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Abstract

:

This experimental study aims to examine the partial discharge (PD) properties of palm oil and coconut oil (CO) based aluminum oxide (Al2O3) nanofluids with and without surfactants. The type of surfactant used in this study was sodium dodecyl sulfate (SDS). The volume concentrations range of Al2O3 dispersed in oil samples was varied from 0.001% to 0.05%. The ratio of surfactants to nanoparticles was set to 1:2. In total, two different types of refined, bleached and deodorized palm oil (RBDPO) and one type of CO were measured for PD. Mineral oil (MO) was also examined for comparison purpose. PDIV measurements for all samples were carried out based on rising voltage method whereby a needle-sphere electrode configuration with a gap distance of 50 mm was chosen in this study. Al2O3 improves the PDIVs of RBDPO, CO and MO whereby the highest improvements of PDIVs are 34%, 39.3% and 27%. The PD amplitude and repetition rate of RBDPO improve by 38% and 81% while for CO, it can increase up to 65% and 80% respectively. The improvement of PD amplitude and repetition rate for MO are 18% and 95%, regardless with and without SDS. Without SDS, the presence of Al2O3 could cause 26%, 75% and 65% reductions of the average emission of light signals for RBDPOA, RBDPOB and CO with the improvement of PD characteristics but both events do not correlate at the same volume concentration of Al2O3. On the other hand, the average emission of light signal levels of the oils increases with the introduction of SDS. The emission of light signal in MO does not correlate with the PD characteristics improvement either with or without SDS.
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1. Introduction


Partial discharge (PD) is an event that exists in dielectric fluid or solid insulations. Generally, PD occurs due to the inappropriate design, defect in manufacturing and contaminations either from internal or external sources. PD is usually initiated at conductor-dielectric interfaces within solid or dielectric insulating fluids, bubbles within insulation fluids and particle contaminants in insulation fluids. Materials defect could also enhance local electric field and lead to the inception of PD [1,2]. Once the discharge is initiated, it can accelerate the degradation of insulation materials, allowing its propagation from local areas into bulk oils, leading to breakdowns [3]. The discharge induced insulation failures develop from discharge inception to breakdown depends on the location of the local field and operating condition of transformers [1]. Discharge in dielectric insulating fluids can take a long time to develop. Dielectric insulating fluids should be able to handle high electrical stress without the initiation of PD activities [4]. The partial discharge inception voltage (PDIV) test is one of the most important parameters to determine the condition and intrinsic characteristics of dielectric insulating fluids [1,5]. PD measurement is known as a non-destructive approach that can be used to determine the integrity of dielectric insulating fluids [6].



Nowadays, nanotechnology provides exciting new possibilities especially on the enhancement of the dielectric insulating fluids performances such as electrical properties, PD, diffusivity, thermal conductivity, cooling properties, viscosity, heat exchanger, friction and heat transfer coefficients [7,8,9,10,11,12,13,14,15]. Various factors such as intrinsic properties, volume concentrations, contact areas of solid-liquid, surfactants suspension and synthesis approaches could affect the performances of nanoparticles in dielectric insulating fluids [16,17].



Various studies have been carried out to examine the PD characteristics and PDIV of either mineral oil (MO) or vegetable oil based nanofluids. Different types of nanoparticles such as TiO2, Fe3O4, SiO2, silica and fullerene have been previously examined [18,19,20,21,22,23,24,25,26]. Recent studies show that silica and fullerene could improve the PDIV of MO by 25% and 20% under positive DC voltage [18]. Similar positive effect on the PDIV of MO under AC voltage is found as the TiO2 is introduced with the percentage of improvement is around 8.2% [19]. Under AC voltage, the introduction of Fe3O4 and TiO2 nanoparticles improves the PD resistance and events as well as total, mean and maximum charge magnitudes of palm oil [20]. TiO2 and SiO2 lead to the positive improvements of PDIVs for natural ester with 7.4% and 20% increments under AC voltage [21,22]. The effect of semi-conductive nanoparticle on aged MO is not consistent, whereby the PDIVs under AC voltage fluctuate with the highest percentage of improvements at low and high moisture content are 17.2% and 27.9%, respectively [23].



