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Abstract

:

Improving the dielectric properties of liquid-insulating materials is a current problem in research into the insulation system of a power transformer. Modern optimization of insulating liquids involves the potential use of unique synthetic esters enriched with nanoparticles. This study presents the results of the dielectric response of liquefied gas-based (GTL) insulating liquids during accelerated thermal aging. The dielectric relaxation spectroscopy method was used in the frequency domain to point out power losses as an imaginary part of a complex electric modulus. The relaxation spectra express the validity of applying this complex dielectric parameter. The polarization processes of the base oil alternately change position in the low-frequency band during thermal aging. Fullerene nanofluid undergoes three phases of dielectric loss changes during thermal aging. In the case of magnetic nanofluid, the effect of electric double-layer polarization disappeared after 500 h of thermal aging. It was found that with the gradual increase in the thermal aging time, there is no gradual increase in the dielectric losses investigated in the measured frequency spectrum. This study shows that the concentration of the two types of nanoparticles independently causes a different dielectric response to an applied AC electric field in the GTL base fluid.
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1. Introduction


Power transformers are an essential part of the electrical system. Therefore, it is necessary to keep the insulation system of these devices in the best possible condition [1,2]. The motivation of world researchers is to optimize the insulation system in terms of thermal factors and dielectric losses with the aim of the lowest possible ecological load in the event of a potential transformer accident [3,4,5,6]. The current topic is the investigation of insulating liquids enriched with nanoparticles because they have improved properties in specific directions, which can outweigh their disadvantages [7,8]. Magnetodielectric anisotropy [9], thermomagnetic convection [10], higher thermal conductivity [11,12], partial discharge activity, and electrical breakdown strength [13] belong to the favorable properties of magnetic nanofluids. Negative properties of magnetic nanofluids include increased dielectric losses [14,15,16,17]. The decisive factors are the base liquid, the surfactant, and the appropriate concentration of magnetic nanoparticles [18]. Research is currently underway on the samples of insulating nanofluids modified with fullerene nanoparticles. The results show a positive effect of fullerene nanoparticles on the loss factor and electrical breakdown strength [19]. Fullerene nanoparticles contained in transformer oil reduce dielectric losses at operating frequencies of 50 Hz and 60 Hz [16,19,20], which represents an interesting property of these insulating nanofluids. A change in the concentration of nanoparticles in the insulating liquid causes a change in the dielectric response in the frequency spectrum, which is related to the nature of the dielectric losses [21]. Undoubtedly, thermal aging, to which it is subjected in operating conditions, also contributes to the increase in dielectric losses of the insulating liquid. Thermal aging generates oxidation processes in the oil, resulting in the gradual degradation of the oil with the formation of by-products, such as acids, dissolved gases, moisture, and sludge. The mentioned products affect the oil’s electrical, physical, and chemical properties. The electrical properties include a decrease in electrical breakdown strength and resistivity [22] and, conversely, an increase in the dissipation factor [22,23]. Interfacial tension, viscosity, and flash point belong to the physical properties of the oil. During thermal aging, there is a decrease in interfacial tension (formation of polar compounds) and flash points due to the distribution of flammable products in the liquid. At the same time, the viscosity does not change [24,25]. The chemical properties of the oil include water content and acidity. These parameters increase during thermal aging with the help of oxidation processes in the oil. All the parameters mentioned above show certain limits that must be monitored during the transformer operation to assess the condition of the transformer oil [26,27,28].



Since the insulating liquid enriched with Fe3O4 magnetic nanoparticles shows inhomogeneity and a decrease in insulating performance during thermal aging [2], the behavior of the insulating liquid enriched with fullerene C60 nanoparticles with the same concentration as the sample with the concentration of Fe3O4 magnetic nanoparticles will be studied and compared in this paper. The aim is to point out the effect of thermal aging on the dielectric response of insulating liquids suspended with different types of nanoparticles. Emphasis will be placed on the frequency band of dielectric losses and the polarization spectra in the complex plane of the Cole–Cole diagram, based on which it is possible to express the parameter of the distribution of relaxation times α as different from the ideal Debye behavior.



The investigation of dielectric losses in the frequency band of the measuring device represents the most accurate method within dielectric spectroscopy for capturing polarization and conductivity processes in the insulating material [29,30,31]. Polarization processes can be present in the entirety of investigated frequency spectrums [16], while the conduction process is a current that is exclusively in the band of low-to-ultra-low frequencies [16,32]. The distribution of relaxation times α reflects the capture of the frequency-dependent polarization spectrum in an alternating electric field, which characterizes the analysis using dielectric relaxation spectroscopy. Through this method, the polarization processes taking place in the dielectric material are better understood [7,33,34].




