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Abstract

:

This paper discusses the effect of doping of electro-insulating liquids with nanoparticle materials on the thermal properties of the obtained nanoliquids and heat transport in the transformer. Mineral oil, synthetic ester, and natural ester were used as base liquids. The effectiveness of doping base liquids with nanoparticles was supported by ultraviolet-visible (UV/VIS) measurements. In turn, Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) confirmed the absence of intermolecular interactions (i.e., hydrogen bonding). The influence of modification of electro-insulating liquids with fullerene C60 and titanium dioxide TiO2 nanoparticles on such thermal properties as thermal conductivity, specific heat, kinematic viscosity, density, and thermal expansion was investigated. Based on these properties and the theory of similarity, the cooling efficiency of the transformer filled with the analyzed nanofluids was determined. Nanofluids’ cooling effectiveness was compared with the cooling effectiveness of the base liquids. This comparison was supported by an analysis of Grashof, Prandtl, and Nusselt numbers. It has been shown that the modification of electro-insulating liquids with nanoparticles widely used in order to improve their dielectric properties, such as C60 and TiO2, does not have a significant influence on their thermal properties. The addition of fullerene C60 caused an increase in kinematic viscosity, which was compensated by the increase in specific heat. In the case of TiO2, the addition of this nanoparticle resulted in an increase in kinematic viscosity and a decrease in specific heat, which were balanced out by the increase in thermal conductivity. In summary, the heat exchange-capacity of liquids did not change due to doping with nanoparticles.






Keywords:


nanoparticles; heat transfer; dielectric liquid; mineral oil; synthetic ester; natural ester; thermal properties; attenuated total reflection; Nusselt, Grashof, and Prandtl numbers












1. Introduction


Ensuring proper electrical insulation and heat dissipation out of devices are the main tasks for electro-insulating liquids which are used in electrical power equipment [1,2]. In the case of transformers, heat transport takes place along the heat source (core, windings), insulation system (paper impregnated with electro-insulating liquid and electro-insulating liquid), tank, and air. The fact that the electro-insulating liquid has the largest volume in the transformer cooling system makes it essential in heat transport. The heat generated in the windings arises as a result of Joule’s losses, while the heat generated in the core is related to magnetic hysteresis and eddy currents. The electro-insulating liquid that flows through the oil channels cools the windings and core, taking away the heat from them. The heat generated by the core and the winding through the liquid is transferred to the ladle, from where it goes to the surroundings. The main purpose of the cooling system is to prevent excessive temperature increases in the windings. The areas characterized by the highest temperature occur in places where windings are in contact with solid insulation (paper impregnated with electro-insulating liquid). Due to the fact that this insulation is very sensitive to temperature (elevated temperature accelerates the aging processes [3,4,5] and causes its degradation [6,7]), it is necessary to use materials that ensure an adequate level of cooling, thus reducing the risk of sudden transformer damage [8,9,10].



At present, the most commonly used electro-insulating liquid in transformers around the world is mineral oil. The key success of mineral oil is primarily due to its three advantages: good dielectric properties, low costs associated with its availability, and very good recognition of this liquid [11,12]. However, the growing requirements regarding fire safety and environmental protection, as well as extending the lifetime of transformers, has forced their producers and users to search for alternative electro-insulating liquids for mineral oil [13,14]. To a large extent, the alternative to mineral oil is considered to be natural and synthetic esters. So far, these liquids have been used mainly in distribution transformers. Recently, however, they are increasingly being used in power transformers [15,16,17,18,19]. This is mainly due to the properties of esters, such as high biodegradability [20,21,22], low toxicity [15,23], and high flash-point and fire-point values [24,25,26,27,28]. These properties allow for the use of esters in places where, previously, they were only used in dry transformers—in densely populated areas, near water reservoirs, or in petrochemical plants or mines [29,30].



Recently, an increasing amount of research related to the search for alternative electro-insulating liquids has focused on the use of nanotechnology [31]. By dispersing nanometric materials (nanoparticles, nanofibers, nanotubes, nonowires, nonorods, nonosheets) in base fluids, a new class of dielectric liquids called nanofluids can be obtained [32,33]. Choi invented this term in 1995 [34]. Nanofluids can be defined as nanoscale colloidal suspensions containing concentrated nanomaterials. They are therefore two-phase systems, with one phase (solid phase) being suspended in the other (liquid phase) [32]. Currently, it is believed that nanofluids are next-generation fluids, which, compared to ordinary liquids, offer greater possibilities, both in terms of dielectric properties and improved heat-exchange efficiency [35]. The area of potential application of nanofluids is very wide and covers many important areas, such as electronics, medicine, and electrical power engineering [36,37,38,39].



In the case of nanofluids’ applications in transformers, the main research is related to the improvement of the dielectric properties of the base liquids. There are many publications confirming the positive influence of electro-insulating liquids’ modifications, with nanomaterials on their dielectric properties and phenomena such as breakdown voltage [40,41,42,43], streamer propagation [44], electrical conductivity, and the dissipation factor [45,46,47,48,49]. In addition, as reported in the literature [50,51], fullerene C60 can also be used to absorb free radicals arising from the aging of vegetable oils. Bearing in mind that the electro-insulating liquid fills the transformer’s interior, in addition to ensuring adequate electrical insulation, it also has the task of cooling the device, and seems fully justified in that the use of nanotechnology can also contribute to the improvement of heat transport and thus the reliability of transformers.



