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Abstract

Power transformers life is limited fundamentally by the insulation paper state, which can
be analysed through different techniques such as furanic compound concentration,
dissolved gases, methanol concentration, Fourier transform infrared spectroscopy, X-ray
diffraction, scanning electron microscope, refractive index of cellulose fibres, degree of
polymerisation or tensile strength. The two last techniques provide the best way to
evaluate mechanical resistance of insulation paper. This chapter describes briefly the most
remarkable studies about post-mortem assessment and thermal ageing tests in which
mechanical properties are some of the characteristics evaluated to determine paper degra-
dation. This work also gathers the main relationships developed until now to relate
different by-products generated during transformer operation with loss of paper mechan-
ical properties. Finally, this chapter defines the future approaches, which could be used to
study paper degradation.

Keywords: dielectric paper, insulation oil, tensile strength, post-mortem, thermal ageing
test

1. Introduction

Since the nineteenth century, the use of alternating current (AC) against direct current (DC)
was imposed. The machine used for increasing or reducing of AC voltage is the transformer,
which has allowed the development of the power market, making possible the electricity
transport over long distances thanks the reduction of Joule losses during high-voltage (HV)
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transport. Electrical insulation and cooling systems are critical parts of electric power trans-
formers during their operation [1].

Transformer losses generate heat, which produces an increase in temperature and an efficiency
decrease. Once a power transformer starts its operation, heat begins to be produced, which
origins a progressive increase of the temperature. This increase continues until permanent
regime conditions are reached. The temperature rise above the service conditions results in an
accelerated degradation of the insulating materials. Additionally, insulation systems of oil-
filled transformers are subjected to repeated lightning impulses, which brings potential risk to
the insulation system, being the liquid/solid interface the weak link. Assessment of insulation
condition can be obtained by partial discharge (PD) monitoring [2]. For instance, some authors
[3-8] have analysed the effect of oil and pressboard ageing (electrical and/or thermal) on the
characteristic of PD from inception to flashover, surface discharge inception voltage (SDIV)
variation, creepage discharge inception voltage (CDIV) or creepage discharge flashover volt-
age (CDFV) of oil/solid insulation specimens with different ageing degrees. Other authors
have studied the effect of polarity on the accumulation of charges at the oil-solid interface [9],
the accumulative effect of repeated lightning impulses and its damage mechanism [10], the
electrical deterioration caused by PD under long-term AC voltage [11] or the performance of
alternative liquids in comparison with mineral oil [12].

On the other hand, thermal ageing of insulation system in power transformers can favour the
initiation of short-circuit forces, which can end up in a permanent deformation or failure [13].

The type of cooling system in power transformers depends on different factors, mainly associ-
ated with the machine power. The two main groups in which this kind of systems can be
divided are: dry and liquid cooling. For small transformers (100-50,000 kVA) [14], the external
surface of the transformer is sufficient to evacuate by convection and/or radiation the gener-
ated heat to the environment. In such cases, the transformer is air-cooled, being called dry
transformer. These transformers depend on air to enter at the bottom, flow upward over the
core and coil surfaces and exit through the openings near to the top. In medium-large powers,
the cooling system is generally of liquid type, so that the core and the windings are immersed
in oil and contained in a steel tank. This kind of transformers is named oil-filled and in them,
the oil absorbs the heat generated, transports it and dissipates it to the environment through an
exchange boundary. In some cases, this boundary is the outer surface of the tank, often
flapped, which evacuates heat by natural convection and radiation. As the power of the
transformer increases, external radiators are added to increase the exchange surface as well as
fans to force the convection. In high-power transformers, the cooling of the oil can be also
carried out by means of an oil-water exchanger.

In power systems, most of power transformers are oil-filled [15], and their insulation system is
mainly composed of cellulose [16]. The oil provides electrical insulation together with cellu-
losic materials, as well as cooling. Once a transformer starts its operation, the insulation system
degrades over time through different physical-chemical mechanisms. In the case of oil, it is
quite simple to maintain it in suitable conditions, and it is even feasible to replace if it would be
required. However, this is not possible with solid insulation because this cover wires which
constitute the windings of the transformer. Under a practical point of view, replacing the solid
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Figure 1. Transformer failures and their causes.

insulation would imply re-manufacturing the transformer almost completely, which is not
practical. Consequently, it can be concluded that the life of a power transformer is limited
fundamentally by the insulation paper state, which highlights the enormous importance of
knowing its behaviour and its degradation rate over time.

Not only solid insulation components suffer continuous ageing, but also the dielectric oil. During
transformers operation, the insulation system degrades generating a wide range of by-products
such as furanic compounds, water, CO,, CO, low and high molecular weight acids, and so on [16].

These by-products can influence the normal operation of the transformers causing a raise of
failure probability. Therefore, it is important to determine the ageing state of the trans-
formers through the monitoring of the condition of their electrical insulation. The state of
degradation of the oil can be determined through various parameters such as interfacial
tension, oxidation stability, acidity, dissolved gases analysis (DGA), breakdown voltage,
dissipation factor, and so on [16, 17]. In the case of insulation paper, the study of its degra-
dation can be done through the determination of the degree of polymerisation (DP) or
through the tensile index. The purpose of these two procedures is to determine the mechan-
ical strength of the paper. While the first method does a representative strength measure, the
second one determines the true measurement [18]. However, both tests can only be carried
out through scrapping transformers, since in both cases it is necessary to take a sample of the
solid component, which requires drain the oil.

