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Abstract

:

This paper presents the results of the study of the direct current (DC) and alternating current (AC) electrical properties of an electrical pressboard–bio-insulating oil–water composite in a wide range of water content and temperatures used in electric power transformers. These parameters allow the level of insulation reliability to be determined after many years of operation of power transformers. To analyse the experimental results, a model of the DC and AC conductivities of nanocomposites based on the quantum-mechanical phenomenon of electron tunnelling was used. It was found that in a low-frequency region, the conductivities of AC and DC and their activation energy are equal. The relaxation times of AC conductivity and permittivity are also equal. It was found that the dependence of the DC conductivity on the distance between water molecules is an exponential function. On the basis of the model of conductivity by electron tunnelling between potential wells, the average number of water molecules in a nanodroplet, located in a composite of electrical pressboard–bio-insulating oil–moisture was determined to be (126 ± 20). It was found that the measured dependencies of DC and AC conductivity, permeability and dielectric relaxation times are consistent with the results of computer simulations performed on the basis of the model. This study showed that the composite of pressboard impregnated with bio-oil spontaneously transforms through water absorption into a pressboard–bio-oil–water nanocomposite. These will serve as the basis for the application of actual conductivity and dielectric relaxation mechanisms to improve the accuracy of moisture estimation in the solid component of power transformer insulation carried out on the basis of measurements of DC and AC properties. This will improve the operational safety of the transformers, minimise the occurrence of transformer failure and the associated environmental pollution.
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1. Introduction


High-voltage power transformers have been manufactured with liquid–solid insulation for over a century. The production processes of transformers are briefly presented as follows. The copper windings of a power transformer are insulated with cellulose materials, such as winding paper and pressboard. The moisture content of the cellulose by weight can reach 8% or more [1,2,3]. Such high levels of moisture exclude the possibility of exploiting the transformer and its reliability is zero. Once the components are fabricated, the transformer is assembled in a hermetic tank. Vacuum drying of the insulation is then performed, which reduces the moisture content of the cellulose to approximately (0.8–1.0) wt.% [4,5]. Then, also under vacuum, the transformer’s tank is filled with insulating oil at a temperature above 60 °C, which has been previously vacuum-treated [6,7]. An impregnation process takes place, during which the oil fills the capillaries in the cellulose insulation.



Moisture gradually enters the transformer over the decades of operation and dissolves in the oil; then, the water molecules in the oil are delivered to the cellulose materials. Water is absorbed because the solubility of water in oil-impregnated cellulose is approximately 1000 times higher than that of oil [8]. Over a period of 20 years or more, the moisture content of the oil-impregnated cellulose by weight can increase to approximately 5%, which is a critical value. Moisture above this value reduces the reliability of the transformer to practically zero, which can result in the catastrophic failure of the transformer [9,10,11]. To determine whether the amount of moisture dissolved in oil approaches the critical value, the moisture level in the cellulose is periodically measured. It should also be remembered that the distribution of moisture in a transformer is always irregular [12]. For this purpose, electrical non-destructive methods are used. Each of these methods is based on the measurement of relevant electrical parameters of the insulation; the values of these parameters depend on the level of cellulose moisture. This requires the determination of so-called model characteristics (also called reference characteristics), on the basis of which the insulation condition of transformers is diagnosed. In order to obtain benchmark relationships, laboratory tests are carried out on an amalgam of paper and pressboard dried, moistened and then impregnated with insulating oil [13,14,15,16]. In the return voltage measurement (RVM) method [17,18,19], the dielectric relaxation time and its dependence on water content are determined. In the polarisation depolarisation current (PDC) method [20,21,22], the dependence of the DC conductance on the moisture content of the insulation is measured. The frequency domain spectroscopy (FDS) method [23,24,25,26] uses alternating current parameters such as loss angle tangent, permittivity and conductivity measured in the frequency range from sonic to ultra-low.



The most commonly used method for the diagnostics of insulation condition is the FDS method. Here, the frequency–temperature dependence of the loss angle tangent of the transformer insulation is analysed [27]. Modern FDS meters also provide an estimate of the moisture status of the cellulose insulation using their built-in software. Several factors influence the accuracy of the FDS moisture content measurements. Firstly, a precise determination of the so-called model characteristics—the frequency–temperature dependencies of the oil-impregnated pressboard moistened to a given water content—must be carried out. In a previous study [28], model characteristics were determined for water contents ranging from 1 wt.% to 4 wt.% while model characteristics were determined for a critical content of 5 wt.% in the papers [29,30,31,32]. Secondly, transformer insulation measurements should be carried out under conditions of thermodynamic equilibrium between the pressboard, insulation oil and water [5,33]. Under conditions of thermodynamic equilibrium between the moisture in the oil and the pressboard, the moisture content of the oil is several orders of magnitude lower than that of the pressboard. The relationship between the moisture content of the pressboard and oil at equilibrium conditions is described in the paper at [5]. As the temperature of the insulation increases, moisture diffuses from the cellulose into the oil and its moisture content increases. When the temperature is lowered, the process proceeds in the opposite direction. This means that making measurements in the absence of equilibrium can lead to false results. Thirdly, models should be used to analyse the measurement results, correctly describing the conductivity and dielectric relaxation in the cellulose–oil–moisture system.