As is well-known in the context of the general improvement of cooling efficiency, liquids’ properties, such as thermal conductivity, viscosity, density, specific heat, and thermal expansion, are important. Therefore, in many scientific publications, scientists are improving these properties by dispersing nanomaterials in the base liquids (water, oils, ethanol). It was observed that the improvement of thermal properties of the resulting nanofluids, in relation to the base liquids, occurs in most cases of the applied nanomaterials [52,53,54,55,56,57,58,59,60]. Das et al. [53] observed that the thermal conductivity of nanofluids based on water and nanoparticles Al2O3 and CuO increased by about 30% compared to base liquids. However, such a large increase was observed only in the case where the concentration of nanoparticles ranged from 4–10% of the volume. In the case of concentrations below 2% of the volume, the low thermal conductivity of the analyzed nanoparticles resulted in low thermal conductivity of the analyzed nanofluids. The same authors have also observed that in the case of ethylene glycol and CuO nanoparticles, the thermal conductivity of the resulting nanofluids, in which the concentration of nanoparticles is 10–15% by volume, increases by about 40–50% relative to the base liquids. In turn, Ozernic et al. in [54] presented the results of studies that showed that the thermal conductivity of nanofluids based on Al2O3, CuO, Cu, SiO2, and TiO2 nanoparticles increased with decreasing thermal conductivity of the base liquid. In [58], Shukla et al. presented the results of studies in which they applied Newtonian nanoparticles using functionalized nanodiamonds (NDs). The authors observed that NDs were a good type of nanofiller, because without the deterioration of electro-insulating properties and viscosity (viscosity increased by about 1% in relation to the base liquid), they improve the thermal conductivity of the oil by about 14.5%. Du et al. in [59] found that doping vegetable oil with nanoparticles of boron nitride resulted in a significant improvement in heat transfer with respect to the base liquid. In turn, Raymon et al. in [60] showed that, depending on the type of nanoparticles used, they had different (both positive and negative) effects on the viscosity of the analyzed nanofluids. On this basis, it can be concluded that the effect of nanoparticles on the thermal properties of liquids is not linear and requires detailed testing for each potential nanofluid.



As can be seen from the literature, in the case of electro-insulating nanofluids, their dielectric properties are more important. Only few papers concern the thermal properties of nanofluids for applications in the transformer insulation system. Therefore, in this paper, the authors decided to analyze the impact of nanoparticles modification of the most commonly used insulating liquids on the efficiency of the transformer cooling system. Modifying the base liquids with fullerene C60 and titanium dioxide TiO2 nanoparticles was what made the insulating nanofluids. The produced nanofluids were characterized by adequate dispersion stability and thermal properties that differed from the properties of the base liquids. Methods for obtaining stable solutions and colloids using the presented nanoparticles are presented. The chemical structures of the tested liquids and nanofluids were examined using Fourier transform infrared spectroscopy. On the basis of the investigated thermal properties, the ability of manufactured nanofluids to transport heat was determined. The results of our research and discussion are presented in the following chapters.




2. Materials and Methods


2.1. Used Materials


Three of the most commonly applied electro-insulating liquids in electrical power devices were used for the tests. The base liquids used for the research were Nytro Draco mineral oil (MO) produced by Nynas (Stockholm, Sweden), MIDEL 7131 synthetic ester (SE) produced by M&I Materials (Manchester, UK), and Envirotemp FR3 natural ester (NE) produced by Cargil (Minneapolis, MN, USA). The characteristic properties of the electro-insulating liquids used are given in Table 1. Table 2 shows the level of moisture (WCO: Water Content in Oil; and RS: Relative Saturation) and aging parameters (acid number and surface tension) of the investigated liquids.



The electro-insulating liquids were modified using fullerene C60 and titanium dioxide TiO2 nanoparticles. The average particle size of fullerene C60 (Sigma-Aldrich, CAS 99685-96-8) was 0.7 nm. In turn, the average size of titanium dioxide TiO2 nanoparticles (Sigma-Aldrich, CAS 13463-67-7, St. Louis, MO, USA) was 21 nm. To produce stable colloids based on titanium dioxide nanoparticles, it was necessary to use a surfactant (monolaurate sorbitan C18H34O6) with the trade name Span® 20 (Sigma-Aldrich, CAS 1338-39-2). The chemical structure of surfactant Span® 20 is shown in Figure 1.




2.2. Preparation of Nanofluids Based on Fullerene C60


As is known from the literature, one of the main difficulties associated with the preparation of stable electro-insulating nanofluids is the fact that nanoparticles are hard-soluble compounds, or insoluble in base liquids [33,61]. It is difficult to obtain a stable dispersion of nanoparticles in electro-insulating liquids. Therefore, in most cases, a two-step method is used to create nanoliquids [32,38]. In the first stage of this method, the nanofiller is prepared in the form of a dry powder (through the use of chemical or physical methods). Then, in the second stage, the prepared nanofiller is dispersed in the base fluid (e.g., by using mechanical mixing, either ultrasonic or homogenization).



The preparation of stable nanofluids based on mineral oil or esters and fullerene C60 was carried out in accordance with the procedures presented in [62,63]. The addition of fullerene C60 to the base liquid results in the sedimentation and agglomeration of molecules [32]. This, in turn, may cause a reduction or deterioration of selected properties of nanofluids. In order to prevent these phenomena, it is necessary to use mechanical methods to obtain the true solutions [38]. Therefore, electro-insulating liquids after the addition of fullerene C60 were mechanically mixed (for 72 h) and then, as shown by Peppas et al. [47], were placed in an ultrasonic bath. The sonication process was carried out for 5 h at a constant temperature of 60 °C [63,64]. After the sonication process, the prepared samples were allowed to stand for several hours and degassed to remove air bubbles.



The concentration of fullerene C60 in the base liquids was 0.1 g·L−1, which corresponds to the concentrations used to improve the dielectric properties of electro-insulating liquids [65,66]. Figure 2 presents a comparison of prepared samples based on fullerene C60 with samples of base liquids. As can be seen, there is a noticeable change in the color of the electro-insulating liquids as a result of doping with fullerene C60. Mineral oil and natural ester doped with fullerene C60 are characterized by a yellow-brown color, while the synthetic ester is characterized by a violet color. The yellow-brown color is most probably associated with the effect of unsaturated bonding of liquid with fullerene C60, as indicated by the presence of a peak at 433 nm in the UV/VIS spectrum of the analyzed samples (Figure 3). As reported in [67], a peak in the range of 430–450 nm indicates the addition of 1.2 double bonds to the fullerene cage. UV/VIS spectra were taken on a Jasco V-530 apparatus (Jasco Corporation, Tokyo, Japan). As a reference, pure electro-insulating liquids were used.




2.3. Preparation of Nanofluids Based on Titanium Dioxide TiO2


Titanium dioxide TiO2 nanoparticles belong to the group of nanoparticles which are insoluble in base liquids. Due to the large surface area and high surface activity, they also tend to aggregate to form larger agglomerates [32,39]. Agglomeration of nanoparticles, in addition to the severity of sedimentation, may also reduce the thermal conductivity of nanofluids [68]. Therefore, as in the previous case, it is necessary to use a two-step method to prepare nanofluids based on titanium dioxide TiO2. In addition, a surfactant (dispersant) is also used to reduce the repulsive forces between the nanoparticles and the base liquid [38,69,70]. This facilitates the formation of stable colloids, and also reduces the likelihood of the agglomeration of nanoparticles.