2. Theoretical Background


The dielectric and its response to an applied electric field can be described using simple and more complex models. Simple models include the description of the dielectric material through the capacitance C and the dissipation factor tan δ. A more complex model is often used for a more thorough and accurate investigation of polarization and conductivity processes, which presents the values of the real ε′ and the imaginary part of the complex permittivity ε″. These values are obtained through the relations:


ε′ = C/C0



(1)






ε″ = ε‒ tan δ



(2)




where C0 is the geometric capacitance of the electrode arrangement. The difference between these models is that in technical practice, a simple model of the capacity C and the dissipation factor tan δ is most often used to describe the state of the insulating material. However, in the research area, it is necessary to characterize the processes, their nature, and their origin more closely in the insulating material when an electric field is applied [33,35]. A more complex dielectric parameter separates the conductive component and more accurately describes polarization events (except for electrode polarization), such as the complex permittivity ε*. It is a complex electric modulus M*, whose real M′ and imaginary part M″ is derived from the equation [16,36,37]:


M* = 1/ε* = (ε′/ε′2 + ε″2) + i(ε″/ε′2 + ε″2) = M′ + iM″



(3)







Figure 1 shows the frequency spectra of the models mentioned above to present the dielectric spectroscopy of insulating materials. Specifically, these are the frequency spectra of the liquid dielectric based on GTL (gas to liquid) Shell Diala S4 ZX-1 transformer oil, which we measured at an alternating electric field intensity of 0.5 kV/m. The results of the measurements represented a simple data model of the capacitance C and the dissipation factor tan δ, which were converted to real and imaginary components of the complex permittivity and the complex electric modulus using Equations (1)–(3). Data in Figure 1 are presented to compare individual dielectric models.



Even though at least two dielectric spectra (ε′ and ε″) are observed in dielectric spectroscopy, the dominant parameter in the analysis and discussion of polarization mechanisms is the spectrum of dielectric losses ε″, tan δ, and M″. The first reason is to reveal more details about the dielectric processes, especially in the case of overlapping relaxation peaks, where the shape of the curves is copied by the measured frequency characteristic. The second reason is the equivalence of both spectra (ε′ and ε″) because they are interconnected through Kramers–Kronig transformations, which have the form [37]:


ε′(ω0) = ε∞+ ((2/π)∫0∞(ε″(ω)(ω/ω2 − ω02))dω)



(4)






ε″(ω0) = (σdc/ε0ω0) + ((2/π)∫0∞(ε′(ω)(ω/ω2 − ω02))dω)



(5)







The first part of the sum in Equation (5) is the contribution of conductive (ionic) losses, where ε∞ is the optical permittivity, ε0 is the vacuum permittivity, σdc is the DC electrical conductivity, and ω is the angular frequency. Ionic conductivity is present in the low-frequency band and causes the overlap of the low-frequency relaxation spectrum. It means that the relaxation process, which is captured in the low-frequency band, is suppressed by the conductive contribution of dielectric losses. Ionic conductivity should, therefore, be eliminated due to the characterization of polarization processes in the low-frequency spectrum [37].



The technique of eliminating the ionic conductivity contribution from the measured frequency spectrum consists of the Kramers–Kronig transformation of the real part of the complex permittivity ε′ to ε″KK to describe the relaxation response of the material only. This excludes ionic conductivity from the measured spectrum [37].



Another more effective way of eliminating ionic conductivity is the application or the conversion of the complex permittivity ε* to the complex electric modulus M*, according to relation (3). The components of the complex electric modulus show lower values than the components of the complex permittivity (Figure 1) due to the position of ε′ and ε″ in the denominator of Equation (3). When transforming ε* to M*, the degree of distribution of relaxation times α is invariant, according to the Cole–Cole principle. However, in terms of the position of the captured relaxation peaks Mmax″ and εmax″, Mmax″ is at the position (ωτ)Mmax″α = εs/ε∞ in the band of higher frequencies, compared to εmax″, whose position is (ωτ)εmax″ = 1. It is caused by changing the low-frequency increase in ε″ into a conductive peak characterizing the ohmic relaxation time. It can be argued that applying a complex electric modulus causes a perfect separation between polarization and conduction losses with a distinction distribution, like the analysis by the complex permittivity. Thus, we can summarize that in the low-frequency bands, the dissipation factor and complex permittivity are significantly influenced by electrode polarization and ion conductivity [36,37]. The separation of the influence of these factors is offered by the complex electric module M*, as shown in Figure 1.




