate of a sample is studied by
varying temperature in a predefined procedure over a defined time in a controlled atmosphere
[66]. The mass or mass degradation rate of the sample is plotted as a function of temperature
since the mass of the sample is dependent on the temperature applied to the sample. A Perkin
Elmer TGA 4000 equipment shown in Figure 2.12 is used for this analysis. The schematic of
the TGA experimental setup is depicted in Figure 2.13. The TGA equipment consists of a
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sample pan made of ceramic that is supported by a vertical precision balance. The pan was
placed in a furnace, which was heated during the experiment. The mass of the sample is
monitored throughout the experiment by the vertical precision balance. An inert or reactive gas
is filled in as purge gas to control the furnace environment [67]. This gas flows over the sample,
surrounds it, and exits through an exhaust. The nitrogen gas is used in these experiments as an
inert atmosphere, and it provides an oxygen free environment. This inert atmosphere avoids
combustion of the sample due to oxygen. This ensures the degradation of the sample is only
due to the temperature and not oxidation. The TGA analysis is performed in the temperature
range of 30 to 900°C with an increasing ramp rate of 20°C/min. The nitrogen gas pressure is
maintained at 1.8 bar and a flow rate of 20 ml/min. This flow rate is sufficient to maintain the
oxygen free environment inside the instrument. The TGA analysis is generally used to study
oxidation stability, filler contents, carbon contents, drying losses, volatility, moisture content,
and many more parameters.

The kraft paper is subjected to oxidative aging, as shown in section 2.2.1.2, and the paper
samples are extracted every 300 hours until a total of 900 hours. The samples of the kraft paper
sampled and stored air tight in a polythene bag are shown in Figure 2.14. However, it is
important to note that the oxidative aged kraft paper samples contain the oil that is impregnated
in it during the aging process. TGA is performed on the fresh, dry, and oxidative aged kraft
paper. This study focuses solely on the thermal degradation of the paper sample rather than on
the amount of moisture present in the paper sample. Therefore, all the paper samples are dried
in the nitrogen atmosphere at 100°C for 20 minutes before performing TGA to ensure the kraft
paper is moisture free. Therefore, the TGA analysis performed here only gives a response with
respect to paper aging status and not due to moisture. Figure 2.15 shows the empty ceramic
pan, ceramic pan filled with kraft paper samples, and pan with remains after performing TGA
in an inert atmosphere. Thermal degradation analysis is carried out and the results obtained are
plotted for temperature versus weight percentage measurements.

The variation of the weight percentage of the sample with temperature is plotted in Figure
2.16. The results show that the response follows a similar trend for all the oil aged kraft paper
samples and is different from the fresh kraft paper. The thermal degradation is not significant
below 200°C. There is a huge degradation of the sample observed in the temperature range of
300 to 400°C. At temperatures beyond 400°C, the degradation is almost complete as the
percentage weight loss is low.

To interpret the results in a better way, the results obtained in the temperature range of

150 to 450°C are focused and shown in Figure 2.17. There is an inverted hump in the response
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of oil aged samples when compared to the dry paper sample. This inverted hump in oil
immersed samples is observed in the range of 200 and 300°C. These temperatures are closer to
the fire and flash points of the MO. The MO and karanji oil methyl ester degrade and evaporate
in this temperature range [68]. Therefore, the loss in weight in this temperature range is due to
the evaporation of the oil from the paper samples. As the dry paper sample does not have any

oil, this trend is not observed in the dried sample.

Figure 2.12: Thermo Gravimetric Analyser.

Sample
Thermocouple

Kraft Paper
Sample

Ceramic Pan

Sensitivetop- | ___—— \ Ceramic Furnace

loading Balance

Figure 2.13: Tllustration of a ceramic pan filled with paper insulation in a TGA furnace
with top-load balance.
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(a) | (b) (©) (@
Figure 2.14: Solid insulation samples (a) Vacuum oven dried fresh kraft paper (b) 300 hours

oxidative aged kraft paper (c) 600 hours oxidative aged kraft paper (d) 900 hours oxidative
aged kraft paper.

() b) - ©
Figure 2.15: (a) Empty ceramic cup (b) Ceramic cup filled with kraft paper samples (c)
Ceramic cup with remainings after performing TGA.
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Figure 2.16: Weight percentage vs temperature curve of the kraft paper samples from 30 to
900°C.
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From Figure 2.17, it was observed that the percentage of weight loss in the temperature
range of 200 to 300°C for the 900-hour aged sample is higher compared to the 600-hour aged
sample followed by the 300-hour aged sample. To study the rate of weight loss with
temperature variation, derivative weight is plotted in Figure 2.18. The derivative weight is the

rate at which the mass is degraded. The units are mg/min.
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Figure 2.17: Weight percentage vs Temperature of the kraft paper samples from 150 to
450°C.

The derivate weight graph is divided into two zones. Zone I for the temperature range of
200 to 300°C, and Zone II for the temperature range of 300 to 400°C. In Zone I, the rate of
degradation is higher for the aged paper at a temperature close to 250°C, indicating the oil
evaporation from the paper sample. The higher the aging status of oil, the faster the degradation
rate. As the temperature increases beyond 250 to 300°C, the rate of thermal degradation reduces
for the aged samples. It is noteworthy to mention that the dry paper is much more stable in
zone 1. In Zone II, the trend in degradation rate for the oil-aged samples is observed to be
reversed in comparison to Zone 1. The rate of degradation is higher for the 300-hour aged
sample followed by 600 and 900-hour aged samples. The max degradation rate of the dry paper
is closer to half of the max degradation rate of the 300-hour aged sample. Though the
degradation rates are different, the max degradation for all the samples is found at 384.5+1°C.

The TGA concludes that the thermal degradation of oil-aged samples in the temperature
range of 200 to 300°C is due to evaporation of oil on the paper samples and the thermal
degradation of dry paper starts after 300°C. The maximum degradation rate in the derivative
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weight graph is found at 384.5£1°C for all the samples. Since there is no significant difference
in the temperature at which the maximum degradation rate of the paper occurs despite samples
having various aging statuses, TGA cannot be used to define the aging status of the solid
insulation precisely. It may be used in conjunction with other measurements or analyses to
obtain a satisfying conclusion. Therefore, TGA will not be used hereon in the following

chapters as an assessment technique and the focus is exclusively laid on the liquid insulation.
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Figure 2.18: Derivative weight vs temperature of the kraft paper samples from 150 to 450°C.

2.5. Summary of the chapter

An EMI free, non-intrusive, and non-destructive experimental setup is developed and
optimized for testing of laboratory aged insulating oils. A first order prediction graph for TAN
and MC is generated from the data obtained from laboratory aged samples and is used to predict
the status of in-service transformer oils. Further, TGA is performed on fresh and oxidative aged
solid insulation samples to study its performance. The outcomes of this chapter are as follows.

. The chosen frequency band of 2.1 to 2.6 GHz is able to clearly differentiate MO
samples with different TAN and MC.

. Unlike LMWCA, the HMWCA is responsible for the shift in |Si1| at the first
resonance frequency in the chosen band.

. The S11 parameter at the first and second resonance frequencies in the chosen band

corresponds to the TAN and MC of the insulating oil sample respectively.
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. The TAN and MC of any unknown mineral insulating oil sample can be predicted
by using the prediction graph.

. Scalable test setup is practically feasible, portable, and economical.

. This technique is unaffected by the operating frequencies in the electrical substation
due to its EMI free design.

. TGA analysis alone is not sufficient to obtain the key aging status of the oxidative
aged kraft paper.

This technique can be phenomenal in the swift and efficient detection of TAN and MC
of transformer oil samples. Since the entire experimentation is performed in the anechoic
chamber, the results are least affected by EMI interference. Therefore, this technique proves to
be an effective way to estimate the degradation status of the transformer mineral oils. Since
this technique is contingent on the MC and TAN of the oil sample, it could be applicable to
alternative insulating oils, too. Alternative insulating oils are being developed for transformer
application due to the exhaustible nature of MO and the demand for oils with higher electrical
breakdown strength, flashpoints, and biodegradability. The following chapters deal with
studying the fundamental properties of such alternative insulating oils and their response to the

technique developed in this chapter.

Note: This work, “A Non-Intrusive and Non-Destructive Technique for Condition
Assessment of Transformer Liquid Insulation,” has been published in IEEE Transactions on

Dielectric and Electrical Insulation, 2022, vol. 29, no. 2, pp. 693-700.
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3. Natural ester and blended oils as alternate transformer insulation

3.1. Introduction

MO has been used in transformers for a long time as an electrical insulation and thermal
coolant [1, 69]. The vegetable oils (VO) manifest to be an alternative to MO with better electric
breakdown characteristics, excellent fire safety, and environmental characteristics. The
utilities are coming up with green transformers that use VO as a liquid insulant. The utilities
also prefer to retrofill the aged transformers with the VO as it gives thermal stability to the
solid insulation [28]. The above stated advantages of VO and the possibility of exhaustion of
MO make the former the best potential alternative. When VO is retrofilled in MO based
transformer, the blending of VO and MO occurs involuntarily as the latter cannot be completely
drained from the transformer [28]. A small amount of the MO remains in the paper, pressboard,
windings, core, tank, and radiators. However, most of the old insulant in solid insulation gets
replaced by the new insulant within a few months of retrofilling [70, 71]. During this
replacement time, there is a continuous change in the quantity of old and new insulants
impregnated in the solid insulation. Hence, the blending ratio of these insulants closer to the
conductors is unpredictable, and it affects the electrical properties at that particular location
[70, 71]. Researchers have also come up with using blended oil (BO) as an alternative to MO
due to the superior properties they inherent properties from both base oils [70, 72-74]. The
blending leads to a synergy between the base oils and gives birth to a new structure that results
in superior dielectric properties [70]. In addition, retrofilling with natural ester causes a rise in
the number of hotspots and hotspot temperature [75]. Therefore, there should be a balance
between the improvement in properties and the cost of insulant for commercialization. The
balance between properties and cost can be achieved by BOs, so it is of interest to study the
BO behavior in all aspects.

Many researchers have studied the dielectric performance of BOs prepared by mixing
MO and VO 1n a ratio of 70%-30%. However, this ratio does not represent the exact scenario
of the blending ratio of oils after retrofilling. Therefore, in an effort to understand the properties
and nature of BO during transition, various ratios of MO and FR3 are mixed to produce five
different types of BOs. These BOs are tested individually for their performance.

MO which is most used across the world for high voltage applications is blended with
FR3 to produce BOs. Performance evaluation should be done before retrofilling the transformer
to have a cognizance of the performance beforehand. During the operation of the transformer,
the oil needs to be monitored continuously for insight into any imminent failure of transformer

insulation. Hence, this chapter focuses on studying the physiochemical and electrical properties
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with a special focus on PD trends due to needle-plane electrodes. Further, the gassing tendency
of these oils subjected to continuous electric sparking is also investigated. In order to assess
the short as well as long term performance, the tests are performed on fresh and oxidative aged
oils. By identifying a proper blending ratio that balances the physiochemical and electrical

properties, this study will help in cost cutting.

3.2. Materials and aging
3.2.1. Materials used in experimentation

MO used in the present study is procured from M/s Savita Oil Technologies Limited and
FR3 from M/s Cargill India. The received oils are individually filtered using 2 pm pore size
filter paper, followed by degassing and drying in a vacuum oven according to IEEE C57.637
[55]. This procedure removes moisture, dissolved gases, and organic contaminants (if any)
from the fresh oils. The MO based transformer when retrofilled with FR3 has minute quantities
of MO left in the windings, the FR3 will replace the MO and in turn, result in a different
proportion of mixed insulating oil. The blending ratio in the close proximity of windings cannot
be predicted and hence it is important to consider multiple blends of both oils. The fresh oils
are used for preparing BOs. The blending is done in a glove bag filled with dry nitrogen gas to
avoid the contamination of oil samples. The ratio of blending is mentioned in Table 3.1. After
preparation, the fresh BOs are hermetically sealed and stored in a room with an RH of 35%
and a room temperature of 20°C. All the oil samples prepared were found to be properly
miscible and remained miscible for many weeks, even after experimentation. The miscibility
of each sample is confirmed by testing the relative permittivity and dissipation factor at three
different positions of the vessel [72]. The paper and pressboard are dried at a maximum

permissible temperature of 110°C, which was later used in aging the BOs [76].

Table 3.1: Samples of blended oils.

Fresh sample Sample code Oxidative aged Sample code
sample
MO Al MO A2
MO- FR3 (3:1) Bl MO- FR3 (3:1) B2
MO- FR3 (1:1) Cl MO- FR3 (1:1) C2
MO- FR3 (1:3) D1 MO- FR3 (1:3) D2
FR3 El FR3 E2
37
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3.2.2. Aging of samples

IEC 60354 states the aging of insulation is mainly due to thermal stress. However,
CIGRE and Electra 150 states that aging is accelerated by oxygen in addition to thermal stress
[72]. Half of all the fresh samples prepared are aged using open beaker oxidative aging
according to ASTM D1934. The oil, kraft paper, and pressboard are combined in a 20:1:1 ratio
along with copper wire of length 475 mm wound spirally and filled in a beaker, and the beaker
is placed on a platform rotating at a constant speed of 2 RPM [52]. The aging is done at a
temperature of 115°C for 96 hours. The fresh and aged samples are shown in Figure 3.1 and

their sample codes are mentioned in Table 3.1 for easy interpretation.

(A2) BZ) (C2) (D2) (E2)
Figure 3.1: Hermetically sealed fresh and oxidative aged liquid insulation samples.

3.3. Physiochemical and electrical properties of the blended oils
3.3.1.Physiochemical properties and AC breakdown voltage

Various electrical and physiochemical properties of the BOs shown in Figure 3.1 are
presented in Table 3.2. The moisture is measured by Coulometric Karl Fischer titration in
accordance with ASTM D1533. This method uses a reagent that consists of lodine and reacts
instantly with the moisture. The amount of reduction in reagent is directly proportional to the
amount of moisture present in the test sample and is detected amperometrically by the platinum
electrodes. This method can detect moisture as low as 2 ppm. The AC breakdown voltage
(BDV) is measured in accordance with ASTM D1816 using polished brass spherically capped
Verband der Elektrotechnik electrodes. The test cup is filled with the sample and waited for a
few minutes before applying voltage to let the air bubbles escape. Typical wait times are 5
minutes for MO and 30 minutes for VO according to ASTM D1816. Kindly note that the

blended oils are also provided with a wait time of 30 minutes as they contain VO. Now, the

38
TH-3272_186151014



3. Natural ester and blended oils as alternate transformer insulation

voltage is increased from zero at a rate of 0.5 kV/s until breakdown occurs and the
corresponding rms voltage is noted. Five such breakdowns are performed on each sample with
a wait time of 90 seconds between every test and the average is reported as ACBDV. The
dielectric dissipation factor (DDF) and the relative permittivity are measured in accordance
with ASTM D924 at 90°C by using a voltage source operating at power frequency. The DDF
is a measure of the ratio of resistive current to capacitive current flowing through the sample
on subjecting it to electric stress. Whereas the relative permittivity is a measure of the ratio of
the capacitance of the test cell with the test sample as dielectric to the capacitance of the test
cell with air as dielectric. The specific resistance of the liquid sample is measured in accordance
with ASTM D1169. Direct polarity of the potential is applied to the sample, and the current
through the sample is noted after a minute. Now, the terminals of the test cell are short-circuited
for 5 minutes followed by polarity reversal and noting of current through the sample. The test
voltage across the sample is also recorded. The individual resistivity for direct and reverse
polarity is calculated from the recorded current and voltage using (3.1) and the average of both
resistivities is reported as the specific resistance of the sample.

p =K/l 3.1)
where p is the resistivity, V is the test voltage in V, K is the cell constant in cm, and 7 is the
current through the sample in pA.

The flash point is measured in accordance with ASTM D93 by a manual Pensky-Martens
closed cup tester which can test flash points up to 370°C. The test sample is filled in a brass
cup fitted with a cover and is heated while stirring at a specified rate. An ignition source is
directed onto the brass cup at regular intervals with simultaneous interruption until a flash is
noticed. The temperature corresponding to the occurrence of the first flash is reported as the
flash point. The interfacial tension (IFT) is measured in accordance with ASTM D971 by the
ring method. A ring with a 40 mm circumference made with a wire with a 0.3 mm diameter is
used for the measurements. The instrument is calibrated by immersing it into a cup filled with
water. The tension at which the film is adhering to ring ruptures is recorded as IFT. Now, to
measure the I[FT of the oil sample, it is spread onto the water and the ring is immersed into the
oil. The ring is slowly moved and the tension at which the film adhering to the ring ruptures is
recorded. The density of the oil samples is measured as per ASTM D1298 using the hydrometer
method. In this method, the sample is loaded into hydrometer placed in a water bath maintained
at the desired temperature. The observed hydrometer reading is the density of the sample.

The fatty acids in the VOs are deciding factors for the physiochemical properties of

natural ester oils [77, 78]. Hence, blending them with MO in different ratios gives a unique oil
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[72, 74]. The moisture content in Table 3.2 shows that with an increase in VO content, the MC

in the fresh and aged oil increases. This increase in MC is due to higher moisture saturation
value and percentage of VO. The increase in BDV is observed with an increase in VO content
which is because of less free moisture.

The DDF, relative permittivity (RP), specific resistance, and IFT of the samples are
observed to reduce with an increase in VO content. This is due to the polar molecular structure
of the ester oil (EO). Also, it is notable that the change in IFT from new to aged ester oil is less
compared to mineral oil as mentioned in IEC 62961 [79]. Though the ester oils have higher
breakdown voltages, they have a higher charging tendency compared to MO due to their low
resistivity [74].

Table 3.2: Physiochemical properties of BOs.

