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Abstract:



The paper is focused on the possibility of replacing petroleum-based oils used as electro-insulating fluids in high voltage machinery. Based on ten years of study the candidate base oil for the central European region is rapeseed (Brassica napus) oil. Numerous studies on the elementary properties of pure natural esters have been published. An advantage of natural ester use is its easy biodegradability, tested according to OECD–301D (Organisation for Economic Co-operation and Development) standard, and compliance with sustainable development visions. A rapeseed oil base has been chosen for its better resistance to degradation in electric fields and its higher oxidation stability. The overall ester properties are not fully competitive with petroleum-based oils and therefore have to be improved. Percolation treatment and oxidation inhibition by a phenolic-type inhibitor is proposed and the resulting final properties are discussed. These resulting fluid properties are further improved using titanium dioxide (TiO2) nanoparticles with a silica surface treatment. This fluid has properties suitable for use in sealed distribution transformers with the advantage of a lower price in comparison with other currently used biodegradable fluids.
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1. Introduction


When designing a modern electrical machine, the technical aspects of the matter are not the only important ones—the environmental compatibility of the materials has become more important. Natural ester fluids have potential for industrial usage due to their good biodegradability (tested according to the OECD–301D standard [1]). A good biodegradable substance according to the standard is a substance which in the case of the contamination of soil, is naturally degraded by at least seventy percent by the soil bacteria in 28 days. This environmental property is an advantage in some technical solutions where devices require a liquid medium (for example, for cooling or to create a potential barrier to an electric field) for their operation and where there is a potential risk of soil contamination in the event of leakage [2]. Natural esters have this positive feature as they are examples of materials suitable for sustainable development applications. They can be produced with a competitive final price from local natural sources. These facts are the basic idea behind the preparation of a new electro-insulating liquid based on rapeseed oil. This liquid is expected to be competitive in its price and overall properties to the mineral-typically based electroinsulating liquids used in medium voltage transformers. There are commercial products already used in the transformers [3,4], however, still, several technical problems prevent them from being deployed. Well know are problems with their higher viscosity (a heat transfer issue) [5], high pour point [6], higher permittivity [7], low oxidation stability [8] (a hermetic design is required) and the high price of commercially produced esters, etc. This is also the reason why currently such fluids are deployed in Europe sporadically, mainly in headquarters or showrooms of international corporations or in specially protected areas. Less known are problems of virtually no legislative path allowing wider industrial use of natural esters, and durability problems in the terms of short high voltage impulse resistance [9,10], etc. Natural esters do also have advantages, e.g., lower degree of polymerization of cellulose compared to mineral fluids [11], high flash point [12] and inherent “moisture tolerance” [13].




2. Assessment of Natural Ester-Base Fluids for Further Development Based on Their Electrical Properties


In central Europe there are two widely spread representative natural esters that are suitable for industrial application—rapeseed (Brassica napus) [14] and sunflower (Helianthus annuus) [15] oil. Both crops are grown in several variations all over the world. The oil gathered from the seeds is a source material for several products, electro-insulating fluids included.



The composition of natural esters provides a very useful source of information about an oil’s behavior. The structure of natural esters is based on a glycerol backbone with three attached fatty acid molecules. The nature of these fatty acids is decisive for the overall properties of the oil. For example, a high number of saturated fatty acids makes the oil stable to oxidation but also prone to solidification and high viscosity, whereas, a high number of poly- and mono-unsaturated fatty acids keeps the oil in a liquid state (low viscosity), even in lower temperatures, but makes it prone to oxidation. This is described in more detail in CIGRE Brochure N° 436 [16].



The first step is the assessment of a better base oil for further development. Experiments based on assessing the reaction and speed of the long-term thermal and electrical ageing of insulation systems containing these natural ester oils was done to provide data for a justified choice between rapeseed and sunflower oil. The main part of the experiment involved testing the liquids in the electrode system with a liquid (rapeseed and sunflower natural ester oil) and a solid (cellulose-based paper) insulation part simulating thus part of the power transformer. Each oil was inhibited with 0.4 wt % of phenolic inhibitor. The basic properties of the abovementioned fluids are provided in Table 1.