3. Materials and Methods


The dielectric response was investigated on nanofluids with the carrier insulating medium Shell Diala S4 ZX-1 (hereafter referred to as SD). This insulating oil is based on gas-to-liquid technology, which converts natural gas into liquid waxy hydrocarbons with minimal sulfur content. It has low viscosity (16 mPa·s at 293.15 K) and low density (786 kg/m3 at 296.15 K). The nanofluids consisted of magnetic Fe3O4 nanoparticles and C60 fullerene nanoparticles. Iron oxide nanofluid was produced using a co-precipitation process, followed by stabilization using oleic acid and mixing with a carrier-insulating medium. A sample was prepared with Fe3O4 with a concentration of 0.01 %w/V (the ratio of the mass of nanoparticles to the volume of the liquid). A more detailed explanation of preparing a sample of transformer oil suspended with magnetic nanoparticles is published in [38,39]. Nanofluid production with fullerene was realized by dispersing powdered fullerene (99.5% purity, Merck, Boston, MA, USA) with a density of 1600 kg/m3 without surfactant in a carrier-insulating medium. For comparison with the sample with Fe3O4, the sample was enriched with a fullerene concentration of 0.01 %w/V. To obtain such a suspension, the powder fullerene of a known mass was added to the oil and mechanically stirred. Then, the suspension was exposed to ultrasonication at temperature of 330 K during a period of 90 min. Owing to the good solubility of C60 fullerene in non-polar solvents, a homogenous and stable nanofluid of violet coloration was achieved. The stability of both nanofluids was observed for 6 months. No sedimentation or visual changes in color were confirmed during this period.



Particle size distribution was measured using the dynamic light scattering method with Malvern Instruments Ltd., Malvern, UK. Figure 2a shows the hydrodynamic size distribution of magnetic nanoparticles in SD oil. The average value of the hydrodynamic distribution is 13.3 nm. The window in Figure 2a shows the average value of the magnetic core of a magnetic nanoparticle obtained using magnetization measurements with an instrument obtained from Cryogenic Limited, UK. The y-axis represents the probability density function as a function of the size distribution of the magnetic core. Its value is 9.5 nm. By comparing the average size distribution values of 13.3 nm and 9.5 nm, the difference of 4 nm is attributed to the dead layer of magnetic nanoparticles and surfactant as a surfactant for stabilizing magnetic nanoparticles in SD carrier oil. In Figure 2b, we present the size distribution of fullerene nanoparticles. It can be seen that the continuous curve shows two peaks. The first indicates the presence of fullerene nanoparticles with a size of 1.1 nm in diameter. The given size is consistent with the standard size, as well as the one used in the study [40]. The second peak signals the presence of larger fullerene nanoparticles with a size of approximately 180 nm. The existence of larger fullerene nanoparticles in SD oil is due to the aggregation of nanoparticles in the presence of light during sample handling, as exposure to light has been shown to cause aggregation of fullerene nanoparticles.



The nanoparticle size has also been verified by transmission electron microscopy (JEOL JEM-2100F UHR microscope equipped with Schottky FEG source operating at 200 kV). The lower quality of the obtained images (Figure 3) stems from the contamination of the illuminated sample surface by the vaporized transformer oil. The arithmetic mean of the TEM image’s magnetic nanoparticles’ size is 11.3 nm (from Figure 3a). This size is smaller than that obtained from DLS because it represents the core size without the surfactant layer. The imaging of C60 fullerene is more complicated, as the transformer oil completely hides the C60 fullerene molecules. The single C60 molecules with diameter around 1.1 nm can be observed on the edge of bigger agglomerates (Figure 3b).



The relaxation mechanisms were analyzed by dielectric relaxation spectroscopy in the frequency domain. The IDAX 300 measuring device was used for the analysis using this method, which has a frequency range of 0.1 mHz–10 kHz. The high-frequency range limited the measurements to up to 3 kHz due to the application of a relatively high electric field intensity to the examined material. Two shielded wires were brought out of the measuring device, which was connected to the high-voltage and low-voltage parts of the Keysight 16,452 A Liquid Test Fixture electrode system, into which the examined liquid sample with a volume of 3.4 mL was filled. An alternating electric field intensity of 333.3 kV/m with a changing frequency was applied to the samples. The measuring device automatically converted the measured electric current data to complex permittivity recorded on a computer with IDAX 4.1.16 software. The measurement was performed in an EMC chamber (electromagnetic compatibility) due to the elimination of external frequency interference, where individual measurement components were grounded. The measurement conditions included typical values: air temperature 294.15 K, air humidity 36%, and air pressure 1013 hPa. The circuit diagram of the experimental workplace is shown in Figure 4.