Generally, surfactant is introduced in order to improve the stability of nanoparticles in dielectric insulating fluids. The improvements of the PD characteristics and PDIV of MO and vegetable oil based nanofluids are quite consistent in the presence of both nanoparticles and surfactants [19,27,28,29]. With oleic acid and under AC voltage, the presence of magnetite, silica and graphene oxide caused positive impacts on the PDIVs of MO whereby the highest percentage of increments are 50%, 59.1% and 63%, respectively [28]. The improvement of PDIV could be caused by the uniform internal electrical field distribution that is contributed by the high density of shallow electron traps produced by the nanoparticles [19,27]. However, the introduction of magnetite and graphene oxide with oleic acid in MO could cause reductions of PDIVs in the range between 6.3% and 25% under positive and negative DC voltages [28]. Another study [29] has shown that the PDIV of the natural ester-based Fe2O3 nanofluids impregnated paper in the presence of oleic acid could also decrease due to the agglomeration that is formed from large nanoparticle clusters, which act as contaminants or voids, and subsequently affecting the PD activities.



The current trend in electrical power system networks is moving towards the application of green sources such as vegetable oil. Recently, palm oil and coconut oil (CO) have been identified as possible options as alternative insulating fluids in transformers. The basic electrical properties such AC/lightning breakdown voltage, partial discharge, thermal ageing performances and dielectric performances of these oils are comparable with other types of vegetable oil; however, further improvement can be carried out through chemical modifications or introduction of nanoparticles. Nanoparticles could provide the simplest solution to improve the performances of palm oil and CO. Currently, there is a lack of research especially on the PD characteristics of palm oil and CO based nanofluids. Considering nanoparticles would affect the PD properties of palm oil and CO, it is important to carry out the investigation to determine its impact for practical applications in the future.



The main motivation of the paper is to examine the impact of Al2O3 on the PD characteristics for refined, bleached and deodorized palm oil (RBDPO) and CO with and without sodium dodecyl sulfate (SDS). Prior similar studies have shown both Al2O3 and SDS have positive effects on the AC and lightning breakdown voltages of RBDPO and CO [30,31]. The first section of the study describes the materials and preparation methods of nanofluid. Next, the PD and Photo Multiplier Tube (PMT) measurement configurations are presented. The final section presents and discusses the PDIV, PD amplitude, repetition rate and emission of light signals for RBDPO- and CO-based Al2O3 nanofluids.




2. Materials and Methods


2.1. Materials


The samples investigated in this study were two RBDPO and one CO. One sample of MO also was used as benchmark for this study. The compositions of fats as well as vitamin E and A for RBDPO and CO could be obtained in [30,31]. On the other hand, the detail composition of fatty acids for both oils were determined by gas chromatography based on MPOB test methods, p.3.4:2004 and p.3.5:2004 [32].



The type of nanoparticle used in this study was insulative nanoparticle, Al2O3. Al2O3 properties used in the study could be obtained in [30]. The colour of Al2O3 is white. The density of Al2O3 is 3.96 g/cm3. Surfactant, SDS was used in this study in order to achieve suspension stability and subsequently avoid sedimentation of Al2O3. The appearance colour and form of SDS are white and solid while the flash point is 170 °C [30].




2.2. Preparation of Nanofluids


The RBDPO and CO were subjected to filtration three times by a membrane filter. The filter has a pore size of 0.2 µm. The first part of the synthesis process for RBDPO and CO based Al2O3 nanofluids was performed without SDS according to [30]. The Al2O3 was first introduced into the oils and stirred by a Fisher Scientific Isotemp heated magnetic stirrer at speed of 800 rpm. The stirring of oils and Al2O3 were carried for 30 min. The next 30 min was given to the oils to rest at ambient temperature for 30 min. The oils were later subjected to drying process at 85 °C in an air circulating oven for 48 h.



The second part of synthesis involved with SDS, whereby it was added into the oils and stirred at speed of 800 rpm for 30 min by a magnetic stirrer according to [30]. The concentration of SDS used in the study was 50% of the volume concentration of Al2O3. It was chosen as the concentration could provide the highest improvement of AC breakdown voltages of RBDPO and CO based on a similar study in [33]. Next, Al2O3 was introduced into the oils and stirred by a magnetic stirrer at speed of 800 rpm for 30 min. Ultrasonic Homogenizer—Model 300VT was used to ensure sonicate and disperse Al2O3 and SDS in the oils for 1 h. Next, the oils were rested for 30 min at ambient temperature and later dried at 85 °C in an air circulating oven for 48 h. For both synthesis processes, the oils were rested for 24 h at ambient temperature before the measurement of PD. In total, 0.001%, 0.025%, 0.035% and 0.05% of Al2O3 were used as the volume concentration in this study.