Table 1. Basic and required properties of untreated sunflower and rapeseed oil.


	Parameter
	Standard
	Sunflower Oil *
	Rapeseed Oil *
	Unit





	Density at 15 °C
	ISO 3675, ISO 12185
	0.92
	0.917
	g·cm−3



	Kinematic viscosity at 40 °C
	ISO 3104
	32.67
	35.7
	mm2·s−1



	Dissipation factor at 90 °C
	IEC 61620, IEC 60247
	0.00202
	0.0018
	-



	Relative permittivity
	IEC 60247
	3.93
	3.44
	-



	Breakdown voltage
	IEC 60156
	63.77
	61.54
	kV/2.5 mm



	Acid number
	IEC 62021
	0.042
	0.092
	mg KOH/g







* The values vary with the source of the oil—depending on the purity and water content.








The experiment itself proceeded as follows: samples of solid insulation (transformer board with thickness of 0.2 mm) were dried (24 h, at 80 °C), impregnated and then inserted between the electrodes in the electrode system shown in Figure 1. The oil itself was also dried using only heat (24 h, 90 °C to 80 ppm) before the beginning of the test. The electrode system consists of five electrodes with a diameter of 25 mm with rounded edges. The voltage levels for rapeseed oil were 4.3 to 7.4 kV, for sunflower oil 5.5 to 8.3 kV for similar time to breakdowns.


Figure 1. Electrode system for long-term electric stress.
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Given the fact that oil behavior is strongly dependent on moisture [17], the whole test was performed under constant environment moisture monitoring, so the experiment itself was not affected. Table 2 shows the experimental results of the electric stress test. The comparison is made via the slope of the measured characteristics for each insulation system used, as the slope value serves as statistical indicator. The lower the slope value, the less prone to electrical stress the oil–paper system.


Table 2. Experiment results—slope comparison of measured characteristics.


	Insulation System
	Stress Type
	Slope Value





	Rapeseed oil + pressboard
	AC 50 Hz
	−0.884



	Sunflower oil + pressboard
	AC 50 Hz
	−2.048









When an AC stress voltage is applied, the sunflower oil insulation system exhibits a higher rate of deterioration. The difference between the slope values (as shown in Table 2) is 1.16 which is statistically significant. From the measured characteristics (Figure 2) we can clearly state that the rapeseed oil has lower values of time to breakdowns, but the speed of degradation is lower.


Figure 2. Time to breakdown characteristics for voltage stress exposition.
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The verification of the system’s thermal endurance was done by long-term thermal exposure at 140 °C for 1056 h and measurement of the dissipation factor and resistivity at regular intervals. Figure 3 and Figure 4 show the values of the dissipation factor for rapeseed and sunflower oil, Figure 5 and Figure 6 show the results of the volume resistivity for both oils.


Figure 3. Thermal dependency of the dissipation factor of rapeseed oil at 140 °C exposure for different exposure times.
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Figure 4. Thermal dependency of the dissipation factor of sunflower oil at 140 °C exposure for different exposure times.
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Figure 5. Time dependency of the resistivity of rapeseed oil at 140 °C exposure.
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Figure 6. Time dependency of the resistivity of sunflower oil at 140 °C exposure.
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The obtained thermal dependencies of the dissipation factor clearly states that the initial behavior of non-exposed oils is similar—their values are almost the same up to the value at 90 °C (a rise of 0.015). After thermal exposure (1056 h at 140 °C), the sunflower oil exhibits a slightly smaller change (tan δ at 90 °C 0.028) than rapeseed oil (tan δ at 90 °C 0.05).



