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Abstract

:

In liquid mediums, whether the breakdown strength can be greatly improved after introducing the nano-particles has been widely investigated, however, there has been no scientific consensus on the modification mechanism of this anomalous phenomenon. In this paper, we first experimentally measured the streamer morphology and breakdown strength in pure transformer oil, TiO   2   nano-liquids and Al   2  O   3   nano-liquids under microsecond pulse. The results demonstrated that there are significant differences in streamer morphology between pure transformer oil and nano-liquids, as the streamers in pure transformer oil exhibit thick bush-like qualities, while in nano-liquids they exhibit tree-like qualities. Moreover, the breakdown voltage results show that the breakdown strength of transformer oil is improved after nano-modification, and the TiO   2   nano-liquids and Al   2  O   3   nano-liquids have nearly the same optimal volume fraction. The results of the analysis indicate that the modification mechanism of nano-particles is significantly linked to the trapped electrons process. Specifically, the addition of nano-particles can affect the electrons’ density and thus affect the breakdown process and streamer morphology.
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1. Introduction


Pulsed power technology permits the electric energy to be stored at relatively low power, and be transformed into the electromagnetic energy by pulse and then released into the load to achieve much higher instantaneous power [1]. Pulsed power technology plays an important role in controlled nuclear fusion [2], high-energy accelerator [2], and electromagnetic weapons [3,4,5,6]. For example, the pulse generator can generate high instantaneous power and low average power, which may benefit the production of plasma [7,8]. In a relatively high-voltage and high-impedance pulsed power system with the lowest possible voltages in initial energy storage and switching, which can be used to design the electron ring accelerator [2].



The pulsed power system is mainly composed of the primary energy-storage systems, pulse compression systems, and high-power load systems [9,10,11]. As the key components in primary energy-storage systems, the liquid mediums are often used for energy storage and insulation because of their excellent characteristics such as high-energy storage density, great self-healing effects, and good thermal conductivity [12,13]. The commonest liquid mediums include water medium and oil medium [14,15]. Due to the rapid decreases in water resistivity, the oil medium would be more applicable to a pulse generator. Moreover, the breakdown strength of the oil medium can exceed 300 kV/cm after purification treatment.



However, solid impurities are inevitably introduced when pouring the oil medium into the pulse generator, which substantially affects the insulation performance of transformer oil [16,17,18]. In practical production, the insulation performance of transformer oil not only affects the operational reliability of pulsed power system, but it also largely determines the cost of oil-insulated electrical equipment [19,20,21]. Therefore, it is of great significance to ensure the safe operation of the pulsed power system by improving the insulation performance of transformer oil [22,23,24,25].



In traditional dielectric theory, impurities in transformer oil gather and recombine into a conductive “bridge” under the applied electric field, which leads to the reduction in insulation performance. However, Segal et al. discovered that the breakdown strength of transformer oil under positive impulse breakdown voltage can be improved by introducing the Fe   3  O   4   nano-particles, which contradicted the traditional principle that the insulation performance of liquid mediums is proportional to purity [26]. Researchers have since paid attention to nano-modification technology. With the depth of the research work, many researchers have realized that some parameters such as the type, shape, and surface modification of nano-particles will have a great influence on the modification effect [27,28,29,30]. Specifically, the insulation performance of transformer oil can be characterized by the breakdown strength, which is related to the pre-breakdown phenomenon defined as the “streamer” in transformer oil [31,32,33,34].



In order to explain the modification effect and streamer morphology in nano-liquid, several breakdown models and mechanisms have been proposed. Hwang et al. established an electrodynamic model for the formation of the streamer in nano-liquids and then proposed the corresponding nano-particles electron-trapping theory [24,25]. Li et al. proposed a shallow trap model associated with the charge-hopping process in nano-liquids, which demonstrated that the improvement in shallow trap density will promote the formation of a uniform internal electric field and reduce the charge accumulation in the streamer head [35,36]. Sima et al. proposed a barrier ionization model that analyzed the effect of nano-particles on the electron capture process and insulation performance [37,38]. Lewis et al. proposed a new model to illustrate the streamers in liquid mediums based on the mechanical stress generated by the electric field [31].



However, for the initiation mechanism of the impact of nano-particles on the modification effect and streamer morphology, no consensus has been reached. In addition, the above models were discussed by a simulating analysis which lacks the necessary experimental evidence. Obviously, analysis of the relationship among nano-particles, streamer morphology, and breakdown strength may provide a valuable insight and experimental evidence to explain the modification effect of nano-liquids. Moreover, it is helpful to provide an improved understanding of the macroscopic breakdown phenomena and microscopic development mechanism.