5
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The knowledge of the oil and paper ageing processes through the measure of the real state of
degradation of the machine is essential to predict the failure of a transformer in service [19, 20],
which can be due to different causes as was gathered by Murugan and Ramasamy [21],
Figure 1.

The main aim of this chapter is to describe the opportunities offered by the variables obtained
through stress—strain curve in post-mortem studies as well as accelerated thermal ageing tests
carried out in laboratory, describing some of its advantages and challenges. This chapter is
structured as follows: Section 2 explains some of the most used methods to evaluate paper
ageing. Section 3 exposes the main post-mortem studies carried out until now, as well as the
methods and a mathematical model based on DP and tensile index used to analyse paper
degradation. The following section describes accelerated thermal ageing tests in which
mechanical properties have been used to determine paper degradation. Additionally, this
section describes a mathematical model defined by the authors of this chapter, which can be
used to determine the paper ageing through mechanical properties, obtained from tensile test.
Finally, the conclusions are presented.

2. Paper degradation assessment

The study of paper ageing in power transformers is critical to maximise the operation period,
and it can be carried out through different methods, some of the most used are:

2.1. Furanic compounds concentration

This is a non-intrusive technique, which can be used to estimate the ageing of the dielectric
paper. It has been concluded by different authors [22-32] that there is a relation between
furanic compounds and degree of polymerisation. This relation has been defined through
mathematical models such as gathered in Table 1.

These models are empirical, obtained through experimental data, so when they are applied to
a 2-FAL concentration of for example 0.25 ppm, the value of DP ranges from 764.45 to 535.45
Therefore, there is a huge difference between the results.

These compounds can be determined through high performance liquid chromatography
(HPLC) or extraction with methanol [32, 33]. The first step of the furanic compounds measure
is to extract them from the oil, which can be done through solid-liquid extraction or liquid-
liquid extraction. After that, it is analysed by the HPLC in which it is eluted in the specified
column and detected through an ultra violet (UV) detector [18].

A varied range of factors could affect the analysis of furanic compounds: high moisture
(furfuryl alcohol, FA), overheating or normal ageing (2-furfuraldehyde, 2FAL), high tempera-
ture (5metyl-2furfural, 5SMEF).
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Mathematical model Reference
DP =325 (¥ — log,,(2FAL)); 100< DP <900 1) (22]
DP = ;g - (1.51 — log,(2FAL)); 150< DP <1000 @) [23]
DP = —18%_ 150 < DP<600 ®) [24]
2.34+2FAL
DP = —5ko - (log,o(2FAL - 0.88) — 4.51) @) [25, 26]
DP = g ®) [27]
DP = 356.1 — 343.8 - log,,[Total Furans) (6) [28]
DP = 14180l 500 < DP,, <800 ) [29]
_ 2.6-log,,(2FAL) .

bp = 0%1849 ’ ® (30]
DP = 402.47 — 220.87 - log,, (Cpur) ©) [30]
DP = —121 - In(Cp,) + 458 (10) [31]
DP = 405.25 — 347.22 - log,,(2FAL) (11) [32]

DP: degree of polymerisation of the cellulosic paper in the windings of a transformer.

2FAL: mg of furfural/kg of oil.

DPav: average degree of polymerisation of the cellulosic paper in the windings of a scrapped transformer.
Total furans: mg of total concentration of furans/kg of oil.

Cfur: mg of total concentration of furans/kg of oil.

Table 1. Furans and DP correlations.

2.2. Dissolved gas analysis

It is a technique used to identify faults during transformer operation. This analysis can be also
utilised to describe the paper ageing through CO and CO, dissolved in the oil. Different works
have showed that there is a relationship between the concentration of these gases and the DP
(CO,/CO 7.4, DP > 600; 7.4 < CO,/CO < 8.0, 400 < DP < 600; 8 < CO,/CO < 8.7, 250 < DP < 400;
CO,/CO = 8.7, DP < 250) [34, 35]. The gases, which can be extracted from the oil using different
methods [18], are detected using the gas chromatography technique whose operating principle
is like HPLC.

2.3. Methanol concentration

The determination of the amount of this alcohol can be used to monitor the depolymerisation
of the paper under normal operating conditions of the transformer. Methanol offers a faster
indication of the early stages of paper degradation than furans [18]. This volatile product can
be measured through a gas chromatograph equipped with a mass selective detector in the
electron impact mode [36].

7
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2.4. Fourier transform infrared spectroscopy

Infrared spectroscopy is a technique used for materials analysis, which uses the infrared region
of the electromagnetic (EM) spectrum [37]. It is based on the specific vibration frequencies,
which have the chemical bonds of the substances. These frequencies correspond to the energy
levels of the molecule and depend on the shape of the potential energy surface of the molecule,
the molecular geometry, the atomic mass and the vibrational coupling. If a sample receives
light with the same energy from that vibration and the molecules suffer a change in their
bipolar moment during vibration, then this will appear in the infrared spectrum. To make
measurements on a sample, a monochrome ray of infrared light is passed through the sample,
and some of this radiation is absorbed by the sample and some of it is transmitted. By
repeating this operation in a range of wavelengths, an infrared spectrum can be obtained. This
spectrum represents the molecular absorption and transmission, generating a fingerprint of a
sample with absorption peaks, which correspond to the frequencies of vibrations between the
bonds of the atoms that constitute the material. The size of the peaks in the spectrum is a direct
indication of the amount of material [37, 38]. This technique provides precise information
about functional groups (O-H, CH, C=O, C-O) changes [37, 38].

