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In recent years, events of transmission line tripping caused by wildfires have occurred frequently in many mountain areas. In order to understand the mechanism of such events, an experimental system for simulating breakdown discharge processes of model wires induced by a simulated fire source is designed. In this experiment, propane jet flame (somewhat like eruptive fires in real wild fires) is used as a simulated flame source. By setting three different gas flow rates and five different wire-wire gaps, discharge breakdown behaviors and characteristics between two ACSR (aluminum conductors steel reinforced) segments in propane flames with three flame zones are explored. The influences of these different factors on the breakdown characteristics and mechanisms of wire-wire air gaps are analyzed. Results show that breakdown voltages increase almost linearly with the increase of wire-wire gaps in continuous zone of the flames for three gas flow rates. For a short wire-wire gap like 5.0 cm, the pilot discharge channels can be formed more easily, stably and completely under a lower voltage and weaker external ionization environment. The propane jet flame conditions are complex and affected by multiple actions like initial jet force (affected by gas flow rate), temperature distribution, soot particle, ion wind. As a result, local electric field will be distorted, a streamer channel is established dependently in different cases. These factors play individual, competitive or synergistic roles at the same time in breakdowns of real ACSR wire-wire gaps.
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1 INTRODUCTION
With the rapid development of society and the continuous improvement of power demand, constructing large-scale, long-distance and cross-regional power transmission systems has become a necessity (Zeng et al., 2016; Shu and Chen, 2018). As a result, the distribution densities of high voltage transmission lines also increase. Due to limited land resources, these lines may pass through many complex terrains like mountain areas where wildfires inevitably occur. Such fires usually lead to breakdown processes of long-distance air (usual electrical insulator) gaps around transmission lines. On the contrary, wild fires can also be caused by failures or faults of overhead power transmission lines.
Meanwhile, weather-related transmission line tripping accidents accounted for 78.09% of the total (Yang et al., 2019). Besides, no less than 80 wildfire accidents were caused by transmission lines with voltages of 110 kV and above from 2011 to 2017 (Huang and Shu, 2011; Jiang et al., 2017). Moreover, researchers found that the number of landslides in southern areas such as Guizhou Province, Jiangxi Province and Three Gorges in China has increased in recent year, which may lead to the failure of high-voltage transmission lines and wildfires (Huang et al., 2020a; Huang et al., 2020b; Chang et al., 2020). Certainly, wild fires in the United States, Australia, Canada, Mexico and other countries have also caused significant economic impacts (Huang et al., 2015). As reported, a wild fire emerged in California state of America in October 2019. It has caused electricity interruptions for at least 2 days and affected the normal power consumption of nearly 10 million households and enterprises in 36 counties (China Plus, 2019).
The above facts are enough to prove that wild fires have notable impacts on safe operations of overhead transmission lines and these disasters seriously affect the safety of life and economic development (Huang et al., 2020c). Related studies (Tse and Carlos, 1998) have shown that, when the three phases of a transmission line are close enough, discharge arcs will be generated. Such a discharge arc may first melt partial aluminum strands in ACSR lines in the form of molten aluminum beads. Once they fall off to the ground, they will cause new wild fires or aggravate former wild fires (Psarros et al., 2009). Additionally, it is generally believed that temperatures and electrical conductivity levels of forest vegetation flames have important influences on arc generations (Maabong et al., 2018). Therefore, a forest vegetation flame with a considerable size is an important factor to induce high voltage transmission line tripping accidents.
Besides, it is known that a flame itself is a weakly ionized plasma and can act as a conductor for current. Therefore, there should be inevitable interactions between electric fields and combustion processes in which flames are often involved and developed. Robledo Martinez et al. (1991) used a 70 kV three-phase AC line to study the influence of a butane flame on a wire-wire breakdown process, and found that temperature and air ionization play promotion roles in the breakdown of the wire-wire gaps. Gao et al. (2022) found that an electric field can promote both laminar and turbulent combustion processes under experimental conditions like air pressure of 0.3 MPa, excess air ratio of 1.2–1.6 and voltages of 1.0 kV–5.0 kV. Kuhl et al. (2017) studied the effect of an electric field on the structure and temperature of a CO (fuel) laminar flame and found that the electric field will deform the flame and increase its maximum temperature (2043 K without electric field) by 40–110 K. Jayaratne et al. (2008) used air ion counter to monitor 41 locations under an AC high voltage transmission line, and found that the pure concentrations of small ions vary from 0 to 3300 cm−3, indicating air molecules can be ionized to some extent even without flames. Based on above facts, flames promote the formation of a possible discharge channel to reach the electrodes of an electric field (in practice, the transmission lines) and cause a potential breakdown.