The samples of insulating nanofluids were subjected to accelerated thermal aging at a temperature of 363.15 K using a universal oven UF55plus. Measurements of insulating nanofluids were performed with the following thermal aging times. At 0 h, after 500 h, after 1000 h, after 1500 h, after 2000 h, after 3000 h, and after 4500 h. Insulating liquids were, thus, stressed by accelerated thermal aging for 4500 h. After each thermal aging period, the samples were removed from the oven and cooled to a room temperature of 294.15 K before the actual measurement. Accelerated thermal aging at a constant temperature of 363.15 K for 4500 h was converted to the real operating time of the transformer, according to the half-time rule, similarly to studies [27,28]. They state that increasing the operating temperature by 7 K doubles the transformer oil thermal aging rate. The average operating temperature of transformer oil is 333.15 K. For one day at a temperature of 363.15 K, the oil has the same state of thermal aging as 19.5 days at an average operating temperature of 333.15 K. This conversion is presented in the following equations [27,28]:


Aging accelerating factor = (363.15 K − 333.15 K)/7 K = 4.286



(6)






Time factor = 24.286 = 19.5



(7)







Thus, dielectric relaxation spectroscopy data of samples of insulating nanofluids based on SD oil and pure SD transformer oil were obtained after the following period of real operation of the transformer (in years at 333.15 K): after 1.11 years (500 h at 363.15 K), after 2.23 years (1000 h at 363.15 K), after 3.34 years (1500 h at 363.15 K), after 4.45 years (2000 h at 363.15 K), after 6.68 years (3000 h at 363.15 K) and after 10.01 years (4500 h at 363.15 K). It is worth noting that the applied conditions of the thermal aging did not cause any destabilization of both nanofluids, as no sedimentation or color changes were observed after each thermal aging period. This is quite reasonable, especially for magnetic nanofluids, as the applied temperature is far below the boiling point of the stabilizing layer of oleic acid (633 K), at which the oleic acid decomposes. On the other hand, the dissociation of the carboxylate–iron (iron oxide) bonds was also proven at significantly higher temperatures [41,42].




4. Results and Discussion


We present the results of this study in three subsections. The first two subsections focus on the frequency spectra of dielectric losses with different comparisons of insulating nanofluids in accelerated thermal aging. The third chapter will explain the dynamics of the distribution of relaxation times in the measured frequency band during accelerated thermal aging. The third subchapter points to the behavior of the captured dielectric response function, which was characterized by the parameter of the distribution of relaxation times through the Cole–Cole diagram.



4.1. Frequency Spectra of Dielectric Losses of a Complex Electric Modulus during Accelerated Thermal Aging


In this subsection, we analyze the frequency spectra of dielectric losses using the dielectric relaxation spectroscopy method. The complex electric modulus M* analyzes the captured dielectric response. Figure 5, Figure 6 and Figure 7 show the imaginary part of the complex electric modulus M″ of the investigated liquid samples, depending on the frequency during accelerated thermal aging. The reason for focusing on the loss characteristics of the complex electric modulus is that the dissipation factor tan δ reflects the same relaxation response at lower frequencies [37]. Since the captured polarization processes in the ultra-low frequency band can be seen from the graphic dependences in Figure 5, Figure 6 and Figure 7, the application of the imaginary modulus is justified. Figure 5 shows the frequency characteristics of the dielectric losses of pure SD transformer GTL oil during accelerated thermal aging of 4500 h at a temperature of 363.15 K. Relaxation peaks appear in the low-frequency band 0.1 mHz–2 mHz. They are caused by polar impurities or moisture with strong polar bonds, since transformer oil is a non-polar insulating liquid. The relaxation peaks of the recorded polarization processes during thermal aging change their position in the low-frequency band in the range mentioned above. At the reference dielectric response of SD oil (0 h), the relaxation peak is at a frequency of 0.2 mHz at 500 h; it is at a frequency of 1 mHz at 1000 h; it is around 0.6 mHz at 1500 h; it is at a frequency of 2 mHz at 2000 h; at 3000 h, it is at a frequency of 0.2 mHz; and at 4500 h, the frequency of the relaxation mechanism is 0.5 mHz. It alternately changes position in the low-frequency band during accelerated thermal aging. Since the slope of the increase in dielectric losses with decreasing frequency in the band 2 mHz–20 Hz is approximately the same during thermal aging, the mentioned alternately changing position of the relaxation process causes the increase and decrease in dielectric losses in the band close to the operating frequencies. From measurements of dielectric losses during 4500 h of thermal aging at a temperature of 363.15 K (10.01 years of the regular operation of the transformer), it was found that the values at 4500 h are not significantly increased, compared to the results of measurements at shorter periods of thermal aging. In the study [43], transformer GTL oil SD and its dielectric properties were investigated using dielectric spectroscopy during accelerated thermal aging at a temperature of 363.15 K. Thermal aging was simulated for a shorter time, namely up to 1830 h, but with more frequent measurements. The results pointed to an alternately changing size of the capacitance C in the examined frequency spectrum of 20 Hz–2 MHz, similar to the results of the dielectric losses M″ presented by us in the lower frequency band of 0.1 mHz–3 kHz. Thus, the synthetic SD ester alternately changes its dielectric properties during thermal aging in a wide frequency range of 0.1 mHz–2 MHz. From the measured data in Figure 5 at 0 h and 3000 h near the operating frequencies of 50 Hz and 60 Hz, a suspicious reduction in dielectric losses can be seen. This reduction is unlikely due to the specific dielectric properties of SD oil. Therefore, we believe that it is caused by the electromagnetic interference of the electrical network, operating at a frequency of 50 Hz, which affected the measurement results.