In the process of producing nanofluids based on titanium dioxide TiO2 nanoparticles, several different surfactants are used, such as hexadecyl trimethyl ammonium bromide [71], silane coupling agent [72], nonionic surfactants [73], and oleic acid [74]. In the present study, the low molecular weight surfactant Span® 20 was used to prepare the nanofluids with a titanium dioxide TiO2 nanoparticles. This allows the creation of secondary forces (van der Waals forces, electrostatic, hydrogen bonds) between the applied nanoparticles and the dispersant [75]. The polar groups of the dispersant interact with the high-energy surface of the titanium dioxide nanoparticles, while the long hydrocarbon chains are soluble in electro-insulating liquids; this enables the adsorption and accumulation of the dispersant molecules at the oil–nanoparticles interface, which allow for obtaining a stable dispersion of the nanoparticle in base liquids [64,76]. The base liquids doped with the surfactant were subjected to 3 h of sonication in an ultrasonic bath.



In the next step, titanium dioxide TiO2 nanoparticles were added to the prepared liquids (electro-insulating oils with surfactant). Bearing in mind that the potential of the applied nanoparticles can be released in a situation where they are evenly spread in the base liquids, the prepared nanofluids were subjected to sonication and homogenization. The sonication process was carried out for 5 h at a constant temperature of 60 °C. In turn, the homogenization process, similarly as in [77], was carried out for one hour (24 kHz and 400 W). After this time, stable colloidal solutions were obtained. Similarly to the nanofluids based on fullerene C60, once the sonication process was completed, the prepared samples were allowed to stand for several hours, and degassed to remove air bubbles.



The concentration of surfactant Span® 20 in the base liquids was 5.00 g·L−1. Having concentrations of surfactants which are too high may cause deterioration of the properties of the base liquids [75]. The concentration of titanium dioxide nanoparticles was 0.82 g·L−1. The selected concentrations correspond to the concentrations used to improve the dielectric properties of insulating electro-liquids [49,73]. Figure 4 presents a comparison of prepared samples of nanofluids based on surfactant and TiO2 nanoparticles with samples of base liquids. Similarly to the previous case, there was a noticeable change in the color of the insulating liquids as a result of doping with titanium dioxide nanoparticles.




2.4. Measurement of Thermal Properties of Obtained Nanofluids


Thermal conductivity, specific heat, kinematic viscosity, density, and the thermal expansion coefficient of the investigated electro-insulating nanofluids were analyzed. These properties were determined on the basis of measurements. The thermal conductivity coefficient was examined using a measurement system designed and built by the authors [78]. The specific heat was determined using a Mettler Toledo DSC1 differential scanning calorimeter (Mettler Toledo, Greifensee, Switzerland). The kinematic viscosity of the tested nanofluids was determined according to the standard [79]. The density was determined in accordance with the standard [80], and the thermal expansion coefficient was based on the standard [81]. Tests of all the mentioned properties were carried out at four temperatures: 25, 40, 60, and 80 °C.




2.5. Determination of Heat Transfer in the Analyzed Nanofluids


As previously mentioned, effective cooling is one of the basic functions that must be provided by the electro-insulating liquid. This function is performed by thermal conductivity and convection, which depends on such liquid properties as specific heat, viscosity, density, and thermal expansion.



In order to determine the heat transfer in the analyzed electrical insulating nanofluids, the Newton equation should be used:


q=α·ΔT,



(1)




where q is heat flux density [W·m−2], α is the heat transfer coefficient [W·m−2·K−1], and ΔT is the temperature drop between the solid surface and liquid [K]. After transformation, the dependence is obtained by:


ΔT=qα



(2)







In order to determine the heat transfer coefficient, the theory of similarity and dimensional analysis is used, which is based on the convergence of physical phenomena with empirical studies. It allows reducing a significant number of properties and parameters determining the heat transfer coefficient.



The heat transfer process by liquid can be determined using the similarity criteria (dimensionless modules). However, one must distinguish between natural and forced convection, since in both cases, the method of determining the heat transfer coefficient varies. In the analyzed case, the considerations were limited to the case of heat transfer with free flow of liquids (natural convection), which is characteristic for most transformers.



In the convective heat transfer analysis, the heat transfer coefficient is determined on the basis of the Nusselt criterion. This criterion combines the movement of heat in the fluid stream with the penetration of heat through the boundary surface. It defines the ratio of the heat transfer rate through convection to the heat transfer rate due to thermal conductivity. This criterion is defined by the dependence:


Nu=α·δλ,



(3)




where δ is the characteristic dimension [m] and λ is the thermal conductivity coefficient [W·m−1·K−1].



Before determining the similarity criteria, it is necessary to determine the quantities that affect the course of free convection. In the case of transformers, heat transport will depend on the temperature difference (ΔT) between the heat transfer surface (winding, core) and the temperature of the electro-insulating liquid. In addition, convection is caused by buoyancy forces, which depend on the difference in density, ρ. In turn, the difference in density results from the temperature and the thermal expansion coefficient β. The gravity acceleration, g also plays an important role, which, together with the difference in density, affects the specific gravity. In the case of transformers, the characteristic height, δ is the height of the heating surface. In addition, when considering the boundary layer, it should be noted that the factor causing its increase is the kinematic viscosity, υ. In the case of heat transfer by convection, the viscosity of the liquid causes the movement of particles in the boundary layer to slow down.



Bearing in mind the values characterizing the phenomenon of convection, the Grashof number can be taken as the criterion of similarity, which determines the ratio of buoyancy forces to the forces of internal friction (viscosity) of the fluid:


Gr=β·g·δ3·ΔTυ2



(4)







Due to the fact that in the analyzed case, heat transport is determined for transformers with natural oil circulation (natural convection), that the heat transfer as a result of taking convection in geometrically convergent systems was an equivalent criterion for Nusselt must be a function of thermal and mechanical similarity numbers. Therefore, assuming a steady flow of heat, this criterion takes the form:


Nu≈f(Gr, Pr),



(5)




where Pr is the Prandtl number characterizing the similarity of the fluid type. This number is determined by the dependence:


Pr=υ·ρ·cpλ,



(6)




where cp is the specific heat [J·kg−1·K−1].



Taking into account the dimensional analysis and experimental research, the criterion equation for natural convection takes the form:


Nu=c·(Gr·Pr)n,



(7)




where c, n are constants depending on the type of heat transfer.