The value of resistivity (25 °C) before thermal exposure at 140 °C is significantly better for rapeseed oil (1.75 × 1013 Ω·m) than sunflower oil (1.07 × 1013 Ω·m). The situation after thermal exposure (1056 h at 140 °C) changed a little. The value of resistivity (25 °C) is better for sunflower oil (5.71 × 1012 Ω·m vs. 9.45 × 1011 Ω·m for rapeseed oil), as the sunflower oil shows less change over the time of exposure. Finally, we can state that the behavior of both natural ester oils under elevated temperature is similar, with no conclusive differences.



When it comes to the overall classification of oils, the statistically significant difference of slope values under electrical stress comes to play. This, with better value of volume resistivity suggested rapeseed oil as the better of the two in our test.




3. Choosing the Rapeseed Base Oil as an Electro-Insulating Liquid


There are no fully implemented legislative guidelines for the usage of natural esters in transformers so far, but some properties are given in IEC 62770:2013 “Fluids for Electrotechnical Applications—Unused Natural Esters for Transformers and Similar Electrical Equipment” [18]. The values of the individual parameters are mentioned in the middle column of Tables 4 and 5.



Several commercially available rapeseed oil species have been verified, when searching for a raw material for the new electro-insulating liquid. It is obvious that these oils could not fully comply with the requirements of the Standard IEC 62770 without modifications. These crude oils cannot met the values of some the key parameters e.g., breakdown voltage (BDV), acid number, water content and the dissipation factor tan δ. Additionally, the values varied for different types and batches of oils. Therefore, it was necessary to adjust the insulating liquid for the desired purpose. In accordance with the present state of knowledge [19], this includes the technology of passing vegetable oil through a column filled with a suitable sorbent and the subsequent appropriate addition of an oxidation inhibitor at the corresponding concentration. This procedure was, of course, initially verified under laboratory conditions, where significant improvements in parameters were demonstrated to the extent that they now met the standard. The modified rapeseed oil passed the test of oxidative stability (TOS) according to method C in standard IEC 61125 [20]. The TOS had to be improved according to IEC-10/939/Q [21] from January 2014 to eliminate the deficiencies of the application of the standard EN 61125 to natural esters. The TOS, which were carried out showed the possibility of the application of modified vegetable oils as an electro-insulating liquid in accordance with the aforementioned standard IEC 62770. The TOS is based on the exposure of an oil sample by oxidation with the presence of copper, and eventually other materials. Changes in the measured parameters of the electro-insulating liquid are monitored before and after exposure. The rapeseed (not erucic) oil with low water content and a low level of volatile substances 0.02% (compared to other produced oils in food industry quality), produced by Usti Oils s.r.o, was chosen after laboratory tests as a base fluid for further development. Its fatty acid content is visible in Table 3.


Table 3. The components of rapeseed oil—used for the further preparation of an electro-insulating liquid.


	Component
	Unit
	Value





	Fatty acid content lower than C 16
	%
	0.08



	Palmitic acid C 16:0
	%
	4.1



	Stearic acid C 18:0
	%
	1.6



	Oleic acid C 18:1
	%
	62.7



	Linoleic acid C 18:2
	%
	19.1



	Linolenic acid C 18:3
	%
	9.2



	Erucic acid C 22:1
	%
	0.2










4. Preparation of the Electro-Insulating Ester Fluid


Based on the previous laboratory tests, a procedure for the treatment of a larger quantity of vegetable oil by a percolating device was designed (Figure 7a) and subsequently verified. The main scheme of the device is shown in Figure 7b. The abovementioned rapeseed oil flows from the reservoir (using a 200 L barrel) at a defined flow of 0.5 L/min through a sorbent column. The oil is subsequently returned to the container. The oil is heated to 60 °C for the viscosity reduction and passes through a composite pulp filter before returning to the tank. Two hundred liters of the oil is treated for approximately 24 h till the process is finished and requirements of the standard are fulfilled. The oil temperature of 60 °C has sufficiently adjusted viscosity to allow optimum flow and operation of the device. Figure 7 shows the cylindrical shape of the percolating column. The dimensions are: Height 70 cm, the diameter of circular base is 30 cm and the volume is approximately 50 L. The characteristic parameters of the original and modified rapeseed oil are shown in Table 4.