2.3. Partial Discharge


The PDIV and PD measurements were performed according to IEC 61294 and IEC 60270 [34,35]. The configuration measurement for PD measurement can be seen in Figure 1. The diameter of the copper sphere electrode was 12.5 mm while the radius of needle tip was 3 µm. A 50 mm ± 1 mm gap distance was set between needle and sphere electrodes. The AC TERCO transformer with maximum voltage of 100 kV was used in this study. The oils were poured into the test cell first and allowed to stand for at least 15 min before application of the voltage. A wideband 50 Ω Impedance Matching Circuit (IMC) was used in this study to monitor the occurrences of discharges whereby it has the ability to match the load and source for maximum power transfer as well as to transform the impedances for PD measurement [36,37,38]. Next, voltage was applied to the cell, increasing at a constant rate of 1 kV/step ± 0.5 kV/step from 10 kV till a PD occurred with apparent charge equivalent to or higher than 100 pC. The output voltage of the PD signals was then recorded through channel 3 from the Agilent Technologies DS07104B oscilloscope as seen in Figure 2a. The zoom-in view of the corresponding PD waveform can be seen in Figure 2b which is similar to the output voltage signals recommended by Annex E in IEC 60270 [34].



Previous researches used voltage duration from 1 min to 10 min to record the sufficient number of PDs [5,39]. The voltage duration needed to record a sufficient number of PDs should be long enough, but not too long to damage the needle tip by continuous discharge corrosion. In this study, the threshold value of 100 pC was used to define PDIV as per IEC 61294 [35]. According to IEC 61294, the lowest voltage level to generate a PD with an amplitude higher than 100 pC is defined as PDIV [35]. Figure 3 shows an example of all PD signals recorded in MO for duration of 3 min at 30 kV (maximum applied voltage). The maximum PD amplitude at this voltage step is about 154 pC. From the reference PDIV line in Figure 3, it is shown that 1 min is long enough to obtain the maximum PD amplitude and repetition rates. Therefore, 1 min was selected as the duration for each of the voltage steps of which the PD signal was recorded. In this study, a settling time ranging from 30 s to 1 min was given after the application of the step voltage in order to avoid disturbance signals from the system. Next, the PD signals were recorded continuously for 1 min at each of the voltage steps.



PMT can be used to record the light intensity signals [40,41]. It was used to detect faint optical signals from weakly emitting sources with a cathode luminous sensitivity 605 µA/lm and output luminous sensitivity 3632 V/lm was used to capture the PD characteristics. The photosensor module contains a metal package PMT, which has low-power consumption and low-noise amplifier that can convert the current to voltage output for ease of signal processing purpose. The PMT light oscillograms result were recorded through channel 2 from the Agilent Technologies DS07104B oscilloscope.



It is known that the apparent charge is not equivalent to the actual amount at PD location. However, it can be measured and calibrated accordingly, and it is normally expressed in picocoulombs (pC). Apparent charge was measured through calibration of the voltage spikes against the voltage obtained from the calibration discharge into the measuring instrument. The calibration was carried out using an external JZF-10 PD calibrator detector. IMC was calibrated at four different pulse charges, which were 5 pC, 10 pC, 20 pC and 50 pC through injection at the point of measurement. The linear correlation between PD charge calibrator and measured PD magnitude were measured by the oscilloscope with r2 was equal to 1 as shown in Figure 4.





3. Results


3.1. RBDPO and CO Based Al2O3 Nanofluids without SDS


Figure 5 shows the relationship between the maximum PD amplitude and applied voltage for RBDPO, CO and MO based Al2O3 nanofluids without SDS. The same approach as [1] has been applied to determine the PDIV at threshold of 100 pC based on linear fitting since the maximum amplitude and logarithm of PD repetition rate increase linearly with the increment of the applied voltage around the PDIV level as shown in Figure 5a–d. The highest percentage of PDIV increment for RBDPOA is 15% at 0.025% of Al2O3. At 0.001% of Al2O3, the PDIV of RBDPOB increases by 20%. The PDIVs of CO and MO increase by 13.6% and 14% at 0.05% and 0.035% of Al2O3. Overall, the patterns of the PD amplitudes for all types of oils show 2 distinctive features. The first pattern appears at region less than 100 pC whereby the PD amplitude increases slowly as the voltage increases. The PD amplitudes for all types of oils increase significantly as the voltage is further increased. It is shown that the introduction of Al2O3 could improve the PD amplitudes of the oils through reduction of the levels lower than base oils as the voltage is increased. At 0.001% and 0.025% of Al2O3 the PD amplitudes for RBDPOA show apparent improvements as the voltage increases from 20 kV to 27 kV as shown in Figure 5a. As the voltage increases to 30 kV, the PD amplitudes for RBDPOA are quite close but at lower levels than base RBDPOA at 0.001% and 0.025% of Al2O3. The PD amplitudes of RBDPOA do not improve at 0.035% and 0.05% of Al2O3.