Property MC ACBDV DDF RP Specific Flash IFT Density
(ppm) (kV) @90°C resistance point @27°C | (kg/m?)
(Q-cm) (°C) (mN/m)

Standard ASTM | ASTM ASTM D924 ASTM ASTM | ASTM | ASTM
D1533 | DI816 D1169 D93 D971 | D1298

Al 8.2 92.5 0.00167 | 2.012 | 234.80x10'* | 163.5 47.81 0.817

% B1 383 95.5 0.00401 | 2.211 | 17.84x10'"? 184.4 28.13 0.830
g Cl 71.1 97.6 0.00780 | 2.478 | 6.64x10" 219.7 23.52 0.864
f:ﬁ D1 91.5 98.9 0.01006 | 2.630 | 2.27x10' 256.6 22.86 0.872
a El 99.2 100.2 0.03583 | 2.904 | 926.20x10% 320 20.09 0913
A2 29.9 88.9 0.00187 | 2.034 | 132.60x10' | 160.5 17.88 0.822
% B2 72.8 90.3 0.01155 | 2.238 | 4.94x10" 178.5 15.69 0.838
§ C2 112.9 91.3 0.01606 | 2.472 | 1.80x10' 208.4 19.19 0.878
Eﬁ D2 163.2 91.9 0.03002 | 2.658 | 862x10% 231.4 20.05 0.893
E2 316.4 92.9 0.04881 | 2.960 | 78.68x10% 289.6 20.06 0.934

The flash point and density of the oil samples are found to increase with the increase in

VO content. The increase in these properties is due to the long chain fatty acids in VO. All the

above properties show that VO has both advantages and disadvantages over MO. The

agreement between the oils is observed in BOs. Therefore, BOs have a very high potential as

an alternative insulation. In addition to the above properties, the non-destructive characteristics

such as PD and DGA give insight into the behaviour of these oils during operation. The
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following sections deal with the PD and DGA of blended oils when subjected to selective

electric stress.

3.3.2.Partial discharges in blended oils

Monitoring needs to be done for the reliable operation of assets in the power grid and to
save on downtime costs. Power failures occur due to insulation failure. The impending
insulation failures can be detected by the PD measurements [80]. PD is an electric discharge
occurring in the insulating medium between two conductors that does not completely bridge
the two conductors. Continuous and long-term PD results in degradation of the insulation and
leads to erosion, aging, and early failure of insulation [31, 81]. The PD test of the oil insulation
gives an insight into the aging status of the transformer and necessary action may be initiated
at the early stages of failure [81, 82]. The important attributes that can be established from the
PD study are PD inception and extinction voltage, apparent charge of pulse, phase angle of
pulse, pulse repetition rate, accumulated apparent charge, average discharge magnitude, peak
discharge magnitude, average discharge current, discharge power, quadratic rate, phase
resolved PD pattern (PRPD) and pulse resolution time [31, 83]. PD inception voltage (PDIV)
is controlled by the local applied field rather than the average field across the insulation [84].
PDIV can be reasonably reproduced. PD occurs at both AC and DC voltages. However, as
most of the power and distribution transformers in the power system network operate on HV
alternating current, this work focuses on studying the PD in BOs due to AC voltage.

PD occurs due to the high stress zones created by surface defects in conductors, floating
metals, trapped air, poor earthing, and contaminants in the oil [28, 76]. Concentrated PD occurs
on the sharp edge of electrodes and also in the oil ducts when stress exceeds the limits of PDIV
[76]. The contaminants in oil tend to migrate to areas of high electric stress faster in a low
viscosity oil [76]. It indicates a higher viscosity oil could be better for usage in transformers
bushings and capacitors. But as higher viscosity causes a reduction in TC, the BOs provide a
feasible solution in balancing the viscosity and electric stress. To ascertain various theories and
establish the relation between the blending ratio and PD, this subsection focuses on studying

PD in various BOs.
3.3.2.1. Test setup

The test setup consists of a high frequency filter, discharge free HV source (230V/100kV,
10 kVA), capacitive voltage divider (CVD), PD test cell, connecting wires, quadripole,

coupling capacitor (CC) (1000 pF), data acquisition and processing system connected as shown
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in Figure 3.2(a). An isolated power supply supplies power to the HV source through high
frequency filter. The PD happens only in small volumes around the highly stressed region.
Therefore, PD signals can only be differentiated from external noise when noise to noise-to-
signal ratio is significantly good. External noise such as EMI is mitigated by shielding the
experimental chamber with interconnecting Aluminium sheets and earthing them. The earthing
of the EMI shielding is essential as the metallic objects in the surroundings would otherwise

produce noises [76].

r Filter

Variac

i K

(0-230 V)

HV Transformer
0.230/100 kv

Quadripole

High voltag
transformer

PD| |V ﬁ = |
Data Isolated PD ‘e = M
acquisiTi_oAn_‘svstem Power supply Analyzer ;,;,,,"« ;‘j , oW ; *‘:_l:]-
U:o ‘ Data bus L4 Iy
(a) (b)

Figure 3.2: (a) Partial discharge measurement connection diagram and (b) Experimental setup

with test cell.

(a)
Figure 3.3: (a) PD test cell with the needle (20 um) and plane electrodes (b) Illustration of PD test
cell with dimensions.

WIW 0g

Brass electrode

l (—} Nylon nutand bolt

Wi Qg

80 mm
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(b)

The test cell used for the PD study is shown in Figure 3.3. It is designed in such a way

that there are no sharp edges other than the needle tip. A needle-plane electrode system with a
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stainless steel needle of 20 um tip radius is connected to a brass rod and placed at a distance of
50 mm from the brass plane electrode. The tip radius of needles is measured in a lab accredited
by the National Accreditation Board for Testing and Calibration Laboratories (NABL) after
production. The stainless-steel needle is brazed into the brass rod that connects it to the HV
source. The brass rod and the plane electrode are buffed for a smooth outer texture. The needle
and rod at the HV terminal are intentionally made of different materials to avoid the shaping
out of the needle when welded into the rod. In this schema, the needle is brazed into the brass
rod without melting or damaging the needle tip as stainless steel has a high melting point
compared to the brass. The outer wall of the test cell is made of silica glass and fastened to the
PTFE discs at the top and bottom with a provision for electrode placement. The HV and ground
electrodes of the test cell are fastened to connecting wires using a nylon nut and bolt system to
avoid sharp edges in the test cell and damage to the conductors. The nylon nut and bolt for
fastening the HV electrode are shown in Figure 3.3(a). This unique design ensures the

occurrence of PD is solely due to the needle.

3.3.2.2. Calibration and Experimentation

The test setup is calibrated according to ASTM D1868 using a standard pulse calibrator
(CAL) whenever the needle is changed. The calibration is also performed every time the sample
is replaced. The test setup without a needle is observed to be discharge free up to 48 kV for the
developed test cell design. The PD pulses are recorded using a single channel commercial PD
analyzer (PDC13, AES make). The sensitivity of the PD analyzer is 0.1 pC. The background
noise of the measurement setup is observed to be 2.5 pC. The small background noise is
achieved by providing earthing to a depth of 120 feet during the installation and commissioning
of the PD analyzer. Based on studies conducted by various researchers and technical
committees, a narrow band detector (300 kHz) is chosen to capture the PD activity in liquid
[81, 85-87]. This measurement system is a wide band instrument according to IEC 60270. The
wide band instrument is generally preferred for the detection of pulse bursts in liquids due to
the dynamic nature of the voids [88].

The relative humidity of the testing atmosphere should be less than 60%, and the
electrodes need to be coaxial during PD measurement. Otherwise, a correction factor is to be
introduced [31]. The above two details are taken into consideration while designing the test
cell and performing experiments. A constant room temperature of 20°C and an RH of 40% is
maintained throughout experimentation. Care is taken to avoid the contamination of samples

by hermetically sealing and placing the samples in a desiccator before and after
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experimentation. The test cell is cleaned with laboratory grade methanol and rinsed twice with
the test sample before each experiment. The sample is meticulously filled in the test cell to
avoid bubbles and a stand time of 15 minutes is provided to let the trapped air escape before
experimentation. Since this experimentation is non-destructive in nature, multiple
measurements can be performed on one sample [85]. The experiments are repeated for two
different fillings of the same sample with 10 PD measurements for each filling. A rest interval
of one minute for MO, five minutes for BOs, and eight minutes for VO is provided between
each measurement.

PDIV is interpreted in multiple ways by the researchers [89-92]. In this work, PDIV is
interpreted in two ways. One of them is an apparent charge just exceeding 100 pC in accordance
with IEC TR 61294 and the second consideration is the number of pulses with an apparent
charge of each pulse greater than 5 pC exceeding 500 per minute [91, 93]. According to [91],
the PDIV for insulating oils is nearly the same for 500, 1000, and 1500 pulses per minute. The
need for a second PDIV consideration comes from the lack of interpretation of the PD pattern
above PDIV by IEC TR 61294. The second consideration also satisfies the definition of PDIV
by IEC 60270. The samples are stressed by applying the voltage at a rate of 1 kV/s until PDIV
is reached in both cases. Further, the voltage is increased to 6 kV above PDIV and then
gradually decreased at 1 kV/s to find the PD extinction voltage (PDEV) which is defined by
upending the above two considerations for PDIV.

The voltage at the HV terminal is monitored by the CVD as well as the quadripole
connected to the coupling capacitor. The behavior of the insulating liquids on the application
of high stress is required to be studied to understand PD behavior at divergent field points. The
insulating liquid with a higher ability to suppress the partial discharges would be the finest
choice for the customer. PD occurs when insulating oil is subjected to a very high electric field.
The electric stress in fresh and aged oil samples is generated using a needle-plane electrode
system as shown in Figure 3.3. The needle tip is designed such that the electric field at the tip
of the HV electrode is much greater than the dielectric strength of the liquid insulation. Just
before PD happens, an interface is formed on the walls of the gaseous cavity as a result of
Maxwell-Wagner polarization and when the potential across this cavity exceeds Paschen’s
minimum, the charges in the cavity are neutralized [31]. It leads to local discharges followed
by the formation of gas bubbles and thereon partial discharges [31]. The electric field at the tip
of the needle for this configuration can be determined using (3.2) derived by Eyring et al. [94].

%4

Emax = rin@V((d+1)/1)

(3.2)
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where V' is the applied voltage, r is the radius of curvature of the needle tip, and d is the distance
between the needle and plane electrodes. However, the electric field distribution across the gap
is influenced by the conductivity and permittivity of the materials.

The following subsections present the results on PDIV, PDEV, minimum phase angle at

which PDIV occurs, and PD patterns in the fresh and oxidative aged oil samples.

3.3.2.3. PDIV and PDEYV of fresh and oxidative aged blended oils

PD takes place at the sites of field intensification and therefore to study the effect of
intense fields on PD, a needle plane electrode configuration is preferred [95]. As discussed
earlier, the PDIV is educed from two cases. Case 1 is the apparent charge exceeding 100 pC
and case 2 is the number of pulses exceeding 500 per minute with each magnitude of pulse
greater than 5 pC. Figure 3.4 shows the PDIV in fresh and oxidative aged oils for the above
two cases. The PDIV results shown in Figure 3.4 are an average of 20 readings.

The PDIV results in Figure 3.4(a) show that with the increase in VO content, PDIV
increases for the fresh oil samples with fresh FR3 having the highest PDIV. A smooth trend in
the increase in PDIV is observed from sample Al to E1. Volatile substances in the MO are
released at lower temperatures compared to ester oils [73]. Therefore, the PDIV in MO and
BOs with greater MO content is lower compared to VO among the fresh oils. However, the
trend is not the same for the oxidative aged samples. The oxidative aging of oils produces
organic acids, aldehydes, alcohols, saturated esters, ketones, peroxides, unstable products,
lactones, polymerized hydrocarbons, sludge, and dissolved gases in addition to moisture [28].
These contaminants are collectively responsible for the change in PDIV and PDEV of the aged
oils in comparison to fresh oils. Since the VO oxidizes and degrades faster in the presence of
oxygen, pure VO has lower PDIV than BOs. A BO with an equal proportion of MO and FR3
has the highest PDIV. The reason for low PDIV for the VO among the aged samples is due to
oxidation of EO in the presence of oxygen. The volatile substances in MO and the oxidation of
VO are responsible for MO and VO having lower PDIV compared to their BOs.

When the applied voltage on the oil samples is increased gradually, case 1 is noticed first,
followed by case 2. The PDIV recorded according to case 2 is presented in Fig. 3.4(b) and it
can be observed that the PDIV for fresh oils follows the same trend as in case 1. However, the
PDIV magnitude is higher in case 2. The BO with an equal proportion of MO and FR3 is
observed to have the highest PDIV among the aged samples in case 2 as well. Similarly, an
attempt is made to extract the PDEV values of the samples. PDEV in case 1 is construed as

apparent charge to be less than 100 pC and pulse count less than 500 per minute with each
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pulse greater than 5 pC in case 2. The average of 20 readings is presented in Figure 3.5. PDEV
for fresh oil samples is found to increase with VO content with FR3 having the highest PDEV
for both cases. The PDEV of aged oils is similar to their PDIV.

The ratio of PDIV to PDEV (RIE) is unity for ideal insulation. It is interesting to note
that the RIE in case 1 is close to unity indicating that the oils behave as an ideal insulation.
However, RIE in case 2 contradicts this ideal nature. The RIE is close to unity for sample Al
(1.0176) among fresh oils and for sample C2 (1.008) among aged oils in case 2. RIE is different
for the same oils based on the inception and extinction criterion. RIE may be used in defining
the PDIV for liquids as it clearly provides an understanding of the PD performance and the set
criterion.

In addition, by weighing up the physiochemical properties in Table II with the PDIV of
the oils, the BOs prove to be a better insulant balancing all the properties. The end life of
transformers depends on the performance of aged oil. Therefore, considering PDIV and PDEV
characteristics, the equal ratio of MO-FR3 blend proves to be the best alternative liquid

insulation for transformer application in the long run.
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Figure 3.4: (a) PDIV on reaching 100 pC and (b) PDIV on reaching 500 pulses/min.
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Figure 3.5: (a) PDEV on reaching 100 pC and (b) PDEV on reaching 500 pulses/min.
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With knowledge of the PDIV and PDEV, there is a need to understand how the two cases

are crucial in defining the PDIV and interpreting the devastating effects. This can be achieved

by studying the PD pattern in the oil.

3.3.2.4. PD pattern and the minimum phase angle at PDIV
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Figure 3.6: PD pattern at 6 kV above PDIV for (i) A1 (ii) B1 (iii) C1 (iv) D1 and (v) E1 samples.
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The PD pattern provides insight into the magnitude, trajectory, frequency, and phase
angle of the PD pulses with respect to voltage. They provide information on the intensity, type,
and source of the PD. The shape and evolution features of the PRPD pattern are mostly identical
for a sample in repeated tests. The discharge epoch is preferably observed at a certain voltage
above the PDIV as it provides a more defined discharge pattern and a regular discharge
character [87]. Also, the PD in liquid insulation is spasmodic in nature at PDIV. Therefore, the
PRPD pattern in this work is presented at 6 kV above PDIV (case 1) of the respective liquid.
As the PDIV of case 1 is lower, it ensures safe operation and discharge magnitudes within the
detectable range of equipment. This enables a better comparison of the discharge epoch in
liquid insulation. Therefore, the PRPD patterns presented in this section are at 6 kV above
PDIV according to case 1.

The PRPD pattern in fresh and oxidative aged oils at 6 kV above their respective PDIV
for 1500 cycles are shown in Figures 3.6 and 3.7 respectively. The discharge density in all
samples is observed to increase with the increase in voltage above PDIV. The discharge rate,
phase, and magnitude are asymmetrical for positive and negative half cycles. It is noteworthy
to observe that a larger number of discharges are found to occur in the negative half cycle for
fresh and aged oils as observed by other researchers [88]. The greater number of discharges in
the negative half cycle is due to the abounding electron injection from the needle tip to the
dielectric liquid. When subjected to electric stress, all insulating oils exhibit pulse burst
characteristics [90, 96]. Therefore, each data point of the PD pulse shown in Figures 3.6 and
3.7 corresponds to an integrated response of the total charge transfer of a pulse burst occurring
at that moment. Pulse amplitude and repetition rate indicate the severity of the defect. The
discharges in MO are smaller in magnitude compared to other fresh oils. The PD magnitude
and pulse count of the A1 sample are observed to increase almost linearly with the voltage.
Whereas, for the E1 sample, heavy discharge magnitudes are found at PDIV and above. For all
other samples, a lower discharge magnitude is observed up to PDIV and the discharge
magnitude increases exponentially beyond that. The PRPD pattern of all the oils is found to be
stochastic, erratic, and have sudden high magnitude discharges suggesting pulse bursts [90].
This indicates the severity of PD is large in fresh VO and all the aged oils. IEC TR 61294 states
that PDIV is mostly related to the chemistry and not the conditioning of the liquid insulation
as the PD is a local phenomenon. The PD pattern and PDIV suggest that there may be a
chemical change in the structure due to the blending of oils. The magnitude of the highest
discharge pulse for all the samples at 10 kV, 15 kV, PDIV, and 6 kV above PDIV is presented

in Table 3.3. The magnitude of discharges for samples Al, Bl, A2, and B2 increase
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proportionally with voltage up to PDIV and above PDIV. Whereas, the discharge magnitude
for samples C1, D1, El, C2, D2, and E2 is consistently low up to PDIV and increases
impulsively after PDIV. The higher discharge magnitude and higher number of pulses in VO

indicate a catastrophic performance. Although the PD magnitude and pulse count are low in

MO, the small PDIV values are of concern.
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The trend of the PD pattern is more important than the magnitude of the PD pattern. The
comparison of the PRPD pattern of fresh and aged oils shows that the PD pattern is vertically
elongated for the aged oils. This is due to the higher contaminants in aged oil, leading to higher
discharges. The ascending PRPD in aged oils indicates a large number of discharge sites. The
higher discharge magnitude and steep PRPD pattern in VO could also be a consequence of a
large number of discharge sites. The PD amplitude is an indicator of the quality of insulation.
The lower the PD magnitude, the better the quality of the insulation [28, 31, 80, 82]. All the
fresh oil samples are observed to have approximately the same discharge amplitude. The aged
oils have higher discharge magnitudes in comparison to fresh oils and enlarge vertically with
the increase in VO content. The PD pattern and PDIV suggest that there may be a chemical
change in the structure due to the blending of oils. The increase in pulse count for a few oils in
comparison to others at a voltage greater than PDIV of case 1 indicates the need for introducing
PDIV as an interpretation based on pulse count as it signifies the degradation. The magnitude
of PD for samples A1, B1, A2, and B2 increases proportionally with voltage up to PDIV and
above PDIV. Whereas, the PD magnitude for samples C1, D1, E1, C2, D2, and E2 is
consistently low up to PDIV and increases impulsively after PDIV. It is of particular interest
that the aged oils also have a broader PRPD pattern in addition to their vertical enlargement as
shown in Figure 3.7. The broadening of PRPD can be visualized in two ways. The PRPD
pattern of MO is observed to broaden towards zero crossing at 180° phase with aging (positive
half cycle to negative half cycle) indicating a reduction in PDIV with aging. Whereas, samples
D1, E1, and all aged samples broaden towards zero crossing at 360° phase (negative half cycle
to positive half cycle) indicating lower PDEV. Samples C1 and C2 have narrow PRPD patterns
among oils of the same nature. This confirms that the PDIV and PDEV of the sample with an
equal ratio of MO and VO outperforms all other oil samples in the long run balancing the
physiochemical and electrical properties.