Figure 7. Percolation device: (a) Device for oil treatment; (b) scheme of rapeseed oil treatment (1—oil container, 2—pump, 3—heating unit, 4—sorbent column, 5—filter).
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Table 4. Parameters of original and treated rapeseed oil.


	Parameter (Unit)
	Limit Value from IEC 62770
	Original Oil
	Modified Oil





	Water content (mg/kg)
	Max. 200
	87.4
	44.3



	Density at 20 °C (g/mL)
	Max. 1.0
	0.913
	0.915



	Breakdown voltage (kV/2.5 mm)
	Min. 35
	73.5
	58.5 *



	Dissipation factor at 90 °C (-)
	Max. 0.05
	0.00477
	0.00315



	Acid number (mgKOH/g)
	Max. 0.06
	0.091
	0.02







* No degassing.








As it is seen from Table 4, the acid number has been significantly lowered by the oil treatment and meets the criteria of IEC 62770. The value of breakdown voltage was reduced due to the partial foaming of oil during the treatment, but it is still within the limit value.



Another necessary step in the treatment of rapeseed oil is inhibition, i.e., the addition of an oxidation inhibitor. After an experimental verification, the anti-oxidation inhibitor dibutyl-para-cresol (DBPC) [22,23] was added to the obtained rapeseed oil. The results show that pure sunflower oil has slightly better oxidation stability than rapeseed, however after addition of phenolic type of antioxidant the stability of rapeseed oil is higher. The final concentration in the oil was set to 0.5 wt %.



The electro-insulating liquid from the rapeseed oil that has undergone the described modifications was ready for direct use in hermetic distribution transformers and it was protected by utility model number CZ 29982 [24] from 15. 11. 2016 with name ENVITRAFOL. The comparison of its properties with the values given in IEC 62770 is evident in Table 5.



Table 5. Comparison of the characteristic parameters of the ENVITRAFOL with the limit values according to IEC 62770.



	
Parameter (Unit)

	
Limit Value from IEC 62770

	
ENVITRAFOL






	
Before Test of Oxidative Stability




	
Appearance

	
Clear, free of sediment and suspension

	
Fulfill




	
Viscosity at 100 °C (mm2/s)

	
Max. 15

	
8.26




	
Viscosity at 40 °C (mm2/s)

	
Max. 50

	
35.84




	
Pour point (°C)

	
Max. −10

	
–24




	
Water content (mg/g)

	
Max. 200

	
45.8




	
Density at 20 °C (g/mL)

	
1.0

	
0.915




	
Breakdown voltage (kV/2.5 mm)

	
Min. 35

	
60




	
Dissipation factor at 90 °C (-)

	
Max. 0.05

	
0.00358




	
Acid number (mgKOH/g)

	
Max. 0.06

	
0.011




	
Corrosive sulfur/DBDS

	
absent/below the limit of determination

	
absent




	
Additives antioxidants DBCP (wt %)

	
Max. 5

	
0.53




	
Additives all (wt %)

	
Max. 5

	
DBPC only




	
After Test of Oxidative Stability




	
Dissipation factor at 90 °C (-)

	
Max. 0.5

	
0.02157




	
Viscosity at 40 °C (mm2/s)

	
maximum increase of previous value of 30%

	
35.3




	
Acid number (mgKOH/g)

	
Max. 0.6

	
0.041










As can be seen from Table 5, the new application of natural esters resulting from the treatment of rapeseed oil fully complies with the requirements of IEC 62770. Its properties are comparable to similar products based on natural esters—Midel eN [3] or Envirotemp FR3 [4]. The main advantage is the usage of domestic raw materials with a relatively low price and suitable properties, one of which is biodegradability. This fact means that this oil is applicable in distribution transformers, many of which (in the Czech Republic alone there are more than 125,000 units) are often in exposed areas such as municipalities, and in proximity of drinking water sources or protected natural areas.




