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Abstract: In this study, the conductivity and permittivity of electrical pressboard—insulating liquid—water
composites were investigated, and the electrical properties of the composites and water were analysed
comparatively. Mineral oil and synthetic ester were used as insulating liquids. It was found that the
presence of water caused an increase in the permeability of the composite in the frequency range
below 100 Hz. The value of static permittivity determined by water in the content of 5 wt. % was
approximately 15. To obtain this value caused by liquid water, its volume should be approximately
five (oil) and four times (ester) higher than its actual content, respectively. The determined values of
the activation energy of the DC conductivity of the composites were several times higher than the
values of the activation energy of the conductivity of the liquid water. The experimental values of
the dielectric relaxation times were many orders of magnitude higher than the dielectric relaxation
times of water. This means that the experimental results obtained for the dielectric permittivity, the
activation energy of conductivity and the dielectric relaxation times for moisture electrical pressboard
impregnated by mineral oil or synthetic ester exclude the possibility of the presence of liquid water
in the composites. It was found that the conductivity of the composites increased exponentially with
increasing water content. Such dependencies are characteristic of hopping conductivity, caused by
the quantum phenomenon of electron tunnelling between nanometre-sized potential wells. As the
increase in conductivity is determined by the presence of water in the composites, therefore, the
nanometre potential wells were single-water molecules or nanodrops.

Keywords: transformer diagnostics; FDS method; insulation of transformers; moisture; mineral oil;
ester; pressboard

1. Introduction

For more than 100 years, so-called liquid-solid insulation, consisting of cellulose
materials and insulating liquids, has been used in the manufacture of power transformers.
The production processes for transformers can be summarised as follows. The copper
windings of a transformer are insulated with cellulose materials such as winding paper
and/or pressboard. Once the transformer components are made, they are assembled in
a vat that is hermetically sealed. The air from the vat is then pumped out with a vacuum
pump to a pressure below 1 hPa, and the windings and their insulation are heated. This
causes vacuum drying of the insulation, during which the moisture content of the cellulose
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is reduced to approximately 0.8-1.0% by weight or even below [1,2]. Then, also under
vacuum, the transformer tank is filled with insulating liquid, heated to above 60 °C, and
specially prepared to remove water and dissolved gases. The moisture content of the liquid
is 3-7 ppm, depending on the high voltage level of the transformer [3,4]. An impregnation
process takes place, during which the insulating liquid fills the capillaries in the cellulose
insulation and the voids between the insulation and other elements of the transformer
structure. After the impregnation is completed and the pressure in the tank is raised to
atmospheric levels, the liquid is additionally pressurised and completely fills the empty
spaces in the insulation.

Over decades of transformer operation, moisture very slowly enters the transformer
and dissolves into the liquid, and then the liquid delivers water molecules to the cellu-
lose [5,6]. Water is absorbed by the cellulose because the solubility of water in impregnated
cellulose is approximately 1000 times higher than in liquid [7]. Over many years of use,
the moisture content of impregnated cellulose can increase to approximately 5% by weight
and even slightly higher. This level of moisture is a critical value. If it is exceeded, it may
constitute the threat of the catastrophic failure of the transformer [8,9]. In order to detect
the state, approaching the critical value, periodical measurements of the state of moisture
of the solid component of the insulation should be carried out. Due to the fact that the
transformer is made as a hermetic device, electrical methods are used to estimate the water
content. In the return voltage measurement (RVM) method, the dielectric relaxation time
and its dependence on the water content are determined [10,11]. In the polarization and
depolarization current (PDC) method, the dependence of DC conductance on the insulation
moisture content is measured [12-14]. The most commonly used is the frequency domain
spectroscopy (FDS) method, which determines AC parameters measured over a wide range
of frequencies from sonic to ultralow [15,16].

To analyse the results obtained from FDS measurements, dielectric relaxation mod-
els are used, which do not always accurately describe the phenomena occurring in the
constant component of transformer insulation. Recently, a publication [17] presented the
results of laboratory tests that indicated that the value of dampness estimated by the
FDS meter software was inconsistent with the real value, determined by the Karl Fischer
titration method [18].

Pressboard impregnated with insulating oil is a two-phase composite material. How-
ever, its moisturization during the operation of transformers causes the composite to
become three-phase.

Two mechanisms are currently used to describe the electrical properties of composites.
The first is the percolation mechanism in composite materials, consisting of two phases,
each with macroscopic dimensions. One phase, which is highly resistive, is the matrix and
the other is the conducting phase. On the basis of percolation theory and experimental
studies (see, for example, [19]), it was found that at low concentrations of the conducting
phase, there is a conductivity with a value close to that of the dielectric phase. With
increasing conductive phase content, its molecules begin to contact each other until they
form a percolation channel connecting the electrodes. This causes a sharp increase in the
DC and the conductivity of the composite. The concentration of the conductive phase
for which a sharp increase in current is observed is called the percolation threshold. Well
above the percolation threshold, the conductivity is close to the value characteristic of the
conducting phase.