Meanwhile, researchers at home and abroad have addressed the effects of simulated fire sources (reduced-scale environments of a wild fire) on gaps between two model electrodes or practical transmission lines, corresponding breakdown characteristics and mechanisms. Huang et al. (2019) studied on the changes of breakdown voltages under three plant flames (fir stem, fir branch, thatch). They found that the effects of different types of vegetation flames on the gap breakdown characteristics are significantly different. You et al. (2011) used wood stacks (single, two and three copies) as fire sources and power frequency high voltage power supplies (110 kV, 220 kV and 500 kV) to simulate trips of simulated split wires under fires. It was found that the average breakdown field strengths for single, double and quadruple bundle simulated conductors in the flames are lower than those in pure air. Wang et al. (2022) found that the breakdown voltages are decreased by 27.8 %–70.5% in the non-bridged gap and by 68.3 %–77.1% in the bridged gap by ethanol flames as compared to the pure air gap. Yang et al. (2022) found that the average breakdown strength in a propane flame decreases and tends to be stable as the gap between the two electrodes increases. Zhao et al. (2021) found that the leakage current of the wire-wire gap at the place where the flame is continuous is more than twice by that at the place where the flame is intermittent.
Obviously, these studies offer some preliminary understandings of influences of simulating fire conditions especially various flames on breakdown behaviors and characteristics of model transmission lines. In addition, voltage application method (Li et al., 2016), ambient wind speed and slope gradient (Wu et al., 2011) are also found to exert varying effects on the breakdown phenomena of transmission lines.
In this work, a propane jet flame was used as a simulated fire source comparing with a vegetation fire. Two real ACSR transmission line segments (representing two electrodes) were fixed and immersed under continuous or intermittent flame zones. Five gaps (5.0 cm, 10.0 cm, 15.0 cm, 20.0 cm and 25.0 cm) between two segments and three gas flow rates (6 L/min, 12 L/min and 18 L/min) were altered to explore corresponding breakdown behaviors, characteristics (average breakdown voltages, average breakdown field strengths and leakage currents) and their effects. Related mechanisms of such influencing factors were explored.
2 EXPERIMENTAL
2.1 Material
The selected transmission wire (conductor) materials are the same type of ACSR segments. The model is LGJ-400/35. It is suitable for 220 kV or 500 kV high-voltage transmission lines. It is a conductor with 48 aluminum strands laid in three layers and 7 galvanized steel cores laid in two layers. Its physical and sectional views and key performance parameters are shown in Figure 1 and Table 1. Before the experiments, several wires (280–300 mm in length) were intercepted and wrapped with sealed bags to prevent them from absorbing dust particles in the air, being oxidized and corroded.
[image: Figure 1]FIGURE 1 | Physical and cross-sectional views of ACSR transmission line segment. (A) real photo; (B) cross-sectional view.
TABLE 1 | Key performance parameters of ACSR transmission line segments.
[image: Table 1]2.2 Apparatus
The temperature acquisition system (Figure 2) consists of armored thermocouple beams, temperature acquisition modules and a laptop. The armored K-type thermocouples were adopted with probe diameters of 2 mm each. They were used for measurements of temperature fields of designed fire scenarios. The probe length is 400 mm, the length of compensation line is 2.0 m, and the temperature measurement range is 0–1200°C. The thermocouple compensation line was connected with a temperature acquisition module. The temperature acquisition module transmitted electrical signals obtained by the temperature sensors to the laptop through USB data lines.
[image: Figure 2]FIGURE 2 | Photo of temperature acquisition system.
An independently designed platform (Figure 3A) was used to simulate breakdown discharge processes of model wires induced by a simulated fire source. The main units include a flame generator with propane gas as the fuel (provided by Shandong Yongquan Co., Ltd., China), armored thermocouple beams (provided by Anhui Beichen Electric Technology Co., Ltd., China), two temperature acquisition modules (typed JY-DAM-TC12, provided by Anhui Beichen Electric Technology Co., Ltd., China), an oscilloscope (typed MDO3014, provided by Tektronix Co., Ltd., the United States), a console and a personal laptop. The thermocouples were linearly distributed along the central axis of the propane jet flame. They were distributed in the fire field as shown in Figure 3B. The thermocouples were numbered T1-T15 from bottom to top, and the vertical spacing of each thermocouple was 10.0 cm, and the thermocouple T1 was 10.0 cm from the upper edge of the propane gas nozzle. Figure 4 shows the simulated wild fire source generator (burner system). Figure 5 shows real photos of some platform units.