The research shows that the models used in the FDS meter software (Primary Test Manager ver. 4.8) do not take into account the actual dielectric relaxation phenomena occurring in moisture insulation. This is evidenced, for example, by the paper found at [34]. It showed that the moisture value reported by the meter does not coincide with the real value. This means that determining the insulation reliability status of transformers based on software dedicated to FDS meters does not accurately detect the risk of failure. In [31], it was found that in order to match the frequency dependence of the loss angle tangent simulated by the meter to the waveform obtained by measurement, a temperature, greater than the actual measurement temperature, must be entered into the software. Even after manual temperature correction, the result given by the meter is overestimated by approximately 1 wt.% in relation to the actual moisture content. Studies of a series-parallel XY system consisting of cellulose and insulating oil were performed in [32]. It was found that matching simulated waveforms to experimental waveforms results in rapid (by several orders of magnitude) changes in the estimated oil conductivity with small changes in temperature. In doing so, the meter overestimated the ratio of cellulose volume to oil volume several times and the moisture content readings were inconsistent with its actual value. This means that such significant discrepancies between simulation and measurement results are due to the use of incorrect conductivity, polarization and dielectric relaxation models in the meter software. To the present, models have been used for this purpose in the following studies: Debye [35], Cole-Cole [36,37], Davidson-Cole [38,39] or Havriliak and Nagami [40]. Model analysis [35,36,37,38,39,40] has indicated that when the frequency reaches zero (DC voltage), the conductivity must also be zero. It is clear from the scientific literature that in the low-frequency region, the values of DC and AC conductivity are the same. For example, as reported in [29], in the ultralow-frequency region, DC conductivity was established to be equal to the AC conductivity of a moist oil-impregnated insulating pressboard. The studies, presented in the publications [29,31,32,34], show that the models used to date in the FDS meter software have resulted in large errors in the determination of the water content of the cellulose component of transformer insulation, the oil conductivity and the cellulose–oil volume ratio. This means that in order to estimate moisture correctly, a real model of conductivity and polarization found in composites should be developed and used in FDS meter software.



As reported in [41], DC conductivity studies have established that the value of conductivity in the ternary composite cellulose–insulating oil–moisture is determined by the presence of water. Conductivity in the composite is mediated by the quantum mechanical phenomenon of electron tunnelling between water molecules.



DC and AC conductivity studies of composites [42] have shown that water in moisture pressboard impregnated by insulating oil can be in the form of nanodrops, containing about 200 water molecules each. As a result of electron tunnelling from one nanodrop to another, a dipole is formed, resulting in the additional polarization of the material [43]. The value of the relaxation time for tunnelling depends on the distance between the nanodrops, the dielectric permittivity of the medium in which the nanodrops are located and the temperature [42].



Recently, it has been reported [44] that the DC conductivity of the composite was caused by the presence of liquid water containing high concentrations of inorganic salt ions.



In order to correctly select the mechanisms of conduction and dielectric relaxation occurring in the ternary composites of cellulose–insulating oil–moisture, a comparative analysis of the electrical parameters of the composite and constituent substances was completed. The changes in these parameters as a function of temperature should also be determined. From this, it is possible to determine which mechanism of current conduction—via liquid water containing ions of inorganic salts or the quantum mechanical mechanism of electron tunnelling—occurs in oil-impregnated moist cellulose.



To date, the most commonly used insulating oil is petroleum-based mineral oil. Nowadays, mineral oil has gradually been replaced with more environmentally friendly insulating fluids (such as Midel 7131 synthetic esters) and natural ester oils (such as Midel eN 1204) [45,46,47]. In recent years, alternatives to esters have emerged; these are bio-oils that use raw materials of plant origin. The use of bio-oils reduces the carbon footprint in the manufacture of power transformers. An excellent example of these oils is Nynas NYTRO BIO 300X [48]. The production technology for this oil and mineral oil is the same; however, the raw materials of the former are vegetable oils. Moreover, both types of oil have the same electrical strength [49]. The best insulating oil in terms of thermal capacity among those used in transformers thus far is Nynas NYTRO BIO 300X. In addition, its high biodegradability renders it environmentally friendly.



The aim of this study was to measure the DC and AC electrical properties of a ternary composite of electrical pressboard–insulating oil Nynas NYTRO BIO 300X–water over a wide temperature and water content range. A comparative analysis was completed of the electrical properties of the composite and determination of the structure and state in which moisture was present in the bio-oil-impregnated pressboard. This will serve as the basis for establishing the actual physical mechanisms of conductivity and dielectric relaxation occurring in the composite containing the bio-oil, thereby improving the determination of reliability by increasing the accuracy of the estimation of the moisture content of the solid component of power transformer insulation performed on the basis of measurements of the DC and AC properties (FDS measurements).




2. Materials and Methods


The test samples were made of a Weidman pressboard exclusively used for insulating power transformers. The pressboard samples were dried in a vacuum with a pressure value of 1 hPa at a temperature value of approximately 80 °C; the drying time was approximately 72 h. The weight of the pressboard sample after drying was determined. Then, the mass of the sample after humidification was calculated. The moistening process in which the pressboard absorbed water was conducted in atmospheric air. Once the calculated mass was reached, the sample was immersed in insulating oil for impregnation. The impregnation process in mineral oil can last from one week [50] to approximately six months [28,51], depending on the temperature and pressboard thickness. Previous studies [30] have shown that the time required for the complete impregnation of 2 mm thick samples in mineral oil was approximately 40 d at room temperature. The impregnation time was proportional to the viscosity of the oil and the square of the sample thickness. The viscosity of NYNAS NYTRO BIO 300X oil is more than twice that of mineral oil [48]. To accelerate impregnation, 1 mm thick samples were used. Temperature increase can rapidly reduce oil viscosity [52]. Therefore, the impregnation process was performed in a climate chamber at 45 °C, further reducing the impregnation duration to about 5 days. At the end of the impregnation process, thermodynamic equilibrium between the pressboard, oil and moisture was achieved. To this end, the time for the samples to stand in oil was extended to two weeks. In this way, a series of samples with water contents ranging from 1.0 wt.% to 5.0 wt.% was produced with step 1.0 wt.%. The uncertainty in determining the moisture content was approximately ±4%.



A schematic of the system for measuring the DC and AC parameters of the electrical pressboard–insulating oil–water composite is presented in detail in [30,53,54]. A three-electrode system was used as the main component of the stand. Measuring and voltage electrodes were used to obtain the volume current. A protective electrode was used to discharge the surface current to the ground. The moistened and impregnated pressboard was placed in a three-electrode measurement capacitor between the voltage and measurement electrodes.



The measuring capacitor with the pressboard sample was placed in a hermetic vessel full of insulating oil, and the vessel with the capacitor was then placed in the thermostat. The volume of oil should not exceed 10 times that of the pressboard. The time required for the measuring system to reach the set temperature was approximately 5 h due to the large mass of the system (approximately 12 kg). The uncertainty in temperature maintenance over a long period of time was ±0.05 °C.



