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A gas explosion experimental system based on a piece of 15 m-long and φ180 semi-closed wide open steel pipe was constructed. An explosion experimental study on straight pipelines and pipeline structures with different angles (45°, 90°, and 135°) was conducted. Research results demonstrated that before the turn, flame propagation speed and flame sustaining time in different pipeline structures were consistent. With the increase of the distance away from the ignition source, the flame propagation velocity increases and the flame sustaining time decreases; at the turning point, the flame velocity suddenly decreases and the flame duration increases obviously. Meanwhile, the peak value of overpressure on the lateral wall of the turning corner is greater than that on the inner wall. Among the three different angles, the peak value of overpressure on the lateral wall of 135° bend is the highest. Different pipeline structures have great influence on gas explosion overpressure and flame propagation speed. These research conclusions provide theoretical references for gas explosion resistance in coal mines.
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1 INTRODUCTION
Gas and coal dust, which run through the whole coal mine production activity, are one of the main natural disasters in coal mines. When the gas concentration and oxygen concentration reach a certain limit and a high-temperature heat source is encountered, gas or coal dust explosion occurs, which not only destroys the underground ventilation network and endangers the safety of life and property but also causes a secondary explosion and brings devastating disasters to the mine (Huang et al., 2023). Therefore, it is significant to understand the mechanism of shock wave propagation after methane explosion in order to reduce the damage of gas explosion in coal mine roadway.
Due to the limited conditions of gas explosion test conducted in coal mine roadway, many researchers have conducted pipeline and small-scale container tests either through numerical simulation or in the laboratory. The laminar deflagration of CH4-air mixture at various initial pressures of 50–200 kPa was studied by Mitu in two closed concentrated igniting vessels (Mitu et al., 2017). Cui et al. (2018) analyzed the effects of pressure and temperature on the duration of combustion in the initial temperature range of 123–273K. Zhai et al., 2008 found in square straight tubes that turbulent combustion and flame propagation acceleration occur when the cross section of the pipe suddenly expands or shrinks. Ajrash et al. (2017) studied the effects of different concentrations of methane and reaction length on pressure wave and flame characteristics in a 30-m long, straight and large-scale detonation tube. Jiang and Su, 2016 found that the peak value of shock wave overpressure and the velocity of flame propagation increased with the increase of distance in a semi-closed straight tube, and the results were verified by numerical simulation. Zhu et al. (2017) have studied the flame propagation velocity in the bifurcated pipeline. It is found that the velocity of the flame decreases obviously in the bifurcation part, but the flame velocity is higher after the bifurcation. Sulaiman et al. (2014) has found that the existence of a 90° turning pipe can elevate flame propagation velocity by approximately twice by using the FLACS numerical simulation software. Frolov et al. (2007) has studied the process of deflagration to detonation in U-shaped structural pipe. However, there is a lack of research on the intensity of the gas explosion and flame acceleration mechanism in the different structures of the pipeline at the turn or bifurcation.
In the study on the propagation law of gas explosion, factors such as gas volume dose, pipeline cross-sectional area, and obstacle distribution greatly influence on the overpressure evolution laws and flame propagation characteristics of shock wave (Huang et al., 2020; Niu et al., 2021; Yan et al., 2022; Jia et al., 2023; Niu et al., 2020) established a set of experimental system in pipeline network to test the propagation characteristics of shock waves in complex areas and found that there is a pressure increasing area in the corner branch of the shock wave, but it is not affected by the flame. Zhu et al. (2021) investigated the overpressure evolution law and the flame propagation process when a gas explosion occurs in U- shaped longwall coalface and H-shaped crosscut by numerical simulation, and found that a very high reflected pressure exists close to the corner but decays very fast in the free spaces. Zhang et al. (2021) conducted pipeline gas explosion experiments at different turning angles and found that the peak overpressure attenuation rate of the shock wave increased with the increase of the pipeline turning angle. The flame propagation speed first increased and then decreased, and rapidly increased after passing through the curved pipeline. Wang et al. (2018) studied the attenuation law of gas explosion in experimental tunnel with a length of 800 m and an inclination angle of 24°, and found that as the propagation distance increased, the explosion pressure did not decay linearly, but fluctuated along the tunnel, and the flame propagation speed first increased and then decreased throughout the entire explosion process. The current research is mainly focused on the explosion pressure and flame propagation speed, while relatively little research on flame sustainable time.
There are differences in the propagation characteristics of gas explosions in pipelines with different structures. Previous work focused on the use of straight or 90° curved tubes, and less research on sharp or obtuse angles. In particular, their results do not involve the investigation of the flame velocity, flame duration and the peak value of overpressure of the inner and outer wall of the explosion shock wave in the turning region under the condition of partial filling of gas in the pipeline. However, the structure of the mine roadway is complex and the different angle of turning will interfere with the propagation of shock wave, which may occur in different situations. If the underground gas is still treated according to the propagation characteristics of gas explosions in straight or 90° curved pipelines, selecting explosion prevention measures will make these explosion prevention devices ineffective. Therefore, an experimental system for gas explosion of open steel pipe is constructed, which focuses on the flame propagation law and pressure development characteristics of shock wave in different pipe structures at the bend.
