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Introduction

Explosion venting is one of the important approaches that are used to prevent dust explosions. Compared with the use of explosion-proof equipment or explosion inhibitors, explosion venting is much simpler and more economical. Therefore, it has been widely used in different applications. In a crowded place, the combustion products and pressure waves generated by explosion venting using ordinary rupture discs easily cause damage to people and the surrounding environment [START_REF] Holbrow | Thermal radiation from vented dust explosions[END_REF][START_REF] Ma | Explosion venting and its external damage effect of spherical vessel[END_REF]. Therefore, vent ducts are often used to discharge hazardous explosion byproducts to safe areas.

Several factors substantially affect the venting performance of dust explosion. With respect to the conventional ductless explosion venting method, many studies have been performed to investigate how the internal pressure of the vessel is affected by different explosion venting parameters such as the ignition positions [START_REF] Eckhoff | Maize starch explosions in a 236m3 experimental silo with vents in the silo wall[END_REF], vent diameter [START_REF] Tascón | Dust explosions in an experimental test silo: Influence of length/ diameter ratio on vent area sizes[END_REF][START_REF] Gao | Characteristics of vented nano-polymethyl methacrylate dust explosions[END_REF], and opening pressure (Tascón and[START_REF] Tascón | Simulations of vented dust explosions in a 5m 3 vessel[END_REF][START_REF] Gao | Experimental investigation on micro-and nano-PMMA dust explosion venting at elevated static activation overpressures[END_REF]. [START_REF] Yan | Flame behaviors and pressure characteristics of vented dust explosions at elevated static activation overpressures[END_REF] performed a dust explosion experiment in a 20 L spherical explosion test device and analyzed the effects of the vent diameter and opening pressure on the occurrence of a secondary explosion. The results of their study showed that a secondary explosion likely occurs when the area of the explosion vent port is larger and the opening pressure of the explosion vent is smaller. [START_REF] Taveau | Correlations for blast effects from vented dust explosions[END_REF] reviewed the conditions associated with dust explosions and the occurrence of secondary explosions. They stated that secondary explosions outside the vessel intensify with increasing distance between the ignition location and venting port, increasing area of the venting port, and presence of obstacles in front of the venting area.

The explosion venting process associated with the traditional venting method can be substantially changed by connecting a vent duct to the vessel. [START_REF] Lunn | The effect of vent ducts on the reduced explosion pressures of vented dust explosions[END_REF] performed explosion venting experiments using a large vessel (volume = 18.3 m 3 ) with and without a vent duct. Their results showed that the pressure inside the vessel substantially increases after a vent duct is connected to the vessel. [START_REF] Yu | Effects of vent duct on explosion venting characteristics of dust in the vessel[END_REF] analyzed the effects of different duct diameters and dust particle sizes on the internal pressure of the vessel using a modified Hartmann tube. Their results showed that the peak pressure inside the vessel decreases with increasing duct diameter but insignificantly changes depending on the dust particle size. However, they reported that the increase rate of the maximum pressure inside the vessel decreases with increasing dust particle size. [START_REF] Yu | Pressure characteristics in dust explosion relief process by using a relief pipe[END_REF] and Yan et al. (2013) used aluminum powder as the explosion medium and performed explosion venting experiments by connecting vent ducts with different lengths to the top of a cylindrical vessel with a volume of 1.3 L. Their experimental results revealed that the probability of a secondary explosion inside the duct is high when the duct length and dust concentration are greater than 1.5 m and 500 g/m 3 , respectively. [START_REF] Kordylewski | Influence of ducting on explosion pressure: Small scale Experiments[END_REF] and (Yan and Yu, 2013) performed dust explosion venting experiments to explore the effects of different duct parameters on the internal pressure of the vessel. They found that the internal pressure of the vessel can effectively be reduced by decreasing the length and increasing the diameter of the duct. [START_REF] Chen | Simulated analysis of effect of the length of vent duct on the vented explosion of bag filter[END_REF] simulated the explosion venting process using the DESC module of the FLACS software. In their model, vent ducts with different lengths (1-6 m) were connected to the dust collector. Their simulation results showed that the internal pressure of the vessel increases with increasing length of the vent duct.

To explore the kinetic mechanism of explosion venting through vent ducts, we experimentally analyzed the effects of different opening pressures on the kinetic process of explosion venting through vent ducts in this study. We investigated the characteristics of the secondary explosion occurring in the vent duct as well as its effects on the explosive pressure and flame inside the vessel. These analyses provide important references for the parameter optimization for the use of vent ducts and the safe design of explosion venting systems.