A similar pattern is found at 0.05% of Al2O3 for RBDPOB except the PD amplitude increases higher than base RBDPOB as the voltage is increased from 10 kV to 22 kV as shown in Figure 5b. Apparent improvements of PD amplitudes for CO occur as the voltage increases higher than 25 kV as shown in Figure 5c. Overall, 0.05% of Al2O3 provides the highest improvements of PD amplitude of CO followed by 0.035%, 0.025% and 0.001% of Al2O3. There are improvements of PD amplitudes of MO as the Al2O3 is introduced as shown in Figure 5d. At 0.035% of Al2O3, the PD amplitude of MO maintain lower than base MO as the voltage increases from 10 kV to 27 kV. The PD amplitudes of MO do not show any apparent improvements at 0.001% and 0.05% of Al2O3. At 0.025% of Al2O3, the MO could cause the PD amplitude to increase higher than base MO at all voltage levels.



Since the charge of the first detectable PD is quite small, it is practical to obtain the repetition rate as additional information to characterize the discharge activities of the oils. The PD repetition rate is characterized as the total number of PD pulses measured within chosen time interval which is normally 1 min. During the experiment, the applied voltage was increased step by step (1 kV/step) with each step lasting for 1 min. The number of PD pulses was counted in each step whereby the PD repetition rate (PD number/minute) was determined based on the overall PD number over the time duration. To date, there is still no acceptance/threshold limit for repetition rate of PD. At 0.05% of Al2O3, the PD repetition rate of RBDPOA maintains lower than base RBDPOA as the voltage increases from 10 kV to 23 kV as shown in Figure 6a. It is found that the introduction of Al2O3 could improve the PD repetition rates of the oils through reduction of the rates lower than base oils as the voltage is increased. The PD repetition rate of RBDPOA does not show clear improvement at 0.001% of Al2O3. The PD repetition rate of RBDPOA, shows a slight improvement as the voltage increases from 16 kV to 27 kV at 0.025% of Al2O3. At 0.035% of Al2O3, the introduction of 0.035% of Al2O3 could cause the PD repetition rate of RBDPOA to increase higher than base RBDPOA as the voltage is increased higher than 21 kV. Apparent improvements of PD repetition rates for RBDPOB are observed as the voltage is increased from 11 kV to 30 kV at 0.025% and 0.035% of Al2O3 as shown in Figure 6b. At 0.001% of Al2O3, the PD repetition rate of RBDPOB maintains at higher level than base RBDPOB at all applied voltages. The PD repetition rate of RBDPOB maintains lower than that base RBDPOB as the voltage increases from 11 kV to 19 kV at 0.05% of Al2O3. The introduction of Al2O3 could improve the PD repetition rates of CO at all volume concentrations as the voltage is increased. The PD repetition rate of CO could increase higher than base CO at voltage levels of 27 kV and 28 kV for 0.025% of Al2O3 and at voltage level of 30 kV for 0.001% of Al2O3 as shown in Figure 6c. There are improvements of PD repetition rates of MO as the Al2O3 is introduced as shown in Figure 6d. Only 0.025% of Al2O3 could cause the PD repetition rate of MO to increase higher than base MO at voltage levels between 24 kV and 30 kV.




3.2. RBDPO, CO and MO Based Al2O3 Nanofluids with SDS


There is a significant effect of SDS on the PDIV of both RBDPO, CO and MO as shown in Figure 7. The highest percentages of PDIV increments for RBDPOA, CO and MO are 25%, 18% and 14% at 0.001% of Al2O3. On the other hand, RBDPOB experiences up to 10% increment of PDIV at 0.05% of Al2O3. Generally, the PD amplitudes of RBDPOA, RBDPOB, CO and MO improve with the introduction of SDS and Al2O3. The PD amplitudes for RBDPOA show apparent improvements as the voltage increases higher than 20 kV at 0.001% and 0.025% of Al2O3 as shown in Figure 7a. At 0.035% and 0.05% of Al2O3, the PD amplitudes for RBDPOA are quite close but at lower levels than that base RBDPOA as the voltage increases to 30 kV. The PD amplitudes for RBDPOB improve as the voltage increases higher than 22 kV all volume concentrations of Al2O3 as shown in Figure 7b. Clear improvement of PD amplitude for CO is found as the applied voltage increases higher than 19 kV at 0.001% of Al2O3. At 0.035% and 0.05% of Al2O3 the PD amplitudes of CO improve as the voltage increases higher than 22 kV as shown in Figure 7c. The PD amplitudes of CO maintain quite close to base CO for all voltage levels at 0.025% of Al2O3. The PD amplitudes of MO show clear improvements with the increment of the voltage at 0.001% and 0.025% of Al2O3 as shown in Figure 7d. At 0.035% of Al2O3, the PD amplitude of MO could lead to higher PD amplitude than base MO as the voltage is increased from 19 kV to 22 kV.



