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Abstract

:

This review is focused on the research of dielectric fluids, especially commonly used power transformer oils enhanced by nanoparticles, i.e., nanofluids. There are differences between various combinations of base fluids and nanoparticles prepared in different ways. The main goal of this review was to present recent research in this field sorted by the used nanoparticles. Nanofluids based on mineral oils, natural, or synthetic esters were investigated in terms of the nature of nanoparticles, particularly Al2O3, TiO2, Fe2O3, Fe3O4, graphene, fullerene, and others. The combinations of environmentally friendly oils and nanoparticles were presented. Finally, the article focused on the description of current dielectric fluids usable in power transformers and the possibilities of improving new and existing fluids with nanoparticles, especially their physical, dielectric, and chemical properties, but with regard to environmental aspects.
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1. Introduction


According to the sustainable development, many challenges must be solved in the world’s industry, especially in power engineering. This important part of the industry faces great pressure to improve technologies to ensure the supply of electricity, with having regard for all strict regulations and environmental protection. The greatest attention is paid to the production and consumption of electricity, but also many other parts of this industry, such as transmission and distribution of electricity, are key to fulfil goals and needs regarding the sustainable development [1]. One of the affected parts of this industry facing new challenges and modifications is the insulation of power transformers, especially insulating oils. Power transformers, as one of the most important devices in power engineering, are used for the transformation of voltage levels or for galvanic separation of electrical systems with the same voltage. To secure the operation of the power transformer, heat transfer and insulation of different parts have the highest priority. The most common failures in transformers are related to the quality of materials, random defects, and age. The age-related failures have a typical “bathtub” pattern depicted in Figure 1 that shows the probability of failure related to transformer operating time. In the early years of service, there is a higher number of failures due to infant mortality. A low number of failures with constant failure rate lasts until the age when power transformers are affected for example by moisture or contamination by different kinds of insoluble particles and gases that cause a decrease in internal dielectric strength [2]. The biggest number of failures are located in windings, bushings, tank, or tap chargers, and these failures are mainly electrical, lighting, insulation, and connection caused [3,4]. The lifespan of a power transformer is around 40 years, more precisely from 32 to 55 years with a standard deviation of 8 years, according to the design, loading, insulation, humidity, and working temperature [5,6]. According to [7], the lifespan of a transformer that failed because of the insulation is 17.8 years, which is only half of the estimated lifetime. According to [8], transformer oil lifetime prediction is 20.55 years, but in bad conditions, it can be lowered to 5.5 years. This information confirms the importance of progressive research on insulating fluids, their enhancement, analysis, and substitution.



Throughout history, there have been different kinds of insulating fluids used in power transformers. Rafiq et al. in [9] offered an eloquent historical review. In short, the origin of this field of study is in the year 1890 when the first oil-immersed transformer was developed and filled with petroleum-based liquid, so-called paraffin oil [10]. This oil had a low viscosity and outstanding insulation properties, but it was replaced after the year 1925 when the pour point was determined as too high and due to the insoluble particles (the result of oxidation) that affected its heat transfer and finally resulted in a shorter lifespan. For a few years, naphthenic oils replaced paraffin oils because of a higher pour point and better resistance to oxidation. However, this oil was very flammable and had environmental contaminant status, so it had to be replaced, too. PCBs oils (polychlorinated biphenyls) used for 40 years, till 1970, met the requirements for good liquid insulation, but the fact that they are toxic, changed its status to environmentally unacceptable. In year 1978 PCBs were banned [9,11].



The followers of PCB oils were mineral oils and silicone fluids as a new alternative, and their usage continues even today. The development of insulating fluids, later focused more on ecological aspects like biodegradability, led to the discovery of natural and synthetic esters as environmentally friendly fluids. All insulating fluids have to meet certain requirements and the most important features for categorization and rating of quality are thermal conduction, viscosity, fire point, biodegradability, dissipation factor breakdown voltage, and resistivity of fluids [12]. Moreover, the presence of moisture in liquid affects the mentioned properties, so it is very important to find out the moisture content and how water in each state influences the properties of different fluids. For example, in [13], there is a description of the influence of saturated moisture in transformer oils on the breakdown voltage, finding that 20% moisture saturation before and after the ageing process did not affect natural or synthetic esters, but a value (breakdown voltage) of N3X (high-grade mineral oil Nynas Nytro 3000X) was halved.



The most frequently used insulation fluid in power transformers is mineral oil due to its good dielectric and thermal properties. However, due to their environmental footprint, they are currently considered unsatisfactory. The tendency of actual research is to replace mineral oils with natural (vegetable oils) or synthetic esters as more environmentally friendly alternatives [14]. If one compares the biodegradability of mineral oil and natural or synthetic esters, it is obvious that the esters are much more environmentally safer with biodegradability more than 80%, while mineral oils reach the values of less than 30% [15]. Many studies deal with the comparison of environmentally friendly liquids with mineral oils, for example [9,12,16,17]. To sum up, the biggest advantage of mineral oils is a low viscosity, low dissipation factor, and high resistivity and breakdown voltage that shows its predestination for high voltage equipment. On the other hand, the weakest point is the safety, because of its low fire and flame point and low biodegradability that can cause environmental damage and problems during liquidation of used oils.



Recent research has revealed that there is a possibility to improve the heat transfer and dielectric properties of the insulating liquids by introducing various nanoparticles. A mixture of nanoparticles and a base fluid is called a nanofluid. Nanofluids are one of the possible options as a substitution for the currently most used insulating fluids for high voltage equipment [9]. Power engineering, as one of the most important industries, is heading to increase the transmission voltage to keep the distribution of electricity sufficient and reliable, so the need for a new and more effective insulation is justified [18]. Furthermore, high voltage substations and equipment are of large area and because of that, there is a need to smaller the size of this equipment that goes hand in hand with a more efficient insulation and heat transfer medium. Nanofluids are a possible option for reducing the size of equipment because of their better resistivity to overvoltages, and degradation caused by humidity in comparison to base fluids [19]. Moreover, the fact that nanoparticles may improve the heat transfer properties confirm the possibility to construct smaller high voltage equipment filled with oil. A prototype of a ferrofluid-cooled transformer with reduced sizes is published in [20]. Concerning the environmental aspects, the mixture of environmentally friendly oils and nanoparticles may be a good option for maintaining the sustainable development and quality requirements [21].




2. Different Kinds of Base Fluids


Generally, the most used transformer oils are mineral oils (MO). The reason for their usage is the fact they have excellent performance in practice and they are very reliable with a long tradition. Mineral oil is created from crude oils (fossil fuels) that contain hydrocarbon compounds of different bonds [16,22]. It is a translucent liquid “composed of hydrocarbons, among which are straight-chain alkanes, branched alkanes, cyclic paraffin and aromatic hydrocarbons” [23]. The disadvantage of paraffinic oils is their high pour point that must be treated by additives to reach the required values. The difference between them is not very significant and they are classified as very naphthenic if there is a minimum of 50% of the naphthenic structure, intermediate—containing 44–50% of the naphthenic structure, and below 44% of the naphthenic structure in MO is considered to be paraffinic [23].



Mineral oil as a potential environmental contaminator has low biodegradability that is a possible critical issue for its usage in future. Mineral oil has a relatively low fire and flash point that may be a safety issue for the environment and people and it could cause serious environmental damage after ignition and leakage from the power transformer, finally resulting in an ecological problem for the affected region [17,24]. However, Table 1 shows high values of viscosity and dissipation factor as important properties for insulating oil, concretely viscosity for heat transfer and dissipation factor for economic issues (power loss). To sum up, MO is an excellent insulating fluid tested in practice, but it conflicts with the sustainable development.



The most convincing difference between MO and silicone fluids (SF) is flammability. SF have significantly higher fire and flame points with similar values of insulation properties as MO. A big contrast in safety between SF and MO can be seen from Table 1, pointing out a difference in fire point up to 240 °C. SF is chemically known as polydimethylsiloxane and it is not frequently used mainly because of a higher price than MO, and because of biodegradability, which is at the lowest level in comparison with other base fluids that makes the biggest environmental impact [16,25].



A major component of synthetic esters (SE) is pentaerythritol tetra ester developed from chemicals with biodegradability at a level from 80 to 89%. Firstly, SE as an insulation liquid in power transformer was used in 1976. Synthetic esters are mostly used in special and distribution transformers with a relatively low level of voltage [9,21]. Comparison between SE and MO in Table 1 indicates that the properties are comparable and, in some cases, even better for SE. The most noticeable disadvantage of SE is the high dissipation factor [26]. The most significant commercial SE are MIDEL 7131, NYCODIEL 1244, BecFluid 9902, ECO-FR PDS, Naturelle Transformer Oil S4, Envirotemp 200 [16].



Natural esters (NE) are the best option as environmentally friendly insulating fluids for high voltage equipment. Commercial availability of natural esters has a rising tendency that makes it one of the most likely options for the power transformers refilling. NE is defined as a refined vegetable oil or a plant-based ester derived from crops. For the extraction of oil, seeds or other parts of a suitable plant are used [9]. Biodegradability at a level from 97 to 99% makes the most significant difference in comparison to other insulating oils. This high level of biodegradability is connected with the safety of this insulating liquid mainly in the case of a possible leakage. The advantage of high fire and flame points is confirmed by statistics from 2014 when there was no reported fire or environmental issue in over 600,000 transformers using NE [27]. Disadvantages of NE are relatively high pour point that is in some cases −10 °C and high dissipation factor according to the type of NE up to 0.4 [28]. The most significant commercial NE are BIOTEMP, Envirotemp FR3, ambient insulating fluid, ambient prime insulating fluid, NeuGen 1540 [16]. SE have a more stable chemical structure than NE and it results in a better oxidation stability. NE have the worst oxidation stability among the mentioned base fluids [24]. However, the addition of nanoparticles into a base fluid may enhance the electrical properties and NE as an environmentally friendly fluid may be a suitable option for the refinement. Moreover, the enhanced properties may assure the ecologically friendly insulation fluid that could meet the requirements for sustainable development as the future most widely used insulation liquid.



Table 1 compares various properties of the mentioned base fluids. The range of values is connected with different references with various experimental results.
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Table 1. Different properties of base fluids.






Table 1. Different properties of base fluids.





	Properties
	MO
	SF
	NE
	SE
	Reference





	Biodegradability in 21 days [%]
	<30
	very low
	97–99
	80–89
	[9,16,17]



	Viscosity at 40 °C [mm2/s]
	3–16
	35–40
	16–37
	14–30
	[14,26]



	Flash point [°C]
	100–175
	300–310
	250–316
	260–343
	[16,17,26]



	Fire point [°C]
	110–185
	330–350
	300–370
	300–322
	[16,17,26]



	Pour point [°C]
	−30 to −63
	−50 to −60
	−10 to −33
	−40 to −60
	[16,17,26]



	AC breakdown voltage [kV]
	30–85
	35–60
	49–97
	43–75
	[16,17,26,29]



	Dissipation factor at 90 °C [–]
	<0.001
	0.0016
	0.0001–0.009
	0.001–0.03
	[13,16]



	Resistivity at 90 °C [GΩm]
	1013–1015
	1014
	1013–1014
	1013
	[9,16]









3. Nanofluids


There are many different mixtures tested in research history with different insulation fluids and nanoparticles, but there are also different ways of preparing nanofluids categorized in a one-step process and a two-step process. According to [9], the origin of the word “nanofluid” is connected with the work by Choi et al. back in 1995, where they researched enhancement of thermal conductivity of fluids mixed with nanoparticles, determined the direction of further research, described the theoretical study of these fluids, and set potential benefits of nanofluids [30]. From that point, the number of scientific papers that deal with nanofluids has been exponentially increasing. Till 2008, publications on the topic of nanofluids did not exceed number 100 throughout the year. Since 2008 there has been a more significant increase of scientific papers year by year [31].



Figure 2 shows the number of publications on the web of science core collection year by year made by basic search of word “nanofluid”. The biggest growth of scientific papers was in recent years when the topic of enhancement of heat transfer and insulating fluid is more discussed, because of increasing demand on life and industry. More than 36% of these papers are in the category of thermodynamics, 22% mechanics and 21% belong to mechanical engineering. Of course, the paper may be in more categories at once. The highest increase of papers was in 2019 when the number of scientific papers dealt with nanofluids was 3707 in comparison with 2642 papers in 2018. Last year, there have been more than 4200 papers published mostly in the categories of thermodynamics, mechanics, and physical chemistry.



3.1. One-Step Method


In a one-step process of preparation of nanofluids, the formation and dispersion of nanoparticles are simultaneous [32]. This method avoids the process of transportation, storage, drying, and dispersion of nanoparticles to decrease a measure of agglomeration of nanoparticles and to increase the stability of nanofluids [33,34,35]. One of the one-step preparation methods is a vapor deposition. This method was patented by Choi and Eastman in 2001 [36]. The principle consists in the formation of a thin layer of a base fluid on a vessel wall caused by a centrifugal force of a rotating disk. The material is then heated and evaporated in the vessel filled with an inert gas at a low pressure. The creation of nanofluid is finished when the raw material vapors condense by interacting with the thin film of swirling water and finally settle in the base fluid [32,36]. The second possible one-step method is the laser ablation where a highly concentrated laser beam is used for dispersion of nanoparticles from the surface of a material immersed in a base fluid. Important properties are the intensity and the wavelength of the laser beam [37,38]. There are more possible preparation methods using the one-step process such as the submerged arc method, precipitation (ion exchange) method, chemical reduction method, emulsion polymerization, sol-gel (hydrolysis) method, or microwave-assisted reaction [32,39,40]. The submerged arc nanoparticle synthesis system is an efficient one-step method to prepare nanofluids based on dielectric liquids containing copper nanoparticles [41,42].




3.2. Two-Step Method


In the first phase of the two-step method, nanoparticles (nanorods, nanofibers, or nanotubes) are first prepared by sol-gel method, hydrothermal synthesis, or by other techniques [32]. The sol-gel method is used for nanoparticles with high surface area and provides effective control over the texture and surface properties of nanoparticles. There are five main steps of this method starting with hydrolysis and then polycondensation, ageing, drying, and thermal decomposition [32,40,43]. According to [44,45], hydrothermal synthesis refers to the “heterogeneous reactions for synthesizing inorganic materials in aqueous media above ambient temperature and pressure” and the advantage of this method is the low energy consumption, the low-temperature processes, and the environmental impact. However, the high price of the needed autoclaves may be considered as a potential drawback [32]. The second step of the two-step method is the preparation of nanofluids using mostly ultrasonication (the bath and probe ultrasonication are of remarkably different effectivity), magnetic stirring, adjusting pH value (addition of a dispersant in Figure 3), or a combination of these processes [32]. Ultrasonication enhances performance, stability, thermophysical properties and prevents aggregation and sedimentation of nanoparticles in nanofluid, but the ideal duration of sonication is the point of research of many authors [46,47,48,49,50]. Magnetic stirring is used for dispersion of nanoparticles with a low concentration by the stirring action made by a stir bar that spins very quickly because of a rotating magnetic field created by the set of rotating magnets or electromagnets [32,51,52].



Selecting a particular method, additives and timing within the applied methods are very important to make a nanofluid with excellent properties without sedimentation and agglomeration of nanoparticles. A more accurate description of preparation methods of eleven different nanoparticles is in the reference [53].