DC and AC measurements were conducted using a DIRANA FDS–PDC dielectric response analyser (OMICRON Energy Solutions GmbH, Berlin, Germany). In frequency ranges of 1 × 10−3–5000 Hz and 1 × 10−4–1 × 10−3 Hz, 10 and 6 measurement points per decade were obtained, respectively. The measurements were performed at six temperature values, from 20 °C to 70 °C at steps of 10 °C.



The first measurements were performed at 20 °C. After stabilization, DC voltage was supplied to the measuring capacitor. Then, the polarization current was recorded every second during the PDC measurement; the measurements lasted 7200 s. During this period, the volume current value reached a steady state. The current value at this state was calculated as the average of the last 50 measurements. The power supply was then disconnected and the voltage and measuring electrodes were shorted. This resulted in the gradual discharge of the capacitor, which lasted for another 7200 s. After the capacitor was discharged, AC measurements were started at 5000 Hz. The subsequent measurement frequencies were set to 0.0001 Hz. The next temperature was set, and further DC and AC measurements were performed.



The current flow in materials is described by Maxwell’s second equation [55], as follows:


  Δ ×  H →  =   j →  R  +   j →  C  ,  



(1)




where   H →   is the magnetic field strength vector;     j →  R    is the conduction current density and     j →  C    is the displacement (capacitive) current density. In the AC measurements, a sinusoidal forcing electric field is used as follows:


   E →  =   E →  0  sin ( ω ⋅ t ) ,  



(2)




where   E →   is the electric field strength vector;     E →  0    is the electric field amplitude vector; ω = 2πf is the circular frequency; f is frequency and t is time.



The conduction current density in Equation (1) is as follows [55]:


    j →  R  ( ω ) = σ ( ω )  E →  = σ ( ω )   E →  0  sin ( ω ⋅ t ) ,  



(3)




where σ(ω) is conductivity and t is time.



The displacement current density (capacitive) [55] is as follows:


    j →  C  ( ω ) = ω ⋅  ε ′   ω  ⋅  ε 0  ⋅   E →  0  sin   ω ⋅ t −  π 2    ,  



(4)




where ε′(ω) is the dielectric permittivity of material and ε0 is the dielectric permittivity of the vacuum.



The ability of an insulating material to conduct electric current, whether direct or alternating, is described by its conductivity. In contrast, dielectric permittivity characterises the polarisation of the insulating material.



In the parallel equivalent diagram, the DIRANA meter [56] provides the values of the following parameters: f (measurement frequency); CP (real component of complex capacitance); CP (imaginary component of complex capacitance); RP (resistance); Z (impedance); tgδ (tangent of loss angle) and PF = cosφ (power factor).



Using the values of RP and CP′, and considering the surface area, S, of the measuring electrode and the thickness, d, of the pressboard computed using known formulas [57], the DC and AC conductivity values and the real component of permittivity were calculated as follows:


  σ =  d   R p  S   ,  



(5)






   ε ′  =     C ′  P  d    ε 0  ⋅ S   .  



(6)







These values were used in this work to analyse the conductivity and relaxation mechanisms occurring in the ternary cellulose–insulating oil–moisture composites.




3. Measurements of the DC Conductivity and Dielectric Permittivity of Pressboard–Oil–Water Composite and Their Comparison with the Properties of Water


3.1. DC Properties of Moist NYTRO BIO 300X Insulating Oil-Impregnated Pressboard and Water


For the tests, two samples of the pressboard impregnated with NYTRO BIO 300X insulating oil with moisture contents of 1.0 and 5 wt.% were selected. The 1.0 wt.% moisture content is a characteristic value of the initial period of exploitation of transformers. With some approximation, this sample can be considered impregnated with almost dry oil. The 5 wt.% water content is a critical value; when exceeded, a catastrophic failure of the transformer may result [9,10,11]. Figure 1a,b, show the time dependence of the DC current of the samples with moisture contents of 1.0 and 5 wt.%, respectively.



As shown in Figure 1, the current intensity decreases over time and stabilises over long durations. Based on the current intensity, supply voltage, surface area of measuring electrode and thickness of pressboard, the conductivity values were calculated using the following formula:


  σ =   i d   U S   ,  



(7)




where σ is the DC conductivity of the composite; i is the steady-state value of the current; U is the voltage that forces current flow; d is the pressboard thickness and S is the area of the measuring electrode.



When the moisture content is increased from 1 to 5 wt.% (i.e., a five-fold increase), the steady-state current also increases. As a result, conductivity increases by approximately 70 times at a temperature of 20 °C. This means that the steady-state conductivity of the composite was determined by the presence of water. As the temperature increased, rapid rates of increase in the steady-state current and associated conductivity were observed. When the activation energy of conductivity (∆E) is constant, the temperature dependence of conductivity is described by the following formula:


  σ =  σ 0  exp   −   Δ E   k T     .  



(8)







The logarithm of Equation (8) is as follows:


  ln σ = ln  σ 0  −   Δ E   k T   .  



(9)







Reverse temperature is given as follows:


  x =   1000   k T   .  



(10)







By substituting x (Equation (10)) into Equation (9), the following is derived:


  ln σ = ln  σ 0  −   1000 Δ E  k  x .  



(11)







The dependence of the logarithm of conductivity on the inverse temperature is called the Arrhenius plot. Based on Equation (11), for a constant value of activation energy, the Arrhenius plot is a straight line; the slope depends on the activation energy.



Figure 2 shows the Arrhenius plots of samples with moisture contents of 1 and 5 wt.%.



To determine the quality of linear approximations, the coefficient of determination (R2) values were derived. When the moisture contents are 1 and 5 wt.%, R2 = 0.9999 and 0.9939, respectively. In both cases, the R2 values are very close to unity, proving the activation energy is constant in the temperature range investigated. Based on the Arrhenius diagrams, the thermal activation energy of conductivity was calculated using Equation (11). When the moisture contents are 1 and 5 wt.%, ∆E ≈ 0.987 and 1.027 eV, respectively. The average value of ∆E and the uncertainty in determining the activation energy are approximately 1.007 ± 0.020 eV and ±1.99%, respectively.



Water is widely used in virtually all areas of human life and in many industries. Accordingly, highly accurate values of DC properties are specified in many articles, such as [58], and in international standards, such as those presented in [59,60,61,62]. Moreover, the quality control of water, especially PW and ultra-pure water (UPW) [60,61,62,63,64], is based on DC measurements. Therefore, in this work, the analysis of water properties was performed based on the research results reported in virtually literature.