Experimental setup and test method

Experimental setup

Figure 1 shows the schematic of the experimental setup including the explosion vessel, vacuum system, dust spraying system, ignition system, data acquisition system, and high-speed camera system. The cross section of the explosion vessel has an inner diameter of 248 mm. The total volume and length-to-diameter ratio of the vessel are 12 L and 1:1, respectively. An explosion vent port with an inner diameter of 40 mm is located on the side of the vessel. This port can be connected to an explosion vent duct with the same inner diameter using a flange. The vent duct used in this experiment is 0.8 m long. Three different pressure monitor points are deployed in the duct to detect any pressure changes inside the duct. The second and third pressure transducers are located 0.16 and 0.64 m away from the explosion vent port. The lower side of the vessel is connected to a vacuum pump, which is used to evacuate the vessel until the internal pressure reaches the preset vacuum conditions. The dust spraying system consists of a compressed air tank, solenoid valve, dust chamber (0.6 L), pneumatic valve, and dust diffuser. The explosion process is initiated using the chemical igniter (20 J) at the center ignition electrode. The data acquisition system is composed of a computer, pressure transducers, and a data transmission device. The first piezoresistive pressure transducer (model: PMC131, measurement range: -0.1-2 MPa) with a pressure sampling rate of 0.2 ms is installed above the ignition electrode inside the vessel. If the pressure in the explosion vessel changes, the pressure signal collected by the pressure transducer is transmitted to the computer via the data transmission device and an instantaneous pressure-time curve is generated. A Phantom series high-speed camera is used to record the morphological change of the flame inside the explosion vessel. This camera has a maximum recording frame rate of 1000000 fps/s. It also has an external trigger function and electronic shutter, which allow the synchronization of the recording process and ignition event. The actual recording frame rate used in our experiments is 2500 fps. The pixel resolution of each frame is 1280 × 504 and the exposure time is 300 µs. 

Experimental materials

The dust sample used in the experiments was Gufu corn starch manufactured by the Beijing Minsong Economic and Trading Co., Ltd., China. These dust samples were first dried in an oven at 50°C for 12 h and collected in a sealed bag before the experiment. The particle size distribution of the dust sample was characterized using a laser diffraction particle size analyzer (BT-9300LD). Figure 2 shows the testing results. The median diameter of the dust sample is 16.24 µm. To further analyze and confirm the surface morphology and geometrical dimensions of the corn starch, the sample was characterized using a FEI scanning electron microscope (SEM; Quanta 600, USA). Figure 3 shows the SEM characterization results. The dust sample exhibits a small length-to-diameter ratio, relatively uniform shape, and smooth surface. 

Experimental protocol

To analyze the effects of varying opening pressures on the internal pressure of the explosion vessel and the pressure at each monitoring point inside the vent duct, we used polyethylene film as the explosion venting material in this experiment and measured the static opening pressure (Pstat) of the membrane before the experiment. The pressure inside the vessel was manually increased, at a small rate, until the polyethylene membrane broke. The static opening pressure used for explosion venting can be adjusted by changing the number of explosion venting membrane layers. For the same membrane layer, the static opening pressure was tested three times. The experimental results were fitted using a straight curve, as shown in Figure 4. The results show that the static opening pressure of the explosion venting membrane linearly increases with increasing number of membrane layers. Therefore, 3, 6, and 9 membrane layers were used in the experimental tests, representing an opening pressure of 0.03, 0.06, and 0.09 MPa, respectively. Considering the pressure range of these polyethylene membranes, a dust spraying pressure of 0.5 MPa and ignition delay of 60 ms were used for all experiments. This spraying pressure is large enough for the dust particles to cover the entire vessel and form a dust cloud. During the experiments, the environmental temperature and pressure were maintained at 295 K and 0.1 MPa, respectively. To ensure normal pressure conditions inside the vessel after the spraying process was completed, the vessel was evacuated to 0.08 MPa before the experiment was started. Before the explosion venting experiment, we first measured the explosion pressure in a closed environment at different dust concentrations. The initial dust concentration was 350 g/m 3 . The change in the explosion pressure with increasing dust concentration was characterized at intervals of 100 g/m 3 . Table 1 shows the maximum explosion pressures for different dust concentrations. The table shows that the peak explosion pressure first increases and then decreases with increasing dust concentration inside the vessel. A maximum explosion pressure of 0.81 MPa was reached at a dust concentration of 750 g/m 3 . Therefore, all subsequent explosion venting experiments were performed using this dust concentration (750 g/m 3 ), which corresponds to the maximum explosion pressure conditions. 3 Results and discussion