2.5. X-ray diffraction

This is a rapid analytical technique based on the dispersion of the X-ray beam by matter and on
the constructive interference of waves that are in phase and that are dispersed in certain
directions of space. X-rays are generated in a cathode ray tube by heating a filament to produce
electrons, which are accelerated toward the sample applying a voltage. When the electrons
have sufficient energy to dislodge inner shell electrons of the target material, characteristic X-
ray spectrum is obtained which allows the identification of crystalline phases qualitatively and
quantitatively. The crystal structure and crystallinity are the key properties of the crystalline
polymer material for deciding its electrical performance. By analysing the length, width, height
and diffraction angle, crystal structure identification and chemical phase analysis could be
implemented. Therefore, X-RD analysis is very helpful in the investigation of the crystal
structure of the cellulose fibres in the transformer paper [39].

2.6. Scanning electron microscope

Scanning electron microscope (SEM) can obtain the electronic image of sample’s surface to
show its microstructure [40]. The SEM is capable of producing high-resolution images of a
sample surface (Figure 2). A heated electron emission produces an electron beam, which is
focused by one or two condenser lenses to a fine focal spot. The beam passes through a pair of
scanning coils in the objective lens, which deflect the beam both horizontally and vertically.
Consequently, the beam scans in a raster fashion over a rectangular area of the sample surface
[39]. It allows knowing in detail the state of the surface of a material, which can provide
important information about the microstructure, impurities, degree and origin of alteration of
the material.
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Figure 2. SEM result of Kraft paper.

2.7. Refractive index of cellulose fibres

The refractive index (RI) of cellulose fibres can be determined using the dispersion staining
method (DSM) whose principle is as follows: when cellulose fibres are immersed in liquid,
white light will be dispersed at the boundary of the two substances. At this point, there is a
spectrum that does not refract (it passes straight through). This particular spectrum has the
condition: “RI of cellulose fibre = RI of immersion-liquid.” When this particular spectrum is
intercepted by an optical mask and condenses the spectra that are not intercepted, the cellulose
fibre appears to be coloured. It is possible to know the RI of cellulose fibres at a particular
spectrum by observing dispersion colour through DSM [41].

2.8. Degree of polymerisation

The degree of polymerisation can be defined as the average number of glucose rings in each
cellulose chain and it is dimensionless [19]. These chains of cellulose break up during trans-
former operation by exposure to oxygen, moisture and heat, which produce a decrease of
mechanical strength of paper. This weakening end up in transformer fail and it is commonly
accepted that this failure occurs when DP = 150 to 200 [34].

The DP of dielectric paper can be measured using an Ubbelohde viscometer tube [42]. The first
step of the procedure is to measure the viscosity of paper, deionised water and cupriethylene-
diamine (Cuen) mixture and the next step is to calculate the specific viscosity. Once the specific
viscosity has been obtained the DP can be estimated.

2.9. Stress: strain curve

The paper strength is due to fibre strength and inter-fibre bonding strength [18]. Tensile strength
(TS) can be described by stress and strain curve (Figure 3), which is obtained through tensile test.

This test is used to determine the behaviour of a material when a specimen is clamped in an
axial loading frame (Figure 4). The data obtained from this test (load and displacement) are
used to determine stress and strain using the original specimen cross-sectional area A, (m2)
and length L (mm).

9
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Elastic Plastic zone
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\ Elastic-plastic zone

Figure 3. Stress—strain curve.

load cell

actuator =

pneumatic flat grips

Figure 4. An universal servo hydraulic test machine (model ME-405-1, SERVOSIS) with an axial load cell of +1 kN
capacity, an actuator of +50 mm of dynamic stroke and equipped with pneumatic flat grips.

Stress (0) is the internal load applied to a specific surface; it is usually expressed in Pa or MPa
when the value is high.
F F

where o is the stress (Pa); F is the load (N); A, is the original specimen cross-sectional area (m?);
a is the original width of the specimen (m) and b is de original thickness of the specimen (m).

Strain () is the change in the size or shape of a specimen due to internal stress produced by
one or more loads applied to it or by thermal expansion.
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At the beginning of stress—strain curve (Figure 3), many materials follow Hooke’s law, so that
stress is proportional to strain being the modulus of elasticity or Young’s modulus (Y, Pa) the
constant of proportionality. As strain increases, many materials end up deviating from this linear
proportionality, the point in which this happens is named the proportional limit. This behaviour
is associated with plastic strain. This plasticity requires molecular mobility and not all materials
have it. The microstructural rearrangements associated with plastic strain are usually not
reversed when the load is removed, so the proportional limit is often the same as or close to the
materials” elastic limit, which is the stress needed to produce a permanent residual strain on a
specimen once this is unloaded. A parameter related with this behaviour is the yield stress (o,
Pa), which is the stress required to generate plastic strain in a specimen and it is often considered
to be the stress needed to generate a permanent strain of 0.2%. In the stress—strain curve appears
a point of Maximum Tensile Strength (0nax Pa), beyond this point the material appears to strain
soften. The area under the stress—strain curve up to a given value of strain is the total mechanical
energy per unit volume consumed by the material to get that strain [43]. An additional param-
eter, which can be obtained through stress—strain curve, is the tensile index.