In materials with high resistivity, low conductivity is thermally activated and determined by the activation energy. Based on the conductivity values of UPW and UPW with 1 mg/L of dissolved NaCl salt presented in tabular form in publication [59], the Arrhenius diagrams shown in Figure 3 are developed.



As reported in [65], thermally activated auto-dissociation occurs in UPW, resulting in an increase in the number of H+ and OH− eigen-ions with temperature. The figure also shows an Arrhenius plot for the ionic content of UPW (3) versus inverse temperature (right scale and developed from data presented in [65]). The coefficients of determination (R2) for all the three curves determined from the plots are 0.9993 (UPW), 0.9993 (UPW + NaCL) and 0.9991 (ion concentration in UPW), respectively. The R2 values approaching unity prove that the activation energy for each of the curves does not depend on temperature. The activation energy of conductivity is known to be the sum of two values [66,67,68] as follows: dissociation energy (which determines the concentration of free ions) and the activation energy of ion migration. The activation energy of the UPW conductivity determined from curve 1 in Figure 3 is 0.377 eV. In the case of UPW, the ion concentration is determined by the auto-dissociation energy, whose value is 0.276 eV, as determined from curve 3 shown in Figure 3. The activation energy of the migration of eigen-ions in UPW is 0.101 eV, which is equal to the difference between the two values above. The activation energy of DC conductivity for UPW + 1 mg/L NaCl is obtained from curve 2 shown in Figure 3. Its value is approximately 0.147 eV, which is approximately 2.5 times smaller than the activation energy of the UPW conductivity. NaCl and other water-soluble inorganic salts undergo spontaneous dissociation after dissolution that does not require thermal activation. In this case, the activation energy of conductivity is equal to that of the migration of Na+ and Cl− ions. Its value is slightly higher than the activation energy of the migration of eigen-ions in UPW. In both cases, this may be related to the different values of ion mobility.



Based on the activation energies of UPW and UPW + 1 mg/L NaCl shown in Figure 3, these values are several times lower (by 2.67 and 6.85 times, respectively) than the activation energy (∆E ≈ 1.007 ± 0.020 eV (Figure 3) of the DC conductivity of a pressboard–insulating oil–water composite.



The variations in the activation energies of the DC conductivity of the pressboard–insulating oil–water composite with the values for UPW and with UPW+ NaCl exclude the possibility of conductivity through liquid water containing high contents of inorganic salt ions in the composite, a model of which was proposed in [44].




3.2. Dielectric Permittivity and Dielectric Relaxation of Moist Pressboard Impregnated with Insulating Oil


Figure 4 shows the dependence of permittivity on the frequency of a pressboard impregnated with insulating oil with water contents of 1 and 5 wt.% at 70 °C. The figure also shows the difference between the two water contents.



A comparison of the waveforms shown in Figure 4 indicates that an increase in water content from 1 wt.% to 5 wt.% also results in an increase in permittivity from approximately 6 to 30 in the frequency region at approximately 0.3 Hz (static permittivity). This is clearly related to the increase in the water content of the pressboard.



Such an increase in capacitance and permittivity can occur with the parallel connection of the impregnated pressboard and the water-filled channels connecting the electrodes.



In this case, the capacitance values of the pressboard and channels are added, as follows:


   C  a w   =  C  P R   +  C W  .  



(12)







The capacitance values inputted into Equation (12) are obtained using the following:


   C  P R   =    ε  P R    ε 0    S −  S K     d  =    ε  P R    ε 0  S  d  −    ε  P R    ε 0   S K   d  ,  



(13)






   C W  =    ε W   ε 0   S K   d  ,  



(14)




where S is the surface area of the measuring electrode; SK is the cross-sectional area of the channels connecting the electrodes filled with water; εPR is the dielectric permittivity of the dry pressboard impregnated with insulating oil; εW is water permittivity and εaw is the equivalent permittivity.



The capacitance values inputted into Equation (12) are obtained using the following:


  C =    ε  P R    ε 0  S  d  −    ε  P R    ε 0   S K   d  +    ε W   ε 0   S K   d  =    ε  a w    ε 0  S  d  .  



(15)







From Equation (15), we calculate the ratio of the cross-sectional area of the channels SK to the cross-sectional area of the measuring electrode S, and the ratio of the volume of water to the volume of the pressboard, as follows:


     S K   S  =      ε  a w   −  ε  P R          ε W  −  ε  P R       =    V W   V  .  



(16)







The static permittivity of the water at 70 °C is approximately 60 [67]. By substituting the permittivity of dry pressboard εPR, the permittivity of pressboard with a moisture content of 5 wt.% εaw and water permittivity εw ≈ 60 into the equation,      S K   S  =    V W   V  ≈ 0.44   or about 44 wt.% is calculated. Accordingly, εaw, which is determined experimentally, can be obtained if the water content exceeds the actual value (5 wt.%) by approximately 8.8 times. This water content excludes the possibility that the electrodes may be connected by the water in the channels.



One of the important parameters of a composite is its dielectric relaxation time. As reported in [35,36,37], the permittivity relaxation time is determined by the frequency at which the permittivity value at a given stage is reduced by half, as follows:


  τ =  1  2 π  f  1 / 2     .  



(17)







Figure 4 shows that at 70 °C, the frequency is f1/2 ≈ 3 Hz.



By substituting f1/2 into Equation (17), the relaxation time of approximately 0.05 s was calculated. The relaxation time for macroscopic volumes of liquid water is approximately 10−11 s [65]. This means that the relaxation time of water contradicts the values determined experimentally for the moist pressboard impregnated with insulating oil. This excludes the possibility of water in the composite as channels connected the electrodes.



The constant current conductivity model proposed in [44] assumes that the conductivity of the pressboard–insulating oil–water composite is determined by that of liquid water with high concentrations of inorganic salt ions. Hence, the model completely contradicts the experimental results of conductivity, permittivity and dielectric relaxation of the composite.