To compare the two preparation methods, one can state that the two-step method is more economic in production of nanofluids in a larger scale and it is used most widely. However, without modifying the nanoparticle surface, the tendency to agglomerate before adding to the base liquid is considered as a major disadvantage of the two-step method. On the other hand, the one-step method cannot be effectively used to synthesize nanofluids in a large scale, but this method can yield uniformly and stably dispersed nanoparticles.




3.3. Stability of Nanofluids


The stability of nanofluids is of crucial importance because the sedimentation and agglomeration of nanoparticles in the base fluid cause deterioration of thermophysical properties, mainly a decrease of thermal conductivity and increase of viscosity [54,55,56]. Because of these facts, examination of stability is an important part of research and there are several methods to analyze the stability of synthesized nanofluids. The most applied methods to study the stability are a zeta potential test, a sedimentation method (photograph capturing method), ultraviolet-visible spectrophotometer and dynamic light scattering [56,57].



3.3.1. Zeta Potential Method


The Zeta potential (ζ-potential) method is the most used method to examine the stability of nanofluids. It can be defined as the potential difference between the stationary layer of base fluid which is attached to nanoparticles and the surface of nanoparticles [54]. It indicates the degree of repulsion between charged particles in the fluid and it can be calculated by the Helmholtz–Smoluchowski equation [58,59]:


ζ = μU/ε



(1)




where U is electrophoretic mobility, µ is viscosity, and ε is the dielectric constant of the base liquid. If the value of Zeta potential is over 60 mV, a nanofluid has an excellent stability, between 60 and 40 mV it has a good stability, between 40 and 30 mV the nanofluid is considered as stable, and below 30 mV it is considered as highly agglomerative [57,60,61]. Because of repulsive forces, the Zeta potential can be controlled over pH value [62,63]. A change of pH influences the surface charge on nanoparticles and modifies their interaction behavior [57]. If the pH of the nanofluid has low values, the Zeta potential will be positive. On the other hand, with higher pH values, the Zeta potential will be in negative values. The point when a pH value corresponds to zero Zeta potential is called the isoelectric point, when nanofluids are least stable, so stability rises in the positive or negative direction from that point [57]. Measurements of the Zeta potential are the most often performed by a Zeta Sizer Nano (ZSN) device [60,64,65].




3.3.2. Sedimentation Method (Photograph Capturing Method)


The sedimentation method is the simplest option of measuring the stability of nanofluids qualitatively, by observing photographs taken in different periods [60,66]. Owing to external forces (gravitation), the nanoparticles settle on the bottom of the fluid in a clear glass test tubes that can be observed by comparing photographs taken at different times [67]. In an unstable nanofluid there are three ways of sedimentation. The first one is a dispersed sedimentation where the height of a sediment rises from the bottom. The second one is a flocculated sedimentation where the sedimentation is lowered with time, and the last one is a mixed sedimentation where the behavior of both previous cases is observed at the same time [60,67,68]. The most significant impact on sedimentation has the concentration of nanoparticles and properties of the base fluid [69,70].




3.3.3. Ultraviolet-Visible Spectrophotometer


The ultraviolet-visible spectrophotometer is commonly used for the quantitative characterization of the colloidal stability of the dispersions [56]. One of the major advantages of this method is its suitability for all base fluids because its functioning is about the intensity of the light that becomes different because of lights scattering and absorption when passing through the fluid [57,61,71]. According to [57,71] and [72], the range of UV–visible spectrophotometer is from 200 to 900 nm wavelengths and basically, it measures various dispersions in the fluid. The stability is determined by the dispersion of nanoparticles in different time results [73].




3.3.4. Dynamic Light Scattering


Dynamic light scattering is a suitable method for measuring mainly spherical particles and the most significant advantage is that this method does not need drying of the dispersion (some dispersants are difficult to remove) [74,75]. A simple description of this method is that a source of monochromatic light shines on the sample and a detector collects the scattered light signals [72,76]. There is a need to know the refractive index and viscosity of a measured base liquid, and the measurement output is a signal that shows random changes due to the randomly changing relative position of the particles due to the random Brownian motion. Size as the final output is calculated by the Stokes–Einstein equation [61,62].





3.4. Structural Characterization of Nanofluids


The essential parameters determining the physical properties of nanofluids are the nanoparticle size distribution, morphology, crystal structure, and elemental composition. Several techniques can be used to characterize nanoparticles from these points of view. In this chapter we mention just a few techniques.



3.4.1. Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM)


These methods have evolved over many years into a highly sophisticated instrument and have found different applications across many scientific disciplines, because of their excellent ability to distinguish the shape, size, and distribution of nanoparticles [77,78,79]. In [57], the methodology of transmission electron microscopy is described as: “the electrons shoot through the sample and measures how the electron beam changes as it is scattered in the sample. Scanning electron microscope images the sample surface by scanning it with electron beams in a raster scan pattern. The electrons interact with the sample atoms producing signals that contain information about the sample’s surface topography, composition and other properties”. The disadvantage of this method is that it does not capture the real situation of nanoparticles in nanofluids because there is a need for dried samples prepared in a vacuum oven [61,80].




3.4.2. X-ray-Based Techniques


One of the most extensively applied methods for nanoparticle characterization is X-ray diffraction (XRD) [81]. It provides information on the crystal structure, nature of the phase, crystalline grain size and lattice parameters. For this method, the nanoparticles in powder form are commonly used after drying the colloidal solution. XRD provides statistically representative, volume averaged values. For instance, this method has been applied to determine the average crystallite size of magnetite nanoparticles [82]. Another X-ray-based analytical method to determine the structure of nanoparticles in terms of averaged size or shapes is small angle X-ray scattering (SAXS) [83]. Normally, a transmission mode is used, when the X-ray beam is sent through the nanofluid sample and the average structure of all illuminated particles is measured.




3.4.3. Neutron Scattering Techniques


Analogously to the SAXS method, small angle neutron scattering (SANS) is often used to study the structure of nanofluids, in terms of nanoparticle size and shape distribution, but also to study assembly and alignment of nanoparticles [84]. Among the advantages of neutrons, one can highlight their larger penetration depth and an option of using contrast variation. In this way, different parts of a sample can be selectively viewed via isotopic labelling. This method has been found especially useful in structure research of magnetic nanofluids [85].




3.4.4. Atomic Force Microscopy


Atomic force microscopy (AFM) is a technique capable of providing three-dimensional images of surfaces. It measures the interacting forces between a fine probe and the sample. In this way, individual particles and groups of particles can be resolved and shape and size distribution of nanoparticles can be obtained [86]. AFM can scan the sample under different modes depending on the degree of proximity between the probe and the sample (contact, non-contact, and tapping mode). The tapping mode is the most common when characterizing nanoparticles [87].



Clearly, in order to get the complete picture of an unknown sample, which allows extraction of proper correlations between the structure and the improvement of the base liquid properties, one needs to employ various methods, because their results are complementary.






4. Current Experimental Results of Nanofluid Properties Sorted by Used Nanoparticles


This section will describe the latest research on nanofluids and their physical and dielectric properties. Searching for the articles was performed in google scholar database and web of science services by using the keyword “nanofluid” with different specifications as a second word such as “breakdown”, “synthetic ester”, or “biodegradable oils”, while only articles published after the year 2019 have been considered. The following sections are divided according to the nanoparticles used in the reviewed publications. The overview is mainly focused on quantities describing insulation properties, mainly alternating current breakdown voltage (AC-BDV), direct current breakdown voltage (DC-BDV), lighting impulse breakdown voltage (LI-BDV), partial discharge inception voltage (PDIV), and dissipation factor (tanδ).



4.1. Al2O3 Nanoparticles


Al2O3 nanoparticles are the insulating type of nanoparticles with good thermal and dielectric properties often used in research to improve the properties of transformer oils. The electrical conductivity of these nanoparticles is from 10 to 12 Sm−1 and thermal conductivity is around 25.5 Wm−1/°C (at 25 °C) that makes these particles suitable for dielectric improvement of base fluids [88].



Jacob et al. [89] measured thermophysical properties of nanofluids with Al2O3 nanoparticles with different base fluids. Mineral oil and soybean natural ester were filled with nanoparticles (size 60 nm) with concentrations 0.002 wt%, 0.01 wt%, 0.02 wt%, 0.04 wt%, and 0.1 wt%. The optimal stability was at concentration 0.02 wt% for both types of oils, while NE was more stable than MO. The experiment on thermophysical properties compares thermal conductivity and viscosity of the examined oils. The thermal conductivity of unfilled NE was 5.4% higher than that of MO. The values of thermal conductivity of NE and MO were improved at each concentration and the difference at concentration 0.1 wt% was 14.6% comparing NE and MO. The viscosity of NE was four times higher than the viscosity of MO, but after the addition of nanoparticles, the increase in viscosity of NE and MO (at concentration 0.1 wt%) was 14.2% and 29.2%, respectively. According to the thermophysical properties, NE based nanofluid seems to be the better option as a heat transfer medium.



Oparanti et al. [90] measured the viscosity of nanofluid with Al2O3 nanoparticles. The viscosity was decreased by 11.9% at 40 °C with a concentration of nanoparticles 0.2 wt%. With higher concentrations, there were no significant changes in viscosity. The experimental fluid was palm kernel oil and the size of nanoparticles were 18 nm proved by XRD analysis. The flash and pour points of this nanofluid were improved by 9% and 5%, respectively. As for dielectric properties, the dissipation factor was improved (lowered) by adding the nanoparticles and tanδ decreased with the concentration of nanoparticles. The effect of different base oil with Al2O3 nanoparticles on dissipation factor were examined by Chakraborty et al. [91] and it may be observed that the presence of nanoparticles in MO increases the value of tanδ that is connected with an increase in power loss and on the other hand, the presence of Al2O3 nanoparticles in NE (FR3) reduces the value of tanδ. These results manifested that the importance of research on different base fluids with specific nanoparticles is crucial, because of significant differences in results.



4.1.1. AC-Breakdown Voltage


Most of the recent research on nanofluids for power transformers examine dielectric properties, mainly the value of the breakdown voltage. Khaled et al. examine AC-BDV on a nanofluid composed of MO and Al2O3 nanoparticles of two sizes, 13 and 50 nm [92]. The nanofluid showed maximum enhancement 76.3% of AC-BDV at concentration 0.05 g/L with nanoparticles 13 nm large. With higher concentration up to 0.4 g/L, the values of enhancement fell to 31.4% that is still a significant improvement of insulating oil properties. With a particle size of 50 nm, the maximum improvement was 69.1% at concentration 0.3 g/L and enhancement of more than 36.8% was found for all concentrations of the nanoparticles.



A similar experiment was carried out with synthetic ester MIDEL 7131 by the same authors [93]. All concentrations of Al2O3 nanoparticles in the base fluid showed enhancement in AC-BDV. The optimal concentrations 0.05 and 0.3 g/L were found for particle sizes 13 and 50 nm, respectively, the same as in the measurements with MO. Particles of size 13 nm improve AC-BDV from 34.7% (0.05 g/L) to 16.5% (0.4 g/L) and 50 nm nanoparticles increased the value from 10.5% (0.05 g/L) to 25.5% (0.3 g/L).



Rafiq et al. [94] prepared a mixture of MO and Al2O3 nanoparticles with a concentration 0.8 g/L and examined BDVs after ageing. Before thermal ageing, the enhancement of AC-BDV was around 14% and the values of AC-BDV decreased with ageing time for both base fluid and nanofluid. The difference between these two samples dropped after 30 days of ageing to 8%.



Zhang et al. [95] made a mixture of MO and Al2O3 nanoparticles of size less than 20 nm. Different concentrations of nanoparticles from 0.01 to 0.05 g/L were tested on AC-BDV with different relative humidity from 10% to 80%. All the samples showed a decrease in AC-BDV with the rising level of humidity. However, nanofluids are not as sensitive to humidity as pure MO. The difference in AC-BDV values between a pure oil and nanofluid with the concentration of nanoparticles 0.03 g/L raised from around 8% (at 10% humidity of examined fluids) to 82% (at 80% humidity), thus confirming that nanofluids are less sensitive to moisture. According to [96,97] it is caused by dissolved water bound to the surface of nanoparticles, where some multimolecular water clusters might be broken into single water molecules and might be attached to the surface of some nanoparticles that cause enhancement in AC-BDV in presence of water.



One of the aspects that makes difference in results is the modification of nanoparticles’ surface, which primarily improves the stability of nanofluids. Jacob et al. [98] made MO with Al2O3 nanoparticles of diameter 60 nm with and without 0.1 wt% of surfactant (oleic acid) at a concentration of nanoparticles 0.1 wt% and 0.03 wt%. Only the samples with the concentration 0.03 wt% with and without surfactant exhibited higher values of AC-BDV than the pure oil. The difference in enhancement was 6.6% and 16.6% for the nanofluid (concentration 0.03 wt%) without and with the oleic acid surfactant, respectively.



Baharuddin et al. [99] examined different concentrations of surfactant (cetyltrimethylammonium bromide (CTAB)), which was added to the mixture of MO and Al2O3 nanoparticles with a diameter of 13 nm and concentrations 0.1 wt% to 0.5 wt%. The maximum improvement showed the nanofluid with 0.1 wt% of Al2O3 nanoparticles. Concentrations of CTAB in 0.1 wt% nanofluid ranged from 0.025% to 0.1% and results showed that optimal concentration of surfactant is 0.075%.



Opranati et al. [100] examined the breakdown strength of NE (palm kernel oil) with Al2O3 nanoparticles. The measured concentrations of the nanofluid were from 0.2 wt% to 1 wt% in the step of 0.2 and the optimal concentration was 0.6 wt% that reached an enhancement of breakdown strength 39.7%. Moreover, each measured concentration showed enhancement from 17% at concentration 0.2 wt% to the mentioned maximum. An overview of the AC-BDV of nanofluids containing Al2O3 nanoparticles is presented in the following Table 2.




4.1.2. DC-Breakdown Voltage


In the mentioned experiment made by Oparanti et al. [90], the DC breakdown voltage (BDV) was also examined. Enhancement around 38% was observed at concentrations 0.6 wt% and 0.8 wt% in comparison to pure oil, but the mean value of breakdown voltage was 29 kV that makes this combination of NE made of palm kernel oil and Al2O3 nanoparticles suitable for distribution transformers of relatively low voltage.



Khaled et al. [101] created a nanofluid made of NE (MIDEL 1204) and Al2O3 nanoparticles of sizes 13 and 50 nm. The maximum enhancement in DC-BDV was approximately 9.2% at concentration 0.3 g/L of nanoparticles 50 nm large. The same concentration of nanoparticles, but with a size of 13 nm, showed a maximum improvement of 7.6%. The nanofluid with 13 nm nanoparticles showed enhancement at concentrations 0.3 and 0.4 g/L and decrement at lower concentrations (0.05 and 0.2 g/L), not more than 2%. The nanoparticles of size 50 nm were more sensitive to concentration and decrements at concentrations 0.05 g/L and 0.4 g/L were 17.2% and 15.7%, respectively. To sum up, the optimal concentration of Al2O3 nanoparticles according to this paper is 0.3 g/L and there is no significant difference between distinct sizes, but smaller nanoparticles seem to be less sensitive to various concentrations.



Different results were obtained by Beroual et al. in [102] where the DC-BDV test was examined on the mixture of SE and Al2O3 nanoparticles. For both particle sizes, 13 and 50 nm, the optimal concentration was 0.05 g/L with enhancement 25.5% and 12.7%, respectively. With higher concentration, the DC-BDV decrement was more significant up to 32.6% at concentration 0.3 g/L. Considering the experiment made by Beroual et al. optimal concentration for nanofluid with Al2O3 nanoparticles are 0.05 g/L with the size of nanoparticles 13 nm. An overview of the DC-BDV of nanofluids containing Al2O3 nanoparticles is presented in Table 3.