The product of the Grashof and Prandtl numbers is called the Rayleigh number:


Ra=Gr·Pr,



(8)







The values of c and n constants change with the applicability range of Equation (8).



Taking into account Equations (1)–(8), the temperature decrease can be determined from the dependence:


ΔT=c−1·δ1−3n·g−n·β−n·cp−n·ρ−n·λn−1·υn·qn+1



(9)








2.6. Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) Spectra Acquisition


A Nexus Nicolet 5700 Fourier Transform Infrared Spectrophotometer (Thermo Electron Scientific Instruments Corporation, Madison, WI, USA) equipped with an attenuated total reflection (ATR) accessory with a ZnSe crystal was used to take infrared spectra of investigated samples. All spectra, both for pure electro-insulating liquids and modified liquids (with the addition of nanoparticles and/or surfactant) were recorded at room temperature (25 °C) in the range of 4000–600 cm−1. The resolution was 4 cm−1 at 64 scans. Before every scan of an investigated sample, a background scan (reference air spectrum) was measured. After every measurement of an oil sample, ATR crystal was cleaned thoroughly with tissue soaked in chloroform. All spectra were treated using spectral software Omnic (Thermo Electron Scientific Instruments Corporation).





3. Results and Discussion


3.1. Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) Measurements


The typical ATR-FTIR spectra for pure mineral and ester oils are shown in Figure 5. Also, the FTIR spectra of pure and modified liquids with two types of nanofillers, C60 and TiO2, are presented in Figure 6. Additionally, spectra of liquids modified with surfactant Span® 20 are shown.



The infrared spectra of investigated liquids (Figure 5) contain fundamental and characteristic bands whose frequencies and intensities can determine the relevant functional groups in the investigated liquids [82,83,84].



Two of the studied liquids were esters (synthetic and natural esters), and absorption bands attributed to vibrations of esters were present at their spectra. Spectral bands in the regions of 1770–1715 cm−1 (C=O stretching vibration of the ester carbonyl functional groups of the triglycerides), 1300–1100 cm−1 (C–O stretching vibration of ester groups) and a peak with a maximum around 3460 cm−1 (overtone of C=O of ester group) are attributed to vibrations of esters. Bands derived from aliphatic hydrocarbons vibrations were present in the spectra, too: asymmetric stretching vibration of C–H of aliphatic –CH3 groups due to the alkyl rest of triglycerides (2953 cm−1 in NE oil and 2958 cm−1 in SE oil), C–H asymmetric stretching vibration of the aliphatic CH2 group (2923 cm−1 and 2929 cm−1 for NE and SE oil, respectively), and C–H symmetric stretching vibration of the aliphatic CH2 group (2858 cm−1 and 2853 cm−1 for NE and SE oil, respectively), C–H bending vibration of CH2 and CH3 aliphatic groups (1466 cm−1 and 1459 cm−1 for NE and SE oil), C–H bending symmetric vibration of CH2 groups (1397 cm−1 and 1389 cm−1 for NE and SE oil), and overlapping of C-H rocking vibration of CH2 and the out-of-plane vibration of the cis –HC=CH– group of disubstituted olefins (722 cm−1 and 727 cm−1 for NE and SE oil). In addition, the NE ester is an unsaturated ester, as evidenced by the presence of absorption bands with a maximum at 3009 cm−1 (=C–H stretching symmetric vibration of the cis double bonds) and 1655 cm−1 (C=C stretching vibration of cis-disubstituted olefins, RHC=CHR) on its spectrum.



Mineral oils are high-boiling fractions obtained from the refining of crude oil. These oils mainly contain compounds with a ring structure, i.e., that which are unsaturated-aromatic and saturated-naphthenic, which may have additional saturated side-chains—paraffins. Depending on the predominance of a given structure, they are properly classified as aromatic, naphthenic, or paraffinic. The straight-chain paraffinic components are normal-alkanes, whereas the naphthenic group constitutes of cycloalkanes. Aromatics contain at least one ring of six-carbon atoms, with alternating single and double bonds [85]. On the mineral oil spectrum (Figure 5), absorption bands from saturated hydrocarbons are observed: 2952, 2921, 2853, 1456, and 1376 cm−1, which indicates a naphthenic or paraffinic oil.



The introduction of nanofillers (C60, TiO2) or surfactant (Span® 20) did not cause any changes in the spectra of investigated liquids; the intensity or location of the bands of characteristic oil or modifier functional groups did not change. This result suggests the lack of interactions between the investigated liquids and the introduced modifiers.




3.2. Thermal Properties of Electro-Insulating Liquids Modified by Fullerene C60


Table 3 presents the measured values of thermal properties of the analyzed electro-insulating liquids and nanofluids based on fullerene C60. On the basis of the presented measurement results, it can be stated that doping the liquids with fullerene C60 did not cause any changes in thermal conductivity, density, and thermal expansion. Synthetic ester and mineral oil have a similar value of specific heat, while natural ester has a higher value of specific heat. It is most probably associated with the presence of unsaturated bonds.



The addition of fullerene caused an increase in the specific heat of all nanofluids. This increase is due to the presence of hydrophobic bonds between fullerene C60 and hydrocarbon molecules contained in the analyzed electro-insulating liquids [64]. This also explains the obtaining of appropriate stable solutions on the basis of fullerene C60 and the analyzed liquids. Hydrophobic bonds are important from the point of view of particle absorption on the surface of carbon nanotubes [86]. These bonds are so strong that, despite the small concentration of fullerene in the analyzed liquids (0.1 g·L−1) and more than twice the lower values of specific heat [87,88,89], they manage to increase the specific heat of analyzed nanofluids.



A minimal increase in kinematic viscosity of the nanofluids based on mineral oil and synthetic ester was also visible. This increase may negatively affect the heat transfer coefficient, which will consequently affect the cooling effectiveness of the device. Other researchers also observed the negative influence of nanoparticles on the viscosity of the analyzed nanofluids [59].



Table 4 presents the values of the criterion numbers of the analyzed liquids calculated on the basis of Equations (4), (6), and (7), which correspond to the numbers of Grashof, Prandtl, and Nusselt, respectively.