Table 3.3: Magnitude of highest discharge pulse at 10 kV, 15 kV, PDIV, and 6 kV above

PDIV (100 pC).
Sample

Voltage

Al B1 C1 D1 El A2 | B2 C2 | D2 | E2
10 kV 35 30 20 15 12 42 45 18 15 14
15 kV 60 50 32 28 22 75 72 32 30 25
PDIV 104 105 130 | 155 | 188 | 102 | 105 | 135 | 140 | 180
6 kV above 800 850 | 850 | 800 | 1000 | 875 | 1000 | 1000 | 1150 | 1200
PDIV
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Table 3.4: Phase angle at PDIV (100 pC).

Sample >100 pC Sample >100 pC
Al 255.6° A2 196.2°
Bl 248.4° B2 205.2°
C1 244.8° C2 243.1°
Dl 242.6° D2 220.2°
El 239.4° E2 214.8°

The phase angle is a characteristic of PD which represents the structure of the PD cavity
and the origin of PD [97, 98]. An effort is made to extract the information on the phase angle
at PDIV from the experimental results using the AES Play Recording tool that was provided
along with the PD analyzer. The phase angle at PDIV solely for case 1 is tabulated in Table 3.4
as it is not possible to extract the phase angle at PDIV for case 2 with the available software
tool and the stored data. The phase angle at PDIV is only of concern as it is evident that the
phase angle will reduce with a further increase in voltage [97]. Though it seems like the PD
pattern of all oil samples is focused at the center of the half wave, the phase angle at which
PDIV (case 1) occurs is found to be different. This could be due to the difference in cavity
development times for different oils. With the increase in viscosity, the cavity development
time decreases [99]. Therefore, viscosity is responsible for the decrease in cavity development
times and thereby the inception phase angle for VO and BOs with VO content. The phase angle
data in Table 3.4 for fresh oils show a decreasing trend with an increase in oil viscosity.
However, the same trend is not observed in oxidative aged oils. This could be due to relatively
higher moisture in MO resulting in PD cavity formation at a lower phase angle. Though the
type of cavity developed is the same in all oils, the viscosity and moisture content could affect
the cavity formation time and therefore the phase angle at which PD occurs.

This study is important in retrofilling MO based transformers with FR3 and vice versa.
It is also useful for commercializing the blended oils. This study endorses the development and
usage of blended oils in power apparatus. The increase in PD pulse count in a few oils in
comparison to others indicates the need to interpret PDIV based on pulse count. This work
benefits the transformer manufacturer and the transmission system operator in terms of cost
cutting by choosing the apt insulation for a transformer based on the equipment’s insulation
requirement. This study supports the development, quality assurance, and condition monitoring

of blended oil filled power apparatus.
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3.3.3. Gassing tendency of blended oils on subjecting to electric sparking

Gases are generated in the transformer due to the decomposition of insulation owing to
aging as well as the occurrence of thermal and/or electrical faults [100, 101]. Faults and aging
result in the decomposition of insulation, followed by the formation of unstable radicals
which rapidly recombine forming gases such as H,, CH4, CoHs, C2Hs, C2Hz, CO, and CO»
[100-103]. Various compositions of the above seven gases can be correlated to the type of
fault and its intensity. When the gas concentration is below the stipulated value and not
significantly increasing, it is not considered a fault. On generation, a partial or an entire
amount of these gases dissolve in the insulating oil depending on the solubility coefficients
of gases as well as the type of oil. The attributes such as amount, change in concentration,
and the rate of generation of gases obtained by performing DGA are helpful in the evaluation
of the condition of the transformer [104].

DGA is a widely and frequently used promising technique for the assessment of
transformer health. DGA is measured by three methods namely headspace, partial gas
extraction, stripping gas extraction, and total gas extraction methods [104-106]. DGA is used
for the diagnosis and tracking of faults by measuring the absolute and relative amount of key
gases [107]. It also helps in monitoring the gas emission pattern in oil when subjected to
individual or multiple simultaneous stresses. According to IEC 60599, faults are classified as
partial discharges (PD), low energy discharges (D1), high energy discharges (D2), thermal
faults below 300°C (T1), thermal faults between 300 and 700°C (T2), and thermal faults
above 700°C (T3) based on the gases generated. Dornenburg ratios (DR), Rogers ratios (RR),
IEC gas ratios (IGR), and the Duval triangle are the most commonly used methods to predict
the type and intensity of fault [107-110]. The ratio of the amount of gases presents a very
useful form of data for comparison and prediction of faults. The detection of fault at an early
stage is important in prolonging the life of an equipment.

There is abundant documentation available on the gas evolving phenomena, evaluation,
and fault identification using DGs for MO, nonetheless, the same methodology cannot be used
directly for EO based transformers [29, 111, 112]. The EOs have a better electric breakdown,
biodegradability, solid insulation endurance, and flash and fire point characteristics compared
to MO making them a sustainable alternative [113-115]. Each EO has its own gassing rates and
tendencies for a similar fault [101].

Small amounts of DGs are produced when PD occurs and are seldom detectable by DGA
[116]. However, decomposition due to immense and short duration electric stress can be
detected and analyzed using DGA [112, 116-118]. Sparking could be a low temperature fault

52

TH-3272_186151014



3. Natural ester and blended oils as alternate transformer insulation

in some oils while it could be a high temperature fault for other oils. Sparking at voltage above
oil BDV results in a relatively higher amount of DG generation. Multiple sparkings need to be
performed to ensure sufficient concentration of fault gases [111, 112, 119]. Sparking at least
200 times produces gases at a linear rate [119]. With the speculated increase in the application
of EOs and BOs for power transformers, studying their DG generation tendency is of great
importance. Studying the gassing tendency of insulation enables its possible field application
by providing data for developing and regulating gas relays for error-free monitoring.

The aim of the work in this subsection is to study the gassing tendency of the BOs
subjected to electric sparking at a laboratory scale. Multiple gas analyses using ratios and
graphical methods are performed to validate their applicability to BOs. Also, in order to study
their long-term performance, the BOs are oxidative aged and sparked.
3.3.3.1. Sample Preparation and Description of Gas Ratios
3.3.3.1.1. Sample Preparation

The oils are mixed in five different ratios to generate samples with wide mixing
percentages as shown in Figure 3.1. Two sets of each sample are prepared; one of them is stored
directly in airtight glass bottle after preparation and termed as fresh oil, while the other sample
is oxidative aged in accordance with ASTM D1934, stored in airtight glass bottle and termed
oxidative aged oil.

Each fresh as well as aged oil sample is subjected to 200 continuous electric sparks with
a time gap of 3 minutes between each spark. Sparking is done by increasing the voltage at a
rate of 1 kV/s up to the BDV of respective oil using a b2 electronics make breakdown analyzer
(model BA 100) with Verband Deutscher Elektrotechniker (VDE) electrodes having a 2.5 mm
spacing in between. The volume of the test cell is 400 mL and has a non-hermetically sealed
top cover. After filling the test cell with oil, a settling time of 5 minutes for samples A1, A2
and 15 minutes for the rest of the samples is provided before sparking. All the oil samples are
dried, aged, stored, and tested in the laboratory to avoid contact with sunlight and ultraviolet
light [101]. These precautions ensure the gases generated in the oils are only due to aging and

sparking.
3.3.3.1.2. Measurement of Dissolved Gases and Description of Gas Diagnosis Methods

Gases are generated due to multiple reasons. Decomposition of MO from 150 to 500°C
produces mostly low molecular weight gases (H2, CH4, C2Hs, C2Hg). Whereas, CoHz and high
molecular weight gases are formed in addition to H> at high temperatures. Hotspots are

indicated by the presence of significant amounts of methane and ethane. CO and CO; are
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evolved on the decomposition of paper insulation. It is interesting to note that electric stress
results in ten times lower gassing, whereas thermal stress results in three times higher gassing
in EOs compared to MO [101, 115].

Thermal decomposition of kraft paper and pressboard in MO leads to the formation of
CO, CO», and water vapor even at normal operating conditions. The increase in CO magnitude
indicates degradation in cellulosic insulation. The CO2/CO ratio is normally more than seven
for normal operating conditions in MO. Overheating of cellulose impregnated with EOs also
generates CO and CO». The CO2/CO ratio is almost the same for MO and EOs. However, the
thermal decomposition of EOs also results in CO production, which significantly exceeds CO
production from solid insulation. Therefore, the CO,/CO ratio at high temperatures does not
provide quality information on cellulose degradation in EOs. The aging temperature in this
work is 115°C implying that the CO generation (if any) is only due to the cellulose degradation
in aged oil samples.

ASTM D3612 (headspace method) is defined to be used for the oils having a viscosity of
20 cSt or less at 40°C which means it cannot be applied for the EOs. However, IEEE C57.155
endorses the use of this technique for EOs. Nonetheless, there is no other reliable technique to
measure DGs in EOs and BOs. Therefore, DGs in all the oil samples are measured in accordance
with ASTM D3612 (headspace method) using a gas chromatograph procured from Agilent
Technologies immediately after sparking in the same laboratory avoiding the need to transport
and exposure to light. Each sample is tested three times for repeatability.

Various methods are available to analyze the measured DG content in oil. DR, RR, IGR,
and Duval triangle methods are proposed by experts based on vast knowledge and experience
unlike from intense scientific models ultimately resulting in different diagnosis by each method
for the same sample [115]. Mineral and non-mineral oils show different gas levels for the same
fault [117]. Some gas ratios such as Ri = CoH4/CoHs, R2 = CoH2/CoHa, R3 = CH4/Hz, R4 =
C2H2/CHa4, and Rs = C2He¢/C2H; are majorly used by the ratio methods to interpret the faults.

The IGR method is based on IEC 60599 and uses ratios Ri, R>, and R3 to interpret the
faults. This method is applicable to all types of equipment but is not very accurate in predicting
faults due to the overlapping of ratio ranges. In the DR method, one of the gases (H>, CHa,
C>Hs, and CoH») must exceed twice the minimum concentration limit (1) mentioned in Table
4 of C57.104. In addition, at least one of the other two gases in any of the R, R3, R4, and Rs
ratios should exceed L1. Further, each ratio is compared in the order of R3, Ro, R4, and Rs with
Table 5 of [100] to interpret the faults. The RR method is similar to the IGR method and uses

Ri1, Ry, and Rj3 ratios. Eventually, the ratios are compared with values in Table 6 of [100] to
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identify the fault. Since this method is independent of the absolute content of each dissolved
gas, it could lead to improper diagnosis as it happens with the DR method [100]. The ratios in
IGR, DR, and RR methods are compared with the stipulated values in Table 3.5 for the fault

identification.

%p; = =2 (3.3)

2us?”

where p1= CH4,p2 = CyHy, andp3 = CoHo.

100270 100200

0 \ AN A AN AN A A\
100 = %, C:2H: 0 100 4 %/, C:H:> 0

(a) (b)
Figure 3.8: (a) Duval triangle 1 for MO and (b) Duval triangle 3 for FR3 [109, 118].

However, the ratio methods fail to diagnose multiple simultaneous faults in addition to
their inapplicability to non-mineral oils. The above drawbacks can be overcome by using a
graphical representation based Duval triangle method [115]. It uses absolute gas concentrations
rather than ratios. The Duval triangle 1 and triangle 3 for MO and EO respectively are proposed
based on the gas generation quantities in MO and non-MOs and are shown in Figure 3.8 [117].
Triangle 1 and 3 uses three gases (CHa4, C2H4, and C2Hb») to detect the type of fault [101, 117].
The three gases form the three axes of the triangle with seven fault zones (PD, D1, D2, mixture
of electrical and thermal faults (DT), T1, T2, and T3). The fault coordinates are found using
the percentage concentration of the three gases obtained from (3.3) [116].
3.3.3.2.Fault prediction from dissolved gases in BOs

Certain gases (CH4, C2Hs, CoHa, C2Hz, Ha, CO, and CO;) which are imperative in detecting
degradation are only considered for the diagnosis. Despite the fact that the gases generated in
EOs under fault conditions are the same as those generated in MO, the production rates, ratios,
and solubility of the gases are different [ 101]. Table 3.6 presents the DGs in the oil samples prior
to aging, after aging, prior to sparking, and after sparking. To avoid the loss of gases generated

during sparking and to ensure their quantity and composition remain intact, DGs are measured
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immediately after sparking in the same laboratory. The exposure of EOs to ultraviolet rays from
sunlight causes stray gassing [101]. Hence, certain measures such as performing experiments
immediately after sparking and undertaking all experimental processes in the same lab assisted
in reducing the stray gassing.

Table 3.5: DG interpretation according to IGR, RR, and DR methods [101, 108].

. Ratios
Name of Analysis
Rl RZ R3 R4 R5
Partial discharge (PD) <0.2 IN <0.1 - -
Discharges of low energy >1 >1 0.1t0 0.5 - -
(DLE)
Discharges of high energy >2 0.5-2.5 0.1to1 - -
o (DHE)
2
TF of low temperature (T1) <1 IN >1 - -
TF of medium temperature 1-4 <0.1 >1 - -
(T2)
TF of high temperature >4 0.2 >1 - -
(T3)
Normal operation <0.1 >0.1 to <1.0 <1.0 - -
Low energy discharge (PD) <0.1 <0.1 <1.0 - -
High energy discharge 0.1to 0.1to 1.0 >3.0 - -
1~ 3.0
~
Low temperature TF <0.1 >0.1to<1.0 | 1.0t0 3.0 - -
TF below 700°C <0.1 >1.0 1.0t0 3.0 - -
TF above 700°C <0.1 >1.0 >3.0 - -
Thermal decomposition* - <0.75 >1.0 <03 | >04
o Low intensity PD* - IN <0.1 <03 | >04
A
High intensity PD* - >0.75 >0.1to<1.0 | >0.3 | <04

*ratios valid for oil; IN=insignificant; TF = Thermal fault;
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Table 3.6: Dissolved gases in oils before and after sparking.

Sample | Sparking Dissolved gases (ppm)
status
H> CHs | CoHe | CoHs | CoH> Cco CO;
Al Before <1 <1 <1 <1 <1 12 110
After 156 6.6 2 11 180 12.2 120
Bl Before <1 <1 <1 <1 <1 12 116
After 122 6 1.5 16 158 15.4 124
Cl Before 5 <1 <1 <1 <1 15 140
After 136.6 4 <1 13 64 28 167
D1 Before <1 <1 <1 <1 <1 18 153
After 125.1 2 <1 7 25 31.6 182
El Before 5 <1 <1 <1 <1 20 192
After 119.4 1.5 <1 6 20 34 205
A2 Before 4.2 4 2 1 <1 23 112
After 179 18 3 80 200 29 121
B2 Before 7.4 5 2 1.2 <1 46 206
After 135 16 3 103 285 57 218
C2 Before 33 6 2 3.2 <1 54.4 324
After 151.6 12 2.5 66 165 84 354
D2 Before 38 7 2 3.9 <1 106 387
After 146.5 8.2 2.5 60 115 137 389
E2 Before 55 8.8 2.2 4.3 <1 223 481
After 168 9 23 40 69 237 514
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The fresh oils have all the gases within the limit according to Table A.2 of IEC 60599

and Condition 1, Table 1 of [100]. In aged oils, CO and CO; are found in higher quantities,

whereas all other gases are within limits. CHa, C2He, C2H4, C2Hz, and CO are generally termed
combustible gases (CG). Despite the thermal aging of the oils, the CG are also within the limit
as the aging temperature is not high enough for their generation. The carbon oxides are
observed in fresh samples even before sparking. They could have formed due to the stray
gassing of oils that occurred during the drying process. The carbon oxides are higher in EOs
compared to MO as the degradation of the former results in carbon oxide formation. The
gassing of insulating oils is enhanced in the presence of copper conductors irrespective of their
proportion [120]. Hz is formed when oil is aged in the presence of copper [ 120]. The production
of Hz on sparking is relatively higher in EOs. Since the scope of this work is limited to the
evaluation of gases due to electrical faults, stray gassing is not investigated further.

For fresh and aged oils, the production of H> on sparking is highest for MOs (A1 and A2)
and decreases with the increase in ester content. The EOs (B1 and B2) produce the lowest H».
The same trend is observed for the CGs, too. The CGs are found to increase in sparked oils
with the highest increase for MOs (A1 and A2) and the lowest for EOs (B1 and B2).