[image: Figure 3]FIGURE 3 | Schematic diagram of experimental platform for simulating breakdown discharge processes of model wires induced by a simulated fire source and the arrangement of the thermocouple. (A) Schematic diagram of experimental platform; (B) the arrangement of the thermocouple. (1-Power frequency power supply; 2-Water resistance; 3–30 kVA/50 kV light-weight high voltage test transformer; 4-Voltage divider; 5-Polytetrafluoroethylene (PTFE) electrical insulation holder; 6-Fire source generator; 7-ACSR segments; 8-Oscilloscope; 9–200 Ω resistance; 10-Laptop; 11-High-speed camera).
[image: Figure 4]FIGURE 4 | Schematic diagram of simulated wild fire source generator. (12-Propane gas cylinder; 13-Gas flowmeter; 14-Pressure relief valve; 15-Pressure gauge; 16-Ball valve; 17-Jet flame generator).
[image: Figure 5]FIGURE 5 | Photos of some parts of the experimental platform. (A) transformer; (B) capacitor; (C) oscilloscope.
2.3 Experimental data acquisition
The power frequency discharge simulation experiments in propane jet flames were carried out in an open space. The breakdown discharge and data acquisition system (provided by Wuhan Huadian Meilun Power Technology Co., Ltd., China) consists of a transformer console, a transformer, a capacitor, an isolation transformer, a DC microammeter, two ACSR segments (typed LGJ-400/35, provided by China Southern Power Grid Co., Ltd., China) and a oscilloscope (Figure 5C). In this work, a 30 kVA-50 kV AC power frequency power supply was adopted. The oscilloscope can be used to simultaneously collect different signal amplitude waveform curves with time, such as breakdown voltage and leakage current. The analog channel bandwidth was 100 MHz, the sampling rate was 2.5 GS/s and the recording capability was 10 M bytes.
2.4 Experimental method
According to the schematic diagram (Figure 3), two 1.5 m long ACSR segments were fixed on the clamping slots of two Polytetrafluoroetylene (PTFE) insulation holders, the upper wire was connected with the transformer equipment, and the lower wire was connected with a grounding wire and the data acquisition system. The flame generator (Figure 3) was used to generate a stable and clean propane jet flame (Figure 6A). The flame zone closest to the propane nozzle is defined as continuous zone 1. Due to the large initial momentum of the nozzle, propane gas is not easy to diffuse to the periphery, resulting in a narrower flame width in this zone, and the temperature is lower than that of the next continuous zone 2 because of incomplete combustion. The top end of the flame is defined as the intermittent zone (buoyancy plume). Due to the farthest distance from the nozzle, the flame here is more dispersed and unstable. Sometimes it can not fully bridge the gap. The zone between the continuous zone 1 and the intermittent zone is defined as continuous zone 2. Due to its relatively proper distance from the nozzle, it can maintain a more uniform and intenser flame phase with higher combustion efficiency, and its temperature is hence higher due to its better combustion conditions. This conforms to fire dynamics theory. As shown in Figure 6B, the soot chains, ion wind and other factors cause the non-uniformity of electric filed in the flame and the surrounding air, resulting in a constant change and movement of the breakdown arc in the line. Inside the flame bulk, compared with the flame intermittent zone, the flame in the continuous zone can often completely cover the entire gap. According to previous studies, when a flame completely bridges the gap, the flame conductivity is often relatively uniform (Wang et al., 2022). At the same time, the uniformity levels of the thermal particle density and the charged particle density in the flame continuous zone are enhanced. This also leads to the smaller fluctuations of the breakdown field strengths in the flame continuous zone with the changes of distances than those in the flame intermittent zone. From the above analyses, it can seen that the flame can significantly reduce the breakdown field strengths of the involved air. Besides, the electric field in the continuous flame zone is also more uniform than that in the intermittent flame zone (due to the stability of the flame in the continuous region and the uniformity of the internal high heat and charged particles). In the propane flame experiments at specific gas flow rates, in order to ensure that the narrowest flame can be filled with wire-wire gap at close distance, the wire-wire gap can be larger than the widest flame at long distance, and experimental variables are relatively uniform. After the propane gas jet was ignited, the operation console of the 30 kVA/50 kV light-weight high voltage test transformer (Figure 3) was manually operated to uniformly boost the power frequency voltage of the equipment at a constant speed of 1 V at the beginning. When there was a "Zi Zi" corona discharge sound in the wire-wire gap, the power frequency voltage was slowly increased until there was a breakdown arc in the wire-wire air gap and a line tripping was triggered. In the process, the leakage current waveform corresponding to the integer voltage was recorded at that time, and then the voltage was then continued to be increased. The leakage current waveform at the other three voltages were recorded. Thus, four leakage current waveform patterns at four applied voltages were obtained in each group of gap distance condition. The data obtained by the data acquisition module was saved to the laptop. In order to ensure the reliability, each experiment was repeated 5 times, and the average value of breakdown voltages was calculated.