3.1 Effect of the opening pressure on the explosion venting process without a vent duct

Figure 5 shows the change in the internal pressure of the vessel depending on different opening pressure conditions over time. A small opening pressure is associated with a small explosion pressure. The peak pressure inside the vessel increases with increasing opening pressure. At the same time, the time required to reach the peak pressure in the vessel differs under different opening pressure conditions. When the opening pressure is relatively small (0.03 MPa), the internal pressure of the vessel reaches the peak value at t = 161 ms. This time decreases with increasing opening pressure. In combination with Table 2, this phenomenon can be rationalized based on the fact that increasing the opening pressure results in a faster increase rate of the pressure inside the vessel, which accelerates the dust combustion. Therefore, it takes less time for the pressure to reach the peak value inside the vessel. 3.2 Effect of the opening pressure on the explosion venting process with a vent duct Figure 6 shows the change in the internal pressure of the vessel as well as the pressure measured at each monitoring point inside the duct over time for opening pressures of 0.03, 0.06, and 0.09 MPa. The peak pressure inside the vessel and increase rate of the maximum pressure both increase with increasing opening pressure. In addition, all pressure curves measured inside the vent duct exhibit a triple-peak structure. Based on the analysis, the first peak, also known as the membrane break shock [START_REF] Ye | Experimental investigations of external second-explosion induced by vented explosion[END_REF], is formed by the explosion shock wave that is generated by the breakage of the explosion venting membrane. The second peak is caused by the flame and release of the combustion product. The occurrence of this peak is related to the hysteresis of the flame propagation compared with the pressure wave propagation because the propagation velocity of the pressure wave is greater than the propagation velocity of the flame. The increase in the opening pressure leads to a longer reaction time of the dust cloud inside the vessel before the explosion venting membrane breaks. This behavior causes the continuous expansion of the flame area inside the vessel and a reduction in the distance between the flame and explosion venting port. As a consequence, the time interval △t between the first and second pressure peaks in the vent duct decreases during the explosion venting process. After the explosion venting film breaks, unburned dust is released to the duct under the impact of the pressure waves and ignited by the explosion venting flame. This ignition causes a secondary explosion and the third pressure peak in the duct. The figure shows that the magnitude of the third peak increases with increasing opening pressure. In addition, the maximum explosion pressure caused by the secondary explosion in the vent duct almost reaches the peak value at the same time with the maximum explosion pressure in the vessel. This suggests that the secondary explosion leads to an increase in the maximum explosion pressure inside the vessel. Under all opening pressure conditions, the peak pressure inside the vessel and increase rate of the maximum pressure during the explosion venting process are greater in the presence of a vent duct than those obtained during explosion venting without a vent duct. At an opening pressure of 0.09 MPa, the use of a vent duct results in a 20% higher maximum explosion pressure inside the vessel during explosion venting. Such an increase in the internal pressure based on the use of a vent duct can be attributed to two factors. On one hand, the constraints imposed by the vent duct hinder the release of the pressure wave and combustion products during the explosion venting process. On the other hand, the pressure wave and flame caused by the secondary explosion inside the vent duct propagate towards the explosion vent port. This further impedes the release of the internal pressure and flame from the vessel and increases the combustion rate of unburnt dust inside the vessel, leading to a higher pressure inside the vessel.

Figure 7 shows the change in the pressure peak associated with the secondary explosion over time measured at two different monitoring points inside the vent duct during the explosion venting process. An increase in the opening pressure leads to a higher peak pressure value associated with secondary explosion at different measuring points in the vent duct, that is, a stronger secondary explosion in the duct. This finding seems to be contrary to the results obtained by [START_REF] Yan | Duct-venting of dust explosions in a 20 L sphere at elevated static activation overpressures[END_REF]. Possible reasons for the discrepancy are the different experimental conditions and setups used in both studies. In [START_REF] Yan | Duct-venting of dust explosions in a 20 L sphere at elevated static activation overpressures[END_REF], the explosion venting experiment was performed in a 20 L spherical explosion device with a maximum opening pressure of 0.45 MPa. Thus, a larger amount of combustible dust is consumed inside the vessel before the explosion venting film breaks, which reduces the amount of released dust and therefore the strength of the secondary explosion. When the opening pressure is relatively small, a long time gap between the first and second pressure peak can be observed in our study. Therefore, the unburnt dust inside the duct is not ignited by the flame in time but is discharged out of the duct by the pressure wave. Only a small amount of dust is ignited, causing the secondary explosion. The figure also shows that, at the same opening pressure, the pressure measured at different monitoring points inside the vent duct decreases with increasing distance from the explosion venting port. Based on the analysis, the pressure inside the vessel starts to increase after the dust is ignited inside the vessel. Once the internal pressure reaches the opening pressure of the explosion venting film, the film breaks and the pressure wave propagates along the vent duct. This pressure in the duct gradually decreases due to the friction force along the duct wall and cooling effect. 