Figure 6 shows the investigation results of SD transformer oil enriched with C60 nanoparticles during thermal aging. The dielectric response of this nanofluid to an external electric field resembles the dielectric response of pure SD transformer oil. Captured relaxation mechanisms in the ultra-low frequency band appear at approximately the same relaxation frequencies. However, there are differences in the measured loss dependencies, which will be described in more detail in the following subsections. The course of thermal aging and its impact on dielectric losses are not directly proportional, similarly to pure SD oil. It means that with a gradual increase in the thermal aging time, there is no gradual increase in dielectric losses in the measured frequency spectrum. The behavior of this nanofluid undergoes three phases during thermal aging. The first phase reflects the gradual increase in dielectric losses until the thermal aging time of 1500 h (3.34 years at regular operation at 333.15 K). The second phase reflects a gradual decrease in dielectric losses between 1500 h and 3000 h (3.34–6.68 years at 333.15 K), and the third phase again shows an increase in dielectric losses between 3000 h and 4500 h by approximately 57.7% (6.68–10.01 years at 333.15 K).



The thermal aging process of SD transformer oil with Fe3O4 magnetic nanoparticles stabilized by oleic acid is shown in Figure 7. Before thermal aging (0 h), the dielectric response of the magnetic nanofluid shows a different characteristic shape than during the thermal aging period. At 0 h, a relaxation peak around the frequency of 0.5 Hz is recorded. As a magnetic nanofluid, the relaxation peak is attributed to the electric double layer polarization. Colloidal particles (Fe3O4 particles) trap ions that form a second electrical layer on the particle surface. When an external electric field is applied, this system becomes polarized due to the displacement of the ions relative to the particle. The first electrical layer is formed by binding the polar head of the surface-active substance (surfactant) and nanoparticles. It creates a negatively charged particle that electrostatically attracts the positive ions contained in the nanofluid. The presence of this mechanism is also described in studies [7,8,9,16,21]. After 500 h of thermal aging, the characteristics of dielectric losses are recorded, reminiscent of pure SD transformer oil characteristics. Subsequently, all investigated aging times reflect a similar dielectric behavior after 500 h. It is, therefore, possible to claim that after 500 h of thermal aging (after 1.11 years), the effect of electric double layer polarization on the frequency spectrum of dielectric losses disappears. The loss of the electric double layer polarization effect can be caused by the inhomogeneity of the surfactant (oleic acid), with respect to the carrier substance. It is important to note that the presence of oleic acid in magnetic nanofluids based on transformer oil poses a risk in separating this liquid due to degradation, since the relative permittivity of this acid is approximately 20 times higher than in the case of inhibited transformer oil. In the same way, due to the dissociation of the surfactant, it can interact with the transformer oil, which can change the properties of the given oil. The course of thermal aging and its impact on dielectric losses is not directly proportional, similarly to pure SD oil and SD oil suspended with C60 nanoparticles. It means that with a gradual increase in the thermal aging time, there is no gradual increase in the dielectric losses in the measured frequency spectrum. The dielectric losses of the magnetic nanofluid do not decrease and increase proportionally with the thermal aging time, even during phase separation, as in the thermal aging of the fullerene nanofluid. The characteristics of dielectric losses at 4500 h of aging are not significantly increased, compared to the results of measurements at shorter thermal aging times, similar to pure SD oil. The difference is that the magnetic nanofluid has an increased number of polar particles obtained by the presence of a hydrophilic polar head of the surfactant. These particles may be responsible for additional polarization processes with certain relaxation times that attract attention in the frequency band 0.1 Hz–1 Hz, with a slight undulation of the curves, especially at thermal aging of 3000 h and 4500 h (6.68 and 10.01 years of regular operation).




4.2. Comparison of the Dielectric Response of Investigated Liquids


This subchapter compares the frequency spectra of dielectric losses of investigated insulating liquids in accelerated thermal aging using the complex electric modulus M*. Figure 8, Figure 9, Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14 show the imaginary part of the complex electric modulus M″ of the examined liquid samples, depending on the frequency during accelerated thermal aging. The reference characteristics of the liquids (0 h, Figure 8) show differences in the frequency nature of the dispersed nanoparticles. The sample with a concentration of magnetic nanoparticles shows a relaxation response in the medium frequency band (0.5 Hz). The base liquid and the sample with fullerene nanoparticles have a relaxation peak at the same frequency (0.2 mHz). The frequency spectra of the pure base fluid (GTL oil) dielectric losses and the nanofluid with fullerene are the same, except for the frequency band 10 Hz–100 Hz.