2 ESTABLISHMENT OF THE EXPERIMENTAL SYSTEM
Figure 1 shows the gas explosion experimental apparatus. This equipment was composed of four subsystems: pipeline, ignition, distribution, and data collection. The pipeline subsystem used the 15 m-long and φ180-wide pipeline. The ignition end was closed and the other end was open. A plastic film is placed 10.5 m from the ignition source to seal the 10.5 m long pipe so that the gas is filled at this distance. The ignition subsystem controlled the ignition electrode in the middle of the flange at the front end of the pipeline through the ignition device. The electric spark with a 10 J ignition energy was applied for ignition. The distribution subsystem consisted of an air compressor, vacuum pump, and air and gas cylinder. The air compressor offered at least 30 min of high-pressure ventilation to the pipeline subsystem. The vacuum pump vacuumed the premixed methane–air region. The methane gas concentration was calculated in accordance with Dalton’s law of partial pressure. The inlet quantities of methane and air were controlled accurately by the precise vacuum pressure meter to assure that the methane concentration in each experiment was approximately 10%. Subsequently, at least 20 min of gas circulation was implemented through the circulating pump to ensure a uniform and complete mixture of methane and air. Data acquisition subsystem includes flame and pressure sensor, high-frequency data collector, and working machine. The pressure sensor model is CYG1401, with a measuring range of 0 ∼ 3Mpa and the accuracy is 0.5% FS, the flame sensor is a CKG100 photoelectric type and an accuracy of 0.1% FS. The collected signals were transmitted to the working machine through a 32-path high-frequency data collector.
[image: Figure 1]FIGURE 1 | Schematic of experimental apparatus.
Figure 2 displays the flame and pressure sensor distributions in straight and turning pipelines. Eight flame sensors (F1-F8) and eight pressure sensors (P1-P8) are respectively arranged along the center line above the pipe. For the turning piping, the pressure sensor P4 is arranged outside the corner, and the pressure sensor P5 is arranged inside the corner. Table 1 and Table 2 presents the distances of different flame and pressure sensors to the ignition source. Three tests were conducted under each experimental condition, and the mean was used as the experimental result.
[image: Figure 2]FIGURE 2 | Layout of fiame transducers in the pipe. (A) Straight pipe; (B) 45° pipe; (C) 90° pipe; (D) 135° pipe.
TABLE 1 | Distance of each flame sensor from the ignition source (m).
[image: Table 1]TABLE 2 | Distance of each pressure sensor from the ignition source (m).
[image: Table 2]3 EXPERIMENTAL RESULTS AND DISCUSSIONS
3.1 Analysis of flame propagation speed in different pipeline structures
Figure 3 shows the variation trend of flame arrive time in different pipelines. As the increase of distance away from the ignition source, the flame arrival time tends to increase gradually.
[image: Figure 3]FIGURE 3 | Flame arrive time of different pipeline structures.
In this experiment, the flame propagation speed was calculated by using Eq. 1:
[image: image]
where v is the flame propagation speed and xn denotes the distance between the flame sensors n + 1 and n. Tn+1 and tn represent the moments when the flame front ends n + 1 and n arrive at the flame sensor, respectively.
Figure 4 shows the variation trend of flame speeds in different pipelines. Table 3 shows the test results of flame propagation speed after the calculation. We can see the explosive shock wave propagated forward continuously after the premixed methane–air explosion in the 10.5 m-long open steel pipe, and additional premixed gases were involved into the chemical reaction. As a result, the chemical reaction of methane explosion intensified continuously, and the flame propagation speed increased with the increase of distance to the ignition source. Before turning, the trend of flame propagation speed is roughly the same. Due to the constant consumption of combustible gas and the influence of pipe opening and heat dissipation on the wall, the rising rate of flame velocity decreases continuously, resulting in the maximum flame velocity near the location of the breaking film. Then the velocity of flame propagation decreases. However, at the bend of different structures, the flame speed decreases significantly due to the sudden enlargement of the pipeline area and the reverse propagation of the flame.
[image: Figure 4]FIGURE 4 | Flame velocity of different pipeline structures.
TABLE 3 | Flame speeds at different measuring points in pipelines of different structures (A, straight pipeline flame propagation velocity/m∙s-1; B, 45° pipeline flame propagation velocity/m∙s-1; C, 90° pipeline flame propagation velocity/m∙s-1; D, 135° pipeline flame propagation velocity/m∙s-1).
[image: Table 3]When the shock wave propagates to the corner, it will be disturbed by turbulence, and the flame front will deform, expand and stretch. The surface area of the original spherical flame front increases rapidly, the interface between methane and air is larger, the gas diffusion is more uniform, the combustion is more intense, and the high speed heat release will accelerate the flame propagation. After turning, the flame propagation velocity increases briefly with the increase of propagation distance, and the acceleration of this process is higher than that of the straight tube section under the same conditions, and the trend of flame velocity does not change obviously when the angle of turning is different. Under different turning angles, the increment of flame propagation speed is different, reaching the maximum in the 45° pipeline, followed by the 90° and 135° pipelines. As a result, the existence of the bend accelerates the flame wave obviously, and when the flame wave passes through the bend, the velocity of the flame wave increases significantly.