4.1.3. LI-Breakdown Voltage


Another experiment made by Beroual and Khaled is focused on the examination of lightning breakdown voltage (LI-BDV) of mixture NE (MIDEL 1204) and SE (MIDEL 7131) with Al2O3 nanoparticles of size 50 nm [103]. There were observable differences between these oils in the enhancement of the BDV. NE showed best results at concentration 0.05 g/L (enhancement 16.76%) and with higher concentration values, the enhancement was lowered to 2.12% at concentration 0.4 g/L. SE based nanofluid showed higher average enhancement and the maximum value was reached at concentration 0.3 g/L (18.32%). These data confirmed that the optimal concentration of nanoparticles is bound to a certain type of oil.



Koutras et al. examined NE Envirotemp FR3 with nanoparticles Al2O3 of size 30–35 nm and concentration 0.004 wt% [88,104]. AC-BDV enhancement of this combination was 4.1%, but LI-BDV was enhanced by 28.5% under positive polarity, while only 1.5% enhancement was found under negative polarity.



In the mentioned experiment conducted by Rafiq [94], the enhancement of LI-BDV decreased with ageing and after 30 days the value was even lower in comparison to the base fluid. The positive LI-BDV test indicated that nanofluid had higher values than pure oil only at the particular moment of ageing. An overview of the LI-BDV of nanofluids containing Al2O3 nanoparticles can be seen from Table 4.




4.1.4. PDIV


Partial discharge inception voltage is defined as: “the lowest voltage at which partial discharges are initiated in the test arrangement when the voltage applied to the test object is gradually increased from a lower value at which no such discharges are observed” [105]. In the experiment performed by Koutras et al. [88], the value of PDIV was enhanced by 44% that makes nanofluid less prone to degradation (by discharges) of oil in comparison to the base fluid.



In the mentioned studies carried out by Jacob et al. [98] on the differences in results according to the concentration of surfactant in nanofluid, the PDIV were increased by 1 kV at concentration 0.03 wt% regardless of whether there was a surfactant or no.



Mohamad et al. [106] examined PDIV of nanofluid based on MO and two NE (coconut oil and bleached and deodorized palm oil (RBDPO)) which were modified by surfactant sodium dodecyl sulfate (SDS). Results showed that maximal values of all mixtures were reached at the nanoparticle concentration of 0.001 vol% with SDS. The increment of PDIV in MO, coconut oil and RBDPO was 27%, 39.3%, and 34%, respectively. For comparison, the same samples but without SDS reached enhancement 24.2%, 27.7%, and 23.9%, respectively. Thus, the positive influence of surfactant on the enhancement of PDIV was confirmed. An overview of the PDIV for nanofluids containing Al2O3 nanoparticles is presented in the following Table 5.





4.2. TiO2 Nanoparticles


Frequently used nanoparticles for the improvement of insulating oils are semi-conductive TiO2 nanoparticles. According to AZO materials [107], the thermal conductivity of TiO2 nanoparticles is 11.7 WmK−1 at 25 °C, dielectric strength 4 kVmm−1 and dissipation factor at 1 MHz is 5 × 10−4.



4.2.1. AC-BDV


Olmo et al. [108] examined a mixture of TiO2 nanoparticles with NE made from sunflower seeds. The size of nanoparticles was between 10 and 20 nm in diameter. The results of their experiment showed improvement of AC-BDV by 33.2% at concentration 0.5 kg/m3 and also other concentrations showed enhancement from 7.6% to 30.4%, although the content of moisture was higher at concentrations 0.1, 0.5, and 1 kg/m3. The dissipation factor increased by 13.5% from 0.026 to 0.0295 which is similar to the increment of resistivity by 9.2%. The influence of nanoparticles on heat-transfer properties was not significant. For example, thermal conductivity was unchanged and viscosity rises to 7.2%, but results of the cooling test showed a decrease of 3.9% at concentration 0.5 kg/m3, probably caused by thermomagnetic buoyancy forces considering the non-magnetic nature of Titania nanoparticles.



Koutras et al. [109] mixed EnvirotempTM FR3TM NE with TiO2 nanoparticles of an average nominal diameter of 21 nm. The mean AC-BDV was enhanced by 22.4% at concentration 0.02 vol% and improvement of dielectric properties were proven at all examined concentrations (0.005–0.04 vol%). LI-BDV of positive charge enhanced its values by 5.2% and 12.9% at concentrations 0.02 vol% and 0.01 vol%, respectively. PDIV value of a paper impregnated with NE was 20% lower than that of a paper impregnated with the nanofluid containing TiO2 nanoparticles of concentration 0.02 vol%, which makes a significant difference.



Maneerat et al. [110] examined nanofluids based on NE FR3 and nanoparticles TiO2 of diameter less than 100 nm. The experiment described the change in AC-BDV at various temperatures. The enhancement of AC-BDV raised with temperature and at 130 °C and concentration 0.03%, the improvement was 22.8%. At the same concentration, there was a decrement in AC-BDV by 5.5% at temperature 110 °C. All other temperatures and concentrations showed enhancement from 3.5% to 17.5% that confirms that temperature does not affect nanofluids more significantly than pure oils.



Pyrgioti et al. [111] mixed NE FR3 and TiO2 nanoparticles of average diameter 21 nm to confirm enhancement of AC-BDV. Results showed that mean AC-BDV of pure NE was 65.6 kV and nanofluid of concentrations 0.004 wt% and 0.02 wt were 68.4 and 69.8 kV, respectively. Therefore, the enhancement of AC-BDV reached 6.4%.



Sun et al. [112] mixed naphthenic transformer oil (25# Karamay) with TiO2 nanoparticles of diameter less than 10 nm at one concentration 0.075 vol% and compared the results of different dielectric experiments after ageing. The results showed enhancement at each period of ageing from 6 days of accelerated ageing (the equivalent is 5 years of ageing time) to 36 days of accelerated ageing (that is 30 years of equivalent ageing time). The examined parameters were AC-BDV, LI-BDV, and PDIV. The difference between values rises for AC-BDV from 3.5% after 6 days of accelerated ageing time to 121% after 36 days of accelerated ageing. LI-BDV enhancement on the twelfth day of the accelerated ageing was 46.3% and the lowest enhancement 33.4% was found on the thirty-sixth day, still constituting an excellent improvement. Enhancement of PDIV during the ageing move from 13.4% to 23.8%, so it can be concluded that the nanofluid with TiO2 nanoparticles is considerably less affected by the ageing than the pure oil.



Fernández et al. [113] mixed commercially available vegetable oil with TiO2 nanoparticles of diameter 45 nm and examined properties during accelerated ageing. Firstly, the AC-BDV test was held to find an optimal concentration. The highest enhancement around 35% was measured at a concentration 0.04 wt% and all of the examined concentrations reported improved values. TiO2 nanoparticles improve susceptibility to ageing and at the end of the experiment, particularly after 300 h of accelerated thermal ageing, the difference between the pure oil and the nanofluid was 28%, so revealing that nanofluids are not significantly affected by ageing and they are even less sensible than the pure oil. The dissipation factor of nanofluid is higher than that of pure oil and during ageing, the related curves for pure oil and nanofluid were almost similar, so the difference between them did not change significantly.



Méndez et al. [114] examined a vegetable fluid with addition of TiO2 nanoparticles with an average diameter ranging from 10 to 20 nm. Firstly, thermal conductivity was measured and no significant changes were observed at any concentration. AC-BDV showed improvement of dielectric properties at each level of concentration except for the highest one (1 kg/m3). Enhancement of AC-BDV was optimal at concentration 0.5 kg/m3 where the value reached 33.2%.



Opranti et al. [100] in the mentioned experiment also examined NE with TiO2 nanoparticles. The optimal concentration 0.6 wt% showed enhancement in breakdown strength 32% in comparison with pure palm kernel oil. With higher concentration up to 1 wt%, the breakdown strength showed decrement up to 27.5% (1 wt%). Al2O3 nanofluid showed better or almost the same results for all concentrations of nanofluid that makes it more suitable for high voltage application according to this experiment.



Muangpratoom [115] compared the enhancement of breakdown strength at different temperatures. The nanofluid consisted of a palm oil mixed with TiO2 nanoparticles of size 40 nm. Two concentrations were measured 0.01 vol% and 0.03 vol%. Both concentrations showed enhancement at each level of temperature from 35 to 90 °C and breakdown strength increased with temperature. However, the nanofluid with 0.03 vol% of TiO2 nanoparticles exhibited better results and the highest enhancement 35.5% was measured at temperature 50 °C.



Gayathri et al. [116] compared a mixture of NE (MIDEL 1204—20% of total volume) and MO (Apar Power oil TO335—80% of total volume) and its variations mixed with nanoparticles TiO2 of diameter less than 5 nm and surfactants CTAB and oleic acid. CIV (corona inception voltage) showed the highest enhancement around 45% at concentration 25 mg/L of TiO2 nanoparticles in the mixed oil. Various concentrations of CTAB and oleic acid were added to the nanofluid of mentioned concentration and the highest improvement with CTAB (0.5 mg/L) was around 31% and for oleic acid (5 µL/L) around 12%. Thus, if we compare the base fluid and the nanofluid with CTAB as the surfactant, there is about 90% enhancement of CIV. AC-BDV enhancement was around 8% at the same concentration (25 mg/L) and with CTAB of concentration 0.5 mg/L, there was enhancement around 17%, as compared with the base fluid. The nanofluid with oleic acid of concentration 5 µL/L showed enhancement of AC-BDV around 13%. The results of positive DC-BDV are very similar to AC-BDV, but the values are about 1 kV higher than those at AC-BDV. Negative DC-BDV was not influenced by the surfactants and with a higher concentration of CTAB or oleic acid, there was a decrease in DC-BDV. However, the nanofluid of concentration 25 mg/L improved its value by around 12% and raised to above 50 kV, while AC-BDV and positive DC-BDV were found around 25 kV. Other examinations of samples showed excellent stability mainly with CTAB surfactant, flashpoint and thermal conductivity showed marginal improvement in values after addition of TiO2 nanoparticles. Viscosity showed negligible changes in exposure to AC and DC BDV that indicated a high stability of the nanofluid. Based on these results, it can be concluded that CTAB is more effective surfactant than oleic acid. An overview of the AC-BDV of nanofluids containing TiO2 nanoparticles is presented in the following Table 6.




4.2.2. DC-BDV


Oparanti et al. in their study [90] examined thermophysical properties of nanofluids with TiO2 nanoparticles. Kernel oil with TiO2 nanoparticles exhibits an improved flash point by 11% (at 1 wt%), however, the pour point increased its value by 37% (at 1 wt%). Viscosity increment was not significant mainly at 40 and 60 °C, but with higher concentration and temperature there were increased values up to 3%. The dielectric loss was reduced from 0.044 to 0.0026, but in comparison with Al2O3 nanoparticles with a value of 0.0013, it is not so significant. DC-BDV values were very similar if one compares the effect of Al2O3 and TiO2 nanoparticles and the difference between nanofluids with concentration 0.6 wt% were only 1 kV, and enhancement at this concentration was 33.3%. To sum up, the difference between TiO2 and Al2O3 nanofluids were not so significant, but as the result of this experiment, Al2O3 nanoparticles are considered to be more suitable for the high voltage application.




4.2.3. LI-BDV


Wang et al. [117] examined LI-BDV of positive and negative polarity on a nanofluid made of MO KI25X and Titania nanoparticles of diameter approximately 20 nm. There were different results between the measurement of positive and negative polarity. Positive polarity showed enhancement of LI-BDV for all concentrations of nanoparticles and the highest concentration 0.09808% improved the value of LI-BDV by around 39%. On the other hand, the negative polarity LI-BDV test indicates that nanoparticles affect the properties of the base fluid negatively. Decrement of LI-BDV values was found for each concentration and it moved from around 2.1% to approximately 25%. According to [118], referred by these authors, it is caused by the splitting of electrons propagating in different directions, and branching of streamers in a highly nonuniform electric field when the voltage polarity varies.




4.2.4. Other Thermophysical Properties


Amalanathan et al. [119] examined MIDEL 1215 mixed with CTAB surfactant and TiO2 nanoparticles with a size of 5 nm. Significant results of stability proved by Zeta potential showed values above 60 mV at all examined concentrations (25–100 mg/L) and with CTAB the values did not fall under 80 mV. Zeta potential of nanofluid with 50 mg/L of TiO2 nanoparticles and 1 mg/L of CTAB reached a value more than 100 mV, and if we take into account that nanofluids with values of Zeta potential greater than 30 mV are considered as stable and greater than 60 mV are considered as extremely stable, this nanofluid had a significant stability. AC Corona inception voltage (CIV) was enhanced by about 75% at concentration 50 mg/L of TiO2. Different concentrations of CTAB at a concentration of TiO2 50 mg/L were also examined and results showed that enhancement was from 213–250% in comparison with the pure NE. The dissipation factor of the sample with TiO2 nanoparticles and CTAB were more than doubled (at 30 °C) and at 90 °C it was almost tripled in comparison with the value for the pure oil. This result can be considered as a negative impact of the added substances. The measured dynamic viscosity according to the presented results did not show any significant differences between various samples.



Li et al. [120] compared studies of MIDEL 7131 (SE) and Castrol oil (NE) doped with TiO2 nanoparticles of an average diameter of 30 nm. The examined viscosity showed that nanofluid with SE had 10 times lower values, so indicating better heat-transfer properties. The main experiment compared values of breakdown strengths (kV/cm) of these two types of nanofluid. For NE, the optimal concentration was 1 vol% where the average breakdown strength was increased by 55% with a value of more than 1000 kV/cm and for SE there was an enhancement of 12% compared with the base fluid with a value of around 900 kV/cm.



Chakraborty et al. [91] prepared nanofluids from mineral oil and NE FR3 and nanoparticles TiO2 and Al2O3 with a diameter from 40 to 80 nm. The results indicated that the dissipation factor is influenced by the concrete combination of the base fluid and the nanoparticles. The dissipation factor increased for combinations of MO with Al2O3 and NE with TiO2 nanoparticles. On the other hand, the combination of MO and TiO2 nanoparticles showed a decrement, as well as the combination of NE and Al2O3 nanoparticles. The importance of examination of a concrete combination is proven by these different results for various combinations of the insulating oil and nanoparticles.





4.3. Fe3O4 and Fe2O3 Nanoparticles


4.3.1. AC-BDV


Khaled et al. [93] compared results of AC-BDV of SE (MIDEL 7131) with Al2O3, Fe3O4, and SiO2 nanoparticles. Fe3O4 nanoparticles of a diameter 50 nm enhanced the AC-BDV up to 47.78% at a concentration 0.4 g/L that is the highest enhancement among all samples. The enhancement 17.83% was at a concentration 0.3 g/L, but samples with a lower concentration (0.05 and 0.2 g/L) exhibited a decreased AC-BDV by 6.06% and 0.05%, respectively.