500 h of thermal degradation causes a significant change in the position of the relaxation response in the frequency spectrum for the sample with magnetic nanoparticles (Figure 9). The reason is the loss of the electric double layer polarization effect, as mentioned in Section 4.1. After 500 h of thermal aging, there is a change in the low-frequency relaxation response between the base oil sample and the sample with fullerenes, while the dielectric losses of the sample with C60 nanoparticles decreased with a shift of the relaxation peak to lower frequencies. It means that after 500 h of thermal aging, the relaxation time of the polarization processes of samples with Fe3O4 and C60 nanoparticles was prolonged, compared to the base transformer oil sample.



After thermal aging of 1000 h (Figure 10), relaxation peaks at a frequency of 0.2 mHz with the same value of dielectric losses equal to 0.2 were equalized. The main difference is in the dielectric losses of the magnetic nanofluid in the frequency band 1 mHz–3 Hz when higher values were achieved than the base oil and the oil with fullerenes. The given dispersion can be caused by interfacial polarization at the magnetic nanoparticle–oil interface. By capturing a higher number of relaxation maxima, a higher distribution of relaxation times α occurs. A higher distribution of relaxation times also causes a decrease in the dielectric loss value of the relaxation peak at a given frequency.



Thermal aging for 1500 h in Figure 11 shows the loss of the interfacial polarization effect in the sample with magnetic nanoparticles. The shift of the entire loss spectrum to lower frequencies is also noteworthy. There is only a minimal difference between the samples of base oil and oil with fullerenes in the form of higher dielectric losses of the sample with fullerenes.



After thermal aging of 2000 h, the polarization process shifted to higher frequencies in the sample with magnetic nanoparticles, compared to that after 1500 h. On the contrary, the frequency characteristics of the dielectric losses of the base oil sample and oil with fullerenes show a relaxation process at a frequency of 0.2 mHz. Between samples with different types of nanoparticles, the position of the low-frequency relaxation process changed with a change in relaxation times.



Thermal aging of 3000 h causes a shift of the polarization process to lower frequencies in the sample with fullerene nanoparticles. It can also be seen that the value of the dielectric losses of the relaxation peak of the sample with magnetic nanoparticles is again the same as the value of the peak of the base liquid sample. In the frequency band 0.01 Hz–1 Hz, we register a remarkable increase in dielectric losses, reminiscent of the recapture of nanoparticle–liquid interfacial polarization. This process represents an imaginary peak around the frequency of 0.2 Hz, dispersedly increasing the dielectric losses.



From the point of view of the dispersion of the dielectric responses of the investigated insulating liquids in the frequency band, the results are the most balanced at the thermal aging of 4500 h. This means that the dielectric losses of the investigated liquids differ only with a minimal difference. The difference is mainly in the band 0.1 Hz–1 Hz when the interfacial polarization is again recorded in the sample with magnetic nanoparticles. The sample with fullerene nanoparticles also shows the same effect, which may be caused by the interfacial polarization of the fullerene–liquid system. The characteristics after thermal aging of 4500 h show that the examined samples do not show a polarization process at the main frequencies of 50 Hz and 60 Hz, which is important from the application’s point of view during operation. Otherwise, there would be an increase in dielectric losses directly impacting the cooling of the power transformer.




4.3. Cole–Cole Distribution of Relaxation Times


Figure 15 shows the spectra of M* in the complex plane of the Cole–Cole diagram of pure base liquid SD at the thermal aging of 4500 h. To determine the parameter of the distribution of relaxation times α, according to the Cole–Cole formalism, the ideal Debye characteristic with the parameters of the static modulus Ms = 0 and the optical modulus M∞ = 0.52 was plotted.



Figure 16 presents the Cole–Cole diagrams of the insulating liquid SD with fullerene C60 nanoparticles at a concentration of 0.01 %w/V. Figure 17 shows the insulating liquid SD with nanoparticles of iron oxide Fe3O4 with the same concentration of 0.01 %w/V. Compared to the complex permittivity, the advantage in applying the complex electric modulus consists of eliminating the effect of electrode polarization and selecting relaxation information from the conduction process. Figure 15, Figure 16 and Figure 17, therefore, only show the change of the relaxation information of the investigated insulating nanofluids in accelerated thermal degradation. From the Cole–Cole diagrams, it can be seen that for the sample of base oil and oil with fullerene nanoparticles, the distribution of relaxation times increases with the increasing time of thermal aging. It is related to a more significant displacement of the center of the plotted semicircle below the real axis M′.



The essence of the Cole–Cole principle of the distribution of relaxation times is the expression of the parameter α (range of values from 0 to 1) from the detected angle π · α/2, which is enclosed by the line segment (between 0;0 and the center of the Cole–Cole semicircle) and the M′ axis [44]. The obtained values of the parameter α for individual samples of insulating liquids are shown in Table 1. However, it is important to remember that the distribution of relaxation times for Debye behavior is α = 0.