As mentioned earlier, the Grashof number expresses the ratio of the buoyancy force to the fluid viscosity. This number defines the boundary between laminar and turbulent flow during natural convection. It is assumed that this limit occurs for around 109. As can be seen from the presented calculation results, for a temperature range of 40–80 °C and for both mineral oil and mineral oil modified with fullerene C60, it is possible to have turbulent flows. On the other hand, in the case of synthetic ester, the occurrence of turbulent flows is possible in the temperature range of 60–80 °C. For the other analyzed insulating liquids (synthetic ester modified by C60, natural ester, and natural ester modified by C60), turbulent flow will probably occur at temperatures above 80 °C. In the case of C60 fullerene nanofluids, the occurrence of turbulent flows can also have its advantages—these flows are accompanied by a mixing phenomenon, which can have a positive effect on the uniform dispersion of fullerene in the base liquid. The modification of the liquids with fullerene C60 does not significantly change the value of the Grashof number.



The Prandtl number expresses the ratio of the viscosity of the fluid to its thermal conductivity. A high value of the Prandtl number indicates that the convection is dominant in the spread of heat in the liquid medium, whereas a low Prandtl value means that heat transport mainly occurs through thermal conductivity at a molecular level. In the case of the analyzed liquids, it can be seen that modification with fullerene C60 did not cause significant changes in the value of the Prandtl number. On the basis of the obtained results, it can only be stated that in comparison with pure and modified mineral oil, and in the case of pure and modified esters, convection plays a greater role in heat transport. The greater role of convection in the case of esters and nanofluids is mainly due to their higher viscosity and density.



The Nusselt number expresses the ratio of the heat transfer rate due to convection of the heat transfer rate, which is caused by thermal conductivity at the fluid boundary and the heat transfer surface. The closer the Nusselt number is to a value equal to 1, the heat transfer in the fluid (at the border of the centers) is more conducive to conduction. In turn, the higher the Nusselt number is, the higher the heat transfer takes place by convection. Analyzing the data in Table 4, it can be seen that the highest value of the Nusselt number is characterized by pure mineral oil and mineral oil modified with fullerene C60. In turn, the lowest value of the Nusselt number is characterized by pure natural ester and natural ester modified with fullerene C60. This means that in the case of mineral oil, the transfer of heat in the boundary layer will take place to a greater extent by convection. On the other hand, in the case of esters, the transfer in the thermal conductivity will have greater significance in this layer. This is mainly due to the higher thermal conductivity of the esters compared to mineral oil. Modification of electro-insulating liquids with fullerene C60 does not significantly change the Nusselt number.



Table 5 presents the results of calculations of temperature decrease in pure electro-insulating liquids and nanofluids based on fullerene C60. The temperature decrease was determined based on Equation (9). Analyzing the calculated temperature decreases, it can be concluded that the modification of electro-insulating liquids with fullerene C60 does not significantly affect the heat transport in the obtained nanofluids. Bearing in mind that fullerene C60 is mainly used to improve dielectric properties [65,66] and to absorb free radicals and to slow the acidification of vegetable oils [50,51], it can be concluded that it does not impair the cooling efficiency of the device.




3.3. Thermal Properties of Electro-Insulating Liquids Modified by Surfactant Span® 20 and Titanium Dioxide (TiO2)


Table 6 presents measured values of the thermal properties of analyzed electro-insulating liquids and nanofluids based on surfactant Span® 20 and titanium dioxide TiO2 nanoparticles.



In order to eliminate the influence of surfactant on the thermal properties of the resulting nanofluids, the results of the measurements of thermal properties of base liquids modified with surfactant are also presented. Similarly to the previous case, it was noticed that the modification of electro-insulating liquids with a surfactant did not cause changes in thermal conductivity, density, or thermal expansion. The increase in kinematic viscosity was clearly observable, which was due to the higher viscosity of the surfactant compared to the viscosity of the analyzed electro-insulating liquids. On the other hand, when analyzing the results of specific heat measurements, it can be noticed that in the case of mineral oil and synthetic ester, the modification of the surfactant caused the increase of the specific heat. On the other hand, in the case of a natural ester modified with a surfactant, the specific heat decreased.



When analyzing the effect of modifying electro-insulating liquids with titanium dioxide TiO2 nanoparticles, an increase in the thermal conductivity of the generated nanofluids relative to the base liquids can be observed. Other researchers also observed such results [53]. The increase in the thermal conductivity of the resulting nanofluids should be related to the high thermal conductivity of titanium dioxide TiO2 nanoparticles (approximately 22 W·m−1·K−1) [64].



Taking into account the results of measurements of specific heat of electro-insulating liquids modified with TiO2 nanoparticles, it can be noticed that in the case of mineral oil and natural ester, the value of specific heat in relation to the base liquids was reduced. On the other hand, in the case of a synthetic ester, an increase in the value of specific heat relative to the base liquid is noticeable. The obtained results may be related to the size of the nanoparticles. According to literature [90], the smaller the particle size is, the specific heat is higher. The obtained results suggest that in the case of a synthetic ester, a dispersion containing the smallest-sized particles was obtained. This effect is attributed to the surface energy, distortion, and lattice energy of the nanoparticles [91].



Based on the obtained results, it was found that modifying the analyzed liquids with nanoparticles of titanium dioxide increases their viscosity in relation to the base liquids. The increase in viscosity is directly related to the addition of solid materials to the liquid. As in the previous case, this may result in a deterioration of the cooling efficiency.



There was no influence of modification of base liquids with TiO2 nanoparticles on their density and thermal expansion.



Table 7 presents the calculated values based on Equations (4), (6), and (7) of the criterion numbers of the analyzed liquids.



As can be seen from the calculations, for temperatures in the range of 40–80 °C, for both mineral oils modified with surfactant and mineral oils modified with surfactant and titanium dioxide TiO2 nanoparticles, turbulent flows are possible. In turn, for all ester-derived nanofluids analyzed (both synthetic and natural), turbulent flow may occur at a temperature of 80 °C. As in the previous case, the turbulent nature of the flow can positively influence the dispersion of titanium dioxide TiO2 nanoparticles in the analyzed nanofluids. Modification of electro-insulating liquids with surfactant Span® 20 and titanium dioxide TiO2 nanoparticles does not significantly change the value of the Grashof number.



In the case of the analyzed liquids, it can be noticed that modifying the mineral oil and the synthetic ester with the surfactant Span® 20 causes a minimal increase in the Prandtl number. In turn, the addition of titanium dioxide TiO2 nanoparticles to the resulting liquids decreases the value of this criterion number. In the case of a natural ester, it can be seen that modifying with dispersant causes a reduction in the value of the Prandtl number. The addition of titanium dioxide TiO2 nanoparticles further enhances this change. On the basis of the obtained results, it can only be stated that in the case of mineral oil and synthetic ester modified with titanium dioxide TiO2 nanoparticles, as in the case of base fluids, convection plays a greater role in heat transport. On the other hand, in the case of natural ester modified with nanoparticles of titanium dioxide, the role of thermal conductivity in heat transport has increased.