F/a
=7 3)

where TI is the tensile index (kN m ™" kg’l); F is the load (kN); a is the original width of the
specimen (m) and G is the grammage (kg m™2).

Dielectric papers used in the isolation system of oil-filled transformers have different values of
the mechanical properties (Table 2).

As dielectric paper ages, the risk of transformer failure will rise. According to the study carried
out by Murugan and Ramasamy [21], approximately 41% of the faults produced in a fleet of
transformers (196 transformers ranging from 33 to 400 kV and from 5 to 315 MVA) were due to
failures in the insulation system. Thus, it is critical to monitor the condition of the insulating

Property Grade K Grade 3 Grade K diamond dotted  Grade 3 diamond dotted PSP
presspaper presspaper presspaper presspaper 3050
Typical >0.2 >0.2 >0.2 >0.2 0.7
thickness (mm)
Omax (MPa) MD 110 91 110 91 >70
XD 50 40 39 40 >
50
€ (%) MD 24 2.8 2.4 2.8 26
XD 7.6 7.8 7.5 7.8 >8

MD: machine direction of paper; and XD: cross direction of paper.

Table 2. Typical mechanical properties of dielectric papers.

1"
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solid, which can be carried out through techniques based on paper ageing by-products (furanic
compounds, methanol, dissolved gases...), DP or stress—strain curve. The last technique is the
best way to analyse paper degradation [18]. However, the implementation of the two last
techniques is only possible through post-mortem studies (scrapping transformers). Another
possibility to paper assessment is through correlations based on thermal ageing tests carried
out in laboratory. The following sections describe the possibilities that stress—strain offer in
order to obtain useful information not only in post-mortem studies, but also in accelerated
thermal ageing tests.

However, the implementation of the two last techniques is impossible during transformer
operation because it is not possible obtain paper samples from in-service transformers and
the only opportunity is through post-mortem studies (scrapping transformers). Another pos-
sibility to paper assessment is through correlations based on thermal ageing tests carried out in
laboratory. The following sections describe the possibilities that stress—strain offer in order to
obtain useful information not only in post-mortem studies, but also in accelerated thermal
ageing tests.

3. Post-mortem studies

Although power transformers are tested machines whose life-span pass 20 years even in many
cases 40 years [44, 45], their failure diagnostics are becoming increasingly important due to the
high cost of these devices.

The aim of power transformers post-mortem studies is to understand the failure mechanisms,
so it is essential to collect information about the fault, sequence of events previous the fault,
protective operation and protective devices performance. This information requires to be
collected immediately after the failure occurs, to reproduce it accurately. Therefore, if there is
no an efficient diagnostic methodology included in maintenance program, test results will not
be useful to prevent future failures. There are cases in which failures do not manifest in a
protective device operation, so routine monitoring can help to detect abnormal operation
conditions. Though end-of-life assessments can provide useful information, they are not
always conclusive enough to make the decision about the appropriate time to remove a
transformer from service. This is the reason why the availability of the history of test results
from a power transformer may help to have a better evaluation about the most suitable
moment to replace this kind of machines [46].

There are some examples of post-mortem studies that have used the DP as technique to
determine the paper ageing. For instance, Koch et al. [17] through a research project in which
worked together the IEH Karlsruhe, power stations, utilities and a manufacturer. One of its
aims was the definition of a correlation between DP and furanes in the oil, the other aim was to
obtain data about the ageing process of transformers populations. This project carried out the
post-mortem analysis of two generator transformers. The result tests showed that the lowest
DP value occurs at about 75% of the winding length and not at the top in the LV and the HV
windings. This allowed to conclude that the hot spot temperature does not occur at the top of
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the winding. Additionally, these authors obtained that there is a good correlation between DP
and the content of furanes in the oil and that the CO,/CO ratio can be used to detect the degree
of carbonisation of the insulation paper. Martins et al. [47] also evaluated the condition of a
single power transformer, specifically a 63-MVA, 150/63/10-kV, shell-type unit to make a
decision regarding its transfer to a new substation. They measured the DP from selected points
in the transformer connections insulation to get a paper-ageing diagnostic and compare it with
the predicted diagnostic based on the previous oil analysis [dissolved gas analysis (DGA),
colour, appearance, breakdown voltage, water content, acidity, dielectric dissipation factor,
sediment and sludge, interfacial tension, flash point and furanic compounds]. Their evaluation
showed that the calculation of DP using correlations based on 2-FAL require care because DP
values depend on variables such as temperature, oxygen, water content, oil type and degrada-
tion oil. These authors also estimated DP values using the calculated thermal profiles. How-
ever, their results concluded that loading data included the daily peaks are insufficient to
obtain an accurate temperature distribution. Finally, they concluded that more post-mortem
studies with detailed operational data would improve the knowledge of the correlation
between 2-FAL in oil and the DP of insulating paper. DP was also used to estimate paper
ageing in the post-mortem assessment carried out by other authors [28, 48]. Leibfried et al. [28]
proposed a systematical method for taking paper samples from scrapped power transformers
and a methodology for the evaluation of DP values suggesting a grouping into different types
of transformers, at least in Germany, which the operation mode and consequently the ageing
rate inside transformers is substantially different. Using the data obtained in their study,
Leibried et al. derived a formula to estimate average DP through the 2-FAL concentration,
although they obtained that this equation does not provide 100% reliable evaluation of trans-
former condition. In the case of Jalbert and Lessard [48], insulating paper from six power
transformers (open-breathing core-type power transformers built in 1958, initially cooled with
OFWEF systems and since 1990s modified to OFAF cooling systems) as well as representative
oil samples needed to evaluate the oil quality and its content of chemical markers (furans and
alcohols) were tested. These authors concluded that it is critical to obtain a complete DP profile
of the transformer in order to apply any model. They also focused on the need to establish
concentration thresholds to define more accurately the insulation paper condition. The exper-
imental results of these post-mortem assessments give a variation of DP values ranged from
less than 5% to more than 40%, which indicates the results variability of this technique.