The sparking decomposes the insulation locally leading to the disruption of oil molecular
structure. Low energy faults such as PD result in the scissioning of weak bonds (C-H) and the
formation of H» gas. High energy is required to scission the (C-C) bonds and form C>H». The
C2H: 1s thus formed when arcing occurs where the conducting channel is at several thousands
of degrees Celsius. The CoH, may also form at low temperatures but in low quantities [ 108]. In
case of overheating, acetylene will represent a small portion of total dissolved combustible
gases (TDCG). Partial discharges lead to high levels of hydrogen in comparison to acetylene
and other CGs. Whereas due to arcing in MO, hydrogen, and acetylene are generated in almost
the same quantities [ 100]. However, Hydrogen has a low Ostwald solubility coefficient in oil
compared to acetylene [100]. Therefore, even though both H> and C2H» are generated in the
same quantities in MO during arcing, the C2H> is observed to be higher in the arced MO sample.
This is because H» escapes owing to small disturbance to the oil which cannot be avoided.
Despite the efforts to minimize the disturbance in oil from preparation to testing, there is a
scope during the sampling of oil into the syringe resulting in hydrogen escaping. Therefore, the
amount of hydrogen detected is slightly lower compared to the amount of acetylene for MO
samples. This small variation can be neglected, and the analysis can be performed considering
it to be an electric arc discharge. However, the CO and CO; gases are observed to increase in

fresh BOs with the increase in ester content. With the knowledge of the reason for gas
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generation and different types of gases generated, the type and intensity of fault are interpreted
from fault gases of samples shown in Table 3.6 using various ratios and graphical methods.
The IGR, DR, RR, and Duval triangle methods are explored in this work to evaluate the
efficacy of these methods in predicting fault for BOs and to understand the discharge

characteristics.

3.3.3.2.1. Fault Analysis using gas ratios methods (IEC, Dornenburg and Rogers)

The ratios R, Rz, R3, R4, and Rs useful for IGR, DR, and RR methods are evaluated for
all oils from the data available in Table 3.6 and are presented in Table 3.7. Despite the
drawbacks of the Dornenburg and Rogers ratios methods, an effort has been made to interpret
the electrical faults in BOs by using them along with the IGR method. The DGs in sparked oils
from Table 3.6 show that all the samples meet L1 criteria and the DR method is applicable.
The faults in the sparked oils are evaluated by comparing gas ratios in Table 3.7 with the
stipulated values in Table 3.5 and the findings are tabulated in Table 3.8. For the ratios that do
not correspond to any fault, Table 2 of [108] is used to predict the fault.

Table 3.7: Gas ratios of oil samples after sparking.

Sample Ratios
R; R, R3 R4 Rs

Al 5.5 16.36 | 0.042 | 27.27 | 0.011
Bl 10.67 | 9.88 | 0.049 | 26.33 | 0.001
Cl 13 4.92 | 0.029 16 0.016
Dl 7 3.57 | 0.016 | 12.5 0.04
El 6 3.33 | 0.013 | 13.33 | 0.05
A2 26.67 | 2.5 | 0.101 | 11.11 | 0.015
B2 3433 | 2.77 | 0.118 | 17.81 | 0.011
C2 26.4 2.5 1 0.079 | 13.75 | 0.015
D2 24 1.92 | 0.056 | 14.02 | 0.022
E2 17.39 | 1.73 | 0.054 | 7.67 | 0.033

The visual inspection of the DG data in Table 3.6 suggests the occurrence of electric
discharge in the oils [100, 101, 108]. The IGR method ratifies the formation of electric

discharges in all oil samples. However, a clear distinction between high and low energy
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discharge could not be achieved for most of the samples. It could clearly identify the discharge
intensity only for two samples (A2 and B2). The RR method could not identify the fault in any
of the BOs. The DR method also could not detect the fault in most of the BO samples, but it
was able to predict for samples A2 and B2 indicating high intensity PD. The results show that
only the IGR method could identify faults in all the samples among the ratio methods. The
disproportionate rate of H generation is responsible for the mismatch of results for gas ratio
methods. It is noteworthy to bear in mind that the predicted faults by the ratio methods are
accurate if and only if a prediction is achievable.

Table 3.8: Fault indications using IGR, DR, and RR analysis.

Fault Indication
Sample

IGR RR DR
Al Discharges NoP NoP
B1 Discharges NoP NoP
Cl Discharges NoP NoP
Dl Discharges NoP NoP
El Discharges NoP NoP
A2 DHE NoP High intensity PD
B2 DLE NoP High intensity PD
C2 Discharges NoP NoP
D2 Discharges NoP NoP
E2 Discharges NoP NoP

NoP = No prediction;

3.3.3.2.2. Fault Analysis using Duval Triangles and Pentagons

Duval triangles 1 and 3 are used to characterize faults and their intensity for MO and
non-MOs respectively. The triangles 4-7 and pentagons 1-3 can be used for extracting
additional information such as the occurrence of single or multiple faults and to classify the
thermal faults with more accuracy [121]. Therefore, triangles (1 and 3) and pentagons (1 and

3) are used in this subsection to study their effectiveness in predicting electrical faults for BOs.
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Figure 3.9: Duval triangle 1 for fault prediction in BOs.
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Figure 3.10: Duval triangle 3 for fault prediction in BOs.
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Figure 3.11: Duval pentagon 1 for fault confirmation in BOs.

The DG data pertaining to all the fresh and aged BOs are positioned on Duval triangles
1 and 3 using algorithms procured from Dr. Duval on request and are presented in Figures 3.9
and 3.10. These figures manifest the electric discharges as low intensity discharges i.e., D1 for
fresh oils, and high intensity discharges i.e., D2 for aged oils. The shift in locus corresponding
to samples Al to E1 towards the D1-D2 boundary indicates the increase in the intensity of
discharge in the oil with the increase in ester percentage. The aged samples are located in the
D2 region of Duval triangles 1 and 3 indicating a substantial increase in the electric discharge
magnitude. The increase in discharge is due to polar contaminants formed from aging. The
polar contaminants are responsible for the decrease in specific resistance of the aged BOs as
shown in Table 3.2. Since the increase in three key gases (CHas, C2H4, and C2H>) is proportional,
the intensity and type of discharges predicted by both Duval triangles 1 and 3 are the same.
Therefore, the reliable prediction of electric faults in BOs is achievable by Duval triangles 1
and 3.

The pentagons are generally used in conjunction with triangles for drawing out
complementary information. The pentagons 1 and 3 for MO and FR3 respectively are used in
addition to triangles 1 and 3 to confirm the occurrence of fault, specifically the electric
discharge in this case as shown in Figures 3.11 and 3.12. The five gases form the five vertices
of the pentagon with seven fault zones (PD, D1, D2, stray gassing at temperatures below 200°C
(S), T1, T2, and T3). Both Duval pentagons 1 and 3 confirm the occurrence of electric
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discharges in all the fresh as well as aged BOs but of low intensity. All the locus points are in
the D1 region of both pentagons, with those corresponding to aged BOs shifting towards the
D1-D2 boundary compared to fresh oil samples. This potentially indicates an increase in

discharge magnitude for aged oils.
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Figure 3.12: Duval pentagon 3 (FR3) for fault confirmation in BOs.

3.3.3.2.3. Comparison of TDCG in BOs

The variation in the total amount of gas generated with aging and the change in ester
percentage can be analyzed from the TDCG comparison. The TDCG of all the BOs after
sparking is calculated from Table 3.6 and presented in Figure 3.13. The TDCG in fresh oils on
sparking follows a decreasing trend from Al to El. This is in agreement with the results
obtained by other researchers [101, 115]. The TDCG in aged oils is approximately 1.5 times
for MO and 3 times for EO compared to their respective fresh oils. The TDCG of aged oils is
a combination of gases generated due to aging as well as sparking. However, the TDCG of
aged BO samples does not establish any pattern.

As a large number of field observations are not available to clearly define the gassing
behavior of retrofilled and BO based transformers, this study is of much importance in
effectively evaluating their gassing performance and monitoring such transformers. In addition,
this study presents data to develop a new DG interpretation method for BOs. It also helps in
defining set values for gas relays and alarms for transformers filled with BOs. The MO in the

BOs can be easily extracted by lowering the temperatures and freezing EOs. Therefore, the
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BOs may not pose any threat to the environment if carefully disposed of. This work is beneficial
for utilities and manufacturers in determining the insulating oil with optimized cost and

performance. This study endorses the development and usage of BOs in power apparatus.

600
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Mixed insulating oil samples

Figure 3.13: TDCG in sparked BOs.

3.4. Surface study of solid insulation aged in natural ester

The solid and liquid insulation together comprise the insulation coordination of the
transformer. The use of VO in the transformer slows the degradation of the solid insulation in
comparison to MO. There are two major hypotheses that support the slower degradation. One
of them suggests the higher moisture saturation capability of the VO is responsible for avoiding
the degradation of cellulose [11]. However, higher temperatures could still result in the
breakage of the cellulose. The second hypothesis suggests the formation of a gel on the solid
insulation surface protecting it from moisture and temperature [ 122]. An attempt has been made

to study the gel formed on the kraft paper from thermal aging FR3.

-~ -

Figure 3.14: Gel balls formed on the surface of the pressbard.
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The VO, kraft paper, and copper conductors are added in 20:1:1 proportion and are
subjected to thermal stress at 180°C for 500 hours. This aging resulted in the formation of
multiple spherical gel balls on the walls of the aging cell and pressboard. Figure 3.14 presents
the gel balls formed on the pressboard surface. The gel balls are separated from the pressboard
and are studied for their crystalline composition using a single crystal X-ray diffractometer
(Make: Agilent; Model: Single source supernova E) available at the Central Instrument Facility
(CIF), IIT Guwahati which is capable of providing information on the unit cell dimensions,
bond-lengths, bond-angles and site-ordering details of single crystal unit that form the internal

lattice of the substances. The result obtained is presented in Figure 3.15.

IGeI ball

Intensity (arbitrary units)

Il Il Il Il
0 20 40 60 80 100

20 (degrees)
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Figure 3.15: (a) Gel balls (b) Single crystal X-ray diffraction of gel balls.

The results show that the gel balls are amorphous in nature indicating they are a
byproduct of oil and/or paper reaction as there is no trace of any metal. It is interesting to note
that these gel balls remain intact even after three years of being subjected to storage in a

dehumidified room.

(b) (c)

Figure 3.16: (a) Fresh and dry solid insulation (b) fresh solid insulation subjected to moisture
equilibrium with VO for 96 hours and (c) solid insulation aged for 500 hours at 180 °C in
VO.

65
TH-3272_186151014



3. Natural ester and blended oils as alternate transformer insulation

Further, the surface of kraft paper is studied for surface smoothness on thermal aging in
VO. The surface smoothness of the kraft paper aged in VO is studied using the atomic force
microscope (AFM) of Oxford make and Cypher model available at the CIF, IIT Guwahati.
AFMs are very high-resolution scanning probe microscopes with three-dimensional accuracy
up to 0.1nm. AFMs generally measure the lateral and vertical deflection of the cantilever using
an optical lever operated by reflecting a laser beam that strikes the position-sensitive photo-
detector. The surface study is performed on fresh and dry solid insulation with 100% of life
remaining, the fresh solid insulation subjected to moisture equilibrium with VO for 96 hours,
and solid insulation aged for 500 hours at 180 °C, and the samples are presented in Figure 3.16.
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Figure 3.17: (a) 3D image of fresh dry solid insulation (b) 3D image of fresh solid insulation
immersed in VO (c) 3D image of solid insulation after thermal aging for 500 hours (d)
Topography of fresh dry solid insulation (e) Topography of fresh solid insulation immersed
in VO (f) Topography of solid insulation after thermal aging for 500 hours.

The surface profile of the samples is studied using AFM and the results are presented in
Figure 3.17. The AFM imaging of the sample is done on a dimension of 2 um x 2 um. Further,
the number of events versus topography is plotted for each sample and shown in Figure 3.17.
The surface roughness of sample (a) shown in Figure 3.16 has an RMS of 4.2516 nm and a
maximum of 26.0645 nm. The surface roughness of sample (b) shown in Figure 3.16 has an

RMS 0f 0.4185 nm and a maximum of 3.5216 nm. The surface roughness of sample (c) shown
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in Figure 3.16 has an RMS 0f 0.4937 nm and a maximum of 4.5533 nm. The topography results
show that the surface smoothening occurs on immersion of solid insulation sample in the VO
and remains smooth even after a long duration of thermal aging.

Considering the XRD and AFM, it can be concluded that the thermal aging of VO at
higher temperatures leads to the formation of gel balls as well as gel deposition on the kraft
paper. The formed gel might obstruct the moisture from entering the solid insulation thereby
slowing its degradation. Slower degradation indicates a longer transformer life. This study
opens a new area to be explored by varying many parameters such as aging temperature,
presence of oxygen, aging duration, and the type of VO. Further analysis into this area is not
delved as it does not fall under the scope of this thesis.

3.5. Summary of the chapter

The physiochemical properties of MO, FR3, and their mixtures in different ratios are
studied. Further, the PD and DGs in BOs are extensively studied subjecting them to electric
stress. The outcomes of this work are as follows:

* The retrofilling of MO based transformer with FR3 or blended oil does not pose any
danger to its operation. In addition, it provides better electrical and physiochemical
characteristics.

» The FR3 is found to have higher PDIV compared to MO and their blends among the
fresh oils. On the other hand, an equal amount of MO-FR3 blend has higher PDIV
among aged oils.

» The PD pulses are irregular for all the insulating oils. However, low pulse count and
discharge magnitude are characteristics of MO and large pulse count and discharge
magnitude are characteristics of VO. BOs provide a middle ground.

* MO is sensitive to aging and hence PDIV variation is very high for fresh and aged MO
samples.

* The PD is predominantly found to occur during the negative half cycle and the number
of pulses increases with the voltage.

* PDIV and PDEV are reproducible subject to the same method of preparation of
samples and testing.

* The amount of gases generated in BOs is different for each individual combination of
MO and EO.

* The findings confirm that the application of gas ratio methods existing for MO cannot

be directly used for BOs and requires modifications.
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» Rogers ratios method fails to interpret the electric faults in BOs.

* Sparking in fresh BOs leads to low energy discharges, whereas sparking in aged BOs
results in high energy discharges as interpreted by IEC ratios and Duval triangle
methods.

* The thermal aging of kraft paper in vegetable oil leads to the gelling of oil on the
surface of the solid insulation at high temperatures. It also leads to the formation of gel

balls.

This study provides critical information on the short and long term behaviour of various
BOs. Various studies performed on the chosen mixtures establish their performance as a
suitable alternate transformer insulation. These studies support the fact that the proposed
technique is being used on validated insulation rather than arbitrarily selected samples. This
study also helps transmission system operators and transformer manufacturers choose the
appropriate insulation in terms of technical and financial feasibility. The EOs and BOs provide
an improved electric breakdown characteristic compared to mineral oil. However, the ACBDV
can be further improved by the addition of nanoparticles to these oils. The following chapter

deals with nanofluids as an alternative transformer insulation.

Note 1: A part of this work, “Study of Partial Discharges in Fresh and Oxidative Aged Mineral-
Natural Ester Blended Oils,” has been published in IEEE Transactions on Dielectric and
Electrical Insulation, 2023, vol. 30, no. 5, pp. 2325-2333.

Note 2: A part of this work, “Gassing Tendency of Fresh and Oxidative Aged Mixed Insulating
Oils on Electric Sparking,” has been accepted for publication in IEEE Transactions on

Dielectric and Electrical Insulation.
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4.1. Introduction

Transformers are important devices in the electrical power system network as they allow
the efficient stepping up/down of voltage levels. The operating voltage levels and the power
demand are increasing at a larger rate day by day, increasing the requirements for performance
and reliability. Particularly, the integrity and reliability of the insulation of HV equipment play
a key role in reaching those rising demands. MO is generally used as a coolant and insulation
in transformers. Researchers have proposed using VO as it possesses better electrical properties
compared to the MO [70, 123]. VOs also have the additional advantage of better
biodegradability than MOs. Furthermore, studies have proved that NFs prepared by sonicating
NPs in the base oils (MO, VO) have superior electrical and thermal characteristics [52, 124,
125]. The NPs are electrically classified as conducting (e.g. Fe3;Os, Fe2O3), semiconducting
(e.g. ZnO, TiOz, CuO), and insulating (e.g. Al203, SiO2, Eh-BN) [124]. Despite the nature of
each particle, the nanofluid as a whole is electrically insulating in nature [124, 125]. Although
some NFs have better electrical breakdown characteristics than the base liquid, the physical
mechanisms involved are not yet well understood [126].

The NPs are generally prepared by two methods namely top down and bottom up
methods. They are prepared by abrasion, crushing, sol gel technique, gas phase condensation,
and liquid solid state reaction methods in the industry [127]. On dispersing the NPs into base
oils, electrical breakdown strength and thermal conductivity increase resulting in a wide range
of applications such as an insulant in high voltage apparatus, coolant for industrial, nuclear as
well as for vehicular modules, geothermal energy, and microscale fluidic applications [128].

The NF preparation can be classified into single and two step methods. In the former
method, the NFs are produced in a single step in which NPs are developed within the base oil
by methods such as vacuum evaporation onto a running oil stream, physical vapor deposition,
and submerged arc nanoparticle synthesis system [129]. Due to the high costs involved and the
practical limitations in large scale production, the two step method is preferred. NPs are
procured and added to base oil by ultra-sonication in two separate steps in the two step method.
Due to the ease of preparation and the costs involved, the two step method is the choice of NF
preparation method for many researchers [129]. Extensive research has been performed on the
electrical breakdown and partial discharges of NFs by researchers across the globe [129].
Therefore, in this work, a few NPs are selected and their NFs are studied for thermal, magnetic,

and dielectric frequency response behavior. In order to reduce the complexity in the
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preparation, testing, and analysis of the samples, NFs are limited to MO and VO as base oils.

The blends of base oils are not considered.

4.2. Preparation of nanofluids

The NF preparation process is shown in Figure 4.1. The nanoparticles used in this study
are procured from Sigma-Aldrich and are added to the base oil in a predetermined quantity.
The ultra-sonication is performed on this mixture using a 1500-Watt digital sonicator with a
3/4-inch diameter solid tip. It has provision for full amplitude and temperature control along
with pulse sequencing. A continuous pulse train (ON and OFF times of 10 and 5 seconds,
respectively) is used to thump the oil at 50% of the rated power and temperature of 25°C for
45 minutes to prepare uniformly dispersed nanofluids. Sonication is performed in a room with
40% RH to reduce moisture ingress into the oil. The sonicated fluid is subjected to shaking and

vacuum drying as a conditioning process.

Vaccum
incubation

Nanofluid Vaccum drying
Figure 4.1: Preparation of nanofluids.