5. Improvements of Electrical Properties


As can be seen from the above, the new electro-insulating liquid resulting from the natural ester modification has suitable electrical properties. According to the present state of knowledge, the properties of the electro-insulating fluids can be further improved. The authors of numerous papers have dealt with the modification of the properties of mineral oils with nanofillers [25,26,27,28,29,30,31]. However, these fluids, as known, cannot meet the OECD–301D requirement for biodegradability. Therefore, the attention is focused on natural based electrical insulating liquids and their possible modification and improvement of some properties using inhibitors, depressants and nanoparticles.



The incorporation of the nanoparticles is proposed in order to improve the electrical properties, especially the key parameters—breakdown voltage and dissipation factor. Nanoparticles incorporated into the fluid system suppress the development of an electrical discharge in the liquid after applying the electrical potential.



The discharge path spreads by the nanoparticles, which leads to a slowing of its development and thus to an increase of the value of the flashover/breakdown voltage as well as to an improvement of the other electrical properties while preserving the overall physical and chemical parameters of the oil. Therefore the attention is focused on the modification of the natural ester by nanoparticles in this matter. The access is described in the following.



Based on the previous experience, and taking into consideration the conclusions of the above cited articles concerning mineral oils, these were the selected nanoparticles for the verification of the possibility of modifying the electrical properties of natural esters: TiO2, Al2O3, SiO2, ZnO. Table 6 gives an overview of the selected nanoparticles.


Table 6. Overview of selected nanoparticles to modify new oil properties.


	Nanofiller Oxide
	Purity (%)
	Primary Particle Size (nm)
	Variation
	Surface Treatment





	TiO2
	>96 TiO2

<4 SiO2
	20
	hydrophilic

UV resistive
	SiO2



	TiO2
	99+
	20
	-
	-



	Al2O3-γ
	99.97
	20–30
	-
	-



	Al2O3-γ
	99.99
	10
	-
	-



	SiO2
	≥98 SiO2

≤2 (3-Aminopropyl)

triethoxysilan
	20
	hydrophilic

lipophilic
	(3-Aminopropyl)

triethoxysilan



	SiO2
	99+
	20
	hydrophilic
	-



	ZnO
	≥98 ZnO

≤2 (3-Aminopropyl)

triethoxysilan
	30
	hydrophilic

lipophilic
	(3-Aminopropyl)

triethoxysilan



	ZnO
	99+
	20
	-
	-



	ZnO
	99+
	30
	-
	-









The selection was carried out in several respects. The first is a type of nanoparticle. The second is material purity and particle size in nm. The third is surface treatment (ST), since it is known to play a significant role [29], particularly in terms of the incorporation of particles into the fluid system.




6. Incorporation of Individual Types of Nanoparticles


The first test selected for verification of prepared ENVITRAFOL nanofluids was the breakdown voltage test. This test was performed according to IEC 60156:1995 [32] in a standardized electrode system and ambient temperature, 2.5 mm distance, 440 mL of nanofluid, six breakdowns with five-minute pauses between breakdowns.



The weight content of nanofillers in the base oil was chosen from zero (pure ENVITRAFOL) and then fractions of a weight percent—0.05, 0.1, 0.2, 0.25, 0.3, 0.4, 0.5 and 1 wt %. All samples were prepared using the same procedure. The obtained results of maximal breakdown voltage are shown in Table 7.


Table 7. Maximal breakdown voltages of the nanofluids.