4. Analysis of AC Conductivity of Electrical Pressboard–NYTRO BIO 300X Insulating Oil–Moisture Component Using Quantum Mechanical Electron Tunnelling Phenomenon


4.1. Quantum Mechanical Electron Tunnelling Phenomenon and Associated DC Conductivity


In materials with low conductivity, so-called hopping conductivity can occur, caused by the quantum phenomenon of electron tunnelling. The condition for its occurrence is the presence of nanometre-sized potential wells in the material. The distances between the wells should also be nanometres. The role of the wells can include atoms or molecules of admixtures or impurities and second-phase nanoparticles. The occurrence of the quantum phenomenon of electron tunnelling among potential wells is based on the wave function of a valence electron extending outwards from a nanometre-sized potential well. The probability of finding a valence electron at distance r outside a three-dimensional potential well created by a nanoparticle is given by the following formula [68]:


     Ψ   2  ≈ exp   −   2 r    R B      ,  



(18)




where Ψ is the wave function of the electron; r is the distance from the potential well in which the electron is located and RB is the radius of the location of the tunnelling electron (also called the Bohr radius).



When large concentrations of potential wells exist in a material, finding an electron originating from the first well inside the second well has a non-zero probability.



In the absence of an external electric field, the directions of electron tunnelling from well to well are random. When an electric field is applied, the partial ordering of electron jumps related to the Debye factor occurs [68], as follows:


  exp   ±   e ⋅ r ⋅ E   k ⋅ T     ,  



(19)




where e is the electron charge; r is the distance between the well from which the electron is tunnelling and the well into which it is tunnelling; E is the electric field strength; k is the Boltzmann constant and T is the temperature.



As shown in Equation (19), in an electric field, fewer electrons tunnel in the direction of the external electric field than in the opposite direction. This difference indicates the occurrence of a steady electric current.



In the case of strong electron localisation, high temperature electron tunnelling occurs between the two nearest neighbouring potential wells [11].



The formula for the probability of tunnelling per unit volume per unit time was derived in the paper [69], as follows:


  P   r , T   =  P 0  exp   −  2   R B    r −   Δ E   k T     ,  



(20)




where P0 is the numerical factor; r is the average distance between two potential wells; RB is the radius of the location of the electron in the well of the potential (i.e., Bohr radius); ΔE is the activation energy; k is Boltzmann’s constant and T is temperature.



Using Equation (20), it is possible to derive the DC conductivity formula for the case of tunnelling between nearest neighbours [68,70], as follows:


  σ =  σ 0  exp   −  2   R B    r −   Δ E   k T     ,  



(21)




where r is the mean distance between the two potential wells; RB is the radius of location of the electron in the well of potential, the so-called Bohr radius; ΔE is the activation energy; k is Boltzmann’s constant and T is the temperature.



A model of hopping conductivity by electron tunnelling between two nearest neighbour potential wells describes the DC conductivity well. Because conductivity measurements are also implemented with AC voltage, models are developed to describe these processes. The Mott model is one of the basic models [68]. In this case, the AC conductivity dependence is described by the following:


  σ  f    ~    f S  .  



(22)







The comparison of Equation (22) with the DC conductivity described in Equation (21) shows that the DC and AC conductivities (described by Equation (22)) are inconsistent when the frequency approaches zero. From the Mott model (i.e., Equation (22)), it follows that as the frequency decreases to zero (i.e., constant current conductivity), the conductivity also decreases to zero (i.e., infinite resistivity). Mott’s model of AC conductivity does not take into account the relaxation time of the conductivity. After tunnelling, the electrons cannot immediately proceed to tunnelling another well. They remain in the well of the potential into which they tunnel for some time; this is called relaxation time. This is because the probability of tunnelling per unit volume per unit time is less than unity, see Formula (20). From the formula, it follows that the relaxation time is as follows:


  τ =  1  P N   =  1   P 0  N       2 r    R B    +   Δ E   k T      



(23)




where N is the concentration of potential wells per unit volume.



The relaxation time was first considered in the DC–AC hopping conduction model reported in [71].



In previous studies [42,72], a model was developed to analyse the impedance of nanocomposites in which conductivity occurs by electron tunnelling among nanoparticles of the conductive phase; the model was subsequently verified experimentally. The model assumes that nanometre-sized potential wells exist in the material where the electrons are located (Figure 5). In each well, the valence electron was located in the highest occupied state. According to the Pauli principle, this electron cannot directly tunnel into a neighbouring well because the valence electron state in each well is occupied.



Tunnelling can only occur in the lowest unoccupied state. In this case, the valence electron must be excited to absorb the thermal energy, ∆E, which is equal to the energy difference between the highest occupied and lowest unoccupied states (Figure 5).



Under the influence of this field (Figure 5), tunnelling between the left and centre potential wells generates current density, given by the following:


   j 1  = σ ⋅ E = σ ⋅  E 0  sin ω t ,  



(24)




where ω is the circular frequency; E0 is the amplitude of the electric field strength and σ is conductivity.



Tunnelling also results in an electric dipole because the left well becomes positively charged and the centre well becomes negatively charged. This results in further polarisation of the material. In a previous study [43], the additional static permittivity of the material resulting from the tunnelling phenomenon was analysed and verified experimentally.



After tunnelling to the central well, the electron remains there over the relaxation time, τ. Thereafter, two variants in tunnelling are possible. In the first case, the electron with probability p tunnels from the central well to the right well in a direction opposite to the electric field vector (Figure 5). This results in the second component of current density, as follows:


   j 2  = σ ⋅  E 0  ⋅ p sin   ω ( t − τ )   .  



(25)







In the second variant, after the relaxation time, τ, the electron tunnels back from the middle well to the left well (Figure 5) with probability (1 − p), which results in the appearance of the third component of current density, as follows:


   j 3  = − σ ⋅  E 0  ( 1 − p ) sin   ω ( t − τ )   .  



(26)







The driving force behind this tunnelling is the attraction of electrons from the middle well by the positive charge of the left well.



We will now extract from Equations (24)–(26) the actual component of conductivity due to tunnelling, as follows:


   j R  = σ ⋅  E 0  ⋅   1 −   1 − 2 p   ⋅ cos   ω τ     .  



(27)







It follows from Equation (27) that the values of DC conductivity, σDC, and low-frequency conductivity, σL, are equal in the case of hopping conductivity (tunnelling), as follows:


   σ  D C   =  σ  A C L   = 2 p  σ 0  ,  



(28)







However, in a high-frequency area,


   σ  A C H   =  σ 0  .  