Mendez et al. in [114] compare nanofluids with TiO2 nanoparticles and Fe2O3 nanoparticles with diameters from 10 to 20 nm. A vegetable fluid was chosen as a base fluid, while the nanoparticle concentrations varied between 0.1 and 0.5 kg/m3. Similar results of thermal conductivity were obtained when both added nanoparticles did not manifest significant changes. The enhancement of AC-BDV by 15.1% was at an optimal concentration 0.2 kg/m3. Remaining concentrations, 0.1 and 0.3 kg/m3, showed an increment in AC-BDV, while higher concentrations, 0.4 and 0.5 kg/m3, decreased the value of AC-BDV. In comparison with TiO2 nanoparticles with an improvement of 33.2%, the mixture of NE and Fe3O4 nanoparticles are less effective according to this experiment.



Primo et al. [121] mixed MO Nytro 4000X with Fe3O4 nanoparticles of diameter 10 nm. Concentrations of nanoparticles were 0.05, 0.1, and 0.2 g/L and enhancements of AC-BDV were 7.03%, 8.16% and 9.41%, respectively.



Hussain et al. [122] prepared nanofluids made of NE and SE with Fe3O4 nanoparticles of size ranging from 50 to 100 nm. AC-BDV was measured with two electrode systems, mushroom–mushroom (M-M) and sphere–sphere (S-S). The difference between these systems was about 30 kV. The electrode system M-M yielded different results for nanofluids with NE and SE as a base fluid. The highest enhancement 20.7% for nanofluid with SE was at a concentration 0.0022 wt%. On the other hand, NE-based nanofluid showed the highest enhancement 12.1% at a concentration 0.004 wt%. The electrode system S-S confirmed optimal concentrations for nanofluids and the highest enhancements of SE and NE based nanofluids were 30.7% and 33.4%, respectively. The results confirm that each combination of the base fluid and nanoparticles have an optimal concentration that was proved by different kinds of electrode systems in this experiment.



Olmo et al. [123] used Fe2O3 nanoparticles with a mean diameter between 10 and 20 nm mixed with NE. Six different concentrations from 0.1 to 0.5 kg/m3 were used to examine different physical and dielectric properties as viscosity, thermal conductivity and dielectric strength. No influence on the two first was noticed, probably due to the low concentrations of nanoparticles. The optimal concentration of Fe2O3 nanoparticles 0.2 kg/m3 improved AC-BDV by 16%. The nanofluid with 0.1 and 0.3 kg/m3 of nanoparticles showed an enhancement too, however, remaining higher concentrations 0.4 and 0.5 kg/m3 decreased the value of AC-BDV.



Charalampakos et al. [124] mixed NE Envirotemp FR3 with oleate-coated colloidal magnetic iron oxide nanocrystals (colMIONs). Different concentrations were tested until the value of AC-BDV decreased at a concentration around 0.014 wt%. AC-BDV enhancement was only at 0.008 wt% and 0.012 wt% concentrations, at which the enhancement reaches its maximum value of around 17%. An overview of the AC-BDV of nanofluids containing iron oxide nanoparticles is presented in Table 7.




4.3.2. DC-BDV


Fe3O4 as conductive nanoparticles are used mainly for the enhancement of dielectric properties. Similarly, for Al2O3 nanoparticles, Khaled et al. [101] examined NE MIDEL 1204 with Fe3O4 nanoparticles of diameter 50 nm. Nanofluid with Fe3O4 showed the highest enhancement (10.56%) among the presented samples (Fe3O4, Al2O3, SiO2) at concentration 0.2 g/L. However, nanofluids with remaining concentrations (0.05, 0.3, and 0.4 g/L) exhibited decreased values of DC-BDV from 0.62% to 13.84% at a concentration 0.3 g/L. These facts indicate sensitivity to the optimal concentration of Fe3O4 nanoparticles in nanofluid to reach the improved DC-BDV properties.



A similar experiment made by Beroual et al. [102] with different base fluids combines SE MIDEL 7131 with Fe3O4 nanoparticles with an average diameter of 50 nm. Enhancement of DC-BDV was observed only at concentration 0.05 g/L with an improvement of 9.8%. Higher concentrations decreased the values of DC-BDV by 7.89%, 1.05%, and 2.03% at concentrations 0.2, 0.3, and 0.4 g/L, respectively.




4.3.3. LI-BDV


Beroual et al. [103] examined also negative LI-BDV on NE (MIDEL 1204) and SE (MIDEL 7131) with different nanoparticles. Fe3O4 nanoparticles with an average size of 50 nm improved the U50% (a parameter that represents a value of LI-BDV with 50% probability of occurrence according to the normal and Weibull distribution laws) LI-BDV value of SE at each examined concentration. The enhancement decreased with concentration from 25.57% (0.05 g/L) to 6.37% (0.4 g/L). NE as a pure oil had a higher value of LI-BDV and the difference was 2.6%. After the addition of the nanoparticles, NE did not reach values as high as SE. The highest enhancement of NE nanofluid 7.51% was at concentration 0.2 g/L and remaining concentrations 0.05, 0.3, and 0.4 g/L showed an increment (decrement) 2.62%, −4.45%, and −8.29%, respectively. This experiment indicated that SE MIDEL 7131 is more appropriate than NE MIDEL 1204 as the base fluid for the mentioned applications.



Primo et al. [125] made nanofluid by adding Fe3O4 nanoparticles to MO Nytro 4000X and the size of nanoparticles was 10 nm. Positive and negative LI-BDV tests were examined and an enhancement for positive LI-BDV moved from 3.99% at concentration 0.2 g/L to 49.69% at the highest concentration 0.6 g/L. The nanofluid tested for negative LI-BDV showed an enhancement from 0.5% at concentration 0.6 g/L to 8.81% at concentration 0.4 g/L.



Accelerated thermal ageing tests were performed on nanofluids with superparamagnetic iron oxide nanoparticles by Kurimský et al. [126]. They found that the transformer oil is more resistive to thermal ageing than the nanofluids. The thermally influenced breakdown performance of nanofluids exhibited deteriorative behavior with increasing nanoparticle concentration. Recently, Rajnak et al. [127] showed that the presence of magnetite nanoparticles in transformer oil does not necessarily yield an enhancement in the AC breakdown voltage. They discuss that the nanoparticle surface modification may play a decisive role in the breakdown mechanism. Another study revealed that a small amount of magnetite nanoparticles (0.001 vol%) can remarkably enhance partial discharge activity in a naphthenic oil but not in an oil prepared by a gas-to-liquid technology [128]. Moreover, transformer oil-based nanofluids containing magnetic nanoparticles were applied in prototype transformers. It was reported that the prototype transformers filled with the magnetic fluids exhibited superior performance [20,129]. The enhancement of the cooling efficiency was partially achieved by the developed thermomagnetic convection. On the other hand, the application of an external magnetic field to magnetic nanofluids may control their dielectric response, but also increases the viscosity and thermal conductivity, depending on the particular configuration of the magnetic field and the measuring sensor [130].





4.4. SiO2 Nanoparticles


4.4.1. AC-BDV


Khaled et al. in the mentioned experiment [93] mixed SE MIDEL 7131 with silica nanoparticles of diameter from 10 to 20 nm. Unlike DC-BDV results, enhancement of AC-BDV moved from 19.17% at concentration 0.05 g/L to 31.5% at a concentration 0.4 g/L, so with the rising concentration, the values of AC-BDV raised simultaneously.



Shill et al. [131] examined mixtures of MO (POWER OIL TO 335X) and SE (MIDEL 7131) with SiO2 nanoparticles with an average size of less than 50 nm. Enhancement of AC-BDV of these samples reached only about 2% for MO and about 4% for SE at a concentration 0.02% w/v. On the other hand, with higher concentration, there is a decrement of around 9% for MO and around 7% for SE. To sum up, results indicate that SiO2 nanoparticles are not suitable for high voltage applications. This experiment dealt also with a thermal conductivity that raised with concentration and enhancement was 14% for SE at concentration 0.05% w/v and around 9% for MO at the same concentration. The viscosity of MO nanofluid was stable at all examined concentrations however, SE nanofluid showed a 12% increment at the highest examined concentration.



Charalampakos et al. [124] prepared a mixture of NE Envirotemp FR3 with silica nanoparticles with an average diameter of 12 nm. The results confirmed that SiO2 nanoparticles are not suitable for the enhancement of dielectric properties, as the values of all concentrations showed a decrement in AC-BDV. The decrement moved from around 9% at a concentration 0.02 wt% to around 150% at the highest examined concentration 0.024 wt%.



Baharuddin et al. [99] mixed Hyrax Hypertrans MO with SiO2 nanoparticles with an average diameter of 12 nm. The first experiment determined the optimal concentration of nanoparticles and then CTAB surfactant was added to test the properties of nanofluid. Optimal concentration was 0.1 wt% with an average enhancement of 63% and after addition of CTAB surfactant, the values of AC-BDV decreased with increasing CTAB concentration. An overview of the AC-BDV of nanofluids containing SiO2 nanoparticles is shown in Table 8.




4.4.2. DC-BDV


Silica nanoparticles are examined to improve the thermal and dielectric properties of transformer oils. Nevertheless, they are insulating kinds of nanoparticles and DC-BDV tests indicate a decrement of dielectric performance of base fluids. Khaled and Beroual et al. in the mentioned experiments [101,102] examined NE (MIDEL 1204) and SE (MIDEL 7131) with SiO2 nanoparticles with sizes ranging from 10 to 20 nm. Both of these experiments showed a decrease in DC-BDV, particularly silica nanoparticles in SE decreased the value from 8.07% at a concentration 0.05 g/L to 59.03% at a concentration 0.4 g/L. NE with silica nanoparticles reached similar results when the decrement moved from 5.14% at a concentration 0.2 g/L to 54.6% at a concentration 0.4 g/L. It can be concluded that SiO2 nanoparticles are not suitable for high voltage applications, especially when one takes into account the presented DC-BDV values.




4.4.3. LI-BDV


Beroual et al. [103] tested the improvement of negative LI-BDV in SE (MIDEL 7131) and NE (MIDEL 1204) nanofluids with SiO2 nanoparticles with a diameter of 50 nm. SE enhancement of U50% LI-BDV moved from 3.5% at the concentration 0.4 g/L to 21.84% at concentration 0.3 g/L. All of the SE samples showed improvement in LI-BDV. NE nanofluid similarly showed an improvement of the values at all concentrations from 7.75% (0.05 g/L) to 13.1% (0.2 g/L), so it can be concluded that silica nanoparticles are suitable to improve the negative LI-BDV.





4.5. Graphene Nanoparticles


Almeida et al. [132] mixed graphene nanoparticles with mineral transformer oil to test thermophysical and dielectric properties of the resulting nanofluid. The samples were sorted by the concentrations 0.01 wt%, 0.03 wt%, and 0.05 wt%. The viscosity of nanofluid raised with concentration, particularly, for 0.03 wt% and 0.05 wt% of graphene in the base fluid, the viscosity increased its value by 9.9% and 19.88%, respectively. Dielectric properties were described by electrical conductivity and dissipation factor. The electrical conductivity of nanofluid (0.05 wt% of graphene) was 4.76 times higher than that of the base fluid that may indicate degraded insulating properties. Dissipation factor, as well as the electrical conductivity raised with concentration and the highest measured value was increased more than 10 times, as compared with the base fluid.



Farade et al. [133] prepared a nanofluid made of graphene oxide (GO) and NE (cottonseed oil). AC-BDV of the measured nanofluid exhibited an enhanced value by 25% at a weight percentage of 0.02 wt%. AC-BDV was enhanced also at other concentrations of GO nanoparticles. Moreover, the dissipation factor was reduced at each concentration, so it can be concluded that a combination of GO and cottonseed oil is suitable for the dielectric application. Thermal conductivity as the thermophysical property was also enhanced at each level of concentration and the value raised with concentration up to the enhancement of 36.4% at a concentration 0.05 wt%.




4.6. Fullerene (C60) Nanoparticles


Szcześniak et al. [134] examined C60 nanoparticles with a diameter of approximately 0.7 nm mixed with NE FR3 before and after 164 h of accelerated ageing at temperature 150 °C. As for thermophysical properties, the viscosity of the nanofluid remains almost unchanged even after ageing, so the nanofluid is suitable as a cooling medium as well as a base fluid. AC-BDV of the studied nanofluids was lowered by around 10% and 5% at concentrations 500 and 250 mg/L, respectively, but these results were measured before ageing. After ageing, there was an enhancement of around 23% (when comparing the aged base fluid and the aged nanofluid of concentration 500 mg/L). Dissipation factor raised with concentration of nanoparticles in fluids before and also after the accelerated ageing.



Huang et al. [135] mixed NE obtained from raw rapeseed oil and MO with C60 nanoparticles with a diameter from 4 to 6 nm. The dissipation factor was decreased by 20.1% for NE with C60 nanoparticles of concentration 100 mg/L and decrement in MO was around 50% at a concentration 50 mg/L. For both nanofluids, a higher concentration means a higher dissipation factor starting from the mentioned concentrations. AC-BDV in NE was improved at concentrations 50–150 mg/L, and at higher concentrations there was a decrement. The enhancement moved from around 2% to around 8%. MO mixed with C60 nanoparticles showed a decrement only at a concentration 50 mg/L. The optimal concentration of fullerene for MO is 200 mg/L when the enhancement reached around 21%.




4.7. h-BN Nanoparticles


Maharana et al. [136] used insulating and high thermal conductivity-based hexagonal boron nitride (h-BN) nanoparticles of size 50–150 nm to enhance the properties of NE FR3. AC-BDV test showed an enhancement around 5% but with ageing, the enhancement raised to a maximum around 11% at 300 h of accelerated ageing. The nanofluid is less sensitive to ageing in comparison to the base fluid. The dissipation factor was almost unchanged after the addition of h-BN nanoparticles. Moreover, after 500 h of accelerated ageing, the nanofluid had around 21% lower AC-BDV value than the pure NE.



Taha–Tijerina et al. [137] tested h-BN, molybdenum disulfide (MoS2) and their combination in SE (MIDEL7131) and NE Envirotemp FR3. The measurements were focused on the enhancement of thermal conductivity. Hybrid composition h-BN/MoS2 of the nanofluid was used at a mass ratio of 1:1 (h-BN and MoS2). In all cases, the enhancement was increased with the concentration of nanoparticles and the highest enhancement was at a temperature around 323 K. In SE, enhancements were around 24%, 27%, and 31% for h-BN, MoS2 and h-BN/MoS2, respectively. NE showed almost the same results of enhancement, particularly 20%, 22%, and 31% for h-BN, MoS2, and h-BN/MoS2, respectively. The hybrid composition had the highest enhancement in both cases even though both of the used nanoparticles have different thermal conductivities.




4.8. CCTO Nanoparticles


Thomas et al. [138] undertook study on CCTO (CaCu3Ti4O12) nanoparticles mixed with SE MIDEL7131. Concentrations of CCTO in SE were 0.001–0.05 vol%. As for dielectric properties, AC-BDV, LI-BDV, PDIV, and loss tangent measurements were performed. AC-BDV enhancement moved from 8.33% at the concentration 0.05 vol% to 41.6% at concentration 0.005 vol%. Similar results were in LI-BDV measurements where enhancement moved from 11.2% (0.05 vol%) to 17.3% (0.005 vol%) that indicated the optimal concentration at a level of 0.005 vol%. PDIV enhancement increased with concentration from 10.06% at the lowest concentration to 34.95% at the highest concentration. Loss tangent at 90 °C increased with concentration too. At 0.001 vol% there was an increment 11.86%; however, a decrease at 0.05 vol% was 72.88% that made CCTO suitable for the dielectric property enhancement. Thermophysical properties of CCTO nanofluid indicate that 0.005 vol% is optimal for CCTO application in SE, where increment in viscosity was low (1.7%), the flash point had the highest result (enhancement 18.88%) and thermal conductivity enhancement was 6.89%.