In general, the presence of SDS could increase the PD repetition rates of the oils higher than base oils as the voltage is increased. At 0.001% of Al2O3, the PD repetition rate of RBDPOA is higher than base RBDPOA as the voltage increases higher than 25 kV. As shown in Figure 8a, the PD repetition rate of RBDPOA only improves as 0.025% of Al2O3 is introduced at all applied voltages. At 0.05% of Al2O3, RBDPOA could cause the PD repetition rate to increase higher than base RBDPOA as the voltage increases to 29 kV. A similar pattern is observed at 0.035% and 0.05% of Al2O3 for RBDPOB except the PD repetition rates could be lower than base RBDPOB as the voltage is increased between 29 kV and 30 kV. The PD repetition rate of RBDPOB slightly improves as the voltage increases to 30 kV at 0.025% of Al2O3 as shown in Figure 8b. Apparent improvement of PD repetition rates of CO occurs as the voltage is increased higher than 28 kV at all volume concentration of Al2O3 as shown in Figure 8c. The presence of most volume concentrations of Al2O3 and SDS do not improve PD repetition rates of MO as shown in Figure 8d. The PD repetition rates of MO are higher than base MO at all voltage levels.





4. Discussion


Generally, PD occurs once the electric field stress attains certain level which is known as the inception [20]. It is used as an important parameter to determine the condition of dielectric insulating fluids. PDIV is usually defined as the applied voltage whereby the first PD occurs of which the apparent charges equivalent to or higher than 100 pC. According to the findings in this study, it is shown that Al2O3 could improve the performance of PDIV of most RBDPO, CO and MO either with or without SDS as shown in Table 1. The improvements of PDIV of the all oils occur at no explicit volume concentrations of Al2O3. Without SDS, the highest improvement of PDIV for RBDPOA, RBDPOB, CO and MO are 15.6%, 7.5%, 27.7% and 24.2%, respectively. According to IEC 61294, PDIV and PD characteristics measurements are mainly influenced by electrode configuration, liquid nature, gap distance, initial electron generation, charge build-up through the oil gap and applied voltage [35,42]. Unlike AC breakdown voltage, the PDIV is measured using needle electrodes which is relatively independent to the contaminants such as moisture and particles [35,43]. This is because critical high field conditions in PD occurs within only a very small volume of the oils [35]. With nanoparticles such as Al2O3 in the oils, the space and electric field distribution changes affect the mobility of electrons and ionization occurrence in the oils of which electrons are generated, thus enhancing the insulation performances [20,44]. Localized PD occurs as a result of local intensity of the electric field at the ionization level and applied voltage [26]. The discharge is therefore suppressed whereby higher applied voltage is required to cause PDIVs in RBDPO, CO and MO [44,45]. The improvements of the PDIVs for RBDPO, CO and MO based Al2O3 nanofluids are also quite similar with a previous study [42].



The presence of SDS does further improve the PDIV of RBDPOA based Al2O3 nanofluids. SDS provides the highest improvement of PDIV of RBDPOA based Al2O3 nanofluids with 34% enhancement at 0.001% of Al2O3. The highest improvement of the PDIV of CO-based Al2O3 nanofluids is found with the introduction of SDS, where the highest percentage of improvement is 39.3% as compared to without SDS. The interaction between nanoparticles and surfactants contributed to the stability of the oil samples. A stable nanofluid is obtained once the repulsive force of the electrical double layer surpasses the Van der Waals force, which prevents the clustering of the nanoparticles [17,46]. The improvements of PDIVs for the RBDPO, CO and MO based Al2O3 nanofluids with SDS can be seen in Table 1. The negatively charged head of SDS could change the surface charges of Al2O3 and form repulsion forces among the nanoparticles. The agglomeration of nanoparticles therefore could be minimized by the act of the repulsion forces and lead to the improvements of the PDIVs for RBDPO, CO and MO [47]. Moreover, it is found that the differences on the nanoparticles dispersion between with and without SDS are not significant to cause agglomeration based on FTIR and particle size distribution [30].