[image: Figure 6]FIGURE 6 | Division of three zones of a propane jet flame and working condition diagram of a wire-wire breakdown. (A) division of three flame zones; (B) working condition diagram of a wire-wire breakdown.
3 RESULTS AND DISCUSSIONS
3.1 Temperature distributions along the central axes of a propane jet flame under three flow rates
Figure 7 shows variations of temperatures with distances of 10.0–150.0 cm up from the fire source nozzle along the central axes of the vertical propane gas diffusion flames under three gas flow rates of 6 L/min, 12 L/min and 18 L/min. It can be seen from Figure 7 that for propane gas jet flames, the temperatures first increase and then decrease with increasing distances, and their temperature curves are similar to normal distributions.
[image: Figure 7]FIGURE 7 | Variations of temperatures (left) with distances from propane jet flame nozzle along the central axes of propane gas flames with three gas flow rates and the change rates (right) of temperatures with distances from flame nozzle.
Besides, the heat release rate will increase with the increase of the propane gas flow rate. The heat release rate can be obtained by Eq. 1.
[image: image]
Where Q repersents the heat release rate, J/s; m repersents the mass flow rate, kg/s; H repersents the heat value of the propane gas, J/kg; ρ repersents the density of the propane gas at ambient temperature, kg/m3; V repersents the volumetric flow rate of the gas flow rate, m3/s. The value of H here is 5.037×107 J/kg. The value of ρ here is 1.83 kg/m3. As a result, the heat release rates are [9.22×103 J/s, 1.84×104 J/s and 2.77×104 J/s] with the gas flow rate of 6 L/min, 12 L/min and 18 L/min, respectively. Since the heat release rate obtained here is proportional to the corresponding gas flow rate, the gas flow rate is used to represent the heat release rate in the following text.
With increases of gas flow rate, the maximum temperatures measured by the temperature sensors are increasing, and their positions are rising up along the central axis of the flame (Figure 7, left part). This is related to the combustion characteristics of propane gas, that is, when the gas flow rate increases, not only the flame height increases, but also the continuous zone and intermittent zone of the flame are clearly elongated (HySafe, 2008). Meanwhile, in the jet flame, the high temperature zone is raised due to the nozzle pressure and gas velocity itself. The maximum temperatures of three kinds of gas flow rates are 760.3°C, 766.5°C and 817.1°C, and the distances between the location points and the fire source nozzle are 30.0 cm, 40.0 cm and 60.0 cm, respectively. The flame temperatures fluctuate at 40.0–60.0 cm, 60.0–80.0 cm and 80.0–100.0 cm under three gas flow rates.
Combined with the flame temperature curves and actual flame appearances, continuous zone 1, continuous zone 2 and intermittent zone are divided into [0.0–20.0, 20.0–40.0, 40.0–60.0] cm, [0.0–30.0, 30.0–60.0, 60.0–90.0] cm and [0.0–40.0, 40.0–70.0, 70.0–110.0] cm for three propane gas flow rates of 6 L/min, 12 L/min and 18 L/min, respectively. According to the temperature curve shown in Figure 7, the average temperature of continuous zone 1, continuous zone 2 and intermittent zone under three fire source powers are [571.0, 656.0, 456.0] °C, [531.0, 709.0, 509.0] °C, [565.0, 762.0, 509.0] °C for three propane gas flow rates, respectively.
Based on previous studies, it is found that the free radical concentrations in the air are related to temperatures and heat release rates. Besides, the formation of current column and air conductivity are also closely related to temperature (Hu et al., 2013). Therefore, the degree of air ionization is also related to the flame temperature (Aleksandrovy and Bazelyan, 1996; Pancheshnyi et al., 2005; Briels et al., 2008; Briels et al., 2008). The flame produces high conductivity, which intensifies the conduction of a streamer channel and induces a breakdown between wires easier (Dandaron et al., 1970; Lanoie and Mercure, 1989; Sadurski and Reynders, 1989; Uhm, 1999; Sukhnandan and Hoch, 2002; Kim, 2009). The subsequent sections also prove that the breakdown characteristics of the wire-wire gaps are related to the characteristics of propane flames. Based on these average temperatures, the connections between characteristics of breakdowns (breakdown voltages, breakdown field strengths, leakage currents) and multiple action factors (different heat effects, ion winds <ion concentrations>, soot particles, air flow <entrainment> and propane gas flow rates) can be analyzed in the later text.