In other work from Thomas et al. [139], CCTO and BCZT (Ba0.85Ca0.15Zr0.1Ti0.9O3) nanoparticles mixed with SE MIDEL 7131 were examined. The value of AC-BDV was improved for each concentration of both nanoparticles. For CCTO, the enhancement moved from 21.7% at a concentration 0.001 wt% to 41.7% at a concentration 0.005 wt%. The enhancement of AC-BDV for BCZT moved from 6.7% to 20% at the same concentrations of nanoparticles as for CCTO. The dissipation factor at 90 °C raised with concentration for BCZT to 58.3% increment. The dissipation factor for CCTO nanofluid had its peak at a concentration of 0.001 wt% where the value was 10 times higher than that measured for the base fluid. At a concentration 0.005 wt%, the dissipation factor reached a value about 4.4 times higher than in pure SE. As for thermophysical properties, the flash point raised with concentration and maximal enhancement for CCTO was 18.9%, while BCZT decreased the value of the flash point at all concentrations and the highest decrement 9.8% was at a concentration 0.001 wt%. Viscosity did not change significantly and maximal increment was 4.1%. Thermal conductivities of both nanofluids were the same with the maximal enhancement of 30.3% at a concentration 0.005 wt%.



Roy et al. [140] mixed SE USEO with CCTO nanoparticles at concentrations 0.005 vol%, 0.1 vol%, and 0.05 vol%. The results of this experiment showed contrary values in comparison with the mentioned experiments carried out by Thomas et al. [138]. AC-BDV was decreased by 35.8% at the highest examined concentration and by 24.7% at the lowest one. The loss tangent increment at 90 °C moved from 13.5% (0.005 vol%) to 28.7% (0.05 vol%). The viscosity increment was not significant at any temperature with the highest value of 1.07%. The flash point decrement moved from 1.95% (0.05 vol%) to 9.3% at a concentration 0.005 vol%.




4.9. ZnO Nanoparticles


Duzkaya et al. [141] used NE MIDEL eN 1204 and ZnO nanoparticles of average diameter around 25 nm to examine the AC-BDV enhancement. At the maximal and minimal concentration, there was a decrement in AC-BDV from 2.7% (0.05 g/L) to 9.46% (0.4 g/L). At concentrations 0.1, 0.2, and 0.3 g/L, there were similar results with the enhancement between 5.94% (0.2 g/L) and 5.2% (0.3 g/L). It can be concluded that the optimal concentration of ZnO nanoparticles in this particular NE is around 0.2 g/L.



Fernández et al. in their experiment [113] compared TiO2 nanoparticles with ZnO nanoparticles with a diameter of 60 nm. Both nanofluids have their optimal concentration of 0.04 wt% however, the enhancement of TiO2 nanofluid was around 35% while ZnO nanofluid showed enhancement around 29%. During the accelerated ageing, the enhancement of ZnO nanofluid decreased to around 12.5% at 300 h, while TiO2 nanofluid reached higher values during the whole accelerated ageing test. While TiO2 nanoparticles did not change values of dissipation factor during the ageing significantly, the dissipation factor of ZnO nanofluid after 50 h of accelerated ageing started to rise from the value around 0.13 to around 0.45 at 300 h of ageing that can indicate the unsuitability of ZnO nanoparticles for high voltage applications.



In the reported experiment by Muangpratoom [115], ZnO and BaTiO3 nanoparticles of average size 30 and 50 nm were also investigated. Analogous to TiO2 nanoparticles, the optimal concentration of the nanoparticles was 0.03% and the highest enhancement was at temperature 50 °C. ZnO showed the highest enhancement among all samples that reached 37.15%. The highest enhancement for BaTiO3 nanofluid was 27.7%. All of the measured samples enhanced the breakdown strength at each level of temperature and concentration.




4.10. Other Nanoparticles


Koutras et al. [88,104] examined dielectric properties of Al2O3 and SiC nanoparticles of average diameter between 45–50 nm for SiC. Both nanofluids contained 0.004 wt% of nanoparticles in the base fluid NE Envirotemp FR3. AC-BDV results showed that the enhancement of SiC nanofluid was 16.31% and Al2O3 nanofluid exhibited 11.76% enhancement. Positive LI-BDV showed that higher enhancement was reached for Al2O3 nanofluid with a value of 28.47%, while 5.59% enhancement was found for SiC nanofluid. The negative LI-BDV study showed opposite results when enhancement in SiC nanofluid was 3.96% while in Al2O3 nanofluid it was 1.52%. PDIV enhancement was also higher for SiC (92%) than for Al2O3 (44%).



Hussain et al. in the reported study [122] also examined iron phosphide (Fe3P) and cobalt (Co3O4) nanoparticles mixed with NE and SE. AC-BDV enhancement of NE with Fe3P nanoparticles was 19.3% at a concentration 0.004 wt% (M-M electrode system) and 33.5% at the same concentration (S-S electrode system). The highest enhancement of SE was at a concentration 0.0022 wt% with values 20.2% (M-M electrode system) and 31.4% (S-S electrode system). Co3O4 nanofluid had maximal values of enhancement at a concentration 0.004 wt% for all samples and electrode systems. The value of AC-BDV in NE was increased by 25.1% (M-M) and 32.6% (S-S). The enhancement of SE nanofluid reached values 15% (M-M) and 16.1% (S-S).



Maneerat et al. [110] compared BDV performance of nanofluids with a base oil NE with TiO2 and BaTiO3 nanoparticles. BaTiO3 nanoparticles of size 100 nm enhanced AC-BDV by around 28% at the concentration of 0.05 vol%. The values changed at different temperatures and at 130 °C the optimal concentration changed to 0.03 vol% with an enhancement of around 10%. In comparison with TiO2 nanoparticles, BaTiO3 showed higher values in most cases.



Thomas [142] made a mixture of SE and MgO nanoparticles of diameter 65 nm. AC-BDV results indicated that enhancement raised linearly up to 0.005 wt% and thereafter it decreased. The maximum value of enhancement reached around 26%. The dissipation factor at 90 °C increased its value at concentration 0.001 wt% 5 times, as compared with the base fluid. At higher concentrations, the dissipation factor was lowered and stabilized. The stabilized value was 2.5 times higher than the value of pure SE. Viscosity was also found stable at all examined concentrations and temperatures.





5. Environmental Impacts of Dielectric Nanofluids


The available research papers on the development of dielectric liquids indicate the tendency to consider the environmental aspects in a greater measure. When considering nanofluids as progressive dielectric media for power transformers, the first step toward the eco-friendlier approach is the use of biodegradable base liquids. However, the environmental impacts of nanofluids depend not only on the base liquids but also on the nanoparticles forming the dispersive phase. It was found that the nanoparticle type, concentration of nanoparticles and the production methods have a significant effect on the associated environmental impacts, as recently discussed in [143]. Clearly, in further research into dielectric nanofluids for high-voltage industry, there must be an intensive discussion of the recycling or recovery of nanoparticles added to the base dielectric liquids after their life cycle. Comprehensive and effective pathways for safe disposal and combating of unwanted or unexpected effects of nanoparticles must be considered in the same way as for all other nanoproducts [144,145].




6. Conclusions


Nanofluids are a possible future alternative for high voltage applications that can make heat transfer and insulation more effective. This promising alternative to today’s insulating oils brings opportunities for researchers to find an effective combination of a base oil and nanoparticles with an optimal concentration that will be able to meet the criteria for the implementation. Owing to the greater number of papers that deal with nanofluids properties and examination of optimal concentration for a certain combination, it is necessary to unify the interpretation of the results, mainly the physical unit of concentration for better and easier comparison of results. On the other hand, more detailed nanofluid characterization, such as information on nanoparticle crystal structure (especially for those materials exhibiting polymorphism), would help to reproduce and compare the published results by other researchers. In this review, there was an effort to describe nanofluids preparation, options for determining the stability and finally a description of the latest results in this field, mainly insulating properties of biodegradable insulating oils that were sorted by the used nanoparticles. As each of the applied nanoparticle materials may yield different enhancement of dielectric properties of base liquids, it is difficult to provide an unambiguous clue to the right choice for the nanomaterial. In our opinion, this aspect must be considered and experimentally verified specifically for a particular base liquid and for a particular purpose. There is a need for further research of nanofluids before their implementation into high-voltage engineering practice.







Author Contributions


Conceptualization, M.Š. and J.K.; methodology, J.K. and M.R.; writing—original draft preparation, M.Š.; writing—review and editing, J.K. and M.R.; supervision, J.K.; project administration, M.R.; funding acquisition, J.K. and M.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by SCIENTIFIC GRANT AGENCY OF THE MINISTRY OF EDUCATION, SCIENCE, RESEARCH AND SPORT OF THE SLOVAK REPUBLIC AND OF THE SLOVAK ACADEMY OF SCIENCES, grant number VEGA 2/0011/20 and grant number VEGA 1/0154/21. This research was funded by SLOVAK RESEARCH AND DEVELOPMENT AGENCY, grant number APVV-18-0160. The APC was funded by grant number VEGA 2/0011/20. This work is outcome of monitored by European Social Fund project ITMS 313011T565 (Innovative Testing Procedures for 21st Century Industry).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Chu, S.; Majumdar, A. Opportunities and Challenges for a Sustainable Energy Future. Nature 2012, 488, 294–303. [Google Scholar] [CrossRef]

	



Wang, M.; Vandermaar, A.J.; Srivastava, K.D. Review of Condition Assessment of Power Transformers in Service. IEEE Electr. Insul. Mag. 2002, 18, 12–25. [Google Scholar] [CrossRef]

	



Aj, C.; Salam, M.A.; Rahman, Q.M.; Wen, F.; Ang, S.P.; Voon, W. Causes of Transformer Failures and Diagnostic Methods—A Review. Renew. Sustain. Energy Rev. 2018, 82, 1442–1456. [Google Scholar] [CrossRef]

	



Islam, M.M.; Lee, G.; Hettiwatte, S.N. A Review of Condition Monitoring Techniques and Diagnostic Tests for Lifetime Estimation of Power Transformers. Electr. Eng. 2018, 100, 581–605. [Google Scholar] [CrossRef]

	



Arias Velásquez, R.M.; Mejía Lara, J.V.; Melgar, A. Converting Data into Knowledge for Preventing Failures in Power Transformers. Eng. Fail. Anal. 2019, 101, 215–229. [Google Scholar] [CrossRef]

	



Jahromi, A.; Piercy, R.; Cress, S.; Service, J.; Fan, W. An Approach to Power Transformer Asset Management Using Health Index. IEEE Electr. Insul. Mag. 2009, 25, 20–34. [Google Scholar] [CrossRef]

	



Bartley, W.H. Investigating Transformer Failure. In Proceedings of the Weidmann-ACTI 5th Annual Technical Conference on New Diagnostic Concepts for Better Asset Management, Albuquerque, NM, USA, 13–15 November 2006. [Google Scholar]

	



Husnayain, F.; Latif, M.; Garniwa, I. Transformer Oil Lifetime Prediction Using the Arrhenius Law Based on Physical and Electrical Characteristics. In Proceedings of the 2015 International Conference on Quality in Research (QiR), Lombok, Indonesia, 1 August 2015; pp. 115–120. [Google Scholar] [CrossRef]

	



Rafiq, M.; Shafique, M.; Azam, A.; Ateeq, M.; Khan, I.A.; Hussain, A. Sustainable, Renewable and Environmental-Friendly Insulation Systems for High Voltages Applications. Molecules 2020, 25, 3901. [Google Scholar] [CrossRef]

	



Harlow, J.H. (Ed.) Electric Power Transformer Engineering, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2007; ISBN 978-0-429-12170-8. [Google Scholar]

	



Rafiq, M.; Shafique, M.; Azam, A.; Ateeq, M. The Impacts of Nanotechnology on the Improvement of Liquid Insulation of Transformers: Emerging Trends and Challenges. J. Mol. Liq. 2020, 302, 112482. [Google Scholar] [CrossRef]

	



Rafiq, M.; Lv, Y.Z.; Zhou, Y.; Ma, K.B.; Wang, W.; Li, C.R.; Wang, Q. Use of Vegetable Oils as Transformer Oils—A Review. Renew. Sustain. Energy Rev. 2015, 52, 308–324. [Google Scholar] [CrossRef]

	



Tenbohlen, S.; Koch, M. Aging Performance and Moisture Solubility of Vegetable Oils for Power Transformers. IEEE Trans. Power Deliv. 2010, 25, 825–830. [Google Scholar] [CrossRef]

	



Tokunaga, J.; Nikaido, M.; Koide, H.; Hikosaka, T. Palm Fatty Acid Ester as Biodegradable Dielectric Fluid in Transformers: A Review. IEEE Electr. Insul. Mag. 2019, 35, 34–46. [Google Scholar] [CrossRef]

	



Asano, R.; Page, S.A. Reducing Environmental Impact and Improving Safety and Performance of Power Transformers With Natural Ester Dielectric Insulating Fluids. IEEE Trans. Ind. Appl. 2014, 50, 134–141. [Google Scholar] [CrossRef]

	



Comparative Evaluation of Alternative Fluids for Power Transformers. Electr. Power Syst. Res. 2013, 98, 58–69. [CrossRef]

	



Rozga, P. Properties of New Environmentally Friendly Biodegradable Insulating Fluids for Power Transformers. In Proceedings of the 1st Annual International Interdisciplinary Conference 2013, Azores, Portugal, 24–26 April 2013. [Google Scholar] [CrossRef]

	



Rafiq, M.; Lv, Y.; Li, C. A Review on Properties, Opportunities, and Challenges of Transformer Oil-Based Nanofluids. J. Nanomater. 2016, 2016, 8371560. [Google Scholar] [CrossRef]

	



Charles, S.W. The Preparation of Magnetic Fluids. In Ferrofluids; Odenbach, S., Ed.; Lecture Notes in Physics; Springer: Berlin/Heidelberg, Germany, 2002; Volume 594, pp. 3–18. ISBN 978-3-540-43978-3. [Google Scholar]

	



Pislaru-Danescu, L.; Morega, A.M.; Morega, M.; Stoica, V.; Marinica, O.M.; Nouras, F.; Paduraru, N.; Borbath, I.; Borbath, T. Prototyping a Ferrofluid-Cooled Transformer. IEEE Trans. Ind. Appl. 2013, 49, 1289–1298. [Google Scholar] [CrossRef]

	



Rozga, P.; Beroual, A.; Przybylek, P.; Jaroszewski, M.; Strzelecki, K. A Review on Synthetic Ester Liquids for Transformer Applications. Energies 2020, 13, 6429. [Google Scholar] [CrossRef]

	



Eberhardt, R.; Muhr, H.M.; Lick, W.; Wieser, B.; Schwarz, R.; Pukel, G. Partial Discharge Behaviour of an Alternative Insulating Liquid Compared to Mineral Oil. In Proceedings of the 2010 IEEE International Symposium on Electrical Insulation, San Diego, CA, USA, 6–9 June 2010; IEEE: San Diego, CA, USA, 2010; pp. 1–4. [Google Scholar]

	



Marković, M.; Cucic, B. Transformer Lifetime Management through Solid and Liquid Insulation Assessment. In Proceedings of the Euro TechCon 2018, Cardiff, UK, 4–6 December 2018. [Google Scholar]