The nanofluids were hermetically sealed immediately after preparation to avoid any
contact with atmospheric air. The moisture content of nanofluids is measured just after
preparation, and it is the same as that of their respective base oil. Since the weighing of
nanoparticles, mixing, magnetic stirring, and sonication in oil were done in a room with low
RH, the nanofluids were not affected by the atmospheric moisture during their preparation. The
NF samples were stable for at least 12 hours when kept idle. However, the nanofluids were
tightly sealed and placed in a shaking incubator rotating at 140 RPM to avoid agglomeration
until experimentation. UVS is performed to check the stability and uniformity of the NFs [130].
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The UVS is performed on NFs immediately after preparation and after every 48 hours. The
absorption spectrum was unchanged for six weeks, indicating the NFs were stable due to

shaking in the incubator.

4.3.Thermal conductivity studies on the NFs

The electrical transformer efficiency and safety depend on the working temperature of
the coolant, i.e., insulating oil. The increase in temperature causes the formation of hotspots
which ultimately leads to the breakdown of oil. Adding NP to the oil shows a major trend in
the enhancement of the heat transfer property. The TC of the NFs is investigated individually
by varying concentration and temperature in this section. In this section, emphasis is placed on
the TC regardless of the NP to ensure the usage of multiple NPs to demonstrate the behavior

of NFs.

4.3.1. With variation in NP concentration
NFs are prepared by dispersing CuO NP in various concentrations (0, 0.01, 0.02, 0.05,
and 0.1 %w/v) with MO and FR3 as base oils according to the procedure mentioned in Section
4.2 and are shown in Figure 4.2. The TC of the prepared samples is measured using KD-2 pro

(single probe, make Decagon Inc.) at room temperature and is presented in Figure 4.3.

(8) (h) (1) ()
Figure 4.2: Samples of (a)fresh MO (b)MO+0.01wt.%NP (c)MO+0.02wt.% NP
(HMO+0.05wt.%NP  (e)MO+0.1wt.%NP (f) fresh FR3 (g) FR3+0.01wt.%NP
(h)FR3+0.02wt.%NP (i)FR3+0.05wt.%NP (j)FR3+0.1wt.%NP.

The TC tends to increase with the increase in particle concentration for both FR3 and

MO. The TC is higher for FR3 in comparison to MO. Although the increase in TC is highest
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for a concentration of 0.1 %w/v among the measured samples, this concentration is practically
not feasible due to the quick agglomeration of the samples. The sample with 0.01 %w/v is

optimal in terms of NF stability which is found using UVS.
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Figure 4.3: Thermal conductivity of base oils and nanofluids.

4.3.2. With variation in temperature

NF is prepared by dispersing a 0.01 %w/v ZnO NP according to the procedure mentioned
in Section 4.2 to study the effect of temperature on the TC of NFs. This study is limited to one
NP and base oil to demonstrate the efficacy of NF in heat transfer with variation in temperature.
The temperature of the NF is varied from 25 to 75°C and the TC is measured at every 5°C
interval and the results are presented in Figure 4.5. The TC increases with the increase in
temperature for a fixed amount of NP concentration. The TC of NF is higher than that of its
base oil at all tested temperatures. The higher TC indicates a quick dissipation of heat from

the transformer enabling it to support high loads and long working life.

Figure 4.4: Samples of (a) fresh MO (b) MO+0.01wt.%NP.
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Figure 4.5: Thermal conductivity of MO and its nanofluid with increase in temperature.

Therefore, NFs prove to have better thermal properties with variation in concentration
and with variation in temperature at a fixed concentration in comparison to the base oils. The

following sections elucidate further effects of the addition of NPs to the base oil.

4.4. Simulation of electric field around nanoparticles dispersed in oil

Simulation work is carried out using the COMSOL Multiphysics tool to understand the
distribution of the electric field around NP subjected to DC HV. COMSOL is a finite element
analysis tool to find numerical solutions to partial differential equations with boundary values
for complex geometries. The tool can solve problems by using multiple physics simultaneously
and hence is very useful in analyzing the streamer initiation and growth in dielectric liquids.
Finite element methods enable us to find an approximate solution to a complex boundary value
problem by dividing the domain into many sub-domains called finite elements. There are a few
stages in solving a model with COMSOL. Firstly, the space and dimensions of the model are
designed, followed by choosing the necessary physics based on the scope of the study which
is further followed by the selection of the study. The geometry of the model is now divided
into finite elements by meshing and computed to simulate the defined conditions.

The electric field in the insulating medium of the HV equipment is of concern when a
heterogeneous NP is added to the homogeneous liquid insulating medium. Due to the
heterogeneity, NP distorts the surrounding local electric field which might lead to breakdown
or PD. A simulation model is developed in COMSOL Multiphysics to understand the
distribution of the electric field in the liquid dielectric filled with NPs. The model consists of
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two parallel plate electrodes with a gap of 0.6 um as shown in Figure 4.6. The gap between the
electrodes is filled with the MO. The liquid dielectric used in modeling is assumed to be fresh
and the electrical properties of MO are intact. The MO represented in modeling has a relative
permittivity of 2.2 and conductivity of 1x10'> S/m. The parallel plate electrodes are made of
copper whose electrical conductivity is 5.998x107 S/m and RP is 1. The nanoparticles chosen
for the study are Fe3Os, TiO2, and Eh-BN representing conductive, semi-conductive, and
insulating nanoparticles. The insulating oil along with three different NPs is modeled
individually and the electric field distribution is observed on excitation with DC voltage. The
electric currents physics is applied for a stationary field study and the model is divided into
5720 elements for calculating the field. The model is optimized until the mesh independence
is achieved. Certain assumptions such as all the NPs are spherical in shape with a radius of 50
nm, dispersed in MO, located midway between electrodes, and static spatially are made to

simplify the model.
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Figure 4.6: Parallel plate electrodes with MO in between.

A DC voltage of 1 kV is applied to the top electrode and the bottom electrode is connected
to the ground terminal in this vertical configuration. The electric field in the absence of NP is
found to be uniform with a magnitude of 1.67x10° V/m all along the gap between the electrodes
as shown in Figure 4.7 (a). In the presence of NP, the application of voltage results in
polarization of the NP [131]. The polarization results in distortion of the electric field. The
change in radial and tangential components affects the net electric field in its innate direction.

A conductive NP of RP 80 and electrical conductivity 1x10* S/m introduced in between
the electrodes is found to increase the electric field intensity to a maximum of 8.3367x10° V/m
along the direction of the field and above the NP. The NPs capture the free electrons due to
polarization or ionization occurring from the applied electrical stress [132]. During the

electron-capturing process, the stray electrons generated by the application of electrical stress
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are deposited on the surface of the NPs. However, after a certain threshold of surface
deposition, no more electrons are adsorbed by the surface [131-133]. When this threshold is
reached, the NP is completely negatively charged and thus the field lines from the positive
electrode are directed to the NP in all directions as shown in Figure 4.7(b). The field around
the NP is observed to be impacted up to 350 nm from the surface of the NP. Since the
concentration of electric field lines around the NP is different, it results in different space
charge densities outside the NP which results in different positive and negative peak
magnitudes of electric field for conductive NP. A semi-conductive NP of RP 31 and electrical
conductivity 1x10 S/m introduced in between the electrodes is also found to increase the
electric field with a maximum intensity of 3.4091x10° V/m along the direction of the field. The
field around the NP is observed to be impacted up to 50 nm from the surface of the NP as
shown in Figure 4.7(c). Further, an insulating NP of RP 4 with an electrical conductivity of
1x1013 S/m introduced in between the electrodes is also found to increase the electric field
intensity to a maximum of 2.9785x10° V/m perpendicular to the direction of the field. The field

around the NP is observed to be impacted up to 50 nm from the surface of the NP.
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Figure 4.7: Electric field distribution in (a) MO (b) MO with conducting NP (c) MO with
semi-conducting NP and (d) MO with insulating NP.
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Figure 4.8: Electric field distribution along the electrodes in (a) MO (b) MO with conducting
NP (c) MO with semi-conducting NP and (d) MO with insulating NP.

The electrical field magnitude along the dielectric from the top to the bottom electrode is
plotted and presented in Figure 4.8. The conducting NP enhanced the electric field intensity
around its surroundings by 5 times compared to that in the base oil, which could be a reason
for faster charging of this NP as observed in [131]. The electric field around the conducting NP
is determined by the space charge formed on its surface due to field ionization. The uneven
space charge distribution around the NP as observed in Figure 4.7(b) is responsible for the
difference in positive and negative peak magnitudes of the electric field. For the semi-
conductive NP, the electric field intensity is enhanced by 2 times compared to that in base oil,
which also could lead to charging of the NP but at a slower rate. However, insulating NP
enhanced the electric field intensity around itself by 1.5 times compared to that in base oil. The
field distortion in the case of insulating NP is the lowest among the NPs. The electric field lines
are observed to divert from the insulating NP unlike for conducting and semi-conducting. The
increase in electric field intensity due to conducting and semi-conducting NPs may result in
local field enhancement followed by PD. Moreover, theories suggest the alignment of
conducting NP with the electric field leading to breakdown channel formation. The results
support the proposition that the addition of NPs to the base oil affects the electric field in the

vicinity of the NP. It is established that using an insulating NP does not enhance the electric
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field multifold, unlike other NPs. Therefore, the distortion in the electric field in the vicinity of
the insulating NP is not enormous. Further, the conducting and semiconducting NPs tend to
align with the electric field and might lead to a partial or complete breakdown of the insulation.
Hence, the usage of insulating NP is endorsed. However, there is very little literature available
on the DDF and RP of the insulating NP based NFs. The following section deals with the study
of the dielectric frequency response of insulating NP based liquid insulation with the change
in NP concentration.
4.5. Dielectric frequency response of nanofluids

The dielectric frequency response is an advanced non-destructive and offline technique
to characterize the insulation. It is a representation of insulation response to the frequency
variation. It gives information on moisture content in solid dielectric and liquid insulation
conductivity. The frequency response of the liquid insulation (FRI) depends on the condition
and type of oil, which in turn signifies the general status of the liquid insulation. It is preferably
performed in the frequency range of 1 kHz to 1 mHz. For another one-tenth decrease in
frequency towards the lower limit, the measurement time increases by 10 times for each data
point. This large measurement time may introduce random errors, and repetition of this
experiment for zero error is tedious. In this section, the FRI is performed in the frequency range
of 10 kHz to 1 mHz. The measurement commences at 10 kHz, brought down to 1 mHz, and
not vice versa to avoid the polarization memory in the insulating oils. The obtained response
is unique to the condition of the liquid insulation. The effect of moisture and contaminants is
dominant at lower frequencies. The oil conductivity is generally represented in the frequency
range of 10 Hz to 0.01 Hz. The liquid losses are determined in this range of frequency [52,
134]. Interfacial polarization is responsible for the response at a low frequency range [46]. The
FRI can also be used to detect carbon tracking, contamination, the presence of corrosive
sulphur, and the effect of stray and creepage currents [61]. In this section, the effect of NP
concentration on the FRI is studied by choosing three different concentrations, and their

corresponding properties such as dissipation factor and RP are plotted.

(b) (©) (d)
Figure 4.9: Samples of (a) MO (b) MO+0.01 %w/v Eh-BN (¢) MO+0.05 %w/v Eh-BN and
(d) MO+0. 1 %w/v Eh-BN.
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NFs with 0.01, 0.05, and 0.1 %w/v of Eh-BN are prepared as mentioned in section 4.2

and are shown in Figure 4.9. The FRI is performed using a Solartron make SI 1260A
impedance analyzer, in conjunction with the dielectric interface 1296A. For this equipment,
the measurement is accurate in the range of 1 uHz to 10 MHz. The fand measurements are
accurate down to 0.0001. The test setup is shown in Figure 4.10. The liquid insulation sample
is filled in a test cell with a pair of parallel plate electrodes. The meticulous filling of NFs in
the test cell ensures that there is no air bubble formation in the test cell. The RH is maintained
at 50% during experimentation to avoid random errors in the measurements. The experiments
are conducted in an EMI shielded room. The frequency domain spectroscopy measurements
are highly sensitive to temperature variation. Therefore, the test cell is immersed in a
temperature-controlled chamber during the experimentation as shown in Figure 4.10. All the
measurements are noted at a room temperature of 23°C. The frequency response of each and
every sample is tested three times and the average value is plotted in order to minimize the
error. The MO exhibits linear ohmic response only at low voltage. In particular, the minimum
frequency before altering the linearity of frequency response is proportional to the voltage
stress. For a minimum frequency of 1 mHz, non-linearity in oil insulation is observed to be
achieved for 3.9 V/mm AC stress at 23°C [61]. Therefore, the voltage stress has to be below
3.9 V/mm which is the critical value for linearity. The complex permittivity (¢) of a sample can
be calculated as shown in (4.1). Where €' is the real part of complex permittivity that represents
the charge storage in the insulation and €” represents the imaginary part of the complex
permittivity that represents the losses in the dielectric. The imaginary part incorporates both
the dielectric (polarization) and resistive (DC conduction) losses.
€(w) = €'(w) — je'(w) 4.1)
é'(w) a i 4.2)

Dielectric interface
1296A

1260A

& 3 . PR F
Figure 4.10: Impedance analyzer and dielectric interface for dielectric frequency response
measurement.
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Equation (4.2) points to the effect of conductivity () on loss (¢”) which is significant at

low frequencies (). As the moisture content decreases, the real and imaginary relative
permittivity tends to reduce due to net reduction in the polarization process. The frequency
response is dominated by the liquid conductivity in the frequency range of 0.1 Hz to 0.01 Hz.
As mentioned earlier, the frequency is varied from 10 kHz to 1 mHz and the variation in real
and imaginary components of complex RP of the NFs and base oil are measured and presented
in Figure 4.11. Both the real and imaginary RP show a similar trend of decrease in the
permittivity with the increase in the concentration of the NPs due to the interfacial polarization.
Differences in conductivity lead to interfacial polarization and its contribution is much larger
than that of dipole polarization. This trend is observed below 1 kHz for real permittivity and
below 1 Hz for imaginary permittivity. The RP should be lower for the use of dielectric as a
combined insulation to avoid higher capacitances. It is important to note that the measurements
are performed at room temperature. When the oil insulation temperature rises, the RP increases.
Since the RP of NFs is lower compared to base oil, the RP of the nanoliquid inches closer to
that of the pressboard at transformer operating temperature. Hence, the addition of NP to the

base oil is advantageous as it results in an even distribution of electric stress.
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Figure 4.11: Variation of (a) real and (b) imaginary relative permittivity of nanoliquids with

frequency.

The variation in dissipation factor (tand) of the nanoliquids with frequency is shown in
Figure 4.12. The tano tends to decrease with an increase in NP concentration. The dissipation
factor measurements are independent of the geometry of the insulation in high voltage
equipment. A low value of fand implies low losses in the liquid and also a low level of soluble
polar ionic or colloidal contaminants. The increase in dielectric losses at lower frequencies is

due to the increase in interfacial polarization. Therefore, the decrease in dissipation factor
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indicates lower contamination/ ionic impurities/ lower moisture content. The frequency domain
spectroscopy of the NFs is limited to the study of RP and tand to limit the scope of the thesis.
All the above characterization techniques give insight into the change in behavior of base
oils with the addition of NPs. However, commercialization of the NFs requires extensive study
into the various stresses they encounter during real time operation and the stability of the NFs.
Most of the research published until now is focused on the response of NFs to electric fields
such as BDV, PD, and charge trapping [123, 125]. It is evident that the magnetic field coexists
with the electric field in the transformer and therefore the behavior of the NF in the presence

of magnetic field needs to be studied.
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Figure 4.12: Variation in tand of nanoliquids with frequency.

4.6. Magnetic profiling of conducting, semi-conducting, and insulating

nanoparticles and their nanofluids
4.6.1. Introduction

Magnetic-thermal-fluidic studies have shown that some NFs with high NP concentration
can reduce the operating temperature of power transformers by 5°C [135, 136]. The reduction
in operating temperatures by magnetic fluids is higher due to magneto-convection [135]. The
reduction in operating temperature by other NFs is dominated instead by electrophoresis [137].
Thus, researchers have studied the application of NFs for power transformers, microactuators,
bearings, sensors, transducers, and miniature planar spiral transformers [138].

In transformers, the windings are magnetically coupled and they are designed in such a
way that most of the magnetic flux is directed through the core. In practice, some of the flux
diverges from the core due to design limitations causing leakage fluxes. The leakage flux in
power transformers results in circulating currents in windings, gassing of oil, and eddy currents

in metal clamps and the transformer tank. This leakage flux passes through both the solid and
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liquid insulation of the power transformer. The magnetic fields are inevitable during charge
transfer as they are the result of the electric currents in the devices. Since magnetic fields affect
the electrical discharges in the liquid insulation [139], it is relevant to study the impact of
magnetic fields on insulation. Preliminary studies have shown that the interaction of magnetic
flux with the fresh, aged, and base oil as well as NF samples gives a distinct response. The
interphase, which is the vicinity of the NP-base oil boundary is expected to contribute to the
change in the properties of a nanocomposite [140]. Charge redistribution occurs in the
interphase when an NP is added to the base oil [140]. Lewi’s and Tanaka’s multicore model
explains the composition, dimension, behavior, and influence of the interphase region [140,
141]. The interphase modeling provides an understanding of the application of
nanocomposites. Simulations are performed to understand and interpret the space charge
formation, prebreakdown, and breakdown phenomena in insulation. Applying multiphysical
analysis helps incorporate thermal, electrical, magnetic, chemical, and physical effects
simultaneously in the simulation to study the insulation breakdown. Most of the research
published until now is focused on the response of NFs to electric fields such as BDV, PD, and
charge trapping [123, 125, 140, 141]. In order to move one step closer to the application of NFs
in high voltage equipment and improve the multiphysics mathematical models representing the
interphase region, there is a need to study the response of NPs and NFs to the magnetic fields.

The magnetic nature and the interaction of a material with a magnetic flux are defined by
its magnetic susceptibility. A heterogeneous mixture may have a different magnetic
susceptibility compared to individual materials with which it is formed. Therefore, the addition
of NPs to base oils might result in a different magnetic nature for NFs. It is necessary to
establish the magnetic response of the NFs to understand their behavior when used in
equipment having active dynamic magnetic fields. In addition, the NPs have a high affinity to
agglomerate and sediment when kept idle. There is also a need to understand if the magnetic
field can influence agglomeration in NFs.