The second mechanism of conductivity of composites is step conductivity based on the
quantum mechanical phenomenon of electron tunnelling. This mechanism is observed for
nanocomposites in which the conducting phase is in the form of nanometre-sized objects,
that is, with dimensions below 100 nm [20]. When the distances between adjacent potential
wells are also nanometre, the electron on the tunnelling path can pass under the potential
barrier from one well to another. Electron tunnelling in an electric field is manifested
by the flow of direct current. The role of potential wells can be played, for example, by
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single atoms such as dopants and point defects in semiconductors and ionic crystals and
nanoparticles of a conducting or semiconducting phase [21,22].

In nanocomposites conducting by tunnelling, the contact of potential wells is not
needed for the formation of a percolation channel, because a conductive path is formed
when there are certain distances between them. One of the pioneers in the development of
conductivity by electron tunnelling was Nevil F. Mott [22]. Both models and a large number
of experiments show (see, for example, [23,24]) that the dependence of nanocomposite
conductivity on nanoparticle concentration is exponential. With the rapid development of
nanotechnology, many papers have been written on the occurrence of step conductivity in
nanocomposites by electron tunnelling [25-29].

A correct estimation of the moisture content of the solid component of the insulation
can be obtained by using a physical model that accurately reflects the conductivity and
dielectric relaxation processes occurring in the insulation. Such a physical model can be
created only on the basis of the knowledge of the state and structure of water contained in
the three-phase composite of pressboard—insulating liquid—water.

Currently, three models are known for the structure and state of water in cellulose—
insulating oil-moisture composites.

The first one, presented in [30], on the basis of DC measurements of moisturized
composites assumes that water in a three-phase composite is in the form of single molecules.
The DC conductivity of the composite is determined by the presence of water and takes
place through electron tunnelling between water molecules, which form potential wells.

The second mechanism, which is based on DC and AC studies of the conductivity
of composites [31,32], assumes that water can exist in the form of nanodrops, forming
potential wells. On average, there are approximately 200 water molecules in each nanodrop.
The diameters of the nanodrops are about 2.2 nm. When an electron tunnels from one
potential well to another, a dipole is formed, resulting in additional dielectric polarisation
of the composite [33]. The value of dielectric relaxation time is a function of the average
distance between adjacent potential wells, dielectric permittivity and temperature [32,34].
From both of these mechanisms, it can be seen that during the many years of operation of
power transformers, moisturizing of the insulation occurs and the pressboard-insulating
liquid composite is transformed into a nanocomposite. The nano-dimensional phase in it
are water molecules or nanodrops.

Recently, a paper [35] negated the possibility of the presence of water nanodrops
in pressboard—insulating oil-water composites and proposed a third mechanism, which
assumes that the DC conductivity of the composite is due to the presence of liquid water in
the composite, containing high concentrations of inorganic salt ions.

A comparison of the conclusions from the three mechanisms mentioned above shows
that both the DC conductivity, permittivity and dielectric relaxation should vary dra-
matically depending on the actual structure and state of the water present in the three-
phase composites.

In order to correctly estimate the level of moisture in the liquid-solid insulation of
power transformers, it is necessary to use a model that faithfully describes the processes of
conductivity and dielectric relaxation. In order to choose the correct model, a comparative
analysis of the electrical properties of the three-phase composite and its components
should be carried out. The material parameters that determine the electrical properties of
composites are conductivity, dielectric permittivity and their temperature dependence.

Over the past decades, mineral oil was the dominant insulating liquid. Nowadays,
other insulating liquids, such as Midel 7131 synthetic esters and natural ester oils (e.g.,
Midel eN 1204), are gradually being introduced into transformer manufacturing. These
liquids have a high flash point, good insulating properties and are more environmentally
friendly due to the fact of their high biodegradability [36-38].

The aim of this paper was to study the DC and AC electrical properties of three-
component composites comprised of electrical pressboard—insulating liquid—water to
carry out a comparative analysis of the electrical properties of the composites and water
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and to determine on this basis the state of the water in the pressboard impregnated with
insulating liquids. Mineral oil and synthetic ester used to insulate the power transformers
were used as insulating liquids.

2. Materials and Methods

Laboratory tests of ternary composites are carried out, as a rule, on samples of press-
board, vacuum-dried, then moistened to a given value and impregnated with insulating
liquid [39,40].