	



Karmaker, A.K.; Sikder, M.M.; Hossain, M.J.; Ahmed, M.R. Investigation and Analysis of Electro-Physical Properties of Biodegradable Vegetable Oil for Insulation and Cooling Application in Transformers. J. Electron. Mater. 2020, 49, 787–797. [Google Scholar] [CrossRef]

	



Stylianos, K. Distribution Transformers and Maintenance; Central Ostrobothnia University of Applied Sciences: Ylivieska, Finland, 2009; p. 58. [Google Scholar]

	



Oommen, T.V.; Claiborne, C.C.; Walsh, E.J.; Baker, J.P. A New Vegetable Oil Based Transformer Fluid: Development and Verification. In Proceedings of the 2000 Annual Report Conference on Electrical Insulation and Dielectric Phenomena (Cat. No.00CH37132), Victoria, BC, Canada, 15–18 October 2000; Volume 1, pp. 308–312. [Google Scholar]

	



Rapp, K.J.; Luksich, J.; Sbravati, A. Application of Natural Ester Insulating Liquids in Power Transformers. In Proceedings of the My Transfo 2014, Turin, Italy, 18–19 November 2014. [Google Scholar]

	



Hemmer, M.; Badent, R.; Leibfried, T. Investigation of the Suitability of Commercially Available Bio-Oils as Insulating Liquid. In Proceedings of the 2003 Annual Report Conference on Electrical Insulation and Dielectric Phenomena, Albuquerque, NM, USA, 19–22 October 2003; pp. 64–67. [Google Scholar]

	



Martin, R.; Athanassatou, H.; Duart, J.C.; Perrier, C.; Sitar, I.; Walker, J.; Claiborne, C.; Boche, T.; Cherry, D.; Darwin, A. Experiences in Service with New Insulating Liquids; CIGRE: Paris, France, 2010; pp. 2–35. ISBN 978-2-85873-124-4. [Google Scholar]

	



Choi, S.U.S.; Eastman, J. Enhancing Thermal Conductivity of Fluids with Nanoparticles. In Developments and Applications of Non-Newtonian Flows; Siginer, D.A., Wang, H.P., Eds.; ASME: New York, NY, USA, 1995; Volume 66, pp. 99–105. [Google Scholar]

	



Fal, J.; Mahian, O.; Żyła, G. Nanofluids in the Service of High Voltage Transformers: Breakdown Properties of Transformer Oils with Nanoparticles, a Review. Energies 2018, 11, 2942. [Google Scholar] [CrossRef]

	



Ali, H.M.; Babar, H.; Shah, T.R.; Sajid, M.U.; Qasim, M.A.; Javed, S. Preparation Techniques of TiO2 Nanofluids and Challenges: A Review. Appl. Sci. 2018, 8, 587. [Google Scholar] [CrossRef]

	



Mukherjee, S.; Paria, S. Preparation and Stability of Nanofluids-A Review. IOSR J. Mech. Civ. Eng. (IOSR-JMCE) 2013, 9, 63–69. [Google Scholar] [CrossRef]

	



Yu, W.; Xie, H. A Review on Nanofluids: Preparation, Stability Mechanisms, and Applications. J. Nanomater. 2012, 2012, 1–17. [Google Scholar] [CrossRef]

	



Li, Y.; Zhou, J.; Tung, S.; Schneider, E.; Xi, S. A Review on Development of Nanofluid Preparation and Characterization. Powder Technol. 2009, 196, 89–101. [Google Scholar] [CrossRef]

	



Choi, S.U.S.; Eastman, J.A. Enhanced Heat Transfer Using Nanofluids; Argonne National Lab. (ANL): Argonne, IL, USA, 2001. [Google Scholar]

	



Huang, X.; Zhang, W. Study on Successively Preparation of Nano-TiO2 Ethanol Colloids by Pulsed Laser Ablation and Fluorescence Property. Appl. Surf. Sci. 2008, 254, 3403–3407. [Google Scholar] [CrossRef]

	



Liu, P.; Cai, W.; Wan, L.; Shi, M.; Luo, X.; Jing, W. Fabrication and Characteristics of Rutile TiO2 Nanoparticles Induced by Laser Ablation. Trans. Nonferrous Met. Soc. China 2009, 19, s743–s747. [Google Scholar] [CrossRef]

	



Ma, B.; Banerjee, D. A Review of Nanofluid Synthesis. In Advances in Nanomaterials; Balasubramanian, G., Ed.; Springer International Publishing: Cham, Switzerland, 2018; pp. 135–176. ISBN 978-3-319-64715-9. [Google Scholar]

	



Parashar, M.; Shukla, V.K.; Singh, R. Metal Oxides Nanoparticles via Sol–Gel Method: A Review on Synthesis, Characterization and Applications. J. Mater. Sci. Mater. Electron. 2020, 31, 3729–3749. [Google Scholar] [CrossRef]

	



Lo, C.-H.; Tsung, T.-T.; Chen, L.-C. Shape-Controlled Synthesis of Cu-Based Nanofluid Using Submerged Arc Nanoparticle Synthesis System (SANSS). J. Cryst. Growth 2005, 277, 636–642. [Google Scholar] [CrossRef]

	



Lo, C.-H.; Tsung, T.-T.; Chen, L.-C.; Su, C.-H.; Lin, H.-M. Fabrication of Copper Oxide Nanofluid Using Submerged Arc Nanoparticle Synthesis System (SANSS). J. Nanopart. Res. 2005, 7, 313–320. [Google Scholar] [CrossRef]

	



Isaev, A.B.; Orudjev, F.F.; Shabanov, N.S.; Magomedova, G.A.; Gasanova, F.G.; Khizrieva, I.K. Synthesis and Studies of Photocatalytic Activity of Composite Based on Nanodispersed TiO2 and SiO2. Nanotechnol. Russ. 2015, 10, 357–361. [Google Scholar] [CrossRef]

	



Huang, G.; Lu, C.-H.; Yang, H.-H. Chapter 3—Magnetic Nanomaterials for Magnetic Bioanalysis. In Novel Nanomaterials for Biomedical, Environmental and Energy Applications; Wang, X., Chen, X., Eds.; Elsevier: Amsterdam, The Netherlands, 2019; pp. 89–109. ISBN 978-0-12-814497-8. [Google Scholar]

	



Rabenau, A. The Role of Hydrothermal Synthesis in Preparative Chemistry. Angew. Chem. Int. Ed. Engl. 1985, 24, 1026–1040. [Google Scholar] [CrossRef]

	



Adio, S.A.; Sharifpur, M.; Meyer, J.P. Influence of Ultrasonication Energy on the Dispersion Consistency of Al2O3–Glycerol Nanofluid Based on Viscosity Data, and Model Development for the Required Ultrasonication Energy Density. J. Exp. Nanosci. 2016, 11, 630–649. [Google Scholar] [CrossRef]

	



Afzal, A.; Nawfal, I.; Mahbubul, I.M.; Kumbar, S.S. An Overview on the Effect of Ultrasonication Duration on Different Properties of Nanofluids. J. Anal. Calorim. 2019, 135, 393–418. [Google Scholar] [CrossRef]

	



Asadi, A.; Alarifi, I.M. Effects of Ultrasonication Time on Stability, Dynamic Viscosity, and Pumping Power Management of MWCNT-Water Nanofluid: An Experimental Study. Sci. Rep. 2020, 10, 15182. [Google Scholar] [CrossRef]

	



Mahbubul, I.M.; Saidur, R.; Amalina, M.A.; Elcioglu, E.B.; Okutucu-Ozyurt, T. Effective Ultrasonication Process for Better Colloidal Dispersion of Nanofluid. Ultrason. Sonochemistry 2015, 26, 361–369. [Google Scholar] [CrossRef]

	



Sandhya, M.; Ramasamy, D.; Sudhakar, K.; Kadirgama, K.; Harun, W.S.W. Ultrasonication an Intensifying Tool for Preparation of Stable Nanofluids and Study the Time Influence on Distinct Properties of Graphene Nanofluids—A Systematic Overview. Ultrason. Sonochemistry 2021, 73, 105479. [Google Scholar] [CrossRef] [PubMed]

	



Chaudhari, K.; Walke, P.; Wankhede, U.; Shelke, R. An Experimental Investigation of a Nanofluid (Al2O3 + H2O) Based Parabolic Trough Solar Collectors. Br. J. Appl. Sci. Technol. 2015, 9, 551–557. [Google Scholar] [CrossRef]

	



Naiman, I.; Devarajan, R.; Kadirgama, K. Experimental and One Dimensional Investigation on Nanocellulose and Aluminium Oxide Hybrid Nanofluid as a New Coolant for Radiator. IOP Conf. Ser. Mater. Sci. Eng. 2019, 469, 012096. [Google Scholar] [CrossRef]

	



Sidik, N.A.C.; Mohammed, H.A.; Alawi, O.A.; Samion, S. A Review on Preparation Methods and Challenges of Nanofluids. Int. Commun. Heat Mass Transf. 2014, 54, 115–125. [Google Scholar] [CrossRef]

	



Che Sidik, N.A.; Mahmud Jamil, M.; Aziz Japar, W.M.A.; Muhammad Adamu, I. A Review on Preparation Methods, Stability and Applications of Hybrid Nanofluids. Renew. Sustain. Energy Rev. 2017, 80, 1112–1122. [Google Scholar] [CrossRef]

	



Rafiq, M.; Shafique, M.; Azam, A.; Ateeq, M. Transformer Oil-Based Nanofluid: The Application of Nanomaterials on Thermal, Electrical and Physicochemical Properties of Liquid Insulation—A Review. Ain. Shams Eng. J. 2021, 12, 555–576. [Google Scholar] [CrossRef]

	



Sajid, M.U.; Ali, H.M. Thermal Conductivity of Hybrid Nanofluids: A Critical Review. Int. J. Heat Mass Transf. 2018, 126, 211–234. [Google Scholar] [CrossRef]

	



Setia, H.; Gupta, R.; Wanchoo, R.K. Stability of Nanofluids. MSF 2013, 757, 139–149. [Google Scholar] [CrossRef]

	



Hwang, Y.; Lee, J.-K.; Lee, J.-K.; Jeong, Y.-M.; Cheong, S.; Ahn, Y.-C.; Kim, S.H. Production and Dispersion Stability of Nanoparticles in Nanofluids. Powder Technol. 2008, 186, 145–153. [Google Scholar] [CrossRef]

	



Munson, B.R.; Young, D.F.; Okiishi, T.H. Fundamentals of Fluid Mechanics, 3rd ed.; John Wiley & Sons: New Jersey, NJ, USA, 1998; Chapter 3. [Google Scholar]

	



Ali, N.; Teixeira, J.A.; Addali, A. A Review on Nanofluids: Fabrication, Stability, and Thermophysical Properties. J. Nanomater. 2018, 2018, 6978130. [Google Scholar] [CrossRef]

	



Ghadimi, A.; Saidur, R.; Metselaar, H.S.C. A Review of Nanofluid Stability Properties and Characterization in Stationary Conditions. Int. J. Heat Mass Transf. 2011, 54, 4051–4068. [Google Scholar] [CrossRef]

	



Wang, X.-J.; Li, X.-F.; Wang, N.; Wen, X.-Y.; Long, Q. Influence of SDBS on Stability of Al2O3 Nano-Suspensions. In Nanophotonics, Nanostructure, and Nanometrology II, Proceedings of the Photonics Asia 2007, Beijing, China, 12–14 November 2007; Zhu, X., Chou, S.Y., Arakawa, Y., Eds.; SPIE: Beijing, China, 2008; Volume 6831, p. 683113. [Google Scholar]

	



Jiang, L.; Gao, L.; Sun, J. Production of Aqueous Colloidal Dispersions of Carbon Nanotubes. J. Colloid Interface Sci. 2003, 260, 89–94. [Google Scholar] [CrossRef]

	



Mondragon, R.; Julia, J.E.; Barba, A.; Jarque, J.C. Characterization of Silica–Water Nanofluids Dispersed with an Ultrasound Probe: A Study of Their Physical Properties and Stability. Powder Technol. 2012, 224, 138–146. [Google Scholar] [CrossRef]

	



Chang, H.; Jwo, C.S.; Fan, P.S.; Pai, S.H. Process Optimization and Material Properties for Nanofluid Manufacturing. Int. J. Adv Manuf. Technol. 2007, 34, 300–306. [Google Scholar] [CrossRef]

	



Wei, X.; Zhu, H.; Kong, T.; Wang, L. Synthesis and Thermal Conductivity of Cu2O Nanofluids. Int. J. Heat Mass Transf. 2009, 52, 4371–4374. [Google Scholar] [CrossRef]

	



Ali, N.; Teixeira, J.A.; Addali, A. Aluminium Nanofluids Stability: A Comparison between the Conventional Two-Step Fabrication Approach and the Controlled Sonication Bath Temperature Method. J. Nanomater. 2019, 2019, e3930572. [Google Scholar] [CrossRef]

	



Ilyas, S.U.; Pendyala, R.; Marneni, N. Settling Characteristics of Alumina Nanoparticles in Ethanol-Water Mixtures. AMM 2013, 372, 143–148. [Google Scholar] [CrossRef]

	



Ilyas, S.U.; Pendyala, R.; Marneni, N. Stability and Agglomeration of Alumina Nanoparticles in Ethanol-Water Mixtures. Procedia Eng. 2016, 148, 290–297. [Google Scholar] [CrossRef]

	



Ilyas, S.U.; Pendyala, R.; Marneni, N. Preparation, Sedimentation, and Agglomeration of Nanofluids. Chem. Eng. Technol. 2014, 37, 2011–2021. [Google Scholar] [CrossRef]

	



Lee, K.; Hwang, Y.; Cheong, S.; Kwon, L.; Kim, S.; Lee, J. Performance Evaluation of Nano-Lubricants of Fullerene Nanoparticles in Refrigeration Mineral Oil. Curr. Appl. Phys. 2009, 9, e128–e131. [Google Scholar] [CrossRef]

	



Ferreira, L.M.B.; Kiill, C.P.; Pedreiro, L.N.; Santos, A.M.; Gremião, M.P.D. Chapter 5—Supramolecular design of hydrophobic and hydrophilic polymeric nanoparticles. In Design and Development of New Nanocarriers; Grumezescu, A.M., Ed.; William Andrew Publishing: Norwich, NY, USA, 2018; pp. 181–221. ISBN 978-0-12-813627-0. [Google Scholar]

	



Mansour, D.A.; Atiya, E.G. Application of UV/Vis Spectroscopy to Assess the Stability of Oil-Based Nanofluids. In Proceedings of the 2016 IEEE Conference on Electrical Insulation and Dielectric Phenomena (CEIDP), Toronto, ON, Canada, 16–19 October 2016; pp. 671–674. [Google Scholar]

	



Amaro-Gahete, J.; Benítez, A.; Otero, R.; Esquivel, D.; Jiménez-Sanchidrián, C.; Morales, J.; Caballero, Á.; Romero-Salguero, F. A Comparative Study of Particle Size Distribution of Graphene Nanosheets Synthesized by an Ultrasound-Assisted Method. Nanomaterials 2019, 9, 152. [Google Scholar] [CrossRef]

	



Badaire, S.; Poulin, P.; Maugey, M.; Zakri, C. In Situ Measurements of Nanotube Dimensions in Suspensions by Depolarized Dynamic Light Scattering. Langmuir 2004, 20, 10367–10370. [Google Scholar] [CrossRef]