(29)







In the transition region, ωτ ≤ 1, indicating the frequency dependence of conductivity, which is described by Mott [70] using the following:


   j r    ~    f  α ( f )   ,  



(30)




where α = α(f) is the frequency factor.



Different from the Mott model, coefficient α(f) is a function of frequency. In [43], the relaxation time was considered dependent on the distance between two potential wells. Because the distribution of wells in the material is random, the probability distribution of the expected value of relaxation time is τm. The probability distribution of time τ must only be determined for positive values. Negative values mean that the electron returns from the second well to the first well even before it has tunnelled out of the first one. The condition for defining time τ only for positive values corresponds to the Landau distribution in the Moyala approximation [74]. This distribution can be described using the following:


   F L  ( τ ) =  1   σ m    2 π     exp   −   τ −  τ m    2  σ m    −  1 2  exp   −   τ −  τ m     σ m        ,  



(31)




where σm is the standard deviation and τm is the expected value.



By considering the Landau distribution, Equation (27) for conductivity will be written in the following form:


   σ r   ω  =    ∫ τ    F L   τ     σ  E 0    1 −   1 − 2 p     cos ω τ d τ .  



(32)







To calculate the conductivity according to Equation (32), numerical methods were used. Further, to eliminate the influence of relaxation time on the waveforms, calculations were performed for the values of the argument, fτm. Calculations were also performed for probability values (p) ranging from 1 × 10−6 to 0.5 with an extremely small step. As an example, Figure 6 shows the calculated relationship, σ(fτm), for probability values p = 0.01, 0.001 and 0.0001.



Figure 6a shows that in the low-frequency region, conductivity does not depend on frequency, is equal to the constant current value and determined by Equation (28). However, if the frequency is increased, conductivity increases. In the high-frequency region, the conductivity value is stabilised at a level higher than the constant current conductivity value determined by Equation (29).



For the same probability values, the frequency dependence of coefficient α(f) is determined from Equation (30). Some example dependencies of α values are shown in Figure 6b, which shows that as the probability of jumping (p) decreases, the maximum value of the frequency factor αmax, increases and its position on the x-axis shifts to the low-frequency region.



As shown in Figure 6a,b, the parameters that fully characterize the waveforms, σ(f), are the jump probability (p), the expected value of relaxation time (τm) and the conductivity value in the high-frequency region (σ0). Based on these values, and using Equation (32), the waveforms, σ(f) and α(f), can be calculated.




4.2. Results of Studies on AC Conductivity of Nanocomposites and Their Analysis Based on Quantum Mechanical Electron Tunnelling Phenomenon


Figure 7 shows the frequency dependence of the conductivity of the electrical pressboard–NYTRO BIO 300X insulating oil composite with a 5 wt.% moisture content for measurement temperatures in the range 20–70 °C. The figure also represents the DC conductivity values as dashed horizontal lines. Similar waveforms were obtained for composites with moisture contents of 1, 2, 3 and 4 wt.%. The experimental values shown in Figure 7 are compared with the computer simulation results for the model of DC and AC electron tunnelling conductivity of nanocomposites shown in Section 4.1.



The waveforms shown in Figure 7a show that in the low-frequency region, the AC conductivity is equal to the DC conductivity over the entire measurement temperature range. These agree with the calculation in (Equation (28)) and the simulation results in Figure 7a. As the frequency increased, the AC conductivity also started to increase rapidly.



Figure 7b shows the frequency dependence of α(f). The rate of increase in conductivity with increasing frequency is given by Equation (30). Figure 7b distinctly indicates maximum values of approximately 0.02–2 Hz in the frequency region. Their positions depend on the measurement temperature. A shift in the maximum position is associated with the decrease in the expected relaxation time, as defined by the relationship (23).



As the frequency further increased, the value of α(f) reached a minimum and then started to increase rapidly. The comparison between the waveforms in Figure 7b and the simulation results in Figure 6b indicate that two types of tunnelling occur in the composite. The first occurs in the frequency region (less than 5 Hz) corresponding to the maximum value shown in Figure 7b. This type of tunnelling is characterised by the coefficient of determination, R2, because the linear approximation of experimental results is 0.9464. This indicates that the activation energy of the relaxation times of AC conductivity is constant during the first growth stage; its value is ΔEC = 0.923 eV. Figure 8 also shows the values of dielectric permittivity relaxation times due to the presence of water in the composite as obtained by Equation (17). The coefficient of determination for the dielectric relaxation time curve was R2 = 0.997, and the relaxation time activation energy value was ΔED = 0.983 eV. The variation between the two activation energies (approximately 0.037 or 3.7%) is small. This could be due to the inaccuracy in determining the frequency, f1/2 (Equation (17)), because the measurements were performed for 10 frequency values per decade. The equality of the AC conductivity and dielectric permittivity (within the uncertainty limits of their relaxation times and activation energies) based on studies agrees perfectly with the model of the DC and AC conductivities by electron tunnelling. As shown in Figure 5, tunnelling from one neutral well to an adjacent neutral well results in current flow and dipole formation. After the relaxation time (τ), the electric dipoles disappear. However, the value of AC conductivity is also determined by the same value of relaxation time, as given by Equations (27) and (32). The same value of the activation energy of the relaxation times of conductivity and permittivity results from tunnelling in one direction, Figure 5, and tunnelling under the same states of electrons in the potential wells, Figure 5.



It follows from Equation (21) that when T = constant, the DC conductivity depends exponentially on the distance between two potential wells. Water in a composite can exist as single molecules [75] or nanodroplets [42], forming potential wells. The distances among the water molecules are calculated using the following:


  r ≅  N  −  1 3    =       X ρ   100 u  M   H 2  O         −  1 3    ,  



(33)




where r is the mean distance between potential wells; N is the concentration of water molecules; ρ is the mass density of the impregnated pressboard; MH2O = 18 is the molecular weight of water; u = 1.67 × 10−27 kg is the atomic unit of mass and X is the moisture content in percent by weight.