In this paper, we experimentally investigated the streamer morphology and modification effect in pure transformer oil and nano-liquids. We first set up a platform for microsecond pulse breakdown strength testing and streamer shooting, which is composed of a microsecond pulse generator, breakdown test cell, and high-speed camera. Then, we prepared transformer oil nano-liquids with the addition of Al   2  O   3   nano-particles and TiO   2   nano-particles in different volume fractions. In particular, we shot the streamer with a high-speed camera, and measured the breakdown strength under microsecond pulse. By comparing the streamer morphology and modification effect of pure transformer oil and nano-liquids, we found that the addition of nano-particles can significantly affect the streamer morphology and modification effect.



The paper is organized as follows: In Section 2, we briefly introduce the preparation of the nano-liquids, microsecond-pulse breakdown strength test platforms, and explain how a breakdown experiment is performed in this system. In Section 3, by measuring and comparing the streamer morphology and breakdown strength in nano-liquids, we found that the addition of nano-particles significantly affects the streamer morphology and breakdown strengths. In Section 4, we discuss the behavior of nano-particles in liquid mediums to explain the variation in streamer morphology and breakdown strength. Finally, conclusions are drawn in Section 5.




2. Set-Up and Experimental Method


The Karamay 45 transformer oil for national test standard GB/T 507 was chosen as the base liquid, whose breakdown voltage can reach 70 kV after a series of filtration and purification [39]. It has been demonstrated that the semiconductor nano-particles have the potential to improve the insulation performance [40]. In our experiments, we purchased the TiO   2   nano-particles and Al   2  O   3   nano-particles with diameters of 30 nm from DKNANO (Beijing, China).



The typical preparation processes of nano-liquids are as follows: First, the nano-particles should be dried in vacuum at 100    ∘  C for 24 h. Then, these nano-particles were dispersed in the transformer oil for about an hour by the use of planetary and vertical mixers. Subsequently, the mixtures were poured into an ultrasonic pulverizer for about 0.5 h. In the end, the mixtures were ground in an agate pot for 24 h. By repeating these processes, we prepared the evenly dispersed TiO   2   nano-liquids and Al   2  O   3   nano-liquids with different volume fractions [41].



The experimental equipment is shown in Figure 1 and is composed of a microsecond pulse generator, breakdown test cell, and high-speed frequency camera(HSFC). Specifically, the microsecond pulse generator shown in Figure 1a can output 380 kV peak voltage with 10  μ s pulse width for a single microsecond pulse. As shown in Figure 1b, the breakdown test cell is a 20 cm hollow hexahedron based on a standard oil cup. In particular, it comes with a built-in brass needle-plate electrode with an electrode gap of 2 mm when shooting the streamer. There is another case where, when measuring the breakdown voltage, the brass spherical electrodes with an electrode gap of 0.5 mm were inlaid. The high-speed camera, model HSFC-pro, is shown in Figure 1c, which is used for the shooting of streamer. The exposure time of the high-speed camera can be adjusted between 3 and 1000 ns and the grayscale value in the range of 0 to 4096, which can capture photographs with 1280- by 1024-pixel.



The simulation circuit diagram is shown in Figure 2. Under the room temperature (approximately 25    ∘  C) and standard atmospheric pressure (0.1 MPa), the system is powered by the main supply (220 V/50 Hz), and the primary capacitor is adjusted to 200 V by the voltage regulator. The trigger outputs two synchronizing signals: one controls the conduction of the main thyristor, and the other controls the HSFC-pro high-speed camera.



When the circuit is triggered, the primary capacitor is boosted and the pulse-forming line is charged under Tesla transformer. With the increase in pulse voltage, the liquid breaks down when voltage goes beyond the threshold level (breakdown voltage). Once the breakdown occurs, the high-speed camera shoots the streamer at the same time. Since the development time of streamer refers to nanoseconds, we chose the exposure time of 3 ns. Figure 3 shows the breakdown waveforms obtained by the oscilloscope; the typical voltage-rising duration from trough to peak is approximately 10  μ s.




3. Experimental Results and Analysis


3.1. Streamer Analysis


To explore the impact of nano-particles on transformer oil, we measured and compared the streamer morphology of pure transformer oil and nano-liquids. Considering the poor translucency under higher volume fractions, TiO   2   nano-liquids and Al   2  O   3   nano-liquids were prepared with volume fraction of 0.002%.