A commonly used method, described in [41,42], was used to prepare the samples in
this study. In the study, a 1 mm thick electrical pressboard manufactured by Weidman was
used. Drying was carried out in a vacuum below 1 hPa for 72 h. The temperature was 353 K.
After drying, the mass of the sample was determined, and on its basis the mass that it
would gain after moisturizing to a given level was determined. Moistening was carried out
in air, from where the sample absorbed moisture until the determined mass was obtained.
The sample was then immersed in an insulating liquid for impregnation. In [41-44], it was
found that the process of impregnation of the pressboard at atmospheric pressure may
take from one week to approximately 6 months and depends on the sample’s thickness
and temperature. The research described in [45-47] shows that the time of impregnation
of 2 mm thick samples at room temperature was approximately 40 days. As it is known,
the impregnation time is proportional to the oil viscosity and to the square of the sample
thickness. In order to reduce the impregnation time, 1 mm thick samples were used for
this study. Increased temperature lowers the viscosity of the insulating liquid and, thus,
accelerates the impregnation process [48]. The impregnation was performed in a climate
chamber at 45 °C. The impregnation time was two weeks. A series of samples with water
contents from 0.6 to 5.0 wt. % were made in this way. The uncertainty in determining the
water content was +4%.

The tests were carried out using the test stand described in papers [47,49-51]. The stand
consisted of a three-electrode measuring capacitor, an FDS PDC DIRANA meter—FDS-PDC
dielectric response analyser (OMICRON Energy Solutions GmbH, Berlin, Germany), an Ag-
ilent 34970A temperature recorder (Agilent Technologies, Inc., Santa Clara, CA, USA), a
thermostat that maintained the temperature with an uncertainty no less than £0.05 °C and
a computer, which was used to control the thermostat, the measurements and to acquire
the measurement results.

The pressboard under test was placed between the voltage and measurement elec-
trodes in a three-electrode measuring system. The system was hermetically sealed in a ves-
sel with insulating liquid and placed in a thermostat. Once the set temperature was reached,
the thermostat maintained it over a period of hours. DC and AC measurements were made
with a DIRANA meter in the frequency range from 10~ to 5000 Hz. Measurements were
made over a wide temperature range, corresponding to the operating temperatures of the
transformers. The measurements started from a temperature of 293.15 K. After reaching
this temperature, the measuring system was supplied with DC voltage, and the value of
the current intensity was registered every second during 7200 s. During the measurements,
after a certain time, the current intensity reached a steady state. Its value was calculated
as the average of the last 50 s. After disconnecting the power supply, the electrodes were
short-circuited in order to discharge the capacitor. The discharge time was 7200 s. Next,
AC measurements were carried out starting from a frequency of 5000 Hz up to a frequency
of 0.0001 Hz.

The electrical properties of insulating materials are described by two basic parameters,
conductivity and permittivity, entering Maxwell’s second equation [52]:

—— — — — T
AxH=jgr+ jc=0(w)Egsin(wt) +w € (w) -so-Eosin<wt— E)' 1)
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5
where H—the magnetic field strength vector on a closed circuit surrounding the material

with current; 7 r—the conduction current density; ?C—the displacement current den-
sity; o(w)—the conductivity; w = 2rtf—the circular frequency; f—the frequency; t—the
time; &’(w)—the dielectric permittivity of the material; ep—the dielectric permittivity of
the vacuum.

The ability of an insulating material to conduct electricity is described by conductivity.
The dielectric permittivity, on the other hand, characterises the polarisation of the insulating
material, and its changes with frequency are related to dielectric relaxation.

The DIRANA meter used in this work [53,54] in the parallel equivalent scheme de-
termines the following parameters: f—the measurement frequency; Cp’—the real and
Cp”—the imaginary components of the complex capacitance; Rp—the resistance; Z—the
impedance; tgé—the tangent of the loss angle; PF = cosp—the power factor. Using the
values of Rp, Cp’ and the geometrical dimensions—the surface area of the measuring elec-
trode, S, and the thickness of the blanket, d, from the known formulas [55]—the values of
the conductivity and the real component of the permittivity are calculated:

d
o= Ripsl )

where c—conductivity; d—thickness; S—surface area of the measuring electrode; R,—resistance.

!
g =l 3)

Eo-sl

where ¢ —permittivity; Cp/—capacitance,‘ d—thickness; ep—vacuum dielectric permittivity;
S—the surface area of the measuring electrode.

Other electrical parameters of the insulating materials, determined by FDS meters
including the Dirana meter, were derived from conductivity, permittivity, frequency and
vacuum dielectric permittivity, .