As shown in Figure 9, the dependence of the logarithm of the DC conductivity on the distance between the water molecules σ(r) is derived using Equations (21) and (33) at moisture contents of 1–5 wt.% for each of the measurement temperatures.



Figure 9 shows that the dependence of the conductivity on the distance between water molecules is an exponential function. In [76], it was proven that the observation of an exponential dependence of the conductivity on the distance between the potential wells is a sufficient condition for establishing the presence of electron tunnelling in the material under study. This means that electron tunnelling between water molecules located in the wells of potential occurs in the pressboard–NYTRO BIO 300X insulating oil–moisture composite.



Based on these approximations, the values of the 2/RB coefficients from Equation (21) and those of the coefficient of determination (R2) for different measurement temperatures are obtained, as summarised in Table 1.



Table 1 shows that as the temperature increases, the coefficient of determination R2 becomes progressively closer to unity, which means that the accuracy of determining the 2/RBD ratio from Equation (21) increases. This means that given the R2 values, the most reliable results were obtained for a temperature of 70 °C. Therefore, the value of 2/RBD ≈ 8.4717 will be used in the following analysis. The experimental value of the Bohr radius in this case is RBD ≈ 0.236 nm.



When water molecules are present in the composite, electron tunnelling must occur from the doubly negative-charged oxygen ions. As reported in [77], the Bohr radius for these ions in compounds was determined using X-ray methods. Its value is RBO = 0.135 nm. This means that the Bohr radius (RBO) of the double negative oxygen ion is 1.749 times smaller than the experimental value of RBD. Such a considerable difference occurs possibly because the water in the composite is in the form of nanodrops (each containing n water molecules) and not as single molecules. This causes the distance among the nanodrops to increase to the value given by the following:


   r n  ≅       X ρ   100 u  M   H 2  O         −  1 3    = r  n 3  ,  



(34)




where rn is the average distance between nanodroplets, each containing n water molecules; n is the average number of molecules in a nanodrop and r is the average distance among water molecules (Equation (33)).



The ionic radius for chemical compounds in which one of the dominant elements is oxygen was reported in [77]. In the case of the pressboard–NYTRO BIO 300X insulating oil composite with a water content of 5 wt.%, the water nanodrops behave as dopants. Their concentration for an average number of molecules per nanodrop (i.e., approximately 200) [42] is approximately 0.025%; these values characterize, e.g., dopants in semiconductors. To determine the ionization energies of B, P, Sb and other dopants in semiconductors, the analogy between a hydrogen atom in the Bohr model and dopants was used [78]. According to the Bohr model, the electron is in the lowest state with a principal quantum number, n = 1; states with n > 1 are unoccupied. The energy required to move the electron from state n = 1 to state k > 1 is given by the following [57]:


  h  v  n , k   =  E n  −  E k  =    e 4   m e    8  ε 0 2   ε r 2   h 2       1   n 2    −  1   k 2      ,  



(35)




where me is the electron mass; e is the electron charge; ε0 is the dielectric permittivity of vacuum; εr is the relative dielectric permittivity of the material; h is Planck’s constant; εr = 1 for vacuum and εr > 1 in the dielectric medium.



Ionization occurs in the Bohr model when an electron passes from the state with n = 1 to that with k = ꝏ; the ionization energy of the hydrogen atom is 13.595 eV.



The ionization energy of doped phosphorus atoms in Si is described by the energy state equation (i.e., Equation (35)) of the hydrogen atom [78]. The first ionization energy of the phosphorus atom is E1 = 10.49 eV [79]. The dielectric permittivity of silicon is 12.5 [78]. From Equation (35), the ionization energy of the phosphorus atom in silicon must be 0.067 eV, whereas the experimental value is 0.045 eV [78]. The difference between the two is less than 1.5 times, which is a satisfactory result. The difference in energy values is possibly due, firstly, to the fact that the ionization energy of the phosphorus atom is lower than that of the hydrogen atom by about 22.8%. Secondly, polarization of Si in the vicinity of P atoms slightly differs from that occurring in the lattice of ideal Si atoms owing to their influence on surrounding Si atoms. To harmonize the experimental and calculated results of the ionization energy of phosphorus atom, the permittivity within the atom’s vicinity must be approximately 10.5 (i.e., lower than that of pure silicon, which is about 12, by only 16%).



The first ionization energy of a water molecule is approximately 12.6 eV [80,81,82] and approximates the ionization energy of the hydrogen atom (13.595 eV). The difference between these values is only 7.3% and is three times smaller than the ionization energy of the phosphorus atom.



Such close values of ionization energy indicate that the structure of the energy state of the valence electron of the water molecule is more similar to that of the hydrogen atom than to that of the phosphorus atom. The activation energy of the conductivity by tunnelling from the water molecule located in the potential well can be calculated using the hydrogen-like dopant model in Equation (35). This energy corresponds to the transition from the state with n = 1 to the state k = 2 (Figure 5). By transforming Equation (35) and considering that n = 1 and k = 2, the dielectric permittivity of the composite in which the water molecule is located can be calculated as follows:


   ε r  =    e 2    h  ε 0        3  m e    32 Δ E     .  



(36)







By substituting the activation energy of the DC conductivity, ΔE = (1.007 ± 0.020) eV, of the composite into Equation (36), the high-frequency dielectric permittivity in the environment of water molecules (from which and to which the electrons tunnel) can be calculated. The permittivity value of the composite with 5 wt.% water content is εr ≈ 5.76. The experimentally determined values of the static permittivity of the pressboard–NYTRO BIO 300X insulating oil composite with 5 wt.% water content is close to this value (Figure 9), and is approximately 6. The theoretical radius of Bohr’s orbit in the model of the hydrogen-like dopant for a water molecule from which an electron is tunnelling is given by the following [57]:


   R  B T   =    ε 0   ε r   n 2   h 2    π  e 2   m e    .  



(37)







By substituting the constant values and high-frequency permittivity of the composite calculated by Equation (36) into Equation (37), a computational Bohr radius value of RBT ≈ 1.184 nm is obtained. The most reliable experimental ratio 2/RBD ≈ 8.47 nm−1 was obtained at 70 °C (Table 1), and the calculated value is 2/RBT ≈ 1.689 nm−1. Hence,


     r n   r  =    n     1 3    =      2   R  R D            2   R  R T         = 5.017 ,  



(38)




or the average number of molecules per nanodrop is


  n =        r n   r     3  =        R  B T      R  B D        3  .  