As shown in Figure 4a1–a5, b1–b5, c1–c5 are the streamer morphology of pure transformer oil, TiO   2   nano-liquids, and Al   2  O   3   nano-liquids shot by high-speed camera, respectively. Note that each liquid here was tested 20 times and we randomly selected five sets of typical streamers for each liquid. As we can see, there is a conspicuous difference between the pure transformer oil and nano-liquid in streamer morphology.



In order to facilitate the analysis and discussion, we plotted the schematic diagram of streamer morphology in Figure 5. To distinguish the branches of the streamer, we defined the bright channel from needle electrode to plate electrode as the main streamer, the branches on main streamer as the primary streamer branch, and the other branches on primary streamer branch as the secondary streamer branch.



As we can see in Figure 4a1–a5, the streamers in pure transformer oil exhibit thick bush-like qualities. Certain nodes in the main streamer bifurcate and develop into primary streamer branches, then additional nodes are updated in primary streamer branches with more dispersed secondary streamer branches. While in the case of Figure 4b1–b5,c1–c5, the streamers in TiO   2   nano-liquids and Al   2  O   3   nano-liquids exhibit tree-like qualities. The bifurcation nodes are mainly distributed in the head of the main streamer with a few primary streamer branches. Moreover, the propagation length of primary streamer branches is much shorter than that in pure transformer oil, which is accompanied by less secondary streamer branches. In consequence, the overall morphology of streamers in nano-liquids is more sparse than that in pure transformer oil. This suggests that the addition of TiO   2   nano-particles and Al   2  O   3   nano-particles significantly affects the streamer morphology.




3.2. Breakdown Characteristics Analysis


As discussed in the previous section, the number of streamer branches decreased significantly in nano-liquids, which are accompanied by fewer and shorter secondary streamer branches. Further research is needed to explore the modification mechanism of nano-particles on transformer oil, therefore, we measured the breakdown voltage of transformer oil, TiO   2   nano-liquids and Al   2  O   3   nano-liquids with a series of volume fractions. Based on the analysis of breakdown voltage and combined with the previous empirical research, when the order of magnitudes of the volume fraction nano-liquids reaches 0.1% [42,43], there would be an obvious modification effect, i.e., the increase in the breakdown strength of the liquid dielectric after nano-modification. Considering the modification effect on microsecond pulse, we chose the typical volume fractions ranging from 0.2% to 0.8% [41]. Twenty repeat breakdown strength measurements were applied for each group.



There is a uniform distributed electric field between the two spherical electrodes; the breakdown strength E can be expressed as [42]


  E = U / d  



(1)




where U is the breakdown voltage, d is the electrode gap. The Weibull distribution has been proved to be appropriate for the estimation of average breakdown field strength associated with the probability of breakdown, and the probability of cumulative percentage of breakdowns is defined by [44,45]


  P  ( U )  = 1 −  e  −   ( U / α )  β     



(2)




where  α  is the scale parameter representing the characteristic breakdown voltage, and  β  is the shape parameter measuring the sensitivity of the insulation system.



Figure 6 shows the Weibull distribution of pure transformer oil, TiO   2   nano-liquids and Al   2  O   3   nano-liquids with the volume fractions ranging from 0.2% to 0.8%. When the volume fraction of nano-liquids is 0.2%, there is a clear intersect interference of Weibull distribution between nano-liquids and pure transformer oil, which means a similar average breakdown strength. Furthermore, the average breakdown strength of nano-liquids gradually increases with the volume fractions when the volume fraction is below 0.6%, and then it is started to fall when the volume fraction is beyond 0.6%, which indicates that 0.6% is the threshold level for positive influence and represents the optimal volume fraction of the two nano-liquids.



Table 1 compared the average breakdown strength and modification effect of the pure transformer oil and nano-liquids. The modification effect of TiO   2   nano-liquids ranged from 2.3 to 18% and the modification effect of Al   2  O   3   nano-liquids ranged from 5 to 18%. The results have further proven that 0.6% is the optimal volume fraction for the two types of nano-liquid. In general, it is indicated that there is a deep connection between the breakdown strength and nano-particles.



In order to explore how nano-particles affect the modification effect, optimal volume fraction, and streamer morphology, we discuss the electric field distribution (potential barrier) and hydromechanical properties around TiO   2   nano-particles and Al   2  O   3   nano-particles in the next section of this article.