3. Measurements of DC Conductivity and Dielectric Permittivity of Moistened
Electrical Pressboard Impregnated with Mineral Oil or Synthetic Ester and Their
Comparative Analysis with Electrical Properties of Water

3.1. Analysis of the Effect of Water on the DC Conductivity of a Composite of Electrical
Pressboard—Mlineral Oil—Moisture

Tests were carried out on two samples of pressboard impregnated with mineral oil.
The moisture contents were 0.6% by weight and 5% by weight. The sample with a content
of 0.6 wt. % can be considered practically dry impregnated with mineral oil. The content
of 5 wt. % is a critical value; the exceeding of which threatens catastrophic failure of the
transformer [8,9,56,57]. Figure 1 shows the time dependence of the DC current for samples
with moisture contents of 0.6 and 5 wt. %

It can be seen from the Figure 1 that in the initial period, there were high currents
associated with the charging of the measurement capacitor. As the current flow time
increased, the capacitor was increasingly charged and the current intensity decreased. For
large values of time, when the capacitor was charged to a voltage equal to the supply
voltage, the value of the current intensity stabilised. On the basis of the determined value
of the current i, the value of the supply voltage U and the surface area of the measuring
electrode S and the thickness of the blanket d, the conductivity values were calculated using
the known formula: y

i
7= g 4)
where c—DC conductivity of the composite; i—steady-state value of the current; U—the
voltage forcing the current flow; d—the thickness of the pressboard; S—the area of the
measuring electrode.
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Figure 1. Time dependence of the DC intensity for a sample impregnated with mineral oil with
a moisture content of 0.6 wt. % (a) and with a moisture content of 5 wt. % (b) for measuring
temperatures from 20 to 60 °C with a step of 8 °C.

It can be seen from Figures 1 and 2 that for a temperature of 20 °C, there was a change
in the moisture content from 0.6 to 5 wt. % (i.e., by 8.33 times), which resulted in an increase
in the conductivity by approximately 1200 times. Similar changes occurred for the other
measuring temperatures. Undoubtedly, it follows that the increase in the conductivity of
the three-phase composite was determined by the presence of water and was much faster
than linear. An increase in temperature results in an increase in the steady-state current
intensity and conductivity.

10" 10° =
] L (a) 3 (b)
1 =] :
| \ 107" = E\\u\
o g E
A 10— N 2 ] \"\
© & \ < ]
] \ 10" < \E\
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107° \ ‘ \ 107 f i i T
2.9 3 3.1 3.2 3.3 34 3.5 2.9 3 3.1 3.2 3.3 34 3.5

1000/7, 1000/K

1000/7;, 1000/K

Figure 2. Arrhenius diagrams for samples impregnated with mineral oil with a moisture content of
0.6 (a) and 5 wt. % (b).

Figure 2 shows Arrhenius plots of the 1000/ T inverse temperature dependence of
conductivity for samples impregnated with mineral oil and with moisture contents of 0.6
and 5.0 wt. %.

The thermal activation energy of the DC conductivity AE was calculated from the
Arrhenius diagrams. For a moisture content of 0.6 wt. %, it was AE ~ 0.731 eV, and for a
content of 5 wt. %, it was AE ~ 0.8022 eV. The average value was AE =~ 0.766 & 0.035 eV.

Water quality control is based on DC conductivity measurements [58,59]. The results
of water conductivity tests are presented in many articles (see, for example, [58-60]) and
in standards (see, for example, [61]). In the following, an analysis of the possibility of the
occurrence in three-phase composites of water with high contents of mineral salt ions and
its influence on the properties of the composites is presented on the basis of the results
of water conductivity tests known from the literature. Figure 3 shows a cross-section of a
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three-phase composite containing 5 wt. % water in the form of clusters with macroscopic
volumes. Obviously, in a real composite the water inclusions can take other shapes.

Figure 3. Cross-section of a composite with 5 wt. % water content: 1—electrodes; 2—water inclusions.

Figure 3 shows that the current lines passing perpendicularly from one electrode to
the other cross the series-connected sections of dry pressboard and water inclusions. This
means that the water inclusions can be compacted into a layer parallel to the electrode. Its
thickness should be approximately 5% of the thickness of the pressboard, given that the
mass densities of pressboard and water were similar. The equivalent circuit diagram is a
series connection of two resistances—the resistance of the dry blanket impregnated with
insulating oil, Rpg, and the resistance of the water layer, Ry

R = RpRr + Ry, ®)

where R—the equivalent resistance of the moistened impregnated pressboard; Rpr—the
resistance of the dry pressboard impregnated with insulating oil; Riy—the resistance of the
water layer.

From Equation (5) it follows that even if the conductivity of water were equal to
infinity (zero resistivity), the equivalent conductivity of the system would increase by ap-
proximately 5%. Experiments (Figure 2) show that the conductivity of the tested pressboard
with a water content of 5 wt. % was approximately 1200 times higher than the conductivity
of the almost dry composite with a water content of 0.6 wt. %. In order to explain such a
large difference in conductivity, it should be assumed that there were water-filled channels
in the pressboard impregnated with insulating oil that connected the electrodes.

The electrical schematic of such a system is a series-parallel scheme and consists of
a series of connected resistances of dry impregnated pressboard and a water layer. The
resistance of the water-filled channels is connected in parallel.