Table 8 presents the results of calculations of the temperature drop between pure electro-insulating liquids and nanofluids based on surfactant Span® 20 and titanium dioxide TiO2. The temperature decrease was determined based on Equation (9). Analyzing the calculated temperature decreases, it can be concluded that the modification of electro-insulating liquids with surfactant Span® 20 and titanium dioxide TiO2 nanoparticles does not significantly affect the heat transport in the obtained nanofluids. Bearing in mind that these nanoparticles are mainly used to improve dielectric properties [41,46,49], it can be concluded that they will not cause deterioration in the cooling efficiency of the device.



Analyzing the effect of modifying electro-insulating liquids with surfactant Span® 20 on the Nusselt number value, it can be noticed that for all the analyzed liquids, there are no changes in the value of this criterion number. The decrease in the Nusselt number is observable only after the base liquids have been modified with titanium dioxide TiO2 nanoparticles. This means that, compared to base fluids, the heat transfer in the boundary layer will occur to a greater extent in the thermal conductivity of the analyzed nanofluids. This is due to the greater thermal conductivity of the resulting nanoliquids compared to the base liquids.





4. Conclusions


The doping of electro-insulating liquids (mineral oil, and synthetic and natural esters) with analyzed nanoparticles (C60, TiO2) did not in any way affect the heat exchange capacity of the obtained nanofluids. This is a very important conclusion in the context of doping electro-insulating liquids with nanoparticles to improve their other properties, such as electro-insulating properties (breakdown voltage, electrical resistivity, electrical permittivity) or aging (dielectric loss factor, the ability to absorb water, release of sludge and sediments).



The modification of electro-insulating liquids with fullerene C60 did not cause changes in thermal conductivity, density, and thermal expansion. The addition of fullerene C60 caused an increase in kinematic viscosity, which may adversely affect the heat exchange capacity of the obtained nanoliquids. The increase in viscosity was compensated by the increase in specific heat. As a consequence, the heat exchange capacity of insulating liquids did not change due to the addition of nanoparticles to them.



The modification of electro-insulating liquids with titanium dioxide TiO2 nanoparticles (along with the surfactant) did not cause changes in density and thermal expansion. The addition of TiO2, on the other hand, resulted in an increase in the kinematic viscosity of all liquids and a decrease in specific heat (with the exception of synthetic ester), which may have had a negative impact on the heat exchange capacity of the obtained nanofluids. The increase in viscosity and the decrease in specific heat have been balanced out by the increase in thermal conductivity. In conclusion, the heat exchange capacity of liquids did not change due to the doping with nanoparticles.



We recommend that future research concerning the use of electro-insulating nanofluids in electrical power equipment should be conducted in two directions.



The first of these is the analysis of the impact of other nanoparticles, used sporadically to improve dielectric properties of electro-insulating liquids on their thermal properties. Such nanoparticles include nanodiamonds (NDs), which improve thermal conductivity [57], and boron nitride nanoparticles [58].



The second direction is the use of well-recognized and widely used nanoparticles in electro-insulating liquids, which significantly improve the thermal properties of other liquids. As it is commonly known, Al2O3 or CuO nanoparticles improve the thermal conductivity of water [52]. In turn, in [53], the beneficial effect of Cu and SiO2 nanoparticles on the thermal conductivity of other liquids has been proved. It should therefore be assumed that these nanoparticles also improve the thermal properties of insulating liquids, such as mineral oil or synthetic and natural esters. Therefore, it would be necessary to check how the mentioned nanoparticles affect the dielectric properties of the resulting nanoliquids. Thus, this is the opposite approach in relation to that described in this paper.
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Figure 1. Chemical structure of surfactant Span® 20. 
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Figure 2. Comparison of prepared samples of fullerene C60-based nanofluids with samples of base liquids; from the left: MO—mineral oil, MO + C60—mineral oil doped with fullerene C60, SE—synthetic ester, SE + C60—synthetic ester doped with fullerene C60, NE—natural ester, NE + C60—natural ester doped with fullerene C60. 
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Figure 3. UV-VIS spectra of dielectric liquids modified by fullerene C60. 
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Figure 4. Comparison of prepared samples of Span® 20 and titanium dioxide TiO2-based nanofluids with samples of base liquids; from the left: MO—mineral oil, MO + TiO2—mineral oil doped with TiO2, SE—synthetic ester, SE + TiO2—synthetic ester doped with TiO2, NE—natural ester, NE + TiO2—natural ester doped with TiO2. 
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Figure 5. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra of investigated dielectric liquids at room temperature (25 °C). 
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Figure 6. ATR-FTIR spectra of investigated base dielectric liquids and dielectric liquids modified with C60, TiO2, surfactant Span, or Span with TiO2 at room temperature: (a) Mineral oil; (b) synthetic ester; (c) natural ester. 
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Table 1. Some physicochemical and dielectric properties of the electro-insulating liquids used [15].
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	Property
	Mineral Oil
	Synthetic Ester
	Natural Ester





	Density at 20 °C (kg·m−3)
	887
	970
	920



	Kinematic viscosity at 40 °C (mm2·s−1)
	9
	28
	36



	Pour point (°C)
	−54
	−60
	−21



	Flash point (°C)
	148
	275
	330



	Fire point (°C)
	170
	322
	360



	Permittivity at 20 °C
	2.2
	3.2
	3.2



	Dissipation factor at 90 °C
	0.08
	<0.006
	0.005



	Breakdown strength IEC 60,156 2.5 mm (kV)
	>70
	>75
	73
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Table 2. Moisture levels and acid numbers of the electro-insulating liquids used.
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Electro-Insulating Liquid

	
Level of Moisture

	
Acid Number

[mgKOH/goil]

	
Surface Tension

[mN/m]




	
WCO [ppm]

	
RS30 °C






	
Mineral Oil

	
2

	
2.8%

	
<0.01

	
49.0




	
Synthetic Ester

	
45

	
2.2%

	
<0.03

	
-




	
Natural Ester

	
34

	
3.3%

	
0.02

	
25.0
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Table 3. Thermal properties of pure electro-insulating liquids and nanofluids based on fullerene C60 [62,63,64].
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Property