4. Discussion


To further investigate the modification mechanism of nano-particles, we discuss the behavior of nano-particles in liquid mediums. To date, the polarization of nano-particles has been fully proved under the applied electric field. The charges will distort the electric field and accumulate on the surface of nano-particles, which form a “barrier” around the nano-particles [37,38]. Due to the mobility of electrons largely outweighing the ions, our primary concern here is the movement of electrons. While nano-particles can capture electrons and reassemble into negatively charged nano-particles, the breakdown process is suppressed, which can explain why the breakdown strength of nano-liquids is improved after nano-modification in our experiment.



The modification effect is closely associated with the trapped electrons process by the polarized nano-particles, which in turn, is significantly affected by the interface between nano-particles and base liquids. Researchers have found a positive correlation between the modification effect and interface, which is greatly affected by the volume fractions [43,46]. Consequently, we discuss the interface between nano-particles and base liquids in different volume fractions.



As a special colloid, the stability of nano-liquids can be improved by lowering the potential energy of nano-particles. According to the DLVO (Derjaguin, Landau, Verwey and Overbeek) theory, we can obtain the attractive potential energy   V A   and repulsive potential energy   V R   by analyzing the van der Waals force and electric double-layer forces [47,48]


   V A  = −  H 12   (  1   x 2  + 2 x   +  1   x 2  + 2 x + 1   + 2 l n    x 2  + 2 x    x 2  + 2 x + 1   )   



(3)






   V R  =   64 π r c S T  γ 2    k 2    e  − k a    



(4)




where   x =   a − 2 r   2 r    ,   γ =   z q  φ 0    4 S T    ,   k =   (    N A  c  z 2   q 2    ε S T   )   1 2    , H is the Hamaker constant, r is the particle radius, a is the centroid distance, T is the temperature of nano-liquids, z is the charge number in base liquids, q is the unit charge,   φ 0   is the surface potential of nano-particles,  ε  is the dielectric constant of base liquids, and others are the constant related to the liquid state. The potential energy V of nano-particles is equal to the sum of the attractive and repulsive potential energy


  V =  V A  +  V R   



(5)







The potential energy V of nano-particles is related to many factors, such as particle radius, centroid distance and temperature. The stability of nano-liquids is directly affected by potential energy. The lower the potential energy, the more stable the system. Because of the small particle size (about 1–100 nm), there is a high surface energy and specific surface area in nano-particles. In order to analyze the interaction forces between the suspended nano-particles, we assumed that the nano-particles are spherical particles of the same size and evenly dispersed. The attractive force   F A   and repulsive force   F R   between nano-particles can be obtained by


   F A  = −   d  V A    d L   = −   d  V A    d x     d x   d L   =  H  6 a  x 2    ( x + 2 )  2    ( x + 1 )  3     



(6)






   F R  = −   d  V R    d a   = −  1 2  ε r k  φ 0 2   e  − k a    



(7)







From the perspective of thermodynamics, the polymerization of nano-particles under constant temperature and constant pressure is a fully spontaneous process, while the essential purpose is to reduce the surface free energy in nano-particle suspension and tending to stability. Furthermore, the clustered aggregates with big size and mass have a tendency of precipitation under the influence of gravity.



Based on the above analysis, the quantity of added particles increases with the increase in volume fractions, which improves the interface between nano-particles and base liquids and results in a positive influence on the modification effect. However, with the increase in the volume fractions, the centroid distance between nano-particles decreases, which increased the attractive force   F A   of nano-particles, thus the nano-particles with smaller size accelerated the tendency of polymerizing into larger size particles. Some larger size particles tend to precipitate, which will reduce the interface between nano-particles and base liquids, thus resulting in a negative influence on the modification effect.



With the increasing process of volume fraction, the negative influence and positive influence restrict and promote each other. When volume fraction is smaller than the threshold level, the positive effect is significantly greater than the negative effect and the modification effect increases with the volume fraction. On the contrary, the negative effect is significantly greater than the positive effect and the modification effect decreases with volume fraction when the volume fraction is higher than the threshold level. In consequence, there would be an optimal volume fraction, which is consistent with the experimental results of Figure 6.



Nano-particles not only affects the breakdown process, but it can also affect the morphology of streamer. With the constant accumulation of electrons in certain nodes of streamer, the interface stability between nodes and base liquids would reduce [49,50]. When the electron density in certain nodes of main streamer reaches a threshold level, the electrons will diffuse and then bifurcate into primary streamer branches [51]. Similarly, when the electron density in certain nodes of primary streamer branches reaches a threshold level, the electrons will diffuse and then bifurcate into secondary streamer branches. Based on the charge conservation theorem, with the increase in primary streamer branches and secondary streamer branches, the electron density in the nodes will decrease. As a consequence, the streamer branches cannot continue to develop into bifurcation when the electrons are less than the threshold level.