Electron spin resonance spectroscopy (ESR) and vibrating sample magnetometers
(VSM) are generally used to obtain magnetic parameters such as magnetic susceptibility and
resonance field by subjecting samples to static and dynamic magnetic fields. ESR is a technique
to study the dynamic magnetic behavior of materials that gives information about the valence
state of the paramagnetic ions, magnetic interactions, spin correlation, and the local symmetry
of the lattice host [142, 143]. It is also very effective in probing local and microscopic magnetic
states compared to mere magnetic measurements [143]. In addition, VSMs are used for

studying the quasi-static magnetic properties of materials [144].
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4.6.2.Description of experimental techniques
4.6.2.1. Vibrating sample magnetometer spectroscopy

VSM analysis, also called Foner magnetometer analysis, is performed using a Lake Shore
magnetometer (VSM7410) available at CIF of IIT Guwahati. The VSM is shown in Figure
4.13 (a). The VSM operation is based on Faraday’s law of induction. Electromagnets are used
to apply a magnetic field on the sample, resulting in the induction of a magnetic moment. The
electromagnets generate varying magnetic fields. The dipole moment is induced in the sample
proportional to the applied magnetic field and the sample’s magnetic nature. Electromotive
force (EMF) is generated in the gradient coils due to the vibration of the sample. This EMF is
proportional to the vibration frequency, amplitude, and magnetic moment of the sample. The

schematic of the experimental setup is shown in Figure 4.13(b).

Piezo electric based
vibration unit

Sample n

holder s Electromagnet
=] | == - Y oke
—_ || —>
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g —> —>

(b)
Figure 4.13: (a) Experimental setup of VSM and (b) Schematic of VSM.

Gradient
colls

The dielectric liquid samples are loaded into the VSM in a sample tube which has a cup
at the bottom to hold the insulating oil sample. After every single use, the sample cup is cleaned
properly, rinsed with the sample, and inserted into VSM at room temperature of 27°C and
nearest zero magnetic field. The VSM automatically centers the sample for detection in
detection coils using the touchdown technique. The magnetic moment is displayed in e.m.u
units. The magnetic moment is sample specific and hence varies with the quantity of the
sample. So, it is necessary to provide a more standard comparison for dielectric samples and
this can be achieved by taking the mass magnetization (MM) value of the sample which is a
moment density and is independent of scale. Therefore, the magnetic moment obtained from

the experimentation is converted to MM and plotted with respect to magnetic field strength.

4.6.2.2. Electron spin resonance spectroscopy
The ESR spectroscopy is performed using a JEOL X-band spectrometer (JES-FA200)
available at the CIF of IIT Guwahati and is shown in Figure 4.14. The ESR is similar to the

nuclear magnetic resonance (NMR) except that the electrons are excited in ESR, unlike the
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nuclei in NMR. The unpaired electrons of the material in the presence of a magnetic field and
radio frequency electromagnetic energy transits between the two spin states. The transition
energy is expressed in terms of Bohr magnetron (uB), electron spin (g-factor), and applied

magnetic field (B).

\

Figure 4.14: Experimentlv setup of ESR speétrometer.

4.6.3. Sample preparation

Transformer grade commercial MO is procured from M/s Savita Oil Technologies
Limited, and commercial VO (FR3) is procured from M/s Cargill India. The oil samples are
initially vacuum dried to degas and dehumidify, conforming with IEEE C57.637. The drying
reduced moisture from 18 to 6 ppm in MO and from 102 to 32 ppm in FR3. The MC is measured
using a Metrohm coulometric Karl Fischer titrator following ASTM D1533. These pre-
processed oils are used in the experiments. The properties of these vacuum-dried MO and VO
are presented in Table 4.1.

Table 4.1: Specification of the liquid insulation.

Liquid insulation
Property

Mineral Oil FR3
Density at 25°C (kg/m?) 0.828 0.9
Kinematic viscosity at 27°C (cSt) 12.82 16.25
Moisture content (ppm) 12 92
Flashpoint (°C) 145 275
Pour point (°C) -25 -10
Dielectric constant at 90°C, 50 Hz 0.00055 0.00085
Interfacial Tension at 27°C (N/m) 0.047 0.0223
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Table 4.2: Specification of the nanoparticles.

Property Nanoparticle

Fe304 CuO ALO3
Name Iron (I, IIT) oxide Copper (IT) oxide Aluminum oxide
Purity 97% -- >99.9%
Size (nm) 50-100 <50 <50
Color Black Black White
Form Powder Powder suspension
Mol. Wt. 231.53 79.55 101.96
(g/mol)
Brand Aldrich Aldrich Aldrich
CAS number 1317-61-9 1317-38-0 1344-28-1
EC number 215-277-5 215-269-1 200-661-7
PCode 1002834758 101627599 1001961649
Product 637106 544868 702129
number
pH - -- 7.5-9.5

Three NPs (Fe3O4, CuO, and Al>O3), each from a different electrical category, are used
to prepare NFs. The NFs are produced by adding each NP to each base fluid (MO and VO) in
a concentration of 0.01% weight/volume (%w/v) following the procedure mentioned in Section
4.2. The prepared NF samples are shown in Figure 4.15. The NF samples are hermetically
sealed after preparation until experimentation. The NPs used to prepare NFs are procured from
Sigma-Aldrich, with properties stated in Table 4.2. The NP concentration of 0.01 %w/v is
chosen considering the stability of all NFs at the maximum possible concentration. UVS is
performed to check the stability and uniformity of the NFs [130]. The UVS absorption
spectrum of MO-NFs and FR3-NFs is studied using an Agilent Cary 60 UV-Visible
Spectrophotometer and is shown in Figure 4.16. The UVS is performed on NFs immediately
after preparation and after every 48 hours. The absorption spectrum was observed to be
unchanged for six weeks, indicating the NFs were stable due to shaking in the incubator. Also,
the same %w/v of all NPs is chosen for correlative comparison. The electrical and thermal
properties of the NFs are higher compared with the base liquid at this chosen concentration

[52, 145]. Higher concentrations are practically not feasible for transformer applications due
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to agglomeration and reduction in electro-thermal characteristics [145]. The higher and lower

concentrations of NPs in the base oils lead to agglomeration as examined by UVS.

(a) (b) (©) (d) (e) ()
Figure 4.15: Different kinds of nanofluids prepared in the laboratory (a) MO-Fe304 (b) MO-
CuO (c) MO-Al>0s3 (d) FR3-Fe304 (e) FR3-CuO and (f) FR3-Al20s3.
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Figure 4.16: UV-visible spectroscopy of (a) MO-NFs and (b) FR3-NFs.

The nanoparticles are not subjected to any pretreatment such as heating since some of
the nanoparticles have low flash points (for example: Al>O3 in suspension form has a flash
point of 12°C). Also, there is no standardized method to measure moisture in NPs according to
the author’s knowledge. Therefore, the moisture in NPs cannot be ascertained. However, the
effect of moisture in NP on the NF can be studied by observing changes in the MC of the NF.
The MC in NF is measured just after preparation and is observed to be the same as that in the
base oil. The MC is tested using a Metrohm coulometric Karl Fischer titrator in accordance
with ASTM D1533. An average of 3 readings of MC is provided in Table 4.3. Since the
variation in MC is within the accuracy range of the equipment, the effect of moisture in NPs
(if any) can be ignored.

Also, the NPs were recently procured and are stored in a room with 40% RH. The
weighing of NPs and sonication of the NFs are done in a room with 40% RH. The NFs were
hermetically sealed immediately after preparation to avoid any contact with atmospheric air.

The above measures helped in achieving NFs with low moisture content. Kindly note that there
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is no standardized method to nullify the influence of atmospheric humidity on samples.
However, some standards provide consensus on maintaining low relative humidity to avoid the
influence of humidity on samples. For example:

e ASTM D923 (Standard Practices for Sampling Electrical Insulating Liquids) says, “It
is undesirable to collect samples that are exposed to the atmosphere when the relative
humidity exceeds 50 % or under conditions of rain or snow.”

e ASTM D924 (Standard Test Method for Dissipation Factor and Relative Permittivity
of Electrical Insulating Liquids) says, “Samples to be subjected to test should preferably
be obtained through a closed system. If exposed to atmospheric conditions, it is
preferable to take the sample when the relative humidity is 50 % or less. If it is not
feasible, the length of time the sample is exposed to atmospheric conditions must be
kept to a minimum.”

e IEEE C57.93 says, “The transformer should not be opened under circumstances that
permit the entrance of moisture, such as on days of high relative humidity (80% or
higher), without precautions to limit the entrance of moisture.”

The above practices help in achieving repeatability. Taking note of the consensus from all the

above standards, a low RH (40%) is chosen to avoid the influence of moisture.

Table 4.3: Moisture content in nanofluids.

Sample
Property | MO MO- MO- | MO- FR3 FR3- FR3- FR3-
Fe;04 CuO | ALO; Fe;04 CuO AlLO3
MC (ppm) | 12 12 13 12 92 94 93 92

4.6.4. Magnetic profiling of nanoparticles and nanofluids

The magnetic response of the NPs, base oils, and NFs is presented in this section. All the
experiments are performed five times to prove repeatability. The experiments are performed
in a dehumidified (RH of 30%) room at a constant temperature (20°C).
4.6.4.1. Magnetic study using vibrating sample magnetometer spectroscopy

The VSM spectroscopy is initially used on the three NPs (Al2O3, CuO, and Fe304). Since
the results obtained from VSM spectroscopy are in CGS units, they are converted into SI units
according to IEEE Magnetics Society guidelines. A quasi-static magnetic field as shown in
Figure 4.17(a) is applied and the magnetic moment of the NPs is obtained. The CGS to SI unit

conversion factor for magnetic field strength (H) is 10%/4n and the SI units are A/m. The

87
TH-3272_186151014



4. Nanofluids as alternate transformer insulation

magnetic moment is normalized as the mass magnetization (MM) (magnetic moment/mass).
The CGS to SI unit conversion factor for MM is 1 with units in A.m%kg. The measured MM
of the tested NPs is independent of time as the field is quasi-static. For this reason, it is shown
as a function of the measured data point in Figure 4.17(b-d).

The peak magnetic field intensity in power transformers can reach a few hundred kA/m
depending on the geometry of the coil assembly [146, 147]. The operational magnetic flux
density in the transformer core is generally close to 1.5 T and the leakage flux density is around
0.15 T [80, 148]. The magnetic flux density (B) in Tesla and the mass susceptibility (y,) in

m?>/kg can be obtained from MM with the following relations:

B = puo(MM + H) (4.3)
Xp'= = (4.4)

where 10 is the absolute permeability of free space (4nx10"7 H/m). The magnetic field intensity
is varied from -1196.5 kA/m to 1196.5 kA/m in order to cover a broad range of operations. In
this manner, the magnetic response of the NPs and NFs at transformer operational conditions
can be established.

The MM response of the insulating NP shows that it has a diamagnetic nature as
presented in Figure 4.17(b) which is due to the unavailability of unpaired electrons in the
valence band. When subjected to an external magnetic field, a weak dipole moment is induced
in the direction opposite to the applied field in the insulating Al2O3 NP resulting in a negative
magnetic moment of 3.33x10% m?/kg.

The MM response of the semi-conducting NP CuO to the incident field shows a
paramagnetic nature as shown in Figure 4.17(c). The paramagnetic nature is established by the
weak magnetic moment, a small and positive magnetic susceptibility of 4.58x10 m*/kg. The
paramagnetic nature is due to the Cu®* ion having a single unpaired electron in the orbital.

Whereas the MM response of the conducting NP Fe3;O4 shows a ferromagnetic nature.
Fe304 nanoparticle exhibits Verwey transition and is a highly spin polarized conductor at room
temperature [149]. The ferromagnetic nature is substantiated by the large magnetic moment
and magnetic saturation as shown in Figure 4.17(d). The positive magnetic susceptibility in
this case ranged between 5x10® and 7.2x10° m*/kg.

The corresponding M-H curve of the tested NPs is shown in Figure 4.18. The magnetic
susceptibility of Al,O3 and CuO NPs is small, whereas it is too large and saturated for the Fe3O4

NP. Now that the magnetic response of the NPs has been characterized, the MM of the base
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oils (MO, FR3) and the corresponding NFs are studied. The M-H curve of the MO and MO-

NFs is shown in Figure 4.19. The base oil MO and the nanofluids MO-CuO, MO-Al,O3 are

found to be purely diamagnetic in nature. Unsurprisingly, the addition of Al,O3; NP to MO has
increased the diamagnetic nature of the NF compared with the base liquid. Similarly, the CuO
NP has reduced the diamagnetic nature of the base oil. This is due to the mutually opposing

magnetic nature of CuO NP and MO as established in Figure 4.17(c).

c)
£ 004
= 1250 4 e W ——ALLO
§ 1000 - qE: 0.03 23
e = 002
2 500- £ o001
‘g 20 & oco
g 250 o -0.01
o 500 g 002
o 750 - = -003
i e g oo - o .
- 1 ] 200 400 600 800 1000
0 200 400 600 800 1000 = Data point
Data point
(a) (b)
) o)
4 >
& 0.06 o
£ CuO E 100
< o4 <
§ ooz 5 %
8 o000 85 o
b ©
% -0.02 % 50—
-0.04 -
= = 100~ —Fe,0,
g '006 T T T T w T T
< 0 200 400 600 800 1000 2 0 200 400 600 800 1000
Data point Data point
() (d)

Figure 4.17: (a) Incident magnetic field, (b) Magnetic moment/mass of Al>O3 nanoparticle,
(c) Magnetic moment/mass of CuO nanoparticle, and (d) Magnetic moment/mass of Fe3O4
nanoparticle.

The MM response of the MO-Fe3O4 NF shows a ferromagnetic response at low magnetic
field intensity while a diamagnetic nature at higher magnetic field intensity. The magnetic field
at which the MO-Fe304 NF showed the ferromagnetic nature is the linear region corresponding
to the M-H curve of Fe3O4 NP that is from -125 to 125 kA/m in Figure 4.18. As the MM of
Fe304 NP saturates beyond this field, the NF tends to become diamagnetic in nature due to the
dominating magnetic moment of MO. Since the concentration of NP is low, the overall nature
of the NF remains diamagnetic in nature at higher field strengths. However, the diamagnetic
nature of MO-Fe30y4 is less compared to the MO-CuO NF. It implies that the total magnetic
susceptibility of Ferro nanofluids (FNF) is due to both diamagnetic and ferromagnetic
components. To extract the ferromagnetic nature incorporated in the FNF, the diamagnetic
contribution is to be subtracted. The diamagnetic contribution in the M-H curve of NFs could

be due to the sample holder and/or the base oil.
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Figure 4.18: M-H curve of nanoparticles.
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Figure 4.19: M-H curve of MO and MO-NFs.

To ascertain the impact of the sample holder, samples are tested in a
Polychlorotrifluoroethylene tube (PCTET) and a glass capillary tube (GCT). The measured M-
H curve is the same for both the sample holders. VSM spectroscopy of the empty PCTET and
GCT are performed and it is observed from their M-H curve that the magnetic moment of both
sample holders is very low compared to the magnetic moment of the samples. Therefore, the

sample holder is not responsible for the change in the magnetic moment between NPs and NFs.
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When the diamagnetic contribution of the base oils is subtracted from their respective
NFs, the resultant magnetic moment is found to be similar to the magnetic moment of the NPs.
The M-H curve of the NFs after subtracting the diamagnetic contribution of the base oil (MO)
is shown in Figure 4.20. Observe that the resultant MM has a lower amplitude compared to that
shown in Figure 4.18 only for the NPs. The reduction is due to the surface interaction of NP
and the base oil leading to the formation of an interaction zone around the NP [150, 151]. The
MM shown in Figure 4.20 is therefore an effective MM of the NP and its interaction zone with
the liquid. The distortions in the M-H curve are due to the continual motion of the NPs in the

NF which is confirmed by performing the experiment multiple times.
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Figure 4.20: M-H curve of MO-NFs after removing the diamagnetic component due to base

oil.

The magnetic susceptibility (y,) is extracted from the data in Figure 4.19 and presented
in Table 4.4. The y, of MO and two of its nanofluids (MO-Al203, MO-CuO) are negative and
constant for the entire tested magnetic intensity range. Whereas the yp of MO-Fe304 is positive
at lower field intensity and negative at higher field intensity, which implies the FNF behaves
as a ferromagnetic material for leakage fluxes and a diamagnetic material at higher flux
densities.

The M-H curve of the FR3-NFs is shown in Figure 4.21. Although the nature of the MO-
NFs and the FR3-NFs is similar, the magnitude of the magnetic moment of the FR3-NFs is
smaller compared to that of MO-NFs. The higher viscosity of FR3 compared to MO is a factor
for the reduced magnetic response. Due to the higher viscosity of FR3, the NPs observe friction
to align with the magnetic field increases, reducing the overall moment of the FR3-NFs. The
explanation of the MO-NFs is also valid for FR3-NFs. The diamagnetic component due to the
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base oil (FR3) is subtracted from the MM of the NFs and the resultant MM is shown in Figure

4.22. The distortion in this M-H curve is also due to the movement of the NPs in the NF.
Similarly, the reduction in the magnitude of the resultant MM compared to the original MM of
NPs is due to the interaction zone formed between the NP and the base oil. The y, of FR3 and
its NFs is extracted from Figure 4.21 and is also tabulated in Table 4.4. The y, of FR3-NFs
follows the same trend as MO-NFs but with a lower magnitude. The y, is reduced at least two-

fold for the FR3-NFs compared to MO-NFs.

Table 4.4: Magnetic susceptibility of nanofluids.