	



Schärtl, W. Light Scattering from Polymer Solutions and Nanoparticle Dispersions; Springer Laboratory; Springer: Berlin/Heidelberg, Germany, 2007; ISBN 978-3-540-71950-2. [Google Scholar]

	



Smith, D.J. Chapter 1 Characterization of Nanomaterials Using Transmission Electron Microscopy. In Nanocharacterisation: Edition 2; The Royal Society of Chemistry: Cambridge, UK, 2015; pp. 1–29. [Google Scholar] [CrossRef]

	



Vladár, A.E.; Hodoroaba, V.-D. Chapter 2.1.1—Characterization of nanoparticles by scanning electron microscopy. In Characterization of Nanoparticles; Hodoroaba, V.-D., Unger, W.E.S., Shard, A.G., Eds.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 7–27. ISBN 978-0-12-814182-3. [Google Scholar]

	



Majeed, N.; Abdulmajeed, B.; Yaseen, A. The Influence of the Preparation and Stability of Nanofluids for Heat Transfer. J. Eng. 2019, 25, 45–54. [Google Scholar] [CrossRef]

	



Liu, M.S.; Lin, M.C.C.; Tsai, C.Y.; Wang, C.-C. Enhancement of Thermal Conductivity with Cu for Nanofluids Using Chemical Reduction Method. Int. J. Heat Mass Transf. 2006, 49, 3028–3033. [Google Scholar] [CrossRef]

	



Mourdikoudis, S.; Pallares, R.; Thanh, N. Characterization Techniques for Nanoparticles: Comparison and Complementarity upon Studying Nanoparticle Properties. Nanoscale 2018, 10, 12871–12934. [Google Scholar] [CrossRef]

	



Upadhyay, S.; Parekh, K.; Pandey, B. Influence of Crystallite Size on the Magnetic Properties of Fe3O4 Nanoparticles. J. Alloys Compd. 2016, 678, 478–485. [Google Scholar] [CrossRef]

	



Li, T.; Senesi, A.; Lee, B. Small Angle X-ray Scattering for Nanoparticle Research. Chem. Rev. 2016, 116, 11128–11180. [Google Scholar] [CrossRef]

	



Hollamby, M. Practical Applications of Small-Angle Neutron Scattering. Phys. Chem. Chem. Phys. 2013, 15, 10566–10579. [Google Scholar] [CrossRef]

	



Avdeev, M.V.; Aksenov, V.L. Small-Angle Neutron Scattering in Structure Research of Magnetic Fluids. Physics-Uspekhi 2010, 53, 971. [Google Scholar] [CrossRef]

	



Rao, A.; Schoenenberger, M.; Gnecco, E.; Glatzel, T.; Meyer, E.; Brändlin, D.; Scandella, L. Characterization of Nanoparticles Using Atomic Force Microscopy. J. Phys. Conf. Ser. 2007, 61, 971–976. [Google Scholar] [CrossRef]

	



Mechler, A.; Kopniczky, J.; Kokavecz, J.; Hoel, A.; Granqvist, C.; Heszler, P. Anomalies in Nanostructure Size Measurements by AFM. Phys. Rev. B 2005, 72, 125407. [Google Scholar] [CrossRef]

	



Koutras, K.N.; Naxakis, I.A.; Pyrgioti, E.C.; Charalampakos, V.P.; Gonos, I.F.; Antonelou, A.E.; Yannopoulos, S.N. The Influence of Nanoparticles’ Conductivity and Charging on Dielectric Properties of Ester Oil Based Nanofluid. Energies 2020, 13, 6540. [Google Scholar] [CrossRef]

	



Jacob, J.; Preetha, P.; Sindhu, T.K. Stability Analysis and Characterization of Natural Ester Nanofluids for Transformers. IEEE Trans. Dielect. Electr. Insul. 2020, 27, 1715–1723. [Google Scholar] [CrossRef]

	



Oparanti, S.O.; Khaleed, A.A.; Abdelmalik, A.A. Nanofluid from Palm Kernel Oil for High Voltage Insulation. Mater. Chem. Phys. 2021, 259, 123961. [Google Scholar] [CrossRef]

	



Chakraborty, B.; Raj, K.Y.; Pradhan, A.K.; Chatterjee, B.; Chakravorti, S.; Dalai, S. Investigation of Dielectric Properties of TiO2 and Al2O3 Nanofluids by Frequency Domain Spectroscopy at Different Temperatures. J. Mol. Liq. 2021, 330, 115642. [Google Scholar] [CrossRef]

	



Khaled, U.; Beroual, A. AC Dielectric Strength of Mineral Oil-Based Fe3O4 and Al2O3 Nanofluids. Energies 2018, 11, 3505. [Google Scholar] [CrossRef]

	



Khaled, U.; Beroual, A. AC Dielectric Strength of Synthetic Ester-Based Fe3O4, Al2O3 and SiO2 Nanofluids—Conformity with Normal and Weibull Distributions. IEEE Trans. Dielectr. Electr. Insul. 2019, 26, 625–633. [Google Scholar] [CrossRef]

	



Rafiq, M.; Chengrong, L.; Lv, Y. Effect of Al2O3 Nanorods on Dielectric Strength of Aged Transformer Oil/Paper Insulation System. J. Mol. Liq. 2019, 284, 700–708. [Google Scholar] [CrossRef]

	



Zhang, C.; Wang, Y.; Yan, Z.; He, Z. Effect of the Coexistence of Al2O3 Nanoparticles and Water on Transformer Oil Electrical Performance. IEEE Access 2019, 7, 10189–10195. [Google Scholar] [CrossRef]

	



Koreh, O.; Torkos, K.; Bashir Mahara, M.; Boressay, J.; Izvekov, V. Study of Water Clusters in Insulating Oils by Fourier Transform Infrared Spectroscopy. IEEE Trans. Dielectr. Electr. Insul. 1998, 5, 896–902. [Google Scholar] [CrossRef]

	



Lv, Y.Z.; Zhou, Y.; Li, C.R.; Wang, Q.; Qi, B. Recent Progress in Nanofluids Based on Transformer Oil: Preparation and Electrical Insulation Properties. IEEE Electr. Insul. Mag. 2014, 30, 23–32. [Google Scholar] [CrossRef]

	



Jacob, J.; S, D.; Tharamal, L.; Avinash Nelson, A.; Preetha, P. Partial Discharge Characteristics of Nanofilled Mineral Oil. In Proceedings of the 2019 IEEE Region 10 Symposium (TENSYMP), Kolkata, India, 7–9 June 2019; pp. 316–320. [Google Scholar]

	



Baharuddin, M.F.; Zakaria, I.H.; Ahmad, M.H.; Aulia; Nawawi, Z.; Sidik, M.A.B.; Jambak, M.I. Effect of Surfactant on Breakdown Strength Performance of Transformer Oil-Based Nanofluids. J. Electr. Eng. Technol. 2019, 14, 395–405. [Google Scholar] [CrossRef]

	



Oparanti, S.O.; Khaleed, A.A.; Abdelmalik, A.A. AC Breakdown Analysis of Synthesized Nanofluids for Oil-Filled Transformer Insulation. Int. J. Adv. Manuf. Technol. 2021, 117, 1395–1403. [Google Scholar] [CrossRef]

	



Khaled, U.; Beroual, A. DC Breakdown Voltage of Natural Ester Oil-Based Fe3O4, Al2O3, and SiO2 Nanofluids. Alex. Eng. J. 2020, 59, 4611–4620. [Google Scholar] [CrossRef]

	



Beroual, A.; Khaled, U.; Alghamdi, A.M. DC Breakdown Voltage of Synthetic Ester Liquid-Based Nanofluids. IEEE Access 2020, 8, 125797–125805. [Google Scholar] [CrossRef]

	



Beroual, A.; Khaled, U. Statistical Investigation of Lightning Impulse Breakdown Voltage of Natural and Synthetic Ester Oils-Based Fe3O4, Al2O3 and SiO2 Nanofluids. IEEE Access 2020, 8, 112615–112623. [Google Scholar] [CrossRef]

	



Koutras, K.; Pyrgioti, E.; Naxakis, I.; Charalampakos, V.; Peppas, G. AC Breakdown Performance of A12O3 and SiC Natural Ester Based Nanofluids. In Proceedings of the 2020 IEEE International Conference on Environment and Electrical Engineering and 2020 IEEE Industrial and Commercial Power Systems Europe (EEEIC/ICPS Europe), Madrid, Spain, 9–12 June 2020; pp. 1–5. [Google Scholar]

	



Montanari, G.C.; Seri, P. About the Definition of PDIV and RPDIV in Designing Insulation Systems for Rotating Machines Controlled by Inverters. In Proceedings of the 2018 IEEE Electrical Insulation Conference (EIC), San Antonio, TX, USA, 17–20 June 2018; pp. 554–557. [Google Scholar]

	



Mohamad, N.A.; Azis, N.; Jasni, J.; Kadir, M.Z.A.A.; Yunus, R.; Yaakub, Z. Experimental Study on the Partial Discharge Characteristics of Palm Oil and Coconut Oil Based Al2O3 Nanofluids in the Presence of Sodium Dodecyl Sulfate. Nanomaterials 2021, 11, 786. [Google Scholar] [CrossRef]

	



Says, M.C. Titanium Dioxide—Titania (TiO2). Available online: https://www.azom.com/article.aspx?ArticleID=1179 (accessed on 31 May 2021).

	



Olmo, C.; Méndez, C.; Ortiz, F.; Delgado, F.; Ortiz, A. Titania Nanofluids Based on Natural Ester: Cooling and Insulation Properties Assessment. Nanomaterials 2020, 10, 603. [Google Scholar] [CrossRef]

	



Koutras, K.N.; Naxakis, I.A.; Antonelou, A.E.; Charalampakos, V.P.; Pyrgioti, E.C.; Yannopoulos, S.N. Dielectric Strength and Stability of Natural Ester Oil Based TiO2 Nanofluids. J. Mol. Liq. 2020, 316, 113901. [Google Scholar] [CrossRef]

	



Maneerat, N.; Makmork, K.; Kittikhuntharadol, Y.; Suksai, N.; Chusang, T.; Pattanadech, N. AC Breakdown and Resistivity of Natural Ester Based Nanofluids. In Proceedings of the 2020 8th International Conference on Condition Monitoring and Diagnosis (CMD), Online, 25–28 October 2020; pp. 334–337. [Google Scholar]

	



Pyrgioti, E.C.; Koutras, K.N.; Charalampakos, V.P.; Peppas, G.D.; Bakandritsos, A.P.; Naxakis, I.A. An Experimental Study on the Influence of Surface Modification of TiO2 Nanoparticles on Breakdown Voltage of Natural Ester Nanofluid. In Proceedings of the 21st International Symposium on High Voltage Engineering; Németh, B., Ed.; Lecture Notes in Electrical Engineering; Springer International Publishing: Cham, Switzerland, 2020; Volume 599, pp. 279–288. ISBN 978-3-030-31679-2. [Google Scholar]

	



Sun, Z.; Ge, Y.; Lv, Y.; Huang, M.; Li, C.; Du, Y. The Effects of TiO2 Nanoparticles on Insulation and Charge Transport Characteristics of Aged Transformer Oil. In Proceedings of the 2019 IEEE 20th International Conference on Dielectric Liquids (ICDL), Roma, Italy, 23–27 June 2019. [Google Scholar] [CrossRef]

	



Fernández, I.; Valiente, R.; Ortiz, F.; Renedo, C.J.; Ortiz, A. Effect of TiO2 and ZnO Nanoparticles on the Performance of Dielectric Nanofluids Based on Vegetable Esters During Their Aging. Nanomaterials 2020, 10, 692. [Google Scholar] [CrossRef] [PubMed]

	



Méndez, C.; Fernández, I.; Ortiz, A.; Ortiz, F.; Olmo, C.; Santisteban, A.; Delgado, F.; Renedo, C.J. Effect of Magnetic and Non-Magnetic Nanoparticles on Insulation and Cooling Behaviour of a Natural Ester for Power Transformers. In Proceedings of the 2020 International Symposium on Electrical Insulating Materials (ISEIM), Yokkaichi, Mie, Japan, 13–17 September 2020; pp. 111–114. [Google Scholar]

	



Muangpratoom, P. The Effect of Temperature on the Electrical Characteristics of Nanofluids Based on Palm Oil. J. Eng. Technol. Sci. 2021, 53, 210312. [Google Scholar] [CrossRef]

	



Gayathri, R.; Deiva Sundari, P.; Thakur, S.; Sarathi, R. Investigation on the Dielectric Performance of Titania Nanoparticles and Surfactant Added Mixture of Mineral and Natural Ester Oil. Mater. Res. Express 2019, 6, 125020. [Google Scholar] [CrossRef]

	



Wang, Z.; Zhou, Y.; Lu, W.; Peng, N.; Chen, W. The Impact of TiO2 Nanoparticle Concentration Levels on Impulse Breakdown Performance of Mineral Oil-Based Nanofluids. Nanomaterials 2019, 9, 627. [Google Scholar] [CrossRef] [PubMed]

	



Beroual, A.; Zahn, M.; Badent, A.; Kist, K.; Schwabe, A.J.; Yamashita, H.; Yamazawa, K.; Danikas, M.; Chadband, W.D.; Torshin, Y. Propagation and Structure of Streamers in Liquid Dielectrics. IEEE Electr. Insul. Mag. 1998, 14, 6–17. [Google Scholar] [CrossRef]

	



Amalanathan, A.J.; Sarathi, R.; Harid, N.; Griffiths, H. Investigation on Flow Electrification of Ester-Based TiO2 Nanofluids. IEEE Trans. Dielect. Electr. Insul. 2020, 27, 1492–1500. [Google Scholar] [CrossRef]

	



Li, D.; Zhang, Z.; Liu, S.; Li, S. Understanding Nano-Modification in Liquid Dielectric from Coefficient of Viscosity. Aip Adv. 2020, 10, 085009. [Google Scholar] [CrossRef]

	



Primo, V.A.; García, B.; Burgos, J.C.; Pérez, D. AC Breakdown Voltage of Fe3O4 Based Nanodielectric Fluids. Part 1: Analysis of Dry Fluids. IEEE Trans. Dielectr. Electr. Insul. 2020, 27, 352–359. [Google Scholar] [CrossRef]

	



Hussain, M.R.; Khan, Q.; Khan, A.A.; Refaat, S.S.; Abu-Rub, H. Dielectric Performance of Magneto-Nanofluids for Advancing Oil-Immersed Power Transformer. IEEE Access 2020, 8, 163316–163328. [Google Scholar] [CrossRef]

	



Olmo, C.; Mendez, C.; Ortiz, F.; Delgado, F.; Valiente, R.; Werle, P. Maghemite Nanofluid Based on Natural Ester: Cooling and Insulation Properties Assessment. IEEE Access 2019, 7, 145851–145860. [Google Scholar] [CrossRef]

	



Charalampakos; Peppas; Pyrgioti; Bakandritsos; Polykrati; Gonos Dielectric Insulation Characteristics of Natural Ester Fluid Modified by Colloidal Iron Oxide Ions and Silica Nanoparticles. Energies 2019, 12, 3259. [CrossRef]

	



Primo, V.A.; García, B.; Burgos, J.C.; Pérez-Rosa, D. Investigation of the Lightning Impulse Breakdown Voltage of Mineral Oil Based Fe3O4 Nanofluids. Coatings 2019, 9, 799. [Google Scholar] [CrossRef]