	#
	Nanofiller
	Surface Treatment
	Primary Particle Size (nm)
	Max. Breakdown Voltage BDV (kV/2.5 mm)
	Weight Content at max. BDV (%)





	1
	TiO2
	SiO2
	20
	80.1
	0.25



	2
	TiO2
	-
	20
	75.6
	0.25



	3
	Al2O3-γ
	-
	10
	74.3
	0.2



	4
	Al2O3-γ
	-
	20–30
	73.2
	0.2



	5
	ZnO
	-
	20
	72
	0.3



	6
	ZnO
	(3-Aminopropyl) triethoxysilan
	30
	70.8
	0.3



	7
	ZnO
	-
	30
	68.5
	0.2



	8
	SiO2
	(3-Aminopropyl) triethoxysilan
	20
	65.9
	0.2



	9
	SiO2
	-
	30
	64.5
	0.2









The selected nanoparticles and ester oil samples were first dried at 110 °C for 18 h. During cooling the given amount of nanofillers was mixed into the oil. The resulting fluid system was then mixed with a double helix stirrer for one hour and subsequently a 200 W ultrasonic mixer was used for two hours using a frequency of 40 kHz. After this process, the sample of the fluid system was ready for testing. All nanoparticles listed in Table 6 have been tested. The obtained results are shown in Table 8 and Figure 8.




7. Results and Discussion


From the results (Table 7 and Figure 8), the following conclusions can be drawn: titanium dioxide with a silica surface treatment (SFT TiO2) has the maximal positive effect on BDV (80.1 kV/2.5 mm by 0.25 wt % vs. 60 kV/2.5 mm for the pure oil) from tested samples. As expected, the influence of surface treatment of the nanoparticles plays significant role as seen from results of BDV of nanofluids with TiO2 75.6 kV/2.5 mm. As seen from results with Al2O3–γ: the values of BDV with the nanoparticles with a size of 10–20 nm are nearly the same as for 10 nm, 74.3 vs. 73.2 kV/2.5 mm. Thus, in this case, the particle size does not have an impact on BDV. The maximal BDV is in this case for 0.2% a mass of Al2O3–γ, but is still nearly 6 kV lower than for those with silica-coated TiO2. BDV of nanofluids with ZnO is 72 (20 nm) respectively 70.5 kV/2.5 mm for SFT ZnO (30 nm) and 68.5 for ZnO (30 nm). In this case, nanofluids have the highest BDV with 20 nm nanoparticles, the surface treatment of the particles is beneficial in the case of 30 nm particles. The lowest BDV has nanofluid with SiO2 nanoparticles. Here, the influence of surface treatment (3-aminopropyl) triethoxysilane is low (65.9 vs. 64.5 kV/2.5 mm). However the all samples proved increasing of BDV compared to pure ester oil at around 0.25 wt % of nanofiller.


Figure 8. Breakdown voltages of nanofluids.
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The increase of the BDV and volume resistivity by addition of nanofiller in concentration of 0.25 wt % can be explained by the creation of surface charges on the particles. These charges act against the outer electric field in the fluid, and thus the local field is lowered and electron cascades from the electrode are shifted toward a higher voltage. This phenomenon appears as an improvement of the listed properties. We can observe similar phenomena as e.g., in case of the electrical tree growing in material with and without nanoparticles. Reference [33] claimed that nanoparticles distributed in polymers could create a “fence effect”, and make the growing path of the electrical tree twist and turn like a “Z” shape, so that more energy would be consumed. Similar phenomena can be expected in liquid dielectric, but due to the higher mobility of the molecules there is lower effect of the carbonization of the channel and therefore the increase of the high field at the end of the channel/avalanche does not occur. Still, due to the presence of nanoparticles, the more complicated path of the pre-breakdown channel consumes more energy and leads to the improvement of the measured BDV.



The abovementioned results tell us that the addition of nanoparticles significantly improved the BDV, which was already confirmed earlier for mineral oils [34]. Generally, the improvement of breakdown voltage of nanofluids may be caused by increased shallow trap density in the liquid. These traps could convert fast electrons to slow electrons by the trapping and de-trapping processes [35]. However, other factors are also important. The hydrophilicity of nanoparticles plays a great role in comparison with the effect of the surface treatment itself [36], because the hydrophilic surface can bind the water absorbed in the insulation liquid. Nevertheless, from the results it is also visible that the origin and usability of surfactant is also important [37]. The next one is the filler concentration. Figure 8 further shows a tendency of the BDV with the oil filling concentration. The BDV increases to a concentration of approximately 0.2 wt %, the maximum is in the range of 0.2–0.3 wt %. Higher concentrations of nanoparticles have a negative effect on the BDV. A higher concentration may cause an overlap of the interaction layers on the particle surface. Taking into account the fact that the particle is usually covered by 5–10 H2O molecules tightly bound to its surface and that they may absorb additional water from oil, then the conductive paths may be created [38]. However, there are many additional variables which may also contribute in a minor effect to changes of breakdown voltage behavior (size, specific surface area, morphology, viscosity, moisture, etc.) [39]. The abovementioned investigations confirm that these hypotheses which were obtained for mineral oils are valid for natural ester oils as well.