In a sheet of pressboard, there may be many parallel channels connecting the electrodes
at various points. Their resultant conductance is:

owSki O owS
Gk=) Gi=) —7="3) 5= —q", (6)
i i i

where Gx—the conductivity of water in the form of channels; Gg;—the conductivity of
i—channels; Sg;—the cross-sectional area of i—channels; oyy—the conductivity of water;
Sx—the summed cross-sectional area of all channels; d—the thickness of the pressboard.
We calculated the conductance of the series branch, taking into account that the cross-
sectional area S will decrease by the sum of the cross-sectional areas of the channels Sk:

(S5 —Sk)oprow
Cs = d(0.9507y + 0.050pR)” @

where opr—the conductivity of the dry oil-impregnated pressboard.
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The total conductance of the system is the sum of the conductances Gs and Gk, given
by Equations (6) and (7):

OawS (S — Sk)oprow ow Sk
d = ST OK= 10950y +0050pr) T d ®

where 7,,—is the equivalent conductivity of the system, determined from measurements.
From Equation (8), we can determine the equivalent conductivity o:

P (S — Sk)oprow ow Sk
" 5(0.950y + 0.050pR) S

©)

Dividing the numerator and denominator of the first component by o and opening
the brackets in the numerator, we obtain:

_ OPR SKOPR ow Sk
Oagw = — S
(0.95 + 0.05‘;[’—;) s (0.95 T 0.05‘;1’—;)

(10)

The sum of the first and second components should be less than 1.05 opg. It follows
from Equation (10) that the conductivity oy, is determined by the water conductivity oy,
and the ratio of the cross-sectional areas of the channels Sk to the area of the measuring
electrode S:

5k _ Vi o O (1)
S %4 ow
where Vg—the volume of water in the channels connecting the electrodes; V—the volume
of the pressboard.

For calculations according to Equation (11), the values of the conductivity of the
ternary pressboard with a water content of 5 wt. % should be used, which is 7, ~ 2.8 x
10~12S/m and water. In [35], it does not specify what the conductivity of water with a high
content of mineral salt ions should be. We chose possible conductivity values based on
the analysis of data from the standard [61], which gives values for ultrapure water and for
different mineral salt contents. Ultrapure water has the lowest possible conductivity. This
is due to the absence of foreign ions in it. The conductivity of ultrapure water takes place
through the transfer of self-ions in the electric field, which are formed by auto dissociation
under the influence of temperature [62]. For a temperature of 20 °C, the conductivities
were: ultrapure water 4.10 x 107% S/m; ultrapure water with dissolved 1 mg/L NaCl
1913 x 107%S/m; ultrapure water with dissolved 0.74 g/L KC1 1.3 x 1071S/m[61]. Ascan
be seen, relatively small contents of inorganic salt ions sharply increased the conductivity of
the ultrapure water. Applying the above conductivity values to Equation (18), we calculated
that the volumes of water in the channels connecting the electrodes were: for ultrapure
water approximately 6.8 x 107> wt. %; for ultrapure water +1 mg/L NaCl approximately
1.46 x 107°® wt. %; for ultrapure water +0.74 g/L KCI approximately 2.15 x 1072 wt. %.
Comparison of the obtained results with the actual water content showed that a very small
amount of water, present in the form of channels connecting the measuring and voltage
electrodes, was sufficient to obtain the experimentally determined conductivity value. The
remaining water with a content of almost 5 wt. % remained in the pressboard in the form
of inclusions which did not come into contact with the electrodes.

Figure 4 shows Arrhenius plots based on the numerical data for the ultrapure water
and for the ultrapure water with 1 mg/L NaCl dissolved, presented in tabular form in [61].

From the Arrhenius plots, shown in Figure 4, the activation energies of the conductivity
were determined for the ultrapure water, the value of which was approximately 0.377 eV,
and for the ultrapure water with 1 mg NaCl dissolved, for which the activation energy was
approximately 0.147 eV. It can be seen from the figure that the addition of mineral cola to
ultrapure water results in a lower activation energy of the DC conductivity. This is because
NaCl, as well as other water-soluble inorganic salts, dissociates without requiring thermal
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activation. The activation energy in this case is equal to the activation energy of migration
of Na* and CI~ ions. In the case of ultrapure water, an additional activation energy of
self-dissociation is required.

10’

10°

o, uS/cm

10" | | \E\E\E\& | | |

A Conductivity 1 mg/L NaCl, pS/cm | |

O Conductivity of Pure Water, uS/cm

1 072 T | T | T | T | T | T |
2.9 3.0 3.1 3.2 3.3 3.4 3.5

1000/7,,, 1000/K

Figure 4. Arrhenius diagrams for ultrapure water (1), ultrapure water with 1 mg/L NaCl salt
dissolved in it (2). Prepared on the basis of figures in [61].