3.2 Breakdown behaviors of wire-wire gap bridged by propane flames
3.2.1 Variation behaviors of flame and arc in the experiment
Through the breakdown experiments of wire-wire gaps bridged by propane gas flames, discharge arcs between two wires are found to be stable for a long time about 3.52 s. With uniformly increasing voltage, the discharge evolution behaviors in a propane flame within 4.88 s are more obvious than other cases when the wire-wire gap is 5.0 cm and the gas flow rate is 12 L/min. The upper wire is the anode and the lower wire is the cathode. Therefore, such working conditions are taken as examples as shown in Figure 8.
[image: Figure 8]FIGURE 8 | Discharge behaviors of a wire-wire gap (5.0 cm) in a propane flame with a gas flow rate of 12 L/min at different times.
As shown in Figure 8A, the flame is not obviously affected in the electric field at the beginning. This moment is defined as the starting time (0 s) of a wire-wire gap breakdown discharge.
When time comes to 0.04 s, obvious ion winds begin to appear in the wire-wire gap and continuously blow down the flame with the continuous increase of supplied power frequency voltage from 0.0 kV to 5.0 kV after 0.04 s. This phenomenon is in agreement with previous studies (Wang and Yao, 2007; Borgatelli and Dunn-Rankin, 2012) that ion migration affects the direction of thermal convection. In this sense, a competitive mechanism is generated and the flame morphology is affected due to the generation of the arc. The phenomenon also confirms that ion winds can interfere with the flames and change their shapes.
When time comes to 1.32 s, the wire-wire gap is bridged by the flame center zone and starts to break down, and an AC arc appears with obviously stronger brightness than that of the flame. At this time, the wire-wire gap has been completely short circuited by the arc, and the voltage does not increase. The arc deviates from the flame and continuously moves to the right along the wires. Actually, in many subsequent experiments, an arc deviates left or right from the flame randomly. The reason is that the arc tends to discharge from the maximum potential difference channel.
As shown in Figures 8E–G, the arc will slide to the right of the flame center and finally stay at a certain position. The reason may that the ion wind continuously blows down the flame, makes large amounts of soot particles [produced by incomplete combustion of hydrocarbons (Dai et al., 2020)] accumulate on the surface of the cathode wire (Figure 9) and shortens the practical wire spacing. Meanwhile, in the electric field, soot particles grow from disorder to high crystallization, and the top of a crystallization block or a soot chain is prominent. This is conducive to inducing the distortion of an electric field and promoting a discharge (Shvedchikov et al., 2010). However, the arc with a high temperature bridges the soot particles, ignites the soot particles very easily, makes them change into gas products through burning and disappear at last. Therefore, the arc moves to the right continuously because the smoke in the middle has been exhausted and the soot concentration in the right is higher than that in the left due to the effect of ion wind.
[image: Figure 9]FIGURE 9 | Residual traces on surfaces of both two wires surfaces after arc discharge processes (a wire-wire gap of 5.0 cm, a propane gas flow rate of 12 L/min).
From the above analyses, considering the wild fires in practice, since the actual operation voltage of transmission line is usually much higher than the highest voltage in this experiment (70 kV), the effect of ion wind on wild fire flame is thought to be much more obvious. When the size of a stretched or deformed flame can bridge the gaps between three phase conductors, conductors and a tower or conductors and the ground (or a tree canopy), it is easy to induce a possible power line flashover trip.
3.2.2 Morphology characteristics of the surface of wires after experiment
Figure 9 shows that the discharge trace on the surface of the wire. By observing, only the solidified aluminum particles after melting at 660°C have lost the original luster of the fresh wire since a dense aluminium oxide (Al2O3) film is formed outside an aluminum strand at high temperature (Wang et al., 2015). Some carbonaceous soot particles are attached to an aluminum strand due to the incomplete combustion of propane gas. When an arc burns, the uneven distributions of arc temperatures, random displacements and limited contact spots on the surfaces of the wires result in small melting aluminum beads. Some of them are separated from the surfaces of the wires, some of them are solidified or oxidized on the surfaces of the wires. Moreover, high temperature and strong energy of an arc break through the thin layers of oxide films on the surfaces of the wires, the interior of the wires melt and oxidize continuously. After solidification, a new and thick oxide film in dark milky white is formed (Figure 9A).