As shown in Figure 7a, there are abundant electrons in pure transformer oil, which promote the formation of streamer branches. With the continuous development of the streamer branches, the electron density gradually decreases until the normal bifurcation process is completed. Therefore, the streamers in pure transformer oil with exuberant streamer branches and longer propagation distance, which is consistent with the thick bush-like results in Figure 4a1–a5. However, in the nano-liquids in Figure 7b, the nano-particles will capture the electrons and then reassemble into negatively charged nano-particles, which would result in a lower electron density and streamer branches. As electrons have been captured by nano-particles before the development process of the streamer, the electrons for further bifurcation are drastically reduced. Therefore, the number of streamer branches significantly decreases after nano-modification. This explains why streamers in nano-liquids exhibit tree-like qualities with sparse streamer branches and shorter propagation distances, as shown in Figure 4b1–b5,c1–c5.




5. Conclusions


In this study, to explore the modification mechanism of nano-liquids, we measured the streamer morphology and breakdown strength in pure transformer oil, TiO   2   nano-liquids and Al   2  O   3   nano-liquids. Based on the results, the following main conclusions are drawn as follows:




	
The streamers in pure transformer oil exhibit thick bush-like qualities with many dispersed streamer branches, while in nano-liquids exhibit tree-like qualities with less sparse streamer branches;



	
The addition of nano-particles can enhance the breakdown strength of transformer oil. With the increase in the volume fractions in nano-liquids, the negative influence on the modification effcet would counterbalance the positive influence on modification effect, and there would be a optimal volume fraction when maintaining a state of equilibrium between negative influence and positive influence.








In conclusion, the modification mechanism of nano-liquids is significantly linked with the trapped electrons process by polarized nano-particles. Specifically, the electron density is an important parameter that affects the streamer morphology and breakdown process. On the one hand, the greater the electron density in certain nodes of streamer, the more and more dispersed the streamer branches. On the other hand, the greater the electron density in liquid mediums, the easier the breakdown process. While nano-particles can capture electrons and reassemble into negatively charged nano-particles, first of all, this will result in the reduction of electron density in certain nodes of streamer and then result in the reduction of streamer branches; secondly, it will result in the reduction in electron density in liquid mediums and then result in the inhibition of the breakdown process, which means that a higher breakdown voltage is required for the breakdown process.
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Figure 1. Experimental equipments of the microsecond-pulse breakdown strength test platforms: (a) microsecond pulse generator, (b) breakdown test cell, and (c) HSFC-pro high-speed camera. 
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Figure 2. Schematic diagram of the microsecond pulse breakdown strength test platform. 
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Figure 3. Typical breakdown waveforms obtained by the oscilloscope. The typical voltage-rising duration is approximately 10  μ s. 
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Figure 4. The streamer morphology of pure transformer oil and nano-liquids shot by high-speed camera. (a1–a5) pure transformer oil, (b1–b5) TiO   2   nano-liquids, (c1–c5) Al   2  O   3   nano-liquids. 
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Figure 5. The schematic diagram of streamers. 
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Figure 6. Weibull distribution of pure transformer oil and nano-liquids’ breakdown strength with volume fractions of added TiO   2   nano-particles and Al   2  O   3   nano-particles ranged from 0.2% to 0.8%. 
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Figure 7. The process of nano-particles trapped electrons in pure transformer oil and nano-liquids. (a) Pure transformer oil; (b) Nano-liquids. 
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Table 1. The average breakdown strength and modification effect of TiO   2   and Al   2  O   3   nano-liquids.   B S   represents the average breakdown strength, which is expressed in units of (kV/cm), and   M E   represents the modification effect.
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	Volume Fractions
	   BS  TiO 2    (kV/cm)
	   BS   Al 2   O 3      (kV/cm)
	    ME  TiO 2     
	    ME   Al 2   O 3      





	0%
	670.6
	670.6
	0%
	0%



	0.2%
	686.2
	704.6
	2%
	5%



	0.4%
	741.9
	729.9
	11%
	9%



	0.6%
	791.5
	790.3
	18%
	18%



	0.8%
	761.7
	770.7
	14%
	15%
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