3.2 Analysis of flame sustainable time in different pipeline structures
The study of flame duration in the process of flame wave propagation plays an important role in ignition of combustible matter in roadway during gas explosion and the time when inhibitor release covers the whole flame zone.
The flame sustaining time at a certain point can be measured by the time differences between vanishing moment and initial rising time of the optical signal at this point (Lv and Wu, 2017). According to this method, the flame sustaining time of different pipe structures are shown in Figure 5. In the straight pipeline, the flame sustaining time decreases continuously with the increase of distance to the ignition source, in 45°, 90°, and 135° pipelines, the variation trend of flame sustaining time is consistent. However, the stay time of the flame leading edge at different measuring points increases gradually, which is attributed to the sudden reduction of flame speed, resulting in a sudden increase in the duration of the flame, the increment of flame sustaining time in the 45° pipeline is significantly higher than those in the 90° and 135° pipelines. Then, the flame sustaining time decreases in all pipeline structures at a slow rate. The reason is that the heat dissipation on the wall surface and the energy consumption may gradually narrow the flame surface. At the same time, combustible gas explosion at the closed end may gradually reduce the pressure intensity in the explosion process. Sparse wave is produced, thereby slowing down the movement speed behind the flame surface and indirectly widening the flame surface. Nevertheless, the widening speed of the flame surface is lower than the narrowing speed. This result reflects that the bend existence will increase the flame surface and cause serious burning damages to the wall surface of pipelines.
[image: Figure 5]FIGURE 5 | Flame sustaining time of different pipeline structures.
3.3 Analysis of overpressure at turn corner in different pipeline structures
Figure 6 presents the peak value of overpressure changes with time before and after the turn of 90 °structural pipeline. The pressure of T3 measurement point before turning first increased and reached the peak rapidly, about 0.48 MPa. During the 22 ms–30 ms period, the pressure of the T3 measurement point increased briefly, which was caused by the shock wave reflected around the corner. The T4 was located on the outside of the corner, and the overpressure peak was the largest, about 0.86 MPa, which was 79.2% higher than that of T3, and the duration was the longest. This is due to the obvious turbulence in the blast flow field, which increases the rate of gas combustion and releases more heat of combustion, resulting in a significant increase in the maximum explosion overpressure. The T5 measurement point is located on the inner side of the corner, and its overpressure peak is 0.43 MPa, which is 10.4% lower than that of T3. After turning, the peak value of overpressure at T6 continues to increase, which is about 16.7%.
[image: Figure 6]FIGURE 6 | Pressure-time curve of 90° structures pipeline.
Figure 7 shows the variation law of the overpressure peaks in different pipeline structures. At the beginning of the explosion (less than 8.55 m distance from ignition source), the development trend of the peak value of explosion overpressure in straight pipelines and turning pipelines is similar, and the peak value of overpressure is gradually increasing. At the corner, the peak value of overpressure at the measuring point outside the corner suddenly increases, while the peak value of overpressure at the inside point decreases. This is due to the occurrence of incident shock waves, reflected shock waves, secondary reflected shock waves, and vortex clusters in the bent pipe, which can easily lead to an increase in shock wave pressure at the turning point, causing particularly severe damage to the wall surface at the turning point. The lateral wall of the corner is more damaged by shock wave than the inner wall. After turning, the peak value of overpressure at different angle measuring points is smaller than that of the same measuring point in the straight pipe, which indicates that the energy of shock wave decreases after turning, and the turning structure plays an inhibiting role on the shock wave propagation. Subsequently, under the influence of opening condition, the explosion overpressure of shock wave decreases gradually.
[image: Figure 7]FIGURE 7 | Maximum explosion overpressure of different pipeline structures.
4 CONCLUSION
In this study, the gas explosion test was performed in straight pipelines and pipeline structures with different angles, and the evolution laws of the explosion flame and pressure development during explosion propagation were studied. The research results will provide an important theoretical basis for the development of coal mine explosion suppression technology. The main results are summarized as follows.
1. Different pipeline structures have a greater influence on the law of flame propagation and pressure development. Before turning, with the increase of the distance away from the ignition source, the overpressure peak value and flame velocity gradually increased, and the flame duration gradually decreased. At the corner, the flame propagation speed decreases rapidly, the explosion overpressure and flame duration increase dramatically.
2. The damage caused by the shock wave on the outer wall of the turning corner is the most serious. The bend existence will increase the flame surface and cause serious burning damages to the wall surface of pipelines. The peak overpressure, flame propagation speed, and flame sustaining time in 45° pipelines are higher than in 90° pipelines and 135° pipelines.
3. In order to reduce the intensity of gas explosion and reduce the loss caused by gas explosion, some protective measures should be taken when the tunnel is designed to avoid turning. When it is necessary to set up a turning, corresponding explosion blocking devices should be adopted according to the propagation characteristics of gas explosions inside the turning to reduce the intensity of gas explosions and minimize their losses.
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