Meanwhile, an ion wind usually has certain movement rate (Rickard et al., 2005), it blows incompletely solidified alumina particles and unstable attached soot blocks away at local points along the wires. Also, some soot particles are embedded in a molten aluminum bead or an alumina particle, some soot particles are further consumed to produce char, CO2 and H2O by a propane flame. In this way, finally produced discharge traces in a mixture state are left on aluminum strands. This also shows that molten or oxidized aluminum particles with energy on the surfaces of the wires are produced once discharge arcs are generated. Some of them drop into the vegetation combustibles under multiple forces (ion winds, own gravities, ambient winds and mechanical actions, etc.). This also further verifies the results of forest vegetation fires caused by melting wire particles (Xu, 2007; Cui, 2009).
3.3 Breakdown mechanisms of wire-wire gaps induced by propane flames
3.3.1 Breakdown voltage waveform mechanisms of wire-wire gaps
Through experiments, it is known that under a wire-wire gap of 10.0 cm, the breakdown voltages in each flame zone do not exceed the range of the instrument, their differences are more obvious than those under a wire-wire gap of 5.0 cm. The instantaneous time node of the breakdown is recorded as 0 s ‘-50–50 m’ represents the interval of 50 m before and after this time node. Here, breakdown voltage data are selected and the voltage waveform patterns for this period are drawn. In this case, Figure 10 shows the transient (-50–50 m breakdown voltage waveform patterns for a typical wire-wire gap (Δd = 10.0 cm) under propane flames with three gas flow rates (6 L/min, 12 L/min and 18 L/min) at different flame zones (continuous zone 1, continuous zone 2 and intermittent zone) and pure air.
[image: Figure 10]FIGURE 10 | Instantaneous breakdown voltage waveform patterns for a typical wire-wire gap (Δd = 10.0 cm) under propane flames with different gas flow rates and pure air. (A) with the gas flow rate of 6 L/min; (B) with the gas flow rate of 12 L/min; (C) with the gas flow rate of 18 L/min; (D) in pure air.
It can be seen in Figure 10 that an average breakdown voltage decreases to the minimum at a gas flow rate of 12 L/min or 18 L/min in each zone of a propane flame (see later Table 2) and it is maximum when the wire-wire gap (10.0 cm) is in the pure air (Figure 10D). The reason is that the flames contain multiple ions like H3O+, C2H3O+, CH5O+ and CH3+ (Prager et al., 2007). These charged particles fill the gap and undergo migration under the action of the electric field, resulting in a significant increase in conductivity. Therefore, compared with pure air, the line under propane flame has a smaller breakdown voltage and breakdown field strength. Meanwhile, the incomplete combustion of propane leads to some soot particles adhering to the surface of aluminum strands (Figure 9). The practical insulation air gap becomes shorter and the thermal effects (Figure 6B) of the flame accelerate the movement of ions (ion wind, Figure 6B) between the wires. As a result, the wire-wire gap is easier to be broken down (Shvedchikov et al., 2010). The voltage suddenly decreases when the gap (10.0 cm) breaks down and the arc appears clearly with an arc conduction period. Under propane flames with flow rates of 6 L/min, 12 L/min and 18 L/min, the durations of the arc conduction periods are 60 m, 50–60 m and 50–60 m, respectively. In the arc conduction period, due to the presence of a large number of moving conductive particles (Figure 6B) in the propane flame, average breakdown voltage between the wires is constantly changing, a sawtooth shape shows on the waveform (Figures 10A–C).
TABLE 2 | Breakdown parameters (average values) of wire-wire gaps under different cases of propane gas flames.
[image: Table 2]3.3.2 Breakdown mechanisms and influencing factors of wire-wire gaps
According to the breakdown voltage waveform patterns (Figure 10), the peak values of breakdown voltages can be read, the effective values of breakdown voltages can be obtained by Eq. 2.
[image: image]
Where Ue represents the effective values of breakdown voltages, kV; Umax represents the peak values of breakdown voltages, kV.
According to (3), the breakdown field strengths of different gaps can be obtained.
[image: image]
Figure 11 shows the trend curves of average breakdown voltages with the wire-wire gap distances under the same gas flow rate and different propane flame zones.
[image: Figure 11]FIGURE 11 | Trend curves of average breakdown voltages with gap distances under the same gas flow rate and different flame zones. (A) with the gas flow rate of 6 L/min; (B) with the gas flow rate of 12 L/min; (C) with the gas flow rate of 18 L/min.