Mass magnetic Mass magnetic
susceptibilit susceptibilit
Fluids 3 Y Fluids P Y
() )
(m*/kg) (m’/kg)
MO -3.78x10°8 FR3 -1.48x10°8
MO-AL0O3 -4.61x108 FR3-Al0O3 -1.67x108
MO-CuO -3.34x108 FR3-CuO -1.27x10°8
MO-Fe304 FR3-Fe304
(A)upto0.16 T +2.55%1078 (@) upto 0.16T +0.85%108
(b)0.16t0 1.5T -3.58x10°® (b) 0.16T to 1.5T -1.45x10°8
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Figure 4.21: M-H curve of FR3 and FR3-NFs.
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Charge redistribution occurs in the interphase when new particles are introduced in the
base matrix [140]. Both Van der Waals' attractive and electrostatic repulsive forces
continuously act on the NPs. London dispersion forces are a type of Van der Waal force that
exists when two non-polar molecules, such as base oil molecule and NP, come in contact,
resulting in a dipole moment due to electron positions despite zero net dipole moment. This
causes polarization in the neighboring molecule [152]. In addition, due to the Brownian motion
of NPs, there is a chance of an increase in ionic concentration due to the overlapping of
interfacial regions. All the above effects are a result of the addition of NPs. The presence of
interfacial regions and their interactions result in liquids with different magnetic properties.
The positive magnetic susceptibility of the semi-conducting and the conducting NPs indicate
that they tend to align with the operating magnetic field of the HV equipment which eventually
creates a path for electrical breakdown [153]. Furthermore, the magnetic nanofluids can
generate EMF in their vicinity [154, 155]. Therefore, both MO-Fe304 and FR3-Fe3O4 FNFs
can generate EMF, leading to the formation of space charge in the transformer. These charges
may sufficiently distort the operational electric fields to produce streamers and/or PD, which
may lead to fatal static discharges. Also, the FNFs may generate EMFs on the tank of the
transformer and metal clamps. In such cases, special insulation coating needs to be done to
avoid accidents, which will increase production costs. The magnetic study suggests that the
leakage flux may align the conducting NPs close to conductors and may distort the electric
field distribution which might eventually result in breakdown. Hence usage of the conducting
NFs in the transformer is not suggested considering its magnetic behavior.

On the other hand, the magnetic properties of the NFs can also influence the leakage
fluxes around the transformer core. High leakage fluxes can in turn produce local overheating
of the transformer and produce circulating currents in the windings due to unequal induced
voltages [80]. The leakage flux increases in proportion to the square root of the power rating
and the reactance of the transformer. The stray flux also leads to the generation of gas from
insulation by the side of metallic parts when the transformer is overloaded, the frequency is
lowered, and/or in the presence of power frequency over voltages [80].

The leakage flux can be controlled by using appropriate NF whose magnetic properties
push the NPs away from windings and NPs force the flux through the core. This effect is driven
by the magnetic force (F) on the NP in the NF, given by [153]:

F = poVoxp(V.H)H 4.5)

93
TH-3272_186151014



4. Nanofluids as alternate transformer insulation

where u is the absolute permeability of free space (4nx10”7 H/m), V, is the volume of NP, y,
is the magnetic susceptibility, and H is the applied magnetic field. Based on the M-H curves
reported above, Al,O3 based NF would be a suitable candidate as it has a negative y,. Therefore,
an AlbO3 based NF does not lead to agglomeration on the windings and transformer core as the
diamagnetic material prevents the magnetic lines from passing through it [139]. It could help
in reducing the leakage flux in transformers. Therefore, an efficient design of a transformer
using insulating NP based NFs might also help in reducing the number of taps due to improved
voltage regulation. Hence insulating NP (Al2O3) based NFs may be suitable for usage in

transformers based on their magnetic behavior.
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Figure 4.22: M-H curve of FR3-NFs after removing the diamagnetic component due to base
oil.
4.6.4.2. Magnetic study using electron spin resonance spectroscopy
The ESR spectrum is a plot of the first derivative of electromagnetic radiation absorption
as a function of the incident magnetic field. The first derivative of the absorption curve is
preferred for the analysis as it provides the advantage of easy extraction of information. ESR
spectroscopy is used on all the NPs and the NFs samples to study their response to the dynamic
magnetic field. However, the CuO and Fe3O4 NPs as well as the FNFs are the only samples
found to respond to the ESR spectroscopy. The ESR spectroscopy results in this case are shown
in Figure 4.23.
To extract the line shape parameters such as Lande’s g-factor (g), the peak-to-peak line

width (AB,.p), the resonance flux density (By), and the spin-spin relaxation time (72) from the
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experimental data, mathematical functions are fitted to the experimental data based on their
line shape [143, 156-158]. The curve fits generated using mathematical functions are
overlapped with the experimental data shown in Figure 4.23.

The ESR spectrum of the CuO NP is fitted by the two-component Dysonian line shape
function given in (4.6). Lorentzian line shape function is used when the spectroscopy curve is
symmetrical with respect to the x-axis. The Dysonian is preferred to Lorentzian as the former
can incorporate the asymmetry (if any exists). Whereas, the ESR absorption spectrum of Fe3O4
nanoparticle, MO-Fe304, and FR3-Fe304 nanofluids are best fitted by the two component
Gaussian function given in (4.7). The first term in the above line shape function equations
signifies clockwise polarization and the second term signifies the counterclockwise

polarization of the linearly polarized incident signal [143, 156, 157].
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1000 ~ : : : : mmCuQ_NP_curve_fit
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Figure 4.23: ESR spectra of NPs and NFs.

dP _ d [24( AB+a(B-By) AB+a(B+By)

dB _ dB [n (4(B—BO)2+ (AB)2 ~ 4(B+Bg)?+ (AB)Z)] (4.6)
P d VIn2 In2 In2
dB _ dB [A (AB)NT [exp (_(B — Bo) (AB)Z) +exp (_(B + Bo) (AB)Z)] 4.7)

where A is the area under the absorption curve and o is the asymmetry parameter. The
resonance frequency and width at half height of the absorption peak (AB) are obtained from
(4.6) and (4.7). The other line parameters such as peak-to-peak line width, Lande’s g-factor,
and spin-spin relaxation time are obtained using the relations given in (4.8), (4.9), and (4.10)

respectively, and are tabulated in Table 4.5.
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AB
AByp =7 (4.8)
hv
9= 5o 9
h
T, = Y 4.10

where h(h) is Planck’s constant (6.625x103% J-s (1.054x1073* J-s)), us is Bohr magnetron
(9.274x10*J/T), v is the frequency of the electromagnetic radiation, spin-spin relaxation time

(T>) is the time taken by the electron in the process of reaching ground state from an excited

state.
Table 4.5: Parameters extracted from ESR spectroscopy.
Peak-to-
Effective g- peak line Resonance Spin-spin
Nanoparticle/ Ao
factor width flux density | relaxation time (72)
Nanofluid
9) (4By-p) (Bo) (x107" secs)
(mT) (mT)
CuO 2.256 62.93 299 46.22
Fe304 2.163 284.90 Y2 10.65
MO-Fe304 2.646 176.67 255 14.04
FR3-Fe304 3.138 144.92 215 14.43

The spin resonance of the CuO NP is due to the single valence electron in Cu’**. When
the CuO NP is dispersed in the base oils, the overall response is dominated by the base oil. This
can be explained by the characteristics obtained in the VSM study. The diamagnetic component
due to the base oil is dominant over the contribution of the NP. Therefore, the CuO based NFs
are irresponsive to the ESR spectroscopy. The Al,Os based NFs are irresponsive due to the
diamagnetic nature of the base oil as well as Al03 NP as seen in VSM spectroscopy. The spin
resonance of the FesO4 NPs is due to the five unpaired electrons in Fe**. When Fe3;Os NP is
dispersed in the base oils, the peak-to-peak line width and resonance frequency are reduced for
both the FNFs. The decrease is much greater in FR3 based NF.

A low peak-to-peak line width (AB,) indicates lower magnetic losses, better
homogeneity, increased demagnetization, and a change of nature from hard to soft magnetic
material [159]. The FR3 FNF has a higher demagnetizing nature than MO FNF, which supports
the findings from VSM spectroscopy. The soft magnets easily magnetize and demagnetize.
Furthermore, low AB,., implies high saturation values and hence the saturation of FNFs is not
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observed in VSM spectroscopy. Therefore, the FNFs in close proximity to windings provide a
high magnetic permeable path which may result in increased leakage flux. Consequently, the
dynamic magnetic study shows that FNFs may lead to higher leakage fluxes in transformers.
The decrease in line width also corresponds to lower magnetic dipolar interactions [160, 161],
which indicates the magnetic dipolar interactions are lower in FR3 FNF. Therefore, the use of
FNFs is not suggested considering their dynamic magnetic response.

The parameter Bo signifies the field at which the magnetic resonance of the material
occurs. At magnetic resonance, the maximum radiation is observed by the sample. The
resonance field of Fe3O4 NP is found to decrease when adding it to base oils. The resonance
field is observed to further decrease with an increase in the viscosity of the NF. The FR3-FNF
resonates at a lower magnetic field compared to MO-FNF. Therefore, By is an important factor
to consider when designing the insulation to avoid resonance in the operating field of the
equipment.

The g defines the contribution of angular momentum to the total magnetic moment of an
unpaired electron [158]. The decrease in the g-factor corresponds to the increase in magnetic
dipole interactions, and therefore the increase in magnetic moment [ 162]. The increase in g-
factor is observed in FNFs with higher g-value for FR3-FNF, indicating a decrease in magnetic
moment for FNFs compared to NP. The lower magnetic moment for FNFs compared to NPs is
in accordance with the findings in VSM spectroscopy.

Since the diamagnetic materials are insensitive to ESR spectroscopy [158], the principal
nature of the NFs can be studied sensitively only in paramagnetic and ferromagnetic NPs. As
observed in the VSM spectroscopy, the FNFs show ferromagnetic response at lower field
strength in ESR spectroscopy too.

The spin-spin relaxation time (72) shows that the relaxation time for the FNFs is higher
compared to the NP. 7 is relatively higher for the FR3-NF compared to MO-NF. Since the PD
in the transformers occurs at a nanosecond time scale [163], it generates an electromagnetic
pulse of very high frequency [148]. The FNFs in close proximity to PD may align with the
electromagnetic fields due to their short relaxation times. Under either static or dynamic
magnetic fields, the ferromagnetic response in the case of the FNFs is only found at lower
magnetic field magnitude.

The electrical charge relaxation time is short for conducting NP, followed by
semiconducting and insulating NPs [152]. Similarly, the magnetic relaxation time of
conducting NP is observed to be smaller compared to semiconducting NP, whereas the

insulating NP has no response to the high-frequency fields. In other words, the magnetic
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relaxation time of the insulating NP can be assumed to be infinite.

All the NFs are observed to be stable after interaction with the quasi-static and dynamic
magnetic fields. There was no visual agglomeration or sedimentation of NPs in the NFs during
experimentation. As the nanoparticles are insoluble in base oils, it is hard to prepare NFs that
do not agglomerate for a long time.

Although it is known that Fe3O4 based NFs can increase the TC when subjected to
magnetic fields [164], there is a risk of insulation failure due to the EMF generation and
orientation of NPs with the field. The transformer vibrations and the near stray magnetic fields
could lead to increased degenerative effects. Therefore, the usage of FNFs in transformers may

be considered subject to the above issues being addressed.

4.7. Conjecture on benefits of using VO and NFs over MO

The primary and secondary windings (PSW) of the transformer are magnetically coupled.
The magnetic flux linking the PSW is intended to flow through the core of the transformer.
The magnetic flux chooses the path of the lowest reluctance. In general, the transformers are
designed such that most of the magnetic flux flows through its core. The magnetic flux will
experience low reluctance if the medium through which it is flowing is ferromagnetic. The core
in the transformer is generally made up of cold rolled grain oriented (CRGO), a ferromagnetic
material to reduce the reluctance to the magnetic flux linkage, to maintain high flux density, to
maximize magnetic induction, to minimize specific core loss at no load, and low
magnetostriction [80]. However, the flux leakages are inevitable due to design constraints and
insulation placement. The leakage flux is responsible for voltage drop in the transformer, thus
its reduction shall improve the voltage regulation. It also affects the excitation demands of
salient poles, the leakage inductance of windings, stray losses, circulating currents in
transformer walls, and metallic clamps [165, 166]. In converter transformers, this leakage flux
is responsible for the hotspot formation and the failure of the converter transformers [167].
Therefore, leakage flux is responsible for the voltage dip on the secondary side. Hence, its
reduction is important to maintain good voltage regulation and efficiency. The leakage flux
also flows through the liquid dielectric used for insulation and cooling purposes in the
transformer. Therefore, the magnetic nature of liquid dielectric is very important to analyze its
impact on leakage flux.

The diamagnetic material repels the magnetic lines of force as shown in Figure 4.24 due
to its completely filled sub shells. The fresh VO being more diamagnetic in nature compared

to MO, could distort the magnetic flux in the gap between the PSW and between the winding-
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core assembly of the transformer. A liquid insulation with a greater diamagnetic nature opposes
the flow of leakage through it. The leakage flux due to current flowing in the windings of the
transformer does not tend to flow through the dielectric liquid with a high diamagnetic nature
and is forced to enter the core of the transformer to complete the magnetic circuit. The more
diamagnetic a liquid insulator is, the more leakage flux lines are forced to flow through the
core of the transformer. Using a suitable liquid dielectric could potentially reduce the voltage
drop in the secondary winding of the power transformer. The reduction in leakage flux reduces
the circulating currents in transformer tank walls and metallic clamps. Since the VO, semi-
conducting, and insulating NP based NFs are found to have a greater diamagnetic nature

compared to MO, their application in transformers may help achieve a reduction in leakage

Diamagnetic material

T

Figure 4.24: Magnetic field lines in the presence of diamagnetic material.

fluxes.

4.8. Summary of the chapter
NFs are prepared in the laboratory and their thermal conductivity is studied by varying
temperature as well as concentration. The electric field around various NPs dispersed in MO is
simulated to study the impact of NP on the electric field around it. Further, the dielectric
frequency response of NFs is studied by varying its concentration. Finally, the VSM and ESR
spectroscopies are performed on three types of NPs, and their NFs to ascertain the static and
dynamic magnetic properties of the insulation. The outcomes of this chapter are:
. The thermal conductivity of NF increases with an increase in temperature as well
as with an increase in NP concentration.
. The electric field around all the nanoparticles gets distorted with the least distortion
in the case of insulating NP.
. The dielectric frequency response study on nanofluids infers that the dissipation
losses decrease with an increase in NP concentration.
. The ferromagnetic nature is found to dominate in FNFs at lower magnetic field

strengths. MO and FR3 FNFs have magnetic susceptibilities of 2.55x10® and
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0.85x10°® respectively, in this region.

. Regardless of the nature of the NPs, all NFs are diamagnetic in nature between a
magnetic field strength of 150 kA/m and 1250 kA/m. However, the MO-NFs
possess approximately 2.5 times higher magnetic susceptibility than FR3-NFs.

. CuO, Fe304 NPs, and FNFs have shown resonance to the dynamic magnetic field,
while Al,O3 NP and all other NFs are irresponsive. The resonance field is 18.2%
and 31.1% smaller for MO-FNF and FR3-FNF compared to Fe;O4 NP.

. The FNFs tend to be soft magnetic materials in comparison to the Fe3O4 NP.
Therefore, the magnetic dipolar interactions and magnetic moment are lower in
FNFs.

. The insulating NP makes its base oil further diamagnetic, resulting in a solution that
provides high reluctance to the magnetic flux and potentially avoids settling of NP
on or near the magnetic core.

. The NPs in NFs do not agglomerate/sediment upon subjecting them to quasi-static
and dynamic magnetic fields.

Considering the electric field distortion and the magnetic response, insulating NP based
NF is a preferred alternate liquid insulation among the NFs. Various studies conducted in this
chapter establish the magnetic behaviour and performance of NFs as suitable alternate
transformer insulation. These studies support the fact that the proposed technique is being used
on validated insulation rather than arbitrarily selected samples. They also provide key input
parameters for mathematical models of the interaction of NPs in NFs under magnetic fields
and the corresponding interaction zones around the NPs. Such models should also complement
the assessment of the dielectric, thermal, and fluid mechanical performance of NFs in power
transformers. These studies will help design engineers in the multiphysics modeling of the
breakdown in liquid insulation and choosing an appropriate NF as a transformer insulant. With
the extensive study on various alternate liquid insulations in Chapters 3 and 4, the next chapter
deals with the application of non-intrusive and non-destructive technique presented in Chapter

2 for condition assessment of these alternate liquid insulations.
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Note: This work, “Magnetic Profiling of Conducting, Semi-conducting, and Insulating
Nanoparticles and their Nanofluids Possessing Potential Transformer Application,” has been
published in IEEE Transactions on Dielectric and Electrical Insulation, 2022, vol. 30, no. 2,
pp. 649-657, Apr. 2023.
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alternate liquid insulating oils

5.1. Introduction

The aging and consequential degradation occur due to the thermal, electrical, and
environmental stresses acting on the liquid insulation [28, 29]. Aging is no exception to the
alternate liquid insulation such as NFs, EOs, and BOs [16, 28, 29, 72, 74]. However, the relative
aging of such insulation is different compared to MO despite being subjected to a similar
individual or multiple stresses over time [13, 33]. Regardless of the time taken by the various
insulations to age, the insulation eventually degrades, leading to the formation of byproducts.
The variation in physiochemical and electrical properties of BOs on aging as presented in
Chapter 3 supports the proposition. The investigation of short and long term performance of
such insulation helps avoid the sudden failure of the equipment and increases the grid
reliability. There are no defined standard test methods for assessing the aging status of BOs
according to the author’s knowledge. However, researchers have analyzed the electrical
properties of BOs using the testing equipment employed for MO [16]. A quick and cost-
effective assessment of insulation is always an advantage as it aids in carrying out swift
assessment and countermeasures to avoid equipment failure. This chapter deals with the
applicability of the non-intrusive and non-destructive condition assessment technique proposed

in Chapter 2 for alternative liquid insulation such as NFs, EO, and BOs.