The PD amplitude are among the important aspect for early detection of insulating fluid degradation and assessment of manufactured product or equipment performances. In this study, the maximum PD amplitudes of the RBDPO and MO increase linearly with the increment of the applied voltage close to the PDIV level. It is known that the charge magnitudes increase with the increment of the applied voltage as a result of the electric field enhancement, which further promotes the ionization process and increases the free electron production rate [20]. Previous studies have shown that the introduction of nanoparticles and surfactants lead to the reduction of PD amplitude as compared to the base oil [18,19,20]. A similar pattern is observed for RBDPO and CO whereby the Al2O3 without SDS leads to the decrement of PD amplitudes at most volume of concentrations and applied voltages. For both RBDPO, apparent decrements of PD amplitudes occur at low volume concentration of Al2O3. For CO, the decrement of PD amplitude is found at high volume concentration of Al2O3. The introduction of SDS leads to further decrement of the PD amplitudes for both RBDPO and CO at all volume concentration of Al2O3 and voltage levels. For MO, the improvement of the PD amplitude is not apparent with the introduction of Al2O3 with and without SDS. It was found that the PD amplitude of both MO could further increase as Al2O3 is introduced. The introduction of SDS in MO based Al2O3 does not further affect the decrement of PD amplitude.



The PD repetition rate is more susceptible to additives and contaminants as compared to PDIV and PD magnitude [48]. It is possible that the introduction of nanoparticles and surfactants could adsorb the additives and contaminants on its surface and subsequently reduce the occurrence of PD within a given time interval for the oils under study [18]. Without SDS, the PD repetition rates of RBDPO, CO and MO based Al2O3 nanofluids are lower than base oil as the voltage is increased. The PD repetition rate of RBDPOA decreases at 0.05% of Al2O3 while for RBDPOB, it decreases at 0.025% of Al2O3. As the voltage increases, the PD repetition rates of CO and MO decrease at all volume concentrations of Al2O3. With SDS, the PD repetition rates of RBDPO, CO and MO are higher than base oils at all volume concentrations of Al2O3 and voltage levels except PD repetition rates for RBDPOA and RBDPOB slightly decreases at 0.025% of Al2O3. The PD repetition rates of RBDPOB do not cause any improvements patterns at all volume concentrations of Al2O3.



The improvements of PD characteristics of nanofluids under study is possibly due to the charge trapping process that is contributed by the electric double layer formed around the nanoparticles and the oils [42]. As the nanoparticles come in contact with the oil, it will attract ions and create a strong bound layer close to their surfaces which is known as stern layer [42]. A diffuse layer is formed next to the stern layer whereby the number of ions decreases until falls to zero in the free oil. Both layers will create the electric double layer [42]. The electric double layer could trap the charges, which delays its build-up through the oil gap. In addition, the event could limit the impact of the charges on the consecutive of PD event. As a result, high electric fields are needed to initiate PD, which decrease the PD amplitude and repetition rate and concurrently increase the PDIV levels of the nanofluids under study. The thickness of electric double layer depends on the isoelectric point of nanoparticles and the pH value of oil. Surfactants can increase the thickness of electric double layer [42]. Consequently, the charge trapping capability increases which further delays the charge build-up between the oil gap, and thus further improve the PD characteristics through reduction of PD amplitude and repetition rate along with the increment of PDIVs of the nanofluids under study [42].



Based on IEC 60270, the PD measurement could be carried out through optical observation, acoustical detection, emission of light signals, sound, heat and chemical reactions methods [34]. This method is a subsequent observation of the effects of any discharges in the oils. Real time emission of light signals can be carried out using PMT to capture the PD activities. It is shown that the emitted light signals of RBDPOA that are captured by PMT correspond to the PD and voltage signals that are measured by IMC as shown in Figure 9. The emission of light signals can be emitted at higher applied voltage with different PD activities. With the increment of the voltage level, the repetition rate of the light pulse does not increase; however, the amplitude tends to increase. The emission of light signals become more intense and stronger in term of larger magnitude and higher repetition rate as the voltage level is increased. Figure 10, Figure 11 and Figure 12 show the emission of light and PD signals of RBDPO, CO and MO based Al2O3 nanofluids at applied voltage 30 kV corresponding to the volume concentration whereby the highest percentage of PDIV increment is observed. Generally, there are two types of observations between emission of light signals and PD activities for both RBDPO and MO are found in this study. The first observation occurs once the emission of light and PD signals appears simultaneously while the second observation is vice versa. The emission of light signals for base RBDPOA and MO do not appear as the PD occurs. The emission of light signal for base MO is more intense as compared to base RBDPO and CO as shown in Figure 10. In MO, the presence of aromatic molecules help to provide a stronger light emission, while the emission of light signals in RBDPO and CO are weaker as compared to MO [49]. As compared to base oils, the light emitted signals could appear simultaneously with the PD signals for RBDPO, CO and MO in the presence of Al2O3. Like base oils, emission of light signals for both MO based Al2O3 are more intense and have higher amplitudes as compared to RBDPO and CO based Al2O3. With SDS, the emission of light and PD signals of RBDPO, CO and MO become more intense and gradually stronger with larger amplitudes as compared without SDS. Similar patterns are found as base oils whereby for RBDPOA and MO with presence of SDS where there is no emission of light signal even though the PD signals appear as shown in Figure 12a,d. The higher repetition of emission of light signals tends to show in RBDPOB even though there is no PD signal as shown in Figure 12b. With SDS, the emission of light and PD signals of CO become gradually stronger at high amplitudes. The high repetition of emission of light signals tends to show in both MO even though there is no PD signal as shown in Figure 12d. Overall, the emission of light signals of RBDPO, CO and MO based Al2O3 nanofluids show inconsistent patterns whereby it fluctuate as the Al2O3 is introduced.