The behavior of the modified oil samples is also interesting to observe in terms of statistical parameters, which are detailed in Table 8. The analysis of the basic statistical values of the BDV of the oils samples provides the titanium dioxide with silica surface treatment at 0.25 wt % at 25 °C has a minimal variation coefficient.


Table 8. Breakdown voltages (BDV) of the nanofluid samples.


	#
	1
	2
	3
	4
	5
	6
	7
	8
	9





	Max (kV)
	82.96
	78.52
	77.21
	75.69
	74.23
	73.35
	70.88
	70.86
	68.31



	Min (kV)
	77.61
	73.11
	69.46
	69.33
	69.15
	66.06
	61.96
	60.16
	59.52



	X0.25 (kV)
	79.12
	73.83
	73.03
	71.66
	70.18
	67.56
	66.15
	62.42
	63.36



	X0.75 (kV)
	81.03
	76.68
	76.31
	75.24
	73.12
	72.31
	69.62
	68.64
	66.62



	σ2 (kV2)—dispersion
	3.24
	3.81
	7.53
	5.59
	3.70
	7.94
	9.78
	15.63
	9.04



	v (%)—variation coefficient
	2.25
	2.58
	3.72
	3.25
	2.67
	4.02
	4.64
	6.06
	4.66









The sample with the addition of surface treated with TiO2 was further studied in order to characterize the basic electrical characteristics: Volume resistivity ρv, minute polarization index PI and dissipation factor tan δ. The Tettex 2830/2831 Solid and Liquid Dielectric Analyzer with Tettex 2903 liquid dielectric capacitor (distance 2 mm, oil volume 40 mL) was used for these measurements.



In Figure 9, the temperature dependence of volume resistivity is presented. Volume resistivity (25 °C) of nanofluids with surface treated with TiO2 particles rise from 1.09 × 1011 to 7.42 × 1011 Ω∙m for 0.25 wt %. The measured increase of the volume resistivity by addition of nanofillers is in agreement with the measured BDV increase. The particles create a charge on its surface (Stern layer [40]) acting against the main electric filed. The probability of electron scattering increases. This leads to a reduction of the impact energy of electrons and thus prevents the oil from ionizing [37]. The re-drop of the resistivity with a higher concentration than 0.25 wt % can be explained by an increase of free charge carriers caused by s higher concertation of the nanofillers and the activation of the interaction between particles and their interface layers. The column diagram in Figure 10 shows the dependence of the volume resistivity of the oil at 90 °C on the concentration of the surface treated TiO2 with maximum at concentration of 0.25 wt %.


Figure 9. Temperature dependence of the volume resistivity of nanofluids with ST TiO2.
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Figure 10. Dependence of the volume resistivity of nanofluids with ST TiO2 on nanoparticle concentration, 90 °C.
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The minute polarization index has the same trend since the same polarization current I60s is used for calculation. The application of the ST TiO2 yielded an increase in the minute polarization index from 1.12 to 1.67. This fact corresponds with the phenomena of particle surface charge which is described above.



The dissipation factor tan δ was improved as well by the addition of ST TiO2 (from 0.00148 to 0.00045), measured at 25 °C. The temperature dependence of the dissipation factor is presented in Figure 11. It can be seen that the minimum is at the concentration of 0.25 wt %. The dissipation factor increases for higher concentrations than 0.25 wt %. The column diagram in Figure 12 captures the dependence of the dissipation factor on the nanoparticle concentration at 25 ° C.