It was not until 2014, that post-mortem studies were carried out considering not only DP, but
also tensile index, despite the fact that some authors like Emsley et al. [49] have developed an
expression, which correlated DP and tensile strength with temperature and time. The
approach applied by Carcedo et al. [50] showed a case study, which used, the model proposed
by Emsley et al. to predict the values of tensile index and degree of polymerisation [49], in an
alternative way for post-mortem assessment. These authors estimated temperature distribu-
tions considering the machine life-span and the DP and TI values of new and aged Kraft paper.
Carcedo et al. [50] took paper samples from a failed distribution transformer (three-phase
transformer with a rated power of 800 kVA at 50 Hz and manufactured in 1986 with an ONAN
cooling system) to measure DP and TI. Later, the temperature distributions were obtained
based on DP and TI test results and Emsley et al. model [49]:

13
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where DP, is the insulation DP value at time t; DP, is the initial insulation DP value; t is the time
(s); kip is the initial rate at which bonds break; k; is the rate at which k;y changes; TI, is the
insulation tensile strength index value at time t; T, is the initial insulation tensile strength index
value; ki, k, ks and k4 constants can be obtained assuming that Arrhenius equation is valid from
normal temperature of power transformers up to the temperatures used in ageing experiments:

k=A.ewt (13)

where k is a rate constant; A is the pre-exponential factor (s 1); E, is the activation energy
(J mol 1); R is the molar gas constant (8.314 JK™1 mol 1) and T is the temperature (K).

Finally, these temperature distributions obtained by Carcedo et al. [50] and represented by
authors of this chapter (Figure 5) were compared in order to show the suitability of tensile
analysis for post-mortem studies. These authors concluded that the maximum difference for
the same point was less than 3.3 K; therefore, both methods were suitable for post-mortem
evaluations, being the TI more reliable and repeatable indicator.

Azis et al. also used stress—strain curve to investigate the mechanical strength of paper from 10
scrapped power transformers [51]. These authors not only used TI to carried out the trans-
formers assessment, but also the low molecular weight acid (LMA). They concluded that there
is a relationship between LMA in oil and TI of paper, which tends to be generic for both
laboratory tests and in-service ageing data.

In the paper written by Miillerova et al. [52], was described the methodology followed to
create and utilise as a making decision tool a database which gathers data about the condition
of the insulation system of a group of 24 transformers (1 transformer of 330 MVA, 400/121 kV;
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Figure 5. Temperature distribution using different test results.

3 transformers of 254 MVA, 420/13.8 kV; 3 transformers of 250 MVA, 400/121 kV; 15 trans-
formers of 250 MVA, 420/15.75 kV; 1 transformer of 200 MVA, 231/121 kV; 1 transformer of 200
MVA, 230/121 kV). These machines were studied through post-mortem analysis carried out for
several years. The study of these devices analysed the values of DP, tensile strength, as well as,
information from running history of the transformers (DGA and 2-FAL). They observed that
transformers with similar level of ageing are defined rather by manufacturer and construction
than by the loading regime, which has less influence. Moreover, they found that the correlation
of DP and tensile strength corresponds with specific transformers groups. Nevertheless, there
are some transformers whose DP values range far less in comparison with tensile strength,
which might indicate a higher accuracy of this variable to distinguish paper degradation. On
the other hand, the DGA tests showed that they are essential for ageing evaluation because
they can provide information about running problems (ineffective cooling, leaking, higher
gases development).

Even though the number of post-mortem studies has increased during the last years, there is
not enough data to develop an accurate end-of-life failure model [53]. For this reason, it is
essential to go on with the study of scrapped transformers to obtain more information about
the most representative variables of the transformer ageing. Initially, the state of insulating

15



16 Simulation and Modelling of Electrical Insulation Weaknesses in Electrical Equipment

solid was measured through DP; however, later assessments have demonstrated that in some
cases the tensile or index strength can be more sensitive to differentiate the level of paper ageing.