	
Kind of Liquid

	
Temperature




	
25 °C

	
40 °C

	
60 °C

	
80 °C






	
Thermal conductivity [W·m−1·K−1]

	
MO

	
0.133

	
0.130

	
0.128

	
0.126




	
MO + C60

	
0.133

	
0.131

	
0.128

	
0.127




	
SE

	
0.158

	
0.156

	
0.153

	
0.151




	
SE + C60

	
0.159

	
0.157

	
0.153

	
0.151




	
NE

	
0.182

	
0.180

	
0.178

	
0.175




	
NE + C60

	
0.182

	
0.180

	
0.178

	
0.176




	
Specific heat [J·kg−1·K−1]

	
MO

	
1902

	
1974

	
2077

	
2187




	
MO + C60

	
1945

	
2017

	
2121

	
2233




	
SE

	
1905

	
1964

	
2052

	
2149




	
SE + C60

	
1962

	
2014

	
2094

	
2182




	
NE

	
2028

	
2082

	
2166

	
2259




	
NE + C60

	
2040

	
2108

	
2210

	
2320




	
Kinematic viscosity [mm2·s−1]

	
MO

	
17.1

	
9.6

	
5.4

	
3.4




	
MO + C60

	
17.4

	
9.9

	
5.5

	
3.6




	
SE

	
55.1

	
28.3

	
14.0

	
8.1




	
SE + C60

	
55.5

	
28.5

	
14.4

	
8.3




	
NE

	
56.3

	
32.7

	
18.3

	
11.5




	
NE + C60

	
56.4

	
32.7

	
18.3

	
11.5




	
Density [kg·m−3]

	
MO

	
867

	
857

	
845

	
832




	
MO + C60

	
867

	
856

	
845

	
832




	
SE

	
964

	
953

	
940

	
926




	
SE + C60

	
964

	
952

	
940

	
926




	
NE

	
917

	
908

	
892

	
880




	
NE + C60

	
917

	
907

	
893

	
881




	
Thermal expansion coefficient [K−1]

	
MO

	
0.00075

	
0.00076

	
0.00078

	
0.00080




	
MO + C60

	
0.00075

	
0.00077

	
0.00079

	
0.00080




	
SE

	
0.00076

	
0.00077

	
0.00078

	
0.00079




	
SE + C60

	
0.00076

	
0.00077

	
0.00078

	
0.00079




	
NE

	
0.00074

	
0.00076

	
0.00078

	
0.00080




	
NE + C60

	
0.00074

	
0.00077

	
0.00078

	
0.00080
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Table 4. Calculation results of the Grashof, Prandtl, and Nusselt numbers of pure electro-insulating liquids and nanofluids based on fullerene C60.
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Kind of Liquid

	
Temperature

	
Gr

	
Pr

	
Nu




	
[°C]






	
MO

	
25

	
7.9 × 108

	
212

	
736




	
40

	
21.9 × 108

	
125

	
869




	
60

	
61.6 × 108

	
74

	
1028




	
80

	
137.4 × 108

	
50

	
1178




	
MO + C60

	
25

	
7.6 × 108

	
221

	
737




	
40

	
20.7 × 108

	
131

	
866




	
60

	
59.3 × 108

	
77

	
1030




	
80

	
125.1 × 108

	
53

	
1164




	
SE

	
25

	
0.9 × 108

	
641

	
520




	
40

	
3.0 × 108

	
339

	
623




	
60

	
10.3 × 108

	
177

	
757




	
80

	
26.9 × 108

	
107

	
884




	
SE + C60

	
25

	
0.9 × 108

	
660

	
521




	
40

	
2.9 × 108

	
348

	
623




	
60

	
9.7 × 108

	
185

	
756




	
80

	
25.8 × 108

	
111

	
882




	
NE

	
25

	
0.8 × 108

	
575

	
480




	
40

	
2.1 × 108

	
343

	
559




	
60

	
6.0 × 108

	
199

	
657




	
80

	
13.7 × 108

	
131

	
755




	
NE + C60

	
25

	
0.8 × 108

	
580

	
480




	
40

	
2.1 × 108

	
347

	
562




	
60

	
5.9 × 108

	
203

	
661




	
80

	
13.6 × 108

	
134

	
758
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Table 5. Calculation results of the temperature decrease in pure electro-insulating liquids and nanofluids based on fullerene C60.
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Kind of Liquid

	
Liquid Temperature




	
25 °C

	
40 °C

	
60 °C

	
80 °C






	
MO

	
33.9

	
29.4

	
25.2

	
22.4




	
MO + C60

	
33.9

	
29.3

	
25.2

	
22.4




	
SE

	
40.4

	
34.1

	
28.6

	
24.9




	
SE + C60

	
40.1

	
33.9

	
28.7

	
24.9




	
NE

	
37.8

	
33.0

	
28.4

	
25.1




	
NE + C60

	
37.9

	
32.8

	
28.2

	
24.9
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Table 6. Thermal properties of pure electro-insulating liquids and nanofluids based on surfactant Span® 20 and titanium dioxide (TiO2) [62,63,64].
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Property

	
Kind of Liquid

	
Temperature




	
25 °C

	
40 °C

	
60 °C

	
80 °C






	
Thermal conductivity [W·m−1·K−1]

	
MO

	
0.133

	
0.130

	
0.128

	
0.126




	
MO + Span® 20

	
0.133

	
0.131

	
0.128

	
0.126




	
MO + Span® 20 + TiO2

	
0.141

	
0.135

	
0.131

	
0.130




	
SE

	
0.158

	
0.156

	
0.153

	
0.151




	
SE + Span® 20

	
0.158

	
0.156

	
0.153

	
0.152




	
SE + Span® 20 + TiO2

	
0.163

	
0.160

	
0.157

	
0.154




	
NE

	
0.182

	
0.180

	
0.178

	
0.175




	
NE + Span® 20

	
0.182

	
0.180

	
0.179

	
0.175




	
NE + Span® 20 + TiO2

	
0.185

	
0.183

	
0.180

	
0.178




	
Specific heat [J·kg−1·K−1]