	



Kurimský, J.; Rajňák, M.; Bartko, P.; Paulovičová, K.; Cimbala, R.; Medveď, D.; Džamová, M.; Timko, M.; Kopčanský, P. Experimental Study of AC Breakdown Strength in Ferrofluid during Thermal Aging. J. Magn. Magn. Mater. 2018, 465, 136–142. [Google Scholar] [CrossRef]

	



Rajňák, M.; Kurimský, J.; Cimbala, R.; Čonka, Z.; Bartko, P.; Šuga, M.; Paulovičová, K.; Tóthová, J.; Karpets, M.; Kopčanský, P.; et al. Statistical Analysis of AC Dielectric Breakdown in Transformer Oil-Based Magnetic Nanofluids. J. Mol. Liq. 2020, 309, 113243. [Google Scholar] [CrossRef]

	



Kurimský, J.; Rajňák, M.; Šárpataky, M.; Čonka, Z.; Paulovičová, K. Electrical and Acoustic Investigation of Partial Discharges in Two Types of Nanofluids. J. Mol. Liq. 2021, 341, 117444. [Google Scholar] [CrossRef]

	



Rajnak, M.; Timko, M.; Kopcansky, P.; Paulovicova, K.; Kuchta, J.; Franko, M.; Kurimsky, J.; Dolnik, B.; Cimbala, R. Transformer Oil-Based Magnetic Nanofluid with High Dielectric Losses Tested for Cooling of a Model Transformer. IEEE Trans. Dielect. Electr. Insul. 2019, 26, 1343–1349. [Google Scholar] [CrossRef]

	



Rajnak, M.; Wu, Z.; Dolnik, B.; Paulovicova, K.; Tothova, J.; Cimbala, R.; Kurimský, J.; Kopcansky, P.; Sunden, B.; Wadsö, L.; et al. Magnetic Field Effect on Thermal, Dielectric, and Viscous Properties of a Transformer Oil-Based Magnetic Nanofluid. Energies 2019, 12, 4532. [Google Scholar] [CrossRef]

	



Shill, D.C.; Kumar Das, A.; Chatterjee, S. Measuring Electro-Thermo-Physical Properties of Mineral and Synthetic Ester Based Dielectric Fluid Dispersed with Silica Nanoparticles. In Proceedings of the 2019 IEEE 4th International Conference on Condition Assessment Techniques in Electrical Systems (CATCON), Chennai, India, 21–23 November 2019; IEEE: Chennai, India, 2019; pp. 1–4. [Google Scholar]

	



Almeida, C.; Paul, S.; Godson Asirvatham, L.; Manova, S.; Nimmagadda, R.; Raja Bose, J.; Wongwises, S. Experimental Studies on Thermophysical and Electrical Properties of Graphene–Transformer Oil Nanofluid. Fluids 2020, 5, 172. [Google Scholar] [CrossRef]

	



Farade, R.A.; Abdul Wahab, N.I.; Mansour, D.-E.A.; Azis, N.B.; bt. Jasni, J.; Soudagar, M.E.M.; Siddappa, V. Development of Graphene Oxide-Based Nonedible Cottonseed Nanofluids for Power Transformers. Materials 2020, 13, 2569. [Google Scholar] [CrossRef]

	



Szcześniak, D.; Przybylek, P. Oxidation Stability of Natural Ester Modified by Means of Fullerene Nanoparticles. Energies 2021, 14, 490. [Google Scholar] [CrossRef]

	



Huang, Z.; Wang, F.; Wang, Q.; Yao, W.; Sun, K.; Zhang, R.; Zhao, J.; Lou, Z.; Li, J. Significantly Enhanced Electrical Performances of Eco-Friendly Dielectric Liquids for Harsh Conditions with Fullerene. Nanomaterials 2019, 9, 989. [Google Scholar] [CrossRef] [PubMed]

	



Maharana, M.; Baruah, N.; Nayak, S.K.; Meher, N.; Iyer, P.K. Condition Assessment of Aged Ester-Based Nanofluid Through Physicochemical and Spectroscopic Measurement. IEEE Trans. Instrum. Meas. 2019, 68, 4853–4863. [Google Scholar] [CrossRef]

	



Taha-Tijerina, J.; Ribeiro, H.; Aviña, K.; Martínez, J.M.; Godoy, A.P.; de Oliveira Cremonezzi, J.M.; Luciano, M.A.; Gimenes Benega, M.A.; Andrade, R.J.E.; Fechine, G.J.M.; et al. Thermal Conductivity Performance of 2D H-BN/MoS2/-Hybrid Nanostructures Used on Natural and Synthetic Esters. Nanomaterials 2020, 10, 1160. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, P.; Hudedmani, N.E.; Prasath, R.T.A.R.; Roy, N.K.; Mahato, S.N. Synthetic Ester Oil Based High Permittivity CaCu3Ti4O12 (CCTO) Nanofluids an Alternative Insulating Medium for Power Transformer. IEEE Trans. Dielectr. Electr. Insul. 2019, 26, 314–321. [Google Scholar] [CrossRef]

	



Thomas, P.; Hudedmani, N.E. The Effect of Nanoparticles on the Insulating Characteristics of Synthetic Esters. In Proceedings of the 2019 International Conference on High Voltage Engineering and Technology (ICHVET), Hyderabad, India, 7–8 February 2019; IEEE: Hyderabad, India, 2019; pp. 1–3. [Google Scholar]

	



Roy, N.; THIRUGNANAM, A.; Hudedmani, N.; MAHATO, S.; Thomas, P. Effect of Un-Inhibited Synthetic Ester Oil Based High Dielectric CaCu3Ti4O12 (CCTO) Nanofluid for Power Transformer Application. IET Sci. Meas. Technol. 2019, 13, 486–490. [Google Scholar] [CrossRef]

	



Duzkaya, H.; Beroual, A. Statistical Analysis of AC Dielectric Strength of Natural Ester-Based ZnO Nanofluids. Energies 2020, 14, 99. [Google Scholar] [CrossRef]

	



Thomas, P. Breakdown Voltage and Gassing Tendency of Synthetic Esters Based MgO Nanofluids. In Proceedings of the 2019 IEEE 4th International Conference on Condition Assessment Techniques in Electrical Systems (CATCON), Chennai, India, 21–23 November 2019; pp. 1–3. [Google Scholar]

	



Elsaid, K.; Olabi, A.G.; Wilberforce, T.; Abdelkareem, M.A.; Sayed, E.T. Environmental Impacts of Nanofluids: A Review. Sci. Total Environ. 2021, 763, 144202. [Google Scholar] [CrossRef] [PubMed]

	



Asmatulu, E.; Twomey, J.; Overcash, M. Life Cycle and Nano-Products: End-of-Life Assessment. J. Nanopart. Res. 2012, 14, 720. [Google Scholar] [CrossRef]

	



Ramachandran, G. (Ed.) Assessing Nanoparticle Risks to Human Health (Second Edition). In Assessing Nanoparticle Risks to Human Health, 2nd ed.; William Andrew Publishing: Oxford, UK, 2016; pp. i–iii. ISBN 978-0-323-35323-6. [Google Scholar]








[image: Nanomaterials 11 02885 g001 550] 





Figure 1. General “bathtub” pattern as the failure rate of power transformers. 
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Figure 2. Number of publications on topic “nanofluid”. 
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Figure 3. A simple illustration of the two-step method of preparing nanofluids. Inset photographs are from the authors archive. 
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Table 2. Al2O3 AC-BDV overview table. The size of NP refers to the nanoparticle core size, while the optimal concentration indicates the concentration value for which the maximal enhancement of AC-BDV was found.
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	Base Fluid
	Preparation of Nanofluid
	Size of NP (nm)
	Optimal Concentration
	Maximum Enhancement
	Reference





	MO
	Two-step; magnetic stirring, ultrasonication
	13
	0.05 g/L
	76.3%
	[92]



	MO
	Two-step; magnetic stirring, ultrasonication
	50
	0.3 g/L
	69.1%
	[92]



	SE
	Two-step; magnetic stirring, ultrasonication
	13
	0.05 g/L
	34.7%
	[93]



	SE
	Two-step; magnetic stirring, ultrasonication
	50
	0.3 g/L
	25.5%
	[93]



	MO
	Two-step; ultrasonication, mechanical stirring
	60
	0.02 wt%
	4.3%
	[89]



	NE
	Two-step; ultrasonication, mechanical stirring
	60
	0.02 wt%
	8.1%
	[89]



	NE
	Two-step; ultrasonication, magnetic stirring
	50
	0.004 wt%
	4.1%
	[88]



	MO
	Two-step; ultrasonication
	-
	0.8 g/L
	14%
	[94]



	MO
	Two-step;mechanical stirring, ultrasonication
	<20
	0.03 g/L
	8% (relative humidity 10%)
	[95]



	MO
	Two-step; ultrasonication, mechanical stirring
	60
	0.03 wt%
	16%
	[98]



	MO
	Two-step; magnetic stirring, ultrasonication
	13
	0.1 wt%
	55.5%
	[99]



	NE
	Two-step; magnetic stirring
	-
	0.6 wt%
	39.7%
	[100]
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Table 3. Al2O3 DC-BDV overview table. The size of NP refers to the nanoparticle core size, while the optimal concentration indicates the concentration value for which the maximal enhancement of DC-BDV was found.
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	Base Fluid
	Preparation of Nanofluid
	Size of NP (nm)
	Optimal Concentration
	Maximum Enhancement
	Reference





	NE
	Two-step; stirring
	18
	0.6 wt%
	33%
	[90]



	NE
	Two-step; magnetic stirring, ultrasonication
	13
	0.3 g/L
	9.27%
	[101]



	NE
	Two-step; magnetic stirring, ultrasonication
	50
	0.3 g/L
	7.63%
	[101]



	SE
	Two-step; magnetic stirring, ultrasonication
	13
	0.05 g/L
	25.5%
	[102]



	SE
	Two-step; magnetic stirring, ultrasonication
	50
	0.05 g/L
	12.7%
	[102]
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Table 4. Al2O3 LI-BDV overview table. The size of NP refers to the nanoparticle core size, while the optimal concentration indicates the concentration value for which the maximal enhancement of LI-BDV was found.
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	Base Fluid
	Preparation of Nanofluid
	Size of NP (nm)
	Optimal Concentration
	Maximum Enhancement
	Reference





	NE
	Two-step; magnetic stirring, ultrasonication
	50
	0.05 g/L
	16.76%
	[103]



	SE
	Two-step; magnetic stirring, ultrasonication
	50
	0.3 g/L
	28.5%
	[103]



	NE
	Two-step; ultrasonication, magnetic stirring
	50
	0.004 wt%
	18.32%
	[104]



	MO
	Two-step; ultrasonication
	-
	0.8 g/L
	6.4%
	[94]
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Table 5. Al2O3 PDIV overview table. The size of NP refers to the nanoparticle core size, while the optimal concentration indicates the concentration value for which the maximal enhancement of PDIV was found.
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	Base Fluid
	Preparation of Nanofluid
	Size of NP (nm)
	Optimal Concentration
	Maximum Enhancement
	Reference





	NE
	Two-step; magnetic stirring, ultrasonication
	-
	0.001 wt%
	39.3%
	[106]



	MO
	Two-step; magnetic stirring, ultrasonication
	-
	0.001 wt%
	27%
	[106]



	MO
	Two-step;ultrasonication, mechanical stirring
	60
	0.03 wt%
	16.6%
	[98]



	NE
	Two-step; ultrasonication, magnetic stirring
	50
	0.004 wt%
	44%
	[88]
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Table 6. TiO2 AC-BDV overview table. The size of NP refers to the nanoparticle core size, while the optimal concentration indicates the concentration value for which the maximal enhancement of AC-BDV was found.
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	Base Fluid
	Preparation of Nanofluid
	Size of NP (nm)
	Optimal Concentration
	Highest Enhancement
	Reference





	NE
	Two-step; magtetic stirring, ultrasonication
	10–20
	0.5 kg/m3
	33.2%
	[108]



	NE
	Two-step; ultrasonication, mgnetic stirring
	21
	0.02 vol%
	22.4%
	[109]



	NE
	Two-step; magnetic stirring, ultrasonication
	<100
	0.03 vol% (temperature 130 °C)
	22.8%
	[110]



	NE
	Two-step; ultrasonic storring, ultrasonication
	21
	0.02 wt%
	6.4%
	[111]



	NE
	Two-step; ultrasonic bath
	45
	0.04 wt%
	35%
	[113]



	NE
	Two-step; mechanic stirring, ultrasonication
	10–20
	0.5 kg/m3
	33.2%
	[114]



	NE(20%)/MO(80%)
	-
	<5
	25 mg/L (surfactant (CTAB) 0.5 mg/L)
	17%
	[116]



	NE
	Two-step; magnetic stirring,
	-
	0.6 wt%
	32%
	[100]



	NE
	Two-step; mechanic stirring, ultrasonication
	40
	0.03 vol%
	35.5%
	[115]
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Table 7. Fe3O4 and Fe2O3 AC-BDV overview table. The size of NP refers to the nanoparticle core size, while the optimal concentration indicates the concentration value for which the maximal enhancement of AC-BDV was found.






Table 7. Fe3O4 and Fe2O3 AC-BDV overview table. The size of NP refers to the nanoparticle core size, while the optimal concentration indicates the concentration value for which the maximal enhancement of AC-BDV was found.





	Base Fluid
	Preparation of Nanofluid
	Size of NP (nm)
	Optimal Concentration
	Highest Enhancement
	Reference





	SE
	Two-step; magnetic stirring, ultrasonication
	50
	0.4 g/L
	47.78%
	[93]



	NE
	Two-step; mechanic stirring, ultrasonication
	10.20
	0.2 kg/m3
	15.1%
	[114]



	MO
	Two-step; ultrasonication
	10
	0.2 g/L
	9.41%
	[121]



	NE
	Two-step; magnetic stirring, ultrasonication
	50–100
	0.004 wt%
	33.4%
	[122]



	SE
	Two-step; magnetic stirring, ultrasonication
	50–100
	0.0022 wt%
	30.7%
	[122]



	NE
	Two-step; magnetic stirring, ultrasonication
	10.20
	0.2 kg/m3
	16%
	[123]



	NE
	Two-step; ultrasonication
	-
	0.012 wt%
	17%
	[124]
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Table 8. SiO2 AC-BDV overview table. The size of NP refers to the nanoparticle core size, while the optimal concentration indicates the concentration value for which the maximal enhancement of AC-BDV was found.






Table 8. SiO2 AC-BDV overview table. The size of NP refers to the nanoparticle core size, while the optimal concentration indicates the concentration value for which the maximal enhancement of AC-BDV was found.














	Base Fluid
	Preparation of Nanofluid
	
	Size of NP (nm)
	Optimal Concentration
	Highest Enhancement
	Reference





	SE
	Two-step; magnetic stirring, ultrasonication
	
	10.20
	0.4 g/L
	31.5%
	[93]



	MO
	Two-step; ultrasonication
	
	50
	0.02% w/v
	2%
	[131]



	SE
	Two-step; ultrasonication
	
	50
	0.02% w/v
	4%
	[131]



	NE
	Two-step; ultrasonication
	
	12
	0.02 wt%
	−9%
	[124]



	MO
	Two-step; magnetic stirring, ultrasonication
	
	12
	0.1 wt%
	63%
	[99]
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