4. Accelerated thermal ageing in laboratory

Currently, most of oil-filled power transformers use as dielectric liquid, mineral oil, which is
obtained from the middle range of petroleum-derived distillates. This fluid has shown suitable
thermal and dielectric properties to carry out its functions as cooling and insulation. Neverthe-
less, it possess two important drawbacks, the first one is its low flash point and the second one is
its low biodegradability, which can represent a high risk if spills or leaks would take place. This
situation has led to the development of alternative transformer oils such as silicones, synthetic
and natural esters. In particular, vegetal oils have drawn most attention and research [54].

During last two decades, the study of transformer oil-based nanofluids has become of great
interest due to their prospective properties as cooling and dielectric liquids [55]. For example,
Li et al. [56] prepared a nanofluid dispersing Fe;O, nanoparticles in a vegetal oil and using
oleic acid as surfactant. These authors compared the behaviour of this nanofluid with the pure
oil measuring power frequency breakdown voltage and relative permittivity. The breakdown
voltage of nanofluids has also been measured by Thabet et al. [57], nevertheless, in that work
the insulation liquid was based on mineral oil and different nanoparticles (ZnO, MgO, Al,Os,
TiO,, SiO,, LiTaO3, Fe;O,, graphite), as well as multi-nanoparticles collections, which were
combination of two of the nanoparticles studied previously. These dielectric properties and
other such as dissipation factor, dielectric constant or electrical resistivity have been studied by
many authors [58, 59], analysing the effect of different nanoparticles (CaCusTisO1,, TiO,,
Al,O3). The streamers in transformer oils under lightning impulse voltage have been observed,
too by authors such as et al. [60, 61], Cavallini et al. [62], Sima et al. [63] and Liu et al. [64] or
simulated as Velasco et al. [65]. The last ones not only evaluated dielectric properties, but also
thermal conductivity of nanofluids obtained through the dispersion of AIN nanoparticles. The
effect of nanoparticles on heat transfer characteristics was also studied by Guan et al. [64] and
Morega et al. [66]. The last ones additionally evaluated the specific magnetisation of other
nanofluid to open new venues in optimising conventional electrotechnic constructions or to
design novel devices [67]. Creeping discharge and flashover characteristics of the oil/press-
board interface under AC and impulse voltages was studied by Lv et al. for a nanofluid based
on TiO, nanoparticles [68], obtaining an increase of the shallow trap density and a lower
shallow trap energy level of oil-impregnated pressboard which can improve the creeping
flashover strength of oil/pressboard interface.

When it is desired, the replacement of one usual component of the insulation system, as in the
case of alternative dielectric oils, it is important to study the stability of the new system and
compare it with the system widely used in power transformers (mineral oil/Kraft paper). For
this reason, many accelerated thermal ageing studies have been carried out in the laboratory.

The first laboratory tests of accelerated thermal ageing focused on the behaviour of paper in
mineral oil. For instance, Shroff and Stannett [69] aged Kraft paper and thermal upgraded
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paper in mineral oil at four temperatures. The results of their study showed that there is a
direct relationship between the DP and the moisture in paper and the concentration of furanic
compounds. These authors also proposed as paper end-of-life criteria a DP = 200 and a tensile
strength equal to 50% of its original value. Other authors such as Yoshida et al. [70] also
implemented ageing tests using mineral oil as dielectric liquid at different temperatures (120,
140 and 160°C). In this case, they analysed the behaviour of Kraft and pressboard paper,
obtaining as main conclusions the existence of a relationship between the concentration of
CO/CO, and the evolution of the DP and the tensile strength. On the other hand, Hill et al.
[71] studied the tensile strength of the paper, the DP and the concentration of furans in ageing
tests of Kraft paper in mineral oil at different temperatures, obtaining as a result the existence
of a relationship between furans, DP and tensile strength. In addition, these authors proposed
a paper degradation model based on the tensile strength. Emsley et al. [49, 72, 73] also
proposed a degradation model, although this was based on the relationship between tensile
strength and DP for Kraft paper and cotton paper aged in mineral oil. Since last decade, ageing
studies have begun to take into account alternative oils. For example, Mcshane et al. [74-77]
evaluated DP, tensile strength, moisture in oil and paper, as well as furan content when Kraft
and thermal upgraded paper were aged in a mineral oil and in a natural ester. The results of
their tests showed that the degradation rate experienced by the paper during thermal ageing at
different temperatures was lower in the natural ester. These authors proposed the protective
mechanisms developed by the ester that might explain the minor degradation suffered by the
paper in the alternative oil. Other authors such as Shim et al. [78] also obtained greater thermal
stability in the natural ester compared to mineral oil by the measure of the tensile strength for
Kraft and diamond dotted paper. Similar results were presented by Azis [18], who analysed
paper degradation using tensile strength, breakdown voltage, dynamic viscosity, acidity and
concentration of low and high molecular weight acids in the oil. The measure of the concen-
tration of low molecular weight acids (LMA) allowed observing that these tend to remain in
the natural ester, which might explain the best behaviour of the Kraft paper during the ageing,
in addition to the hydrolytic protection made by the oil. The behaviour of thermal upgraded
and Kraft paper in mineral oil and in natural ester was also evaluated by Abdelmalik et al. [79],
who studied the tensile and dielectric strength of the paper. Their results also showed that oils
based on natural esters protect better against the degradation than mineral oil. Saruhashi et al.
[80] studied for aramid paper tensile index, as well as breakdown voltage, acidity, colour and
kinematic viscosity of the oil. In their study, they carry out ageing tests at two temperatures in
three different oils (silicone, natural ester and synthetic ester). They found a slight variation of
the tensile index in the three oils. The degradation of Kraft paper aged in a natural ester was
also evaluated through the tensile strength by Widyanugraha et al. [35], who also measured
the gases generated during ageing at two different temperatures. The tensile strength suffered
initially a decrease and subsequently an increase during thermal ageing. It was assumed that
this behaviour was due to the transesterification process. The tensile strength of the paper,
besides other characteristic properties of the oil degradation, was analysed by Madavan and
Balaraman [81], who obtained that the paper aged in oils based on natural esters had a lower
degradation compared to Kraft paper immersed in mineral oil. In recent years, different
authors have tried to find additional methods to study paper degradation when this is aged
thermally in laboratory. For example, Arroyo et al. [16, 82, 83] related the paper’s tensile index
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with an indirect measure of its degradation, such as the concentration of methanol and ethanol
in the oil. They also proposed three degradation models for Kraft and thermal upgraded paper.
Each model was based on a different property (tensile index, DP, methanol and ethanol
concentration in oil). The proposed models were obtained from the ageing data of the paper
in mineral oil at three temperatures. Finally, they evaluated the influence that the concentration
of stabilisation additives can have on the thermal stability of thermal upgraded paper. The
results showed that the higher this concentration is, the better the paper stability, although it
changes whereas the degradation of the paper takes place. Another alternative model based on
a damage parameter D to predict the remaining life of Kraft paper has been defined by the
authors of this chapter. This parameter can be based on any mechanical property (strength,
Young’'s modulus, yield stress, energy consumed, strain under ultimate strength, etc.) obtained
of the tensile test (Annex). This damage parameter can be used to evaluate additional mechan-
ical properties which have not been used previously in a new proposed mathematical model
based on temperature and time. The damage parameter D is defined as:

Property;

D=1 (14)

- Property,,

where Property; is the value of a macroscopic property (strength, yield stress...) in any situa-
tion of time (t) and temperature (T) and Property, is the value of the same property of the
original paper not subject to ageing. It can be observed that the damage parameter D can only
take values between 1 and 0. The value 1 represents an insulation paper which has lost all its
mechanical resistance whereas the value 0 corresponds to new insulation solid.

The evolution of D with t for different ageing conditions can be obtained through the mathe-
matical model:

D = Dpax - (1 — exp(—a - t)) (15)

where the parameter 4 is a rate constant that indicates the effect of oil temperature in which the
paper is aged, on the increase of the damage, D, suffered by paper along the time; D,y is the
maximum value reached experimentally by the damage; t is the time (h). The parameter a can
be expressed by means of Arrhenius equation as a function of the ageing temperature.

Finally, the analysed Property can be expressed as a function of the time and the temperature:

Property; = Property, - (1 — Dax (1 — exp(—a - t))) (16)

This mathematical model, which determines the damage suffered by paper aged in an oil, is a
simplified macroscopic model that takes into account the general damage experienced by the

paper.

On the other hand, Pei et al. [40] tried to relate the degradation suffered by pressboard aged at
130°C in mineral oil, through the tensile strength, with the microscopic appearance of its surface,
using for this analysis the scanning electron microscope (SEM). The results of his study showed
that the pressboard degradation is accompanied by changes in the superficial structure.
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All these works have found that the thermal degradation of the paper can be evaluated using
mechanical parameters such as tensile strength or TI. However, until now, other parameters
obtained from the tensile test have not been considered, such as Young’s modulus, strain, elastic
limit, and so on, which might offer a more accurate view of the loss of mechanical strength by the
paper. On the other hand, the use of SEM for materials aged in mineral oil seems to provide
additional information on the relationship between the shape of cellulose fibres and their
mechanical strength. Regarding the behaviour of cellulosic material in alternative oils, although
several ageing studies have been carried out, degradation models based on mechanical proper-
ties have not been proposed. These mathematical models will allow to estimate the remaining
life of dielectric papers as a function of temperature and time. The development of these degra-
dation models requires analyse which mechanical properties can offer a better description of the
loss of mechanical resistance. Additionally, the utilisation of SEM can help to detect when the
behaviour of the solid insulation becomes fragile increasing the failure probability.

5. Conclusions

There are several techniques that can be used to evaluate insulation paper degradation; how-
ever, the two most used in post-mortem analysis have been the degree of polymerisation (DP)
and tensile strength. One of these post-mortem studies obtained as conclusions that the exper-
imental results give a variation of DP values ranged from less than 5% to more than 40%,
which indicates the results variability of this technique. On the other hand, all these end-of-life
studies have shown the necessity of complement DP profile of the transformer with chemical
markers such as furans, methanol, dissolved gases, and so on. Because of these by-products
derived from paper and oil degradation can detect running problems (ineffective cooling,
leaking, higher gases development), which might be useful to prevent future failures.