In Table 2 and Figure 11, it is obvious that average breakdown voltages in pure air are much larger than those in different zones of propane flames for the same gaps. In Figure 11, in each propane flame zone with a specific gas flow rate, the breakdown voltage increases with the increase of wire-wire gap.
The relationship plots between average breakdown voltages and gaps in each zone show consistent slopes for the propane flames with gas flow rates of 12 L/min or 18 L/min (Figures 11B, C). The reason is that different from the propane flame with a gas flow rate of 6 L/min, each zone of the flames with gas flow rates of 12 L/min (see Figure 8) and 18 L/min is in a relatively uniform and balanced state. It is consistent with the findings of Zake and Barmina. (2001), that is, the increase of hydrocarbon flame intensity has a direct effect on the discharge characteristics of the electrodes. With the increase of the gas flow rate, the width and length of a flame will increase, the stability inside the flame is enhanced (Xi et al., 2018). When the flames are at the flow rates of 12 L/min and 18 L/min, three zones of the flames will be stretched accordingly. This confirms that the flame height will be elongated with the increase of fire power (HySafe, 2008).
It can be seen that when the gas flow rate is 6 L/min and the wire-wire gaps are 15.0 cm, 20.0 cm and 25.0 cm, in the intermittent zone of the propane flame, the gaps can not be broken down. The reason is that in this zone the flame top dispersion is serious due to the combined actions of electric field, air entrainment, thermal buoyancy and convection, and nozzle jet inertia (Figure 6B) and Figure 8) (HySafe, 2008). As a result, the flames are difficult to bridge 15.0 cm and above gaps continuously, the streamers are difficult to exist in the unstable flame zones and breakdown discharges are difficultly triggered.
Figure 12 shows the trend curves of average breakdown field strengths with the wire-wire gaps under the same gas flow rate and different propane flame zones.
[image: Figure 12]FIGURE 12 | Variations of average breakdown field strengths with different wire-wire gaps under the same gas flow rate and different propane flame zone. (A) with the gas flow rate of 6 L/min; (B) with the gas flow rate of 12 L/min; (C) with the gas flow rate of 18 L/min.
It can be seen that when the gas flow rates are 12 L/min and 18 L/min, in three zones of the propane flames, the changes of breakdown field strengths with different wire-wire gaps tend to be minor. This proves the uniformity levels of flame temperature, heat and charged particle density are strengthened, especially for the gas flow rate of 18 L/min.
Meanwhile, when the wire-wire gap is 10.0 cm, the breakdown field strength decreases obviously contrast to that under the gap of 5.0 cm in the intermittent zone of the propane flame in Figure 12. The reason is that the high temperatures [almost 1.45×104 K (Cheng et al., 2010)], heat exchanges and particle densities in the intermittent zone have been greatly reduced, the gap is not much different from that of pure air. Meanwhile, it is also proved that the average breakdown field strength decreases with the increase of distance in air (Fang et al., 2005; Yu-Chien et al., 2019).
In addition, under gas flow rates of 6 L/min and 12 L/min, the average breakdown field strengths both show increasing trends from continuous zone 1 to the intermittent zone, indicating that fire source power (heat release rate of a propane flame), temperature, heat exchange (thermal buoyancy and convection), soot particle, ion wind and polarity effect have obvious effects on a wire-wire gap breakdown (Rickard et al., 2005; Shvedchikov et al., 2010; Borgatelli and Dunn-Rankin, 2012). Different from the above characteristic is that when the gas flow rate is 18 L/min, average breakdown field strengths of three flame zones show little differences. The reason is that in this case, primarily due to the large initial jet momentum, the flame can maintain a long distance (stroke) without dispersing under the blowing force and inertia effect, the width and height of the flame are larger (HySafe, 2008). Comprehensive effects of fire source power, temperature, heat exchange, soot particle, ion wind and polarity (Rickard et al., 2005; Shvedchikov et al., 2010; Borgatelli and Dunn-Rankin, 2012) in the intermittent zone can still be maintained. Therefore, the wire-wire gaps can be bridged. Moreover, the changes of breakdown field strengths in the flame continuous zone are smaller than those in the intermittent zone (Figure 12). Due to the intermittent zone can not bridge the gap sufficiently, the factor inducing a breakdown is mainly the high temperature. As can also be seen from Figure 12 that the breakdown field strengths in the continuous zone are even lower, which indicates that the high temperature flame itself has a greater role in inducing a breakdown (compared with high temperature).