5.2. Non-intrusive and non-destructive technique for condition assessment

of nanofluids

MO and FR3 based NFs are prepared in accordance with the process described in Section
4.2. The prepared NFs include MO-Fe304, MO-CuO, MO-AIl>0O3, FR3-Fe304, FR3-CuO, and
FR3-Al,03 with 0.01 %w/v of NPs as shown in Figure 5.1. The MC and TAN in the base oils
and NFs are measured according to ASTM D1533 and IEC 62021 standards respectively and
the data is shown in Table 5.1. A negligible variation in the MC and TAN are observed in the
NFs compared to base oils and can be ignored for practical reasons. The MO-NFs and FR3-
NFs are now tested using the calibrated test setup presented in Section 2.2.2. The frequency
responses obtained from testing of the MO-NFs and FR3-NFs using the non-intrusive and non-
destructive condition assessment technique are presented in Figures 5.2 and 5.3 respectively.

Although there is no change in the TAN, the resonance corresponding to the first
resonance point is observed to change with the change in NP for both oils. As manifested in
Chapter 4, the NPs affect the electric and magnetic nature of the base oils. The reflections from

the oil increase with the increase in conductivity of the NP. The relationship between the cut-

103
TH-3272_186151014



5. The non-intrusive and non-destructive technique for condition assessment of
alternate liquid insulating oils

off frequency (f.) of the horn antenna and the effective relative permittivity (¢,) of the oil is

given by (2.1), wherein, the cut-off frequency is inversely proportional to the square root of the
relative permittivity. The addition of NPs to MO and FR3 leads to a change in the overall
conductivity of the NF. The change in conductivity results in a change in relative permittivity

as given by (5.1) [168].
0 = lwWEyE, .1

where i =+v/—1, ¢ is complex electrical conductivity, €, is complex relative permittivity and €,
is the permittivity of free space (8.85 x 10! F/m). Interestingly, the change in conductivity
due to the addition of NPs is reflected at the first resonance point in the chosen frequency band.
The addition of conducting and semi-conducting particles increases the overall conductivity of
the insulation sample leading to greater reflection of signal to the antenna and is evident from
Figures 5.2 and 5.3. However, the addition of insulating NPs resulted in a lower reflection of
signal indicating a decrease in the overall electrical conductivity of the insulation. Further,
since there is no significant variation in the moisture of NFs compared to base oils, the
frequency response corresponding to the moisture at the second resonant frequency does not

have any notable variation.

Table 5.1: MC and TAN in nanofluids.

Sample
Property MO MO- | MO- | MO- | FR3 | FR3- FR3- FR3-
Fe;04 | CuO | AlLO3 Fe304 CuO AlLO3
MC (ppm) 12 12 13 12 92 94 93 92
TAN (mg 0.012 | 0.013 | 0.012 | 0.011 | 0.03 | 0.035 0.033 0.028
KOH/g)

(a) (b) (©) (d) (e) ()
Figure 5.1: Nanofluids prepared in the laboratory (a) MO-Fe304 (b) MO-CuO (c) MO-Al>03
(d) FR3-Fe304 (e) FR3-CuO and (f) FR3-Al,0s.
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Figure 5.2: Frequency response analysis of MO based nanofluids.
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Figure 5.3: Frequency response analysis of FR3 based nanofluids.
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Further, care should be taken while cleaning the test cell between each consecutive
experiment as the NPs tend to adhere to the walls and corners of the test cell potentially
contaminating the next sample. Therefore, the test cell must be cleaned and dried multiple times
to ensure there are no NPs on its walls before loading the next sample. It is important to mention
that the adherence of NPs to the walls of the test cell cannot be verified sometimes directly
with the naked eye and also the precision microscopes do not reach the edges of the test cell.
Therefore, in order to avoid the errors creeping in from contamination of the samples, it is
advised to use a different test cell for each type of NF. One of the test cells with Fe3O4 NPs

adhered to its walls after removing the oil sample is shown in Figure 5.4.

Figure 5.4: Fe;04 NPs adhered to the test cell after removing the nanofluid.

Further, to understand the effect of aging on NFs and the efficacy of the proposed
condition assessment setup in establishing the aging status of NFs, all the NFs should be aged
and tested. An attempt is made to age the NFs by accelerated thermal aging and oxidative aging
methods presented in Sections 2.2.1.1 and 2.2.1.2. On aging, the NPs are found to adhere to
the materials such as copper, pressboard, and kraft paper resulting in an unpredictable
concentration of NP left in the base oil. Test results of such oil samples with unknown
concentrations cannot be compared with reference curves obtained in establishing a conclusion.
Hence, it is not possible to extend the aging studies to study the long-term performance of the
NFs. It is noteworthy to mention that the application of non-intrusive and non-destructive
condition assessment technique for the aged NFs is not limited by the technique but by the

challenges faced in aging the NFs to prepare test samples. Pressboards aged along with the NFs
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are shown in Figure 5.5. This agglomeration of NPs may have serious consequences on

introducing them into the transformer due to possible settling in radiator tubes, core, and valves.

(a) (b) (c) (d)

Figure 5.5: (é) Dried fresh pressboard (b) Pressboard aged in MO-Al>O3 NF (c¢) Pressboard
aged in MO-CuO NF and (d) Pressboard aged in MO-Fe304 NF.

5.3. Non-intrusive and non-destructive technique for condition assessment

of VO and BOs

The BOs prepared in Section 3.2.1 are tested using the non-intrusive and non-destructive
condition assessment technique setup to check its applicability. The fresh and oxidative aged
oil samples are shown in Figure 5.6 and their corresponding codes are in Table 5.2. The MC
and TAN of all oils are tested according to ASTM D1533 and IEC 62021 standards respectively
and the results are presented in Table 5.3. The TAN and MC in the fresh oils increase with an
increase in ester content from A1l to E1. However, the increase in MC and TAN in the aged
oils from A2 to E2 is not linear due to the presence of esters in various ratios and their response

to the aging in terms of the amount of by-products produced.

Table 5.2: Samples of blended oils.

Fresh sample Sample code Oxidative aged Sample code
sample
MO Al MO A2
MO- FR3 (3:1) B1 MO- FR3 (3:1) B2
MO- FR3 (1:1) Cl MO- FR3 (1:1) C2
MO- FR3 (1:3) D1 MO- FR3 (1:3) D2
FR3 El FR3 E2
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(A2)

(B2)

Figure 5.6: Hermetically sealed fresh and oxidative aged liquid insulation samples.

(@)

’

The frequency responses of the fresh and aged oils obtained by testing the oil samples

using the non-intrusive and non-destructive condition assessment technique are shown in

Figures 5.7 and 5.8 respectively. The reflection of the signal from the oil increases

proportionally with the increase in the MC and TAN at their corresponding resonant

frequencies. The frequency response of aged oils is found to be differing and irregular for the

samples D2 and E2 due to the exceedingly greater amounts of MC and TAN present in them.

Table 5.3: MC and TAN in blended oils.

Sample MC TAN
Al 12 0.012
B1 38.3 0.0175
C1 71.1 0.0255
D1 91.5 0.0285
El 99.2 0.0352
A2 29.9 0.025
B2 72.8 0.063
C2 112.9 0.082
D2 163.2 0.141
E2 316.4 0.254
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Figure 5.7: Frequency response analysis of fresh MO, FR3 and their BOs.
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Figure 5.8: Frequency response analysis of aged MO, FR3 and their BOs.
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The linear prediction graphs for MC and TAN presented in Figures 2.9 and 2.10 are used

to compare the |S11| data corresponding to the first and second resonance points obtained from
the frequency response of BOs to predict their MC and TAN. The percentage error between

the estimated and measured values is calculated and shown in Table 5.4.

Table 5.4: Predicted and measured MC and TAN in MO, EO, and BOs.

Sample TAN MC
(mg KOH/g) (ppm)
Predicted Measured | % error | Predicted Measured | % error
value value value value
Al 0.0126 0.0126 0 12.4 12.4 0
B1 0.0176 0.0175 0.56 29 38.3 24.28
C1 0.0246 0.0255 3.52 65 71.1 8.57
Dl 0.0278 0.0285 2.45 79 91.5 13.72
El 0.0327 0.0352 7.10 90 99.2 9.27
A2 0.0262 0.0259 1.14 37 29.9 18.91
B2 0.0612 0.0631 3.01 90 72.8 19.11
C2 0.0725 0.0820 11.58 120 112.9 591
D2 NoP 0.141 NoP 170 163.2 4
E2 NoP 0.254 NoP NoP 316.4 NoP

NoP = No prediction

There is no prediction error for sample Al since the prediction graphs are trained on the
fresh MO sample. The prediction of TAN is accurate at lower magnitudes and the error
increases with an increase in the magnitude. However, for MC, the prediction is accurate at
higher magnitudes which implies a reduction in error with an increase in MC. The average
errors in the prediction of TAN and MC in BOs are found to be 3.26% and 11.53%,
respectively. Good accuracy in the prediction of MC and TAN in BO samples is possible
because of the dependency of the frequency response only on the MC and TAN rather than the
composition of the oil sample or the structure of the oil molecule. Therefore, the linear graphs
developed for MO in Chapter 2 are also suitable for predicting MC and TAN in the EO and
BOs. However, the applicability of the technique and linear graphs for aged oil samples with
MC and TAN above 300 ppm and 0.085 mg KOH/g is limited by the overwhelming reflection

from the oil samples due to excessive contaminants.
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5.4. Summary of the chapter

In this chapter, the proposed non-intrusive and non-destructive technique in Chapter 2 is
applied to the MO-NFs, VO-NFs, VOs, and BOs for predicting the MC and TAN present in
them. The following conclusions are drawn from this chapter:

e Each NF has a different frequency response compared to its base oil despite having the
same MC and TAN.

e The application of the proposed technique in the assessment of NFs is limited by the
adherence of NPs to the solid insulation, copper strips, and the walls of the beaker
during the aging process.

e The linear graphs for MC and TAN developed in Chapter 2 are also suitable for
estimating MC and TAN in EO and BOs.

e The average errors in the prediction of TAN and MC in BOs are found to be 3.26% and
11.53%, respectively.

e The applicability of the technique and linear graphs for aged oil samples with MC and
TAN above 300 ppm and 0.085 mg KOH/g is limited by the overwhelming reflection
from the oil samples due to excessive contaminants.

Considering the applicability of the developed technique and the linear prediction graphs
for estimating the MC and TAN in MO, EO, and BOs and its good prediction accuracy, the
non-intrusive and non-destructive technique proves to be a potential alternative condition

assessment technique that provides two chemical parameters almost immediately.

Note: This work has been awarded the 2022 IEEE DEIS Graduate Student Fellowship.
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6.1. Summary of the present work

This thesis presents a novel condition assessment technique that can simultaneously
detect the moisture and acid content in a liquid insulation sample and generate a unique
response based on the amount of moisture and acid present in it. The technique is found to be
suitable for detecting the moisture and acid in mineral oil, ester oil, and mineral-ester BOs.

In Chapter 2, a non-intrusive and non-destructive setup, which comprises an S-band horn
antenna placed over the test cell filled with an insulating oil sample, is placed in an anechoic
chamber to avoid external noises such as EMI from various sources. A radio frequency signal
in the band of 2.1 to 2.6 GHz is passed onto the test sample, and the amount of reflected signal
is collected by the antenna connected through a vector network analyzer. The chosen frequency
band shows two resonant points corresponding to the TAN and MC of the test sample. Multiple
fresh insulating oil samples with different acids are tested to confirm the same. Further,
numerous laboratory aged samples are prepared by thermal and oxidative aging MO and tested
with the developed setup. It is found that the amount of signal reflected back from the oil at the
first and second resonant frequencies is dependent on the TAN and MC in it. The actual TAN
and MC in the oil samples are tested according to ASTM D1533 and IEC 62021 respectively
using the conventional apparatus. The reflection coefficient obtained from testing of the
laboratory aged samples is used to generate individual linear prediction graphs for both TAN
and MC. Further, TAN and MC in any unknown sample can be predicted by obtaining the
reflection coefficient of the sample and comparing it to the linear prediction graphs. To validate
the concept, insulating oil samples from the service transformers of IIT Guwahati and ASEB
are procured and the reflection coefficient of these oil samples is obtained using the developed
setup. The TAN and MC of these transformer oil samples are predicted by comparing the
reflection coefficient with linear prediction graphs. In addition, all these samples are
conventionally tested for TAN and MC by following ASTM D1533 and IEC 62021 standards.
The actual and predicted values are compared and the percentage error is calculated. The TGA
of aged solid insulation samples is performed and it is found that merely performing TGA will
not provide precise information on the aging status of the solid insulation.

In Chapter 3, multiple BOs are prepared by mixing MO and a commercial natural ester
FR3 in various ratios and their physiochemical as well as electrical properties such as moisture,
AC BDV, DDF, RP, specific resistance, density, flash and fire points are studied according to
ASTM D1533, D1816, D924, D1169, D1298, D93, and D971 respectively. In addition, to

evaluate their long-term performance, the oils are oxidative aged according to ASTM D1934,
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and all the above characteristics are studied. The change in the properties of BOs is correlated
to the variation in ester content. Further, PD in these oils is studied by subjecting the samples
to electrical stress in accordance with IEC 60270. For this purpose, a test cell with a needle
plane electrode system containing nylon nuts and bolts is used to fasten the connections at HV
and ground electrodes in order to avoid corona at the junctions and ensure the PD is certainly
due to the needle. The experiments are performed in a temperature and humidity controlled
EMI free room. PDIV and PDEV of the samples are interpreted according to IEC 60270 and
IEC TR 61294. The PRPD and minimum phase angle at which PDIV occurs are also analyzed
to conclude that the EOs have better PDIV and PDEV compared to MO and BOs among fresh
oils. However, an equal mixed ratio of MO and FR3 has better PDIV and PDEV among the
aged oils. Furthermore, DG in the fresh and aged oils is studied by subjecting them to multiple
electrical sparks. The DGs are used to predict the type and intensity of faults using various
ratios and graphical methods. Among all the methods, the graphical methods are found to be
suitable for predicting the type and intensity of electrical faults in BOs. The above studies show
that retrofilling a MO based transformer with FR3 or BOs does not pose any danger to its
operation. In addition, it provides better electrical and physiochemical characteristics. Further,
the surface roughness of the solid insulation thermally aged in ester oil is studied. It is observed
that the gelling occurs on the surface of solid insulation which potentially rescues the solid
insulation from moisture and damage.

In Chapter 4, NFs are studied for their thermal conductivity by varying the NP
concentration and temperature. It is found that the thermal conductivity increases in both cases.
The electric field distribution around various types of NPs is simulated using COMSOL, and
it is found that the least distortion of the electric field occurs when insulating NP is used. The
dielectric frequency response of NFs is studied by varying the insulating NP concentration and
the dielectric losses are found to reduce with the increase in NP concentration. Later, a 0.01
Jw/v of various NPs is added to MO and VO individually to prepare multiple NFs. The
prepared NFs are studied for their magnetic behaviour by subjecting them to quasi-static and
dynamic magnetic fields using VSM and ESR spectrometers. The parameters such as magnetic
susceptibility, Lande’s g factor, peak-to-peak line width, resonance flux density, and spin-spin
relaxation time are extracted from the magnetic studies. Finally, a conjecture on the benefits of
using VO and a few NFs over MO in terms of their magnetic behaviour is presented.

Chapter 5 presents the applicability of the non-intrusive and non-destructive condition
assessment technique and the linear prediction graphs for NFs, VO, and BOs. The NFs, VO,

and BOs prepared in Chapters 3 and 4 are tested using the experimental setup developed in
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Chapter 2, and the results are presented. The applicability of the non-intrusive and non-
destructive condition assessment technique for the NFs is limited by the challenges faced in
aging the NFs. The analysis of the reflection coefficient of BOs shows that the technique and
linear graphs developed for MO in Chapter 2 are also suitable for predicting the MC and TAN
in EO and BOs. The average errors in the prediction of TAN and MC in BOs are found to be
3.26% and 11.53%, respectively. However, the applicability of the technique and linear graphs
for aged oil samples with MC and TAN above 300 ppm and 0.085 mg KOH/g is limited by the
overwhelming reflection from the oil samples due to excessive contaminants. Therefore, the
non-intrusive and non-destructive technique proves to be a potential alternative condition

assessment technique that provides two chemical parameters almost immediately.

6.2. Contribution of the thesis
The major contributions of the thesis to the development of a non-intrusive and non-

destructive technique for condition assessment of transformer liquid insulation are as follows:

e An EMI free, compact, rapid responsive test setup is developed and tested on various
laboratory aged MO samples to construct individual prediction graphs to predict MC and
TAN in various service aged MO samples.

e Mixtures of MO and FR3 are studied for various electrical and physiochemical properties
and found to be suitable for usage in MO based transformers.

e Various NFs prepared from different NPs are studied for their magnetic behaviour and
several magnetic parameters are deduced from the studies.

e The EMI free, compact, rapid responsive test setup developed for MO is used to test the
NFs, VO, and BOs and is found to be suitable for detecting MC and TAN in alternate

insulating oils.

6.3. Suggestions for future research work
The suggestions for future research are as follows:

e Machine learning models may be applied to the frequency response curves obtained from
antenna analysis to replace the linear prediction graphs.

e The accuracy of prediction in samples may be improved by aging the samples
simultaneously with thermal and electrical stress. Such multi-stress aging bestows one step
closer to the representation of the in-service transformer aging phenomena.

e Various analyses on kraft paper can be explored that can be used in conjunction with TGA

to predict its aging status accurately.
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e The effect of transformer construction materials on the short and long-term performance
of BOs can be explored.

e The surface discharge characteristics of various solid insulations immersed in BOs can be
a topic of research.

e Nanofluids of BOs can be studied extensively for their electrical, physiochemical
properties and dissipation factor.

e The stability of NFs and their adsorption to the transformer construction materials is also
a challenging issue that can be addressed.

e The effect of NFs on the stray gassing behaviour of the EO and BOs can also be explored.

e Low temperature partial discharge behaviour of the mixed insulating oils needs to be
studied to understand any detrimental effects of partial discharges during the start of the
transformer in cold regions.

e A potential connection of PD and DGA with the frequency response can be investigated
to improve the reliability of insulation diagnosis.

e A potential connection of multiple parameters such as IFT, DDF, and specific resistance

with the frequency response can also be explored.
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