A comparison of the activation energies for ultrapure water (approximately 0.377 eV)
and ultrapure water with dissolved 1 mg/L NaCl (approximately 0.147 eV) with activa-
tion energies of DC conductivity of the three-phase composite AE ~ 0.766 + 0.035 eV
(Figure 2), shows that these values were smaller by 2.03 and 5.2 times, respectively. Such
large differences in activation energies of conductivity of the three-phase composite of
pressboard—mineral oil—water with the values for ultrapure water and with ultrapure
water + NaCl exclude the possibility of conduction through water, occurring in the form of
channels connecting the electrodes.

3.2. Dielectric Permittivity of Moistened Mineral Oil-Impregnated Pressboard

The frequency dependence of the permittivity of composites with water contents of
0.6 wt. % and 5 wt. % was investigated using the FDS method. The frequency curves
obtained at 20 °C are shown in Figure 5.

10°

f
|

] mEn 1

. \\3
100 T TTTIT |||||n1] ||||rITr| T T T 1T, |||||nT| ||||rITr| ||||rITr|

10* 10° 10* 10" 10° 10' 10> 10° 10°

1, Hz

Figure 5. Frequency dependences of permittivity of mineral oil-impregnated pressboard for moisture
content: 1—0.6 wt. %, 2—5 wt. %, 3—difference between the dependencies for 0.6 wt. % and 5 wt. %.
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The difference between these curves is also shown in this figure. Figure 5 shows that
in the frequency range below 10% Hz the permittivity of the sample with a water content
of 5 wt. % significantly exceeds that of the sample with a water content of 0.6 wt. %. The
increase in permittivity in this frequency range is undoubtedly due to the presence of water.

In the frequency region of about 2 x 1073 Hz, the static permittivity due to water with
5 wt. % is about 20—Equation (3).

In the case where the water is concentrated in the spray paper in the form of inclusions
of macroscopic dimensions (Figure 3), the capacitance system is a series and the resultant
capacitance is determined by the formula:

1 1 1

The capacitance of the series circuit is the smaller of the capacitances. The smaller
of the series system in Figure 3 is the capacitance of the dry impregnated pressboard. Its
thickness is greater than the thickness of the water layer and its permittivity is less. This
means that such an arrangement cannot produce the experimentally observed increase in
permittivity with increasing water content in the composite.

There is also a second possibility, namely, the presence of water-filled channels, con-
necting the electrodes. In this case, the capacitances of the blanket and the channels are
connected in parallel and their values added together:

Caw = CPR + CW; (13)

where C;,—the capacity of moistened impregnated pressboard; Cpr—the capacity of dry
impregnated pressboard; Cyy—the capacity of water-filled channels.
The capacitance values entering Equation (13) are determined by the formulas:

epreng(S—S EprEOS  €pré€pS
Cpg = PR o(d K) _ PRdO B PRdO K (14)

EWEQSK
CW - T/
where S—the surface area of the measuring electrode; Sx—the cross-sectional area of the
water-filled channels connecting the electrodes; epr—the permittivity of the dry mineral oil-
impregnated pressboard; eyy—the permittivity of water; £,,—the equivalent permittivity
of the test sample.
By substituting Equations (14) and (15) into Equation (13) we obtain:

(15)

_ €aw€0S _ €pRENS  €pREOSK | EWEOSK
€= d  d d da 7’ (16)

where g,,—the equivalent permittivity of the composite.
From Equation (16), we can calculate the equivalent permittivity of the moistened
impregnated pressboard:

eprS ews
€aw = EPR — PI; K V\;K- (17)

The cross-sectional area of the channels Sk < S. The permittivity of the dry impregnated
pressboard at a frequency of approximately 2 x 1073 Hz is epg & 3, and the permittivity of
the pressboard with a moisture content of 5 wt. % &, ~ 25 (Figure 5). Using Equation (17),
the ratio of the cross-sectional area of the channels Sk to the cross-sectional area of the
measuring electrode S can be calculated. Practically the same ratio was found for the
volume of water in the channels to the volume of the composite:

Sl _ Viw _ (saw - €PR) (18)

S 14 (ew —epr)
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The permittivity of water at 20 °C is approximately 80 [62]. By substituting the
permeabilities epg, €, and ey into the formula, we can calculate the value or %’( = VTW
~ 0.266 or 26.6 wt. %. This means that the experimental value of the permittivity can be
obtained when the water content in the channels, connecting the electrodes, is higher than
the real one (5 wt. %) by about 5.3 times. This excludes the possibility of water in the
channels connecting the electrodes.

Another of the basic composite parameters is the dielectric relaxation time. The
permittivity relaxation time is determined by the frequency at which the permittivity value
halves [63-65]: )

"7 2fiy

where f1 ,—the frequency at which the value of the permittivity is half of the static value.