From Table 1 and graphical dependencies in Figure 15, Figure 16 and Figure 17, it can be seen that the nature of the distribution of relaxation times is different for individual samples of insulating liquids. The concentration of the two nanoparticles independently causes a different dielectric response to the applied alternating electric field in the SD base liquid. At 0 h of thermal aging, the insulating liquids show the smallest distribution of relaxation times, compared to the values at thermal aging (≥500 h). This fact follows the knowledge obtained so far about the dielectric properties of insulating materials during thermal aging [2,44,45,46]. Figure 18 shows the nature of the relaxation time distribution of the examined samples during accelerated thermal aging. It reflects the graphic curves from the values in Table 1. We find that the distribution of relaxation times of the investigated liquids does not have a linearly increasing character with increasing thermal aging time. An increase in α at a thermal aging of 500 h was observed for all samples, which could be expected. Subsequently, all samples show a decrease in α base liquid at 1500 h, samples with fullerene nanoparticles at 1000 h, and samples with magnetic nanoparticles at 1000 h, 1500 h, and 2000 h. It means that the increase in α in the thermal aging process has slowed down. This effect is consistent with some studies in which insulating properties are improved at the beginning of the aging process [18,47,48]. In this case, it is the strength of the reaction of the insulating material to the applied alternating electric field in terms of polarization mechanisms. Between the thermal aging times of 2000 h and 3000 h, α increases again in the magnetic nanofluid. By comparing samples of insulating liquids after thermal aging of 3000 h, we find that the most extensive distribution of relaxation times is for the sample with magnetic nanoparticles, and the smallest is for the base liquid. Based on the explicit dependencies in Figure 10, Figure 13, and Figure 14, it is possible to claim that the additionally captured relaxation of the sample with magnetic nanoparticles is caused by the interfacial polarization (liquid–magnetic nanoparticle) with the contribution of the polarization of the electric double layer [21,49]. It explains the more significant distribution of relaxation times, compared to the sample with fullerene nanoparticles. In this sample, the origin of the additional relaxation is the liquid–fullerene interfacial polarization. The polarization process in the base fluid can be caused by dirt or moisture. These polar substances are also responsible for the occurrence of relaxation mechanisms in the sample with Fe3O4 and C60 in the low-frequency band during the entire period of thermal aging. The increase in α at the end of the observed thermal aging of 4500 h, compared to the reference values (0 h), is related to the breaking of the C-H bonds of the liquid molecules [50]. This causes the release of polar substances into the liquid volume, increasing the relaxation time τ and the distribution of relaxation times α.





5. Conclusions


This study approximates the dielectric relaxation spectroscopy of samples of insulating nanofluids based on SD oil and SD base transformer oil during accelerated thermal aging of 4500 h at a temperature of 363.15 K. Accelerated thermal aging of insulating liquids can be converted to the approximate state of the investigated liquids during real operations of the power transformer through half-time rules. Through the experimental procedure, the data of frequency-dependent dielectric spectroscopy of insulating liquids were obtained after approximately ten years of thermal stress in real operating conditions. The results point to the validity of the application of the complex electric modulus because another complex dielectric parameter could not specify the captured relaxation mechanisms in the low-frequency band. Some studies write about the progressivity of GTL oil. However, few publications present the dielectric relaxation response of GTL oil and nanofluids based on this oil with different types of nanoparticles during accelerated thermal aging. We found that the relaxation processes of GTL base oil change position in the low-frequency band during thermal aging. It is an alternately changing position of the polarization peak in the low-frequency band. Dielectric losses of GTL oil at 4500 h (363.15 K) are not significantly increased, compared to the measurements’ results at shorter thermal aging times.



A remarkable feature is the alternately changing dielectric properties during a wide frequency range of thermal aging. We found that the fullerene nanofluid undergoes three phases of dielectric loss changes during thermal aging. The dielectric response of the nanofluid with the fullerene fraction approximately corresponds to the dielectric response of the SD base oil. In the magnetic nanofluid based on GTL oil, the effect of electric double layer polarization disappeared after 500 h of thermal aging. The course of thermal aging and its impact on dielectric losses is not directly proportional, similar to the case of SD base oil and SD oil suspended with C60 nanoparticles. It means that with a gradual increase in the thermal aging time, there is no gradual increase in dielectric losses in the measured frequency spectrum. The distribution of relaxation times is different for individual samples of insulating liquids. The concentration of the two nanoparticles independently causes a different dielectric response to the applied AC electric field in the SD base fluid. The distribution of the relaxation times of the investigated liquids does not have a linearly increasing character with increasing thermal aging time. However, compared to the reference values, the distribution of relaxation times at the end of thermal aging is larger.