3.3.3 Leakage current mechanisms of corona discharges before wire-wire gap breakdown
It is found that the leakage current waveform is easy to capture when the gas flow rate is 6 L/min. When the gas flow rate is 12 L/min or 18 L/min, the wire-wire gaps are too easy to be broken down in a short time and it is hard to record the leakage currents. In view of this, the characteristics of leakage current under the propane flame with a gas flow rate of 6 L/min are analyzed. Because the breakdown voltage of each gap is different and to make sure the consistency of the experimental scale, the leakage current waveforms of four voltage levels before breakdown in the five gaps in continuous zone 2 are selected in the 0.1 s time period as shown in Figure 13, and they are intercepted in the same time period before and after t = 0 s.
[image: Figure 13]FIGURE 13 | Leakage current waveforms before breakdowns of different wire-wire gaps in propane gas flames (continuous zone 2, the gas flow rate of 6 L/min). (A) with the gap of 5.0 cm; (B) with the gap of 10.0 cm; (C) with the gap of 15.0 cm; (D) with the gap of 20.0 cm; (E) with the gap of 25.0 cm.
It can be seen that when the wire-wire gap is 5.0 cm and voltages (power frequency voltages from a power supply) of 4 kV, 5 kV, 6 kV and 7 kV are applied to it respectively, the corresponding maximum leakage current values are 0.11 mA, 0.14 mA, 0.19 mA and 0.98 mA, respectively. With the increase of applied voltage, the leakage current presents a gradually increasing trend. It means that streamers are easier to form with the increase of the voltage. When the applied voltages are less than 7 kV, the generated electric field is not enough to form a stable streamer pilot discharge channel in the wire-wire gap. Therefore, the leakage current value is relatively small.
From the above phenomena, it can be seen that when the gap is becoming larger, the change of leakage current with applied voltage is not as obvious as that when the wire-wire gap is 5.0 cm. The reason is that a thicker discharge channel is more easily and gradually formed for a shorter gap. As a result, the wire-wire gaps are easier to be broken down. In addition, the discharge channel is not only affected by external ionization factors in the formation process, but also by voltage (Wang et al., 2022). Under the continuous action of the electric field, a large number of electrons in the flame collide strongly, and the flame plasma density is continuously enhanced, which provides a stable external ionization factor for the formation and development of the streamer or leader discharge channel. As the electric field intensity increases, the effect becomes more obvious, and a thicker discharge channel is gradually formed, resulting in an increase in the leakage current. For small gaps (such as 5 cm), the streamer leader discharge channel can be formed under low voltage and weak external ionization environment. With the increase of the applied voltage, discharge channels become more and thicker. Positive ions and released electrons migrate more intensely in opposite directions in such discharge channels. Leakage currents are more obvious.
4 CONCLUSION
In this paper, the temperature distributions of propane jet diffusion flames under three gas flow rates were determined. Based on this, the discharge breakdown behaviors and characteristics of five wire-wire air gaps in propane flames with three zones and gas flow rates were explored. Influences of these three factors on the breakdown characteristics were analyzed. Corresponding mechanisms were deduced. The following conclusions can be obtained.
When the propane flame exists, the change trend of the average breakdown strength is not obvious regardless of the gap in the region of the flame. This indicates that high temperature flame and its intense heat can effectively reduce the field strength required to trigger the discharge, and meanwhile, make the original uneven electric field become nearly uniform and continuous. Moreover, the change of breakdown field strengths in the continuous zone of flame are smaller than those in the intermittent zone.
Due to the intermittent zone can not bridge the gap sufficiently, the factor inducing breakdown in the incomplete bridging zone is the high temperature. It can be seen that the breakdown field strengths in the continuous zone are smaller, which indicates that the high temperature flame itself has a greater role in inducing a breakdown (compared with high temperature). Therefore, when preventing the tripping of a high voltage transmission line, we should try to construct the transmission line over regions with no or less, low-height and disperse vegetation or forest stands. Thus, intense wildfire probabilities are much reduced. Long and intense flames will not occur. They cannot bridge overhead powerlines and trigger a breakdown. Moreover, the transmission line can be constructed over regions with no or less special terrains like valleys, hills, mountains, basins. In such areas, forest stands are usually rich and are inclined to become fuels in an intense wildfire. High and fierce flames can most probably induce a breakdown of a transmission line.
In addition, with the continuous application of a power frequency voltage in the simulated conductors, the leakage current in the conductors will become larger. It will eventually lead to the generation of a high-temperature and high-energy arc to break down and trip the conductors. Therefore, we can strengthen the detection strengths of abnormal currents in practical powerlines in real operations. This is most beneficial to find the hidden danger nodes of the lines before the arc is formed and control an unexpected disaster from the source.
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