(39)







From Equations (38) and (39), the average number of water molecules in a nanodrop in the electrical pressboard–NYTRO BIO 300X insulating oil–moisture composite is n ≈ (126 ± 20). The results of similar tests implemented on an electrical pressboard impregnated with mineral insulating oil are presented in [40]. For this composite, the average number of water molecules in a nanodrop was slightly larger, approximately 200. This is because the NYTRO BIO 300X insulating oil has a viscosity that is approximately twice as low as that of mineral oil [83,84]. Hence, the diffusion of water molecules is facilitated.



In pressboard impregnated with the insulating oil NYTRO BIO 300X, conductivity and polarization occur via the quantum mechanical phenomenon of electron tunnelling between water nanodrops. A similar situation occurs with the impregnation of the pressboard with mineral oil. This means that the conductivity, polarization and dielectric relaxation processes caused by quantum mechanical electron tunnelling phenomena should be taken into account in the software of FDS meters estimating the moisture content of the cellulose component of transformer insulation.





5. Conclusions


In this work, the DC and AC electrical properties (conductivity and permittivity) of a ternary composite of electrical pressboard–bio-oil–water in a water content range of 1 wt.% to 5 wt.% in the temperature range from 20 °C to 70 °C were measured. An environmentally friendly bio-insulating oil, Nynas NYTRO BIO 300X, made from plant raw materials was used to impregnate the pressboard manufactured by Weidman.



The model of DC conductivity of the pressboard–NYTRO BIO 300X bio-insulating oil–moisture composite was found to be based on the conductivity of water containing high concentrations of inorganic salt ions. This observation completely contradicts the experimental results of the activation energy, conductivity, permittivity and dielectric relaxation time of the composite.



The AC conductivity was found to be equal to the DC conductivity over the entire measurement temperature range in the low-frequency region, at which the conductivity maintains a practically constant value. The equilibrium of their activation energies and relaxation times (determined from the studies on AC conductivity and dielectric permittivity) considerably agrees with the model of DC and AC conductivities of nanocomposites by electron tunnelling between two potential wells.



Using the model of conductivity by electron tunnelling, the average number of water molecules in a nanodrops located in the electrical pressboard–NYTRO BIO 300X bio-insulating oil–moisture composite was determined to be n ≈ (126 ± 20).



The conductivity, permittivity and dielectric relaxation were found to be highly accurate when the model of DC and AC conductivities of nanocomposites considering the quantum mechanical phenomenon of electron tunnelling was used.



The mechanism of conductivity, polarization and dielectric relaxation—taking into account the quantum mechanical phenomenon of electron tunnelling between potential wells-nanodrops of water—should be applied to the FDS meter software for analysing the insulation state of power transformers.



Its application will improve the estimation accuracy of the moisture levels in the solid components of the power transformer insulation. This will improve the operational safety of power transformers and minimise the occurrence of their failures and associated environmental pollution. This will serve as a basis for describing the actual physical mechanisms of conductivity and dielectric relaxation occurring in a composite containing bio-oil and thus contribute to improving the reliability determination by increasing the accuracy of estimating the moisture content of the solid components of power transformer insulation from measurements of DC and AC properties.
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Figure 1. Time dependence of DC intensity of sample impregnated with NYTRO BIO 300X insulating oil with moisture contents of (a) 1.0 and (b) 5 wt.%. At 5 wt.% water content, measuring temperatures are 1: 20 °C; 2: 30 °C; 3: 40 °C; 4: 50 °C; 5: 60 °C; and 6: 70 °C. 
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Figure 2. Arrhenius diagrams for samples impregnated with NYTRO BIO 300X insulating oil with moisture contents of (a) 1.0 and (b) 5 wt.%. 
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Figure 3. Arrhenius plots for 1: UPW; 2: UPW with dissolved 1 mg/L NaCl salt; 3: ion concentration in UPW. Compiled based on data presented in [59,65]. 
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Figure 4. Frequency dependence of composite permittivity for various moisture contents; 1: 5 wt.%; 2: 1 wt.%; 3: difference between 1 and 5 wt.%. 
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Figure 5. Potential wells [73]: A represents excitation of the electron from the highest occupied state to the lowest unoccupied state; 1 is tunnelling of the electron from the left well to the middle well; 2 is tunnelling from the middle well to the right well; 3 is return tunnelling from the middle well to the left well; ∆E is distance between occupied and unoccupied states or activation energy of tunnelling and r is distance between wells of potential. 
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Figure 6. Dependences of conductivity (a) and frequency factor α (b) as function of product of frequency value f and time τm for materials with hopping-like charge exchange. Computer simulation for p; 1: 0.01; 2: 0.001; 3: 0.0001. 
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Figure 7. Frequency dependence of conductivity (a) and coefficient α(f) (b) of composite of electrical pressboard–NYTRO BIO 300X insulating oil with 5 wt.% moisture content at measurement temperatures ranging from 20 to 70 °C. Horizontal dashed lines represent DC conductivity values—(a). 
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Figure 8. Arrhenius plot for relaxation times of conductivity in first stage (1) and dielectric permittivity due to presence of water for electrical pressboard–NYTRO BIO 300X insulating oil–moisture component with 5 wt.% water content (2). 
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Figure 9. Experimental dependence of DC conductivity of pressboard–NYTRO BIO 300X insulating oil composite with water contents ranging from 1 wt.% to 5 wt.% with distance among water molecules at obtained at measurement temperatures of 1: 20 °C; 2: 30 °C; 3: 40 °C; 4: 50 °C; 5: 60 °C and 6: 70 °C. 
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Table 1. Values of coefficient 2/RBD from Equation (21), coefficient of determination (R2) at measurement temperatures from 20 to 70 °C.
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	TK, K
	2/RBD, nm−1
	R2





	293.15
	7.3641
	0.869



	303.15
	7.9324
	0.861



	313.15
	7.6094
	0.902



	323.15
	7.8158
	0.928



	333.15
	8.0708
	0.952



	343.15
	8.4717
	0.953



	Average
	7.88
	0.911



	Deviation
	0.349
	0.0366
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