There are clear reduction patterns of average emission of light signals for RBDPOA, RBDPOB and CO as the Al2O3 is introduced as shown in Table 2. The lowest average emission of light signal for RBDPOA occurs at 0.05% of Al2O3. For RBDPOB and CO, the lowest average emission of light signals is at 0.035% of Al2O3. On the other hand, the average emission of light signal of MO fluctuates at a higher level than base MO with the increment of the volume concentration of Al2O3. With SDS, the average emission of light signal for RBDPOA fluctuates at higher level than base RBDPOA with the increment of the volume concentration of Al2O3. For CO, the average emission of light signal shows an increment pattern with the increment of the volume concentration of Al2O3. However, it was noticed that the average emission light signals for RBDPOB and CO decrease at lower level than base RBDPOB and CO at 0.001% of Al2O3. On the other hand, the average emission of light signal of MO continues to increase as the volume concentration of Al2O3 increases.



Since the fatty acid compositions of both RBDPO are almost similar, the differences on the patterns of PDIV, PD amplitude and repetition rate between RBDPOA and RBDPOB based Al2O3 nanofluids are possibly affected by the presence of vitamin E. The aggregation process of the surfactants could be facilitated by vitamin E. It is due to the hydrophobic interaction of α-tocopherol molecules in vitamin E with the alkyl chain of the surfactants. Instead of getting adsorbed to the Al2O3 surface, the surfactants form an aggregation with the vitamin E molecules [50,51]. On the other hand, there is no apparent effect of vitamin A on the PDIV and PD activities of RBDPOA.