6. Contribution of the Study


This study provides a remarkable insight into the spectroscopic analysis of changes in the electrophysical structure of insulating nanofluids during thermal degradation with the application of a complex electric modulus to describe the dynamic distribution of relaxation times in the form of dielectric response. A liquid of the unique Shell Diala S4 ZX-1 type was studied. Recent results show significant progressivity of this oil, compared to conventional mineral oils. Some studies, such as [51,52], compared GTL oil and mineral oil at lower and higher intensities of the alternating electric field with the distribution of investigated dielectric losses in thermal and frequency dependence. The paper [43] dealt with pure GTL base oil in the process of accelerated thermal aging for 1830 h with the results of capacitance and dielectric losses in a relatively high-frequency spectrum of 20 Hz–2 MHz. In other publications, magnetic nanofluids based on GTL oil were investigated, while in [16], remarkable Debye relaxation of ferrofluid and hybrid nanofluids, which were composed of magnetic and fullerene nanoparticles, was revealed. Regarding the comparison of the breakdown strength and partial discharge activity of mineral and GTL ferrofluid, interesting results can be found in the study [13]. The contribution [53] is devoted to thermal dependencies and the cooling mechanism of ferrofluid based on GTL oil, where the better cooling effect of ferrofluid with a lower fraction is pointed out. The effect of magnetic and electric fields on dielectric losses of ferrofluid is described in [54]. However, the issue of thermal aging for dielectric losses of ferrofluid based on GTL oil is barely explored. There is not even a registered study comparing magnetic nanofluids with fullerene nanofluids in accelerated thermal aging. We consider the research of dielectric losses and the distribution of relaxation spectra in the accelerated thermal aging of nanofluids based on GTL oil with different types of nanoparticles to be an added value of this study. New results comparing pure GTL oil and nanofluids with different types of nanoparticles were presented in chapter 4 of this study. Data were obtained in the process of thermal aging of liquids during 10.01 years of the normal operation of the power transformer. The results at the end of this period point to minimal differences in the loss spectra of the investigated liquids. This study also provides a springboard for continuing research on these nanofluids in the thermal aging process after ten years of simulated power transformer operation. Since the base GTL oil shows good oxidation stability [55], we are motivated to reveal the degradation process through dielectric losses even after ten years of thermal aging. The findings of this study represent unique results in the given issue of the potential application of the investigated nanofluids in practice.
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Figure 1. Comparison of frequency spectra of three different dielectric models. 
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Figure 2. (a) Size distribution of magnetic nanoparticles. The window shows the size distribution of the magnetic core. (b) Size distribution of fullerene nanoparticles. 
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Figure 3. TEM image of the magnetic nanoparticles (a) and fullerene C60 nanoparticles (b). 
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Figure 4. Experimental measuring setup. 
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Figure 5. Dielectric loss spectra of GTL base oil during accelerated thermal aging. 
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Figure 6. Dielectric loss spectra of the sample with C60 during accelerated thermal aging. 
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Figure 7. Dielectric loss spectra of the sample with Fe3O4 during accelerated thermal aging. 
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Figure 8. Frequency dependences M″ = f(f) of the examined samples at 0 h of thermal aging. 






Figure 8. Frequency dependences M″ = f(f) of the examined samples at 0 h of thermal aging.



[image: Processes 10 02405 g008]







[image: Processes 10 02405 g009 550] 





Figure 9. Frequency dependences M″ = f(f) of the examined samples at 500 h of thermal aging. 
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Figure 10. Frequency dependences M″ = f(f) of the examined samples at 1000 h of thermal aging. 
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Figure 11. Frequency dependences M″ = f(f) of the examined samples at 1500 h of thermal aging. 
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Figure 12. Frequency dependences M″ = f(f) of the examined samples at 2000 h of thermal aging. 
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Figure 13. Frequency dependences M″ = f(f) of the examined samples at 3000 h of thermal aging. 
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Figure 14. Frequency dependences M″ = f(f) of the examined samples at 4500 h of thermal aging. 
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Figure 15. Cole–Cole diagram of GTL base oil during thermal aging. 
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Figure 16. Cole–Cole diagram of the sample with C60 during thermal aging. 
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Figure 17. Cole–Cole diagram of the sample with Fe3O4 during thermal aging. 
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Figure 18. Distribution of relaxation times of investigated fluids during accelerated thermal aging. 
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Table 1. Distribution of relaxation times during thermal aging.
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Distribution of Relaxation Times α (-)




	
Aging Time (h)

	
GTL Base Oil

	
C60 0.01 %w/V

	
Fe3O4 0.01 %w/V






	
0

	
0.0125

	
0.0028

	
0.0216




	
500

	
0.0221

	
0.0125

	
0.0999




	
1000

	
0.0294

	
0.011

	
0.0846




	
1500

	
0.0172

	
0.0179

	
0.0343




	
2000

	
0.0245

	
0.0179

	
0.0125




	
3000

	
0.0417

	
0.0787

	
0.0901




	
4500

	
0.0583

	
0.1351

	
0.0805
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