Figure 11. Temperature dependence of the dissipation factor of nanofluids with ST TiO2.
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Figure 12. Content dependence of the dissipation factor of nanofluids with ST TiO2, 25 °C.
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As was mentioned above, the application of natural esters in transformers has several pros and cons [2,6,12]. The main advantage is their environmental compatibility, biodegradability and high flash (<200 °C) and fire points (<300 °C). For this reason, these natural ester oils can be classified as a “substance nonhazardous to waters” [41]. From the experiments which were carried out, it can be said that the presence of oxygen greatly affects the oxidative stability. For this reason, it is necessary to avoid the access of air to the transformer tank. This fact leads to the recommendation for application of natural ester oils in hermetically sealed transformers, in our case distribution transformers. The next discussed point is the higher viscosity of natural ester oil in comparison with mineral oil. This may cause an increase of temperature in the whole transformer [42]. This is solved by changing the cooling circuit design, which would lead to a reduction of the oil temperature [43]. On the other hand, it results in an increase of the power consumption of the oil pumps because these pumps must be able to pump a medium of higher viscosity [44]. The other thing which has to be changed is impregnation process of cellulose pressboard. This is also associated with a higher viscosity of natural ester oils. Increasing the impregnation temperature and prolonging the standing time will ensure satisfactory impregnation [45]. From these overviews is visible that it is difficult to apply natural esters without further transformer adjustments. However, if all these features are already included in the machine design itself, the potential of natural esters can be fully utilized e.g., in areas of increased environmental protection [6], such as shopping centers, protected natural areas, natural parks, proximity to water sources, etc. The next possibility for using a natural ester is retrofilling mineral oil transformers. It may reduce the moister content absorbed in cellulose-based pressboard due to moister migration and subsequent hydrolysis [13]. It leads to a slower aging process of cellulose pressboard [46].




8. Conclusions


The main aim of this paper was to describe the step-by-step development of an alternative electro-insulating liquid based on natural esters grown in Central Europe. The oxidative stability and long-term AC voltage exposure were the criteria parameters for rapeseed oil selection in comparison with sunflower oil which was also pre-tested. Rapeseed oil contains a high number of saturated fatty acids which make the oil oxidation stable and thus usable in long-term applications.



The original rapeseed oil had to be modified to meet the standards given by IEC 62770:2013. The percolation device was constructed. The acid number was significantly lowered by the oil treatment and acid number met the criteria given by IEC 62770:2013. The treated oil was also inhibited by the addition of DBPC in a concentration of 0.5 wt %. The modified rapeseed oil is ready for direct use in hermetized distribution transformers and it is protected by utility model number CZ 29982 with name ENVITRAFOL.



ENVITRAFOL was then modified with different kinds of nanoparticles to achieve even better parameters, according to the modern development trend. The silica-coated titanium dioxide (ST TiO2) particles in a verified content of 0.25 wt % uniformly dispersed in ENVITRAFOL resulting in the largest improvement of several properties. The most significant change was observed in BDV behavior. The average value of BDV was increased from 60 to 80.15 kV/2.5 mm. However, other parameters were also improved. The dissipation factor decreased by an order, volume resistivity raised from 1.09 × 1011 to 7.42 × 1011, 25 °C and the polarization index was raised from 1.12 to 1.67.



The resulting ENVITRAFOL with ST TiO2 is proposed to be a liquid component of electrical isolation systems for electric equipment, e.g., distribution transformers (voltage levels tens of kV, rated power tens of kVA to tens of MVA) operated mainly in areas requiring increased environmental protection (municipalities, protected natural areas, natural parks, proximity to water sources, etc.) where any possible contamination would be an environmental issue. The use of this biodegradable electro-insulating nanofluid further supports the fact that its production is not technologically demanding and as an advantage it uses an easily accessible domestic renewable source which makes it economically beneficial compared to synthetic fluids.
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