5. Conclusions


The PDIV and PD activities generated by needle-sphere electrode configuration under AC voltage for RBDPO and CO based Al2O3 with and without SDS are experimentally measured. The PDIVs of RBDPOA, RBDPOB, CO and MO are slightly improved with Al2O3 with or without SDS. Based on the finding in this study, the PDIVs of both RBDPO and CO are comparable to MO. The SDS could promote further improvement of PDIVs for all samples. SDS could provide 34% and 39% improvement on the PDIVs of RBDPOA and CO based Al2O3 nanofluids. The PD amplitude increases linearly with the increment of voltage levels. The presence of SDS could further improve the PD amplitudes of RBDPO and CO at most volume concentrations of Al2O3. Without SDS, the highest improvement of PD amplitudes for RBDPO and CO are 22% and 64%. The PD repetition rates of RBDPO and CO can be enhanced up to 81% and 74% respectively. With SDS, the PD amplitude and repetition rate of RBDPO improve by 38% and 80% while for CO, it can be enhanced up to 65% and 80%, respectively. For MO, the improvement of PD amplitude and repetition rate are around 18% and 95% regardless with and without SDS. Generally, it is found that without SDS, the average emission of light signals for RBDPOA, RBDPOB and CO decrease by 26%, 75% and 65% with the improvement of PD characteristics, but both events do not correlate at the same volume concentration of Al2O3. Meanwhile, the presence of SDS leads to the increment of emitted light signal levels with the improvement of PD characteristics. For MO, there is no correlation can be made between emission of light signals and PD characteristics either with or without SDS. Current research shows that there is no apparent conclusion that can be made on the suitable concentration of Al2O3 nanoparticles that can provide the optimum improvement of PDIV, PD amplitudes and PD repetition rates of RBDPO, CO and MO. The current study shows that the introduction of Al2O3 and SDS has a promising impact on the partial discharge properties of either RBDPO or CO. However, further study is required in order to evaluate other important properties such the temperature stability of RBDPO and MO based Al2O3 nanofluids in the presence of SDS for future practical application in transformers.
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Figure 1. Configuration for partial discharge (PD) and photo multiplier tube (PMT) measurement. 
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Figure 2. (a) Output voltage of the PD signal, (b) zoom in view for the output voltage of the PD signal waveform measured by impedance matching circuit (IMC). 
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Figure 3. PD pulses recorded at 30 kV applied voltage for three minutes. 
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Figure 4. IMC reading based on charge calibrator. 
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Figure 5. Maximum PD amplitude versus applied voltage for (a) RBDPOA, (b) RBDPOB, (c) CO, and (d) MO based Al2O3 without SDS. 
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Figure 6. PD repetition rate versus applied voltage for (a) RBDPOA, (b) RBDPOB, (c) CO and (d) MO based Al2O3 without SDS. 
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Figure 7. Maximum PD amplitude versus applied voltage for (a) RBDPOA, (b) RBDPOB, (c) CO and (d) MO based Al2O3 with SDS. 
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Figure 8. PD repetition rate versus applied voltage for (a) RBDPOA, (b) RBDPOB, (c) CO and (d) MO based Al2O3 with SDS. 
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Figure 9. PD signal (IMC) and emission of light signals (PMT) for RBDPOA at (a) 10 kV, (b) 15 kV, (c) 20 kV, (d) 25 kV and (e) 30 kV applied voltage. 
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Figure 10. Emission of light signals (PMT) and PD signals (IMC) for (a) RBDPOA, (b) RBDPOB, (c) CO and (d) MO at 30 kV applied voltage. 
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Figure 11. Emission of light signals (PMT) and PD signals (IMC) for (a) RBDPOA, (b) RBDPOB, (c) CO and (d) MO based Al2O3 without SDS at 30 kV applied voltage. 
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Figure 12. Emission of light signals (PMT) and PD signals (IMC) for (a) RBDPOA, (b) RBDPOB, (c) CO and (d) MO based Al2O3 with SDS at 30 kV applied voltage. 
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Table 1. Percentages of PDIV increment or decrement for RBDPO, CO and MO Al2O3 based nanofluids.
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Samples

	
Volume of

Concentration (%)

	
Percentage Increment or Decrement (%)




	
Without SDS

	
With SDS






	
RBDPOA

	
0.001

	
+15.6

	
+34




	
0.025

	
+23.9

	
+18.8




	
0.035

	
+7.4

	
+16.4




	
0.05

	
−1.8

	
+11.6




	
RBDPOB

	
0.001

	
+7.5

	
−2.2




	
0.025

	
+3.7

	
+10.2




	
0.035

	
−1.8

	
+0.8




	
0.05

	
−15.8

	
+5.9




	
CO

	
0.001

	
−3.2

	
+39.3




	
0.025

	
+2

	
−1.6




	
0.035

	
+9.7

	
+6.2




	
0.05

	
+27.7

	
+19




	
MO

	
0.001

	
+10.6

	
+27




	
0.025

	
−16.4

	
−17.6




	
0.035

	
+24.2

	
+2.6




	
0.05

	
−10.8

	
+9.4








* The percentage was calculated based on PDIV values of base oil; * ‘+’: increment and ‘−‘: decrement.
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Table 2. Average emission of light signals of RBDPO, CO and MO based Al2O3 nanofluids at 30 kV applied voltage.
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Samples

	
Volume of

Concentration (%)

	
Average Emission of Light Signals (m arb. Unit)




	
Without SDS

	
With SDS






	
RBDPOA

	
0

	
60

	
60




	
0.001

	
77.6

	
109.9




	
0.025

	
52.3

	
154.1




	
0.035

	
53.6

	
111.6




	
0.05

	
44.6

	
219.4




	
RBDPOB

	
0

	
96

	
96




	
0.001

	
82.2

	
49




	
0.025

	
24.1

	
172




	
0.035

	
24

	
49.7




	
0.05

	
45.6

	
152.2




	
CO

	
0

	
105.4

	
105.4




	
0.001

	
61.3

	
78.5




	
0.025

	
71

	
140.8




	
0.035

	
36.8

	
163.5




	
0.05

	
264.2

	
280.3




	
MO

	
0

	
56.7

	
56.7




	
0.001

	
150.2

	
120.8




	
0.025

	
328.8

	
128.9




	
0.035

	
224.8

	
348.4




	
0.05

	
102.4

	
428
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