Figure 5 shows that at 20 °C, the frequency f;,, ~ 0.4 Hz. From Equation (19), we
calculated the dielectric relaxation time for 20 °C, the value of which was approximately
0.4 s. Figure 6 shows the frequency dependence of the permittivity for a sample with a
water content of 5 wt. %, measured at temperatures from 20 to 60 °C. It can be seen from
the figure that increasing the temperature up to 60 °C decreased the relaxation time to
approximately 8 x 1073 Hz. According to studies presented in [66], up to a frequency of
approximately 100 Hz, the static permittivity of water remains constant and then begins to
decrease. The relaxation time for liquid water is 9.55 x 10712 s at 20 °C [62]. This means
that the values of the relaxation times of the permittivity due to the presence of water in
the three-phase composite were about 9-10 orders of magnitude greater than the values of
the relaxation time of liquid water, depending on the temperature. This fact also excludes
the possibility of the presence of water in the composite in macroscopic form.

(19)

104 ] I T
—A— T=333.15K
—6— T=32515K
3 —— T=317.15K
10 S~ 7-309.15K ||
B 7-301.15K
. ¢ T=293.15K
< 107 =
_(JJ.\
10" =
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Figure 6. Frequency dependence of the permittivity for temperatures from 20 to 60 °C of the mineral
oil-impregnated pressboard with a water content of 5 wt. % [33].

3.3. Analysis of the Effect of Water on the Electrical Properties of a Composite of Electrical
Pressboard—Synthetic Ester—Moisture

In [67], the temperature dependence of the DC conductivity of a moistened composite
of electrical pressboard impregnated with the synthetic ester Midel 7131 was investigated.
The tests were carried out for samples with a moisture content of 0.6 wt. % (practically dry
sample) and with a moisture content of 6 wt. % (practically dry sample) and with a water
content of 4.8 wt. %. For the dry sample, the DC conductivity at 20 °C was approximately
4.5 x 10712 S/m, whereas for the sample with a water content of 4.8 wt. % the conductivity
value was approximately 7 x 10710 S/m. This means that a change in moisture content
from 0.6 to 4.8 wt. % (i.e., by eight times) caused a change in the conductivity of the
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sample (i.e., by 8 times), resulting in an increase in the conductivity by 155 times. This is
undoubtedly due to the presence of water in the composite. Based on Equation (18), the
conductivity values in the composite of pressboard—synthetic ester for water content of
4.8 wt. % and conductivity values for ultrapure water, ultrapure water +1 mg/L NaCl
and ultrapure water +0.74 g/L KCl, given in Section 3.1, the water content in the channels
connecting the electrodes was calculated. Their values were as follows: for ultrapure
water approximately 1.7 x 1073 wt. %, for ultrapure water +1 mg/L NaCl approximately
5.9 x 10~* wt. % and for ultrapure water +0.74 g/L KCl about 5.4 x 1078 wt. %. This means
that, as in the case of moisture-impregnated mineral oil-impregnated pressboard, in the
synthetic ester-impregnated pressboard only a very small proportion of the water should
be present in the channels connecting the electrodes in order to lower the conductivity to
the experimental value.

In [67], the activation energy of the DC conductivity of synthetic ester-impregnated
pressboard containing 4.8 wt. % water was determined from the Arrhenius diagram. Its
value was AE =~ 0.840 eV, and it was slightly higher than the value of 0.766 eV determined
in Section 3.3 for the mineral oil-impregnated pressboard. This was probably due to the
fact that the permittivity of ester is higher than that of mineral oil and is approximately
3.2 [68]. However, also in the case of impregnation with synthetic ester the activation
energy was approximately 2.2 times higher than for ultrapure water and approximately
5.7 times higher than for ultrapure water with 1 mg/L NaCl dissolved. Such differences
in activation energies exclude the possibility of liquid water occurring in the channels
connecting the electrodes in the composite impregnated with synthetic ester.

Figure 7 shows the frequency dependence of the permittivity of a three-phase compos-
ite of electrical pressboard—synthetic ester—moisture, measured at 20 °C for a moisture
content of 0.6 and 5 wt. %, and the difference between them.

10°
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Figure 7. Frequency dependences of the permittivity of the three-phase composite of electrical
pressboard—synthetic ester—moisture for moisture content: 1—0.6 wt. %, 2—5 wt. %, 3—difference
between the dependencies for 5 and 0.6 wt. %. Measuring temperature 2 °C.