	
MO

	
1902

	
1974

	
2077

	
2187




	
MO + Span® 20

	
1961

	
2039

	
2149

	
2289




	
MO + Span® 20 + TiO2

	
1886

	
1955

	
2053

	
2159




	
SE

	
1905

	
1964

	
2052

	
2149




	
SE + Span® 20

	
1937

	
1995

	
2082

	
2176




	
SE + Span® 20 + TiO2

	
1976

	
2031

	
2115

	
2207




	
NE

	
2028

	
2082

	
2166

	
2259




	
NE + Span® 20

	
1983

	
2036

	
2118

	
2209




	
NE + Span® 20 + TiO2

	
1962

	
2011

	
2088

	
2174




	
Kinematic viscosity [mm2·s−1]

	
MO

	
17.1

	
9.6

	
5.4

	
3.4




	
MO + Span® 20

	
17.6

	
9.9

	
5.8

	
3.6




	
MO + Span® 20 + TiO2

	
18.0

	
10.2

	
6.1

	
3.7




	
SE

	
55.1

	
28.3

	
14.0

	
8.1




	
SE + Span® 20

	
55.7

	
28.6

	
14.7

	
8.3




	
SE + Span® 20 + TiO2

	
55.9

	
29.0

	
14.9

	
8.4




	
NE

	
56.3

	
32.7

	
18.3

	
11.5




	
NE + Span® 20

	
56.5

	
32.7

	
18.3

	
11.5




	
NE + Span® 20 + TiO2

	
56.6

	
32.8

	
18.4

	
11.6




	
Density [kg·m−3]

	
MO

	
867

	
857

	
845

	
832




	
MO + Span® 20

	
867

	
856

	
846

	
832




	
MO + Span® 20 + TiO2

	
868

	
858

	
846

	
832




	
SE

	
964

	
953

	
940

	
926




	
SE + Span® 20

	
964

	
952

	
941

	
926




	
SE + Span® 20 + TiO2

	
965

	
954

	
941

	
926




	
NE

	
917

	
908

	
892

	
880




	
NE + Span® 20

	
918

	
908

	
894

	
882




	
NE + Span® 20 + TiO2

	
918

	
909

	
894

	
882




	
Thermal expansion coefficient [K−1]

	
MO

	
0.00075

	
0.00076

	
0.00078

	
0.00080




	
MO + Span® 20

	
0.00075

	
0.00077

	
0.00078

	
0.00081




	
MO + Span® 20 + TiO2

	
0.00076

	
0.00077

	
0.00079

	
0.00081




	
SE

	
0.00076

	
0.00077

	
0.00078

	
0.00079




	
SE + Span® 20

	
0.00076

	
0.00078

	
0.00078

	
0.00079




	
SE + Span® 20 + TiO2

	
0.00075

	
0.00076

	
0.00078

	
0.00079




	
NE

	
0.00074

	
0.00076

	
0.00078

	
0.00080




	
NE + Span® 20

	
0.00075

	
0.00077

	
0.00079

	
0.00080




	
NE + Span® 20 + TiO2

	
0.00075

	
0.00078

	
0.00079

	
0.00081
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Table 7. Calculation results of Grashof, Prandtl, and Nusselt numbers of pure electro-insulating liquids and nanofluids based on surfactant Span® 20 and titanium dioxide (TiO2).
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Kind of Liquid

	
Temperature [°C]

	
Gr

	
Pr

	
Nu






	
MO

	
25

	
7.9 × 108

	
212

	
736




	
40

	
21.9 × 108

	
125

	
869




	
60

	
61.6 × 108

	
74

	
1028




	
80

	
137.4 × 108

	
50

	
1178




	
MO + Span® 20

	
25

	
7.4 × 108

	
225

	
736




	
40

	
20.7 × 108

	
132

	
868




	
60

	
53.3 × 108

	
82

	
1017




	
80

	
126.9 × 108

	
54

	
1179




	
MO + Span® 20 + TiO2

	
25

	
7.1 × 108

	
209

	
708




	
40

	
19.5 × 108

	
127

	
840




	
60

	
49.3 × 108

	
81

	
985




	
80

	
119.9 × 108

	
51

	
1137




	
SE

	
25

	
0.9 × 108

	
641

	
520




	
40

	
3.0 × 108

	
339

	
623




	
60

	
10.3 × 108

	
177

	
757




	
80

	
26.9 × 108

	
107

	
884




	
SE + Span® 20

	
25

	
0.9 × 108

	
658

	
520




	
40

	
2.9 × 108

	
348

	
625




	
60

	
9.4 × 108

	
188

	
751




	
80

	
25.7 × 108

	
110

	
878




	
SE + Span® 20 + TiO2

	
25

	
0.9 × 108

	
654

	
513




	
40

	
2.8 × 108

	
351

	
614




	
60

	
9.0 × 108

	
189

	
742




	
80

	
24.9 × 108

	
111

	
873




	
NE

	
25

	
0.8 × 108

	
575

	
480




	
40

	
2.1 × 108

	
343

	
559




	
60

	
6.0 × 108

	
199

	
657




	
80

	
13.7 × 108

	
131

	
755




	
NE + Span® 20

	
25

	
0.8 × 108

	
565

	
479




	
40

	
2.2 × 108

	
336

	
557




	
60

	
6.0 × 108

	
194

	
654




	
80

	
13.8 × 108

	
128

	
751




	
NE + Span® 20 + TiO2

	
25

	
0.8 × 108

	
551

	
473




	
40

	
2.2 × 108

	
328

	
553




	
60

	
6.0 × 108

	
191

	
649




	
80

	
13.6 × 108

	
125

	
742
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Table 8. Calculation results of temperature decrease in pure electro-insulating liquids and nanofluids based on surfactant Span® 20 and titanium dioxide (TiO2).
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Kind of Liquid

	
Liquid Temperature




	
25 °C

	
40 °C

	
60 °C

	
80 °C






	
MO

	
33.9

	
29.4

	
25.2

	
22.4




	
MO + Span® 20

	
33.4

	
29.2

	
25.5

	
22.3




	
MO + Span® 20 + TiO2

	
33.3

	
29.2

	
25.7

	
22.5




	
SE

	
40.4

	
34.1

	
28.6

	
24.9




	
SE + Span® 20

	
40.4

	
34.0

	
28.9

	
24.8




	
SE + Span® 20 + TiO2

	
39.7

	
33.3

	
28.2

	
24.5




	
NE

	
37.8

	
33.0

	
28.4

	
25.1




	
NE + Span® 20

	
38.1

	
33.1

	
28.3

	
25.2




	
NE + Span® 20 + TiO2

	
37.9

	
32.8

	
28.4

	
25.1
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