Data obtained from post-mortem analysis should be complemented with tests carried out in
the laboratory. These tests have provided useful correlations between oil markers and paper
degradation in a short period of time and make possible establish comparisons between
mineral and alternative oils in accelerated thermal ageing tests. The measure of paper mechan-
ical strength has been limited until now at the estimation of tensile strength and tensile index,
in spite of the fact that additional parameters (Young’s modulus, yield stress, energy con-
sumed, etc.) obtained in the tensile test can provide more accurate analysis of the loss of
mechanical properties. For instance, the energy consumed might be more convenient to follow
the changes of mechanical properties of insulation paper since in its definition the other two
parameters (strength and strain) are used. Data obtained from stress—strain curve should be
complemented with the information provided by techniques as SEM, which could detect
behaviour changes in the paper related with type of failure. This could be carried out using
texture analysis, which might provide information about thermal degradation of paper using
the information provided by the statistical variation of pixels grey level intensities in an image.

The results obtained from PD measurements have shown that solid ageing has little influence;
nonetheless, oil ageing has great influence on PD characteristics over liquid/solid interface.
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Additionally, it has been observed by different authors that thermal ageing has significant
impacts on surface morphology of insulation solid, which influences the developing process of
PD. Therefore, it is necessary to analyse the effect of increasing the ageing time on the reduction
in partial discharge magnitude for application in on-field practical tests. This analysis needs to
take into account not only mineral oil, but also new insulating oils (natural and synthetic esters)
which have proved to be a viable substitute. Moreover, there is an incomplete understanding of
the oil/solid interface yet, as well as a lack of standardisation in PD measurements for diagnostic
purposes of the HV components in which insulating liquids are employed.

Finally, the use of nanoparticles in power transformers has opened new ways in optimising
their design because different studies have obtained an enhancement in dielectric properties
(breakdown strength, partial discharge inception voltage, creeping flashover strength of oil-
impregnated papers...) and thermal conductivity without significant change in the viscosity.
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A. Annex

Having the data of Force (kN) and Displacement (mm), the following sequence of MATLAB,
allows to obtain the different mechanical parameters of the material, which will be used in the
mathematical model based on damage parameter defined by the authors of this chapter.

1-Define the constants: Initial length, Gramage, A, a...
2-Load from a file with the results of Force (kN), Position (mm).

3-Matlab performs the calculations, represents the stress—strain graph and shows a summary
table with the mechanical parameters.

cle

clear.

% Define constants.

a0 = 3;g = 0.15783222;a = 0.015;1 = 180;
nm = 4;

% Open files Data.

fileID = fopen(‘data.txt’);
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D = textscan(fileID, %f %f");
fclose(fileID);
% Preparate Data.
F_data=D{1};
pos_data = D{2};
F = zeros((length(F_data)-1)/nm,1);
pos = zeros((length(F_data)-1)/nm,1);
for i = 1:((length(F_data)-1)/nm).

F(@) = 0.25*(F_data(nm*(i-1) + 2) + F_data(nm*(i-1) + 3) + F_data(nm*(i-1) + 4) + F_data(nm*(i-
1) +5));

pos(i) = 0.25%(pos_data(hm*@i-1) + 2) + pos_data(nm*@i-1) + 3) + pos_data(hm*(i-
1) + 4) + pos_data(nm*(i-1) + 5));

end

pos0 = pos_data(1);

eps = (pos-pos0)./1;

sigma = F./a0;

% Calculate.

n=0;

while true.

n=n-+1;

pdtel = (sigma(n + 1)-sigma(n))/(eps(n + 1)-eps(n));

pdte2 = (sigma(n + 2)-sigma(n + 1))/(eps(n + 2)-eps(n + 1));
pdte3 = (sigma(n + 3)-sigma(n + 2))/(eps(n + 3)-eps(n + 2));
if (abs((pdtel-pdte2)/pdtel) < 3e-2) && (abs((pdte2-pdte3)/pdtel) < 3e-2).
pdte = pdtel;

break.

end

if n + 3==length(sigma).

break.

end
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end

rect]l = pdte.*eps;

sigmar = sigma(length(sigma));
epsd = eps(length(sigma));
rect2 = pdte.*(eps-0.002);
sigmay = 0;

for i = 1:length(sigma).

if abs((sigma(i)-rect2(i))/sigma(i)) < le-2.
sigmay = sigma(i);

i_corte =1,

break.

end

end

tem = zeros(length(sigma)-1,1);

for i = 1:length(sigma)-1.

tem(i) = (sigma(i + 1) + sigma(i))*0.5%(eps(i + 1)-eps(i));
Am = Am+tem(i);

end

ts = max(F)/a/g/1000;

% Screen size.

ss = get(0,'screensize’);

width = ss(3);

height = ss(4);

% Graphic.

f = figure;

vert = ss(4)/1.5;

horz = ss(3)/1.5;

set(f, Position’,[(width/2)-horz/2, (height/2)-vert/2, horz, vert]);

plot(eps,sigma,'b’).
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hold on.
axis([0 epsd 0 max(sigma)]).
plot(eps,rectl,’—1").
plot(eps,rect2,’—m’).
plot([eps(1) eps(i_corte)], [sigmay sigmay],”:k’).
plot([eps(i_corte) eps(i_corte)],[0 sigmay],":k’).
% Resumen Data.
dat = {pdte,sigmay,sigmar,epsd, Am,ts};
t = uitable(f);

t.ColumnName = {‘Elasticity Modulus’, Elastic limit’,'Maximun Tension’,'Deformation under
maximum tension’,'Absorbed Energy’, Tensile Index’};

t.Data = dat;

t.Position = [vert/2 vert-50 t.Extent(3) t.Extent(4)];
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