It can be seen from Figure 7 that in the frequency region below 100 Hz, an increase
in the moisture content of the synthetic ester-impregnated pressboard caused an increase
in permittivity compared to the nearly dry pressboard. This means that the presence of
water in the ester-impregnated pressboard induced additional permittivity. For a frequency
of approximately 0.04 Hz, the value of the static permittivity caused by the presence of
water was approximately 15. From Equation (18), the volume of water in liquid form,
which will cause such an increase in permittivity, should be approximately 20% wt. %.
This was about four times more than the actual water content in the composite, which
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was 5 wt. %. This means that for a synthetic ester-impregnated pressboard, as for one
impregnated with mineral oil, the experimental permittivity values require a liquid water
content several times greater than the actual content. The water-induced decrease in
permittivity, evident from the permittivity difference for 5 and 0.6 wt. %, started at a
frequency of approximately 0.04 Hz. Based on Equation (19), given that the frequency at
which the permittivity value halved was about 0.4 Hz, the permittivity relaxation time
due to the water was approximately 0.4 s. This was more than 10 orders of magnitude
greater than the relaxation time of liquid water [62]. This also means that in the case of
synthetic ester-impregnated pressboard containing moisture, the activation energy of the
DC conductivity, the permittivity and the dielectric relaxation time exclude the possibility
of the presence of liquid water in ternary composites with macroscopic volumes.

Studies have shown that the DC conductivity of composites impregnated with mineral
oil and synthetic ester increases much faster than the water content. For mineral oil, an in-
crease in water content from 0.6 to 5 wt. % (by approximately 8.33 times) caused an increase
in conductivity (by approximately 8.33 times), resulting in an increase in conductivity by
approximately 1200 times. For the synthetic ester impregnation case, an increase in water
content from 0.6 to 4.8 wt. % (eight times) caused an increase in conductivity by 155 times.
In [69], it was shown that the observation of an exponential dependence of conductivity
on the content of a second phase in materials in the form of admixtures, impurities or
inclusions was a sufficient condition for establishing the presence of step conductivity. Hop-
ping conductivity is caused by the quantum phenomenon of electron tunnelling between
potential wells of nanometre dimensions [70]. That is because the observed increase in
conductivity is determined by the presence of water in the composites, and the nanometre-
sized potential wells should contain water. There can be single-water molecules [30] or their
nanometre-sized clusters—nanodrops [31,32]. The research has shown that conductivity
and its activation energy, permittivity and dielectric relaxation times in water-containing
composites consisting of mineral oil- or synthetic ester-impregnated pressboard were de-
termined by the quantum phenomenon of electron tunnelling between potential wells
consisting of single-water molecules or nanodrops of water. This means that the DC
properties, polarisation and dielectric relaxation in three-phase composites of electrical
pressboard—insulating liquid—moisture depend only on the moisture content and do not
depend on the type of insulating liquid.

4. Conclusions

In this paper, measurements were carried out on the basic DC and AC electrical prop-
erties (i.e., conductivity and permittivity) of ternary composites of electrical pressboard—
insulating liquids—water in a wide temperature range. Mineral oil and synthetic ester
were used as insulating liquids to impregnate the pressboard.

A comparative analysis of the experimental results of the conductivity and permittivity
of the composite of pressboard—insulating liquid—water with those determined on the
basis of a model in which water with a high content of inorganic salt ions is responsible for
the DC conductivity, showed the presence of certain contradictions.

It was found that the occurrence of conductivity, compatible with experimental results
for the composite, requires the presence of water in the channels connecting the electrodes.
Obtaining the conductivity, consistent with the experimental results for the composite with
the water content of 5 wt. %, requires its presence in the channels, connecting the electrodes.
The volume of water in the channels should not exceed 107> wt. %.

The experimentally determined values of water volume permittivity in the channels
were approximately 5.3 and 4 times higher than the actual content of 5 wt. %, respectively.
A small proportion of the water in the channels is needed for conductivity; there should
be several times as much water as in reality for permittivity. This excludes the possibility
of the simultaneous explanation of DC conductivity and permittivity by the presence of
macroscopic volumes of water in the channels connecting the electrodes. Experimentally
determined values of activation energies of DC conductivity of composites, several times
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higher than activation energies of water conductivity, contradict this model. In addition,
the values of dielectric relaxation times for the composites, which were approximately
9-10 orders higher than the dielectric relaxation times for water, did not agree with the
model. This means that the experimental results obtained for dielectric permittivity, activa-
tion energy of conductivity and dielectric relaxation times for moisture electrical pressboard
impregnated by mineral oil or synthetic ester exclude the possibility of the presence of
liquid water in the composites.

It was found that the DC conductivity of the composites increased much faster than
the water content. With an increase in water content from 0.6 to approximately 5 wt. % for
mineral oil, an increase in conductivity of approximately 1200 times was observed and for
synthetic ester by approximately 155 times. These were exponential relationships that occur
in the case of step conductivity caused by the quantum phenomenon of electron tunnelling
between nanometre-sized potential wells. Since the increase in conductivity is determined
by the presence of water in the composites, the nanometre-sized potential wells can be
single-water molecules or nanodrops. Nonlinear conductivity variations should be taken
into account when estimating moisture content by nondestructive electrical methods such
as PDC or FDS.
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