Flame development inside the tank affected by explosion venting through a vent duct

It is difficult to analyze the propagation speed of the flame inside the explosion vessel during dust combustion due to the uncertainties associated with the flame expansion and morphology. Therefore, only different stages of the flame propagation were analyzed in this study. As shown in Figures 8-10, both flame growth and regression stages were observed during the combustion and explosion of dust clouds under all opening pressure conditions. However, when the opening pressure is smaller than 0.09 MPa, a reignition process was observed during the experiment.

Figure 8 shows the propagation process of the flame inside the vessel under an opening pressure of 0.03 MPa. Figure 8a shows the ignition process of the dust cloud. After the ignition is triggered, the dust cloud is ignited at t = 0 ms. A clear flame with a bright white color can be observed at t = 24 ms. The flame continues to expand afterwards and all dust is involved in the combustion and explosion processes at t = 88 ms. At this time, the entire explosion vessel is filled with flame. The maximum flame brightness is reached at t = 112 ms. Subsequently, the brightness decreases as the flame continues to fade. After tens of seconds, the unburnt dust and volatile gas generated during the dust combustion are reignited in the vessel. At this time, the internal pressure of the vessel is close to the ambient pressure. The reignition stage of the flame has therefore almost no effect on the internal pressure of the vessel. Figure 9 shows the propagation process of the flame inside the vessel under an opening pressure of 0.06 MPa. The flame regression and reignition durations are shorter than those shown in Figure 8. At a small opening pressure, the difference between the internal and external pressures of the vessel is quite small when the pressure inside the vessel reaches the venting opening pressure. Therefore, the pressure wave and combustion product are relatively slowly released from the vessel, which leads to a long flame regression. In addition, at a small opening pressure, it takes less time for the internal pressure of the vessel to reach the venting opening pressure. Thus, the fuel in the vessel is not fully combusted and significant amounts of unburned dust and volatile gas generated by dust combustion remain in the vessel after the combustion products are released. When fresh air flows back to the vessel, the remaining fuel and gas are re-ignited for a long time. On the contrary, a large opening pressure will result in a relatively short reignition duration of the flame. Figure 10 shows the propagation process of the flame inside the vessel under an opening pressure of 0.09 MPa. Compared with Figures 8 and9, flame reignition cannot be observed. In addition, the entire flame development is relatively short because it takes a longer time for the pressure inside the vessel to reach the venting opening pressure at a large opening pressure. Therefore, the fuel in the vessel is more effectively combusted. At the same time, a large opening pressure results in a larger difference between the internal and external pressures of the vessel when the pressure inside the vessel reaches the venting opening pressure. Therefore, the explosion shock wave and combustion product are discharged from the vessel to the duct at a very high speed. In this case, the lack of enough fuel inside the vessel prohibits any flame reignition, even if fresh air flows back into the vessel. 

Conclusion

In this study, we designed a small cylindrical vessel to perform explosion venting experiments using corn starch and a vent duct. We compared the explosion venting characteristics with and without the use of the vent duct and focused on the analysis of the venting kinetics based on the use of the vent duct. The following conclusions can be drawn:

(1) Compared with the dust explosion in a closed environment, the use of explosion venting with and without a vent duct substantially reduces the maximum explosion pressure inside the vessel. However, a significant difference was observed between explosion venting with a vent duct and ductless explosion venting. Compared with the conventional explosion venting method without a vent duct, the explosion venting approach using a vent duct yields a worse venting performance. This performance degradation becomes more significant with increasing opening pressure of the explosion vent port. At an opening pressure of 0.09 MPa, the use of a vent duct results in a 20% higher maximum explosion pressure inside the vessel during explosion venting compared with the ductless process.

(2) During the explosion venting process, the maximum explosion pressure measured at different monitoring points inside the vent duct decreases with increasing distance from the explosion venting port. An increase in the opening pressure yields a higher maximum explosion pressure and increase rate of the maximum pressure inside the vessel but a shorter reignition duration of the flame. When the opening pressure is increased to 0.09 MPa, flame reignition cannot be observed in the vessel.

(3) The unburnt dust inside the vessel is released to the duct by the pressure wave and causes a secondary explosion in the duct. This process complicates the pressure distribution inside the duct and creates a triple-peak pressure structure in the duct over time. The third pressure peak plays a dominant role among the three peaks. Based on the increase in the opening pressure, the time interval between the first and second pressure peak decreases because the distance between the flame front and explosion vent port is shorter when the explosion venting membrane breaks. Therefore, the explosion venting flame inside the duct ignites the unburned dust cloud that is discharged from the vessel in time, which causes a stronger secondary explosion. In other words, the strength of the secondary explosion in the vent duct increases with increasing opening pressure.
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 1 Fig.1.Experimental installation diagram. 1-pressure sensor 1;2-Ignition;3-control box;4-pressure sensor 2;5-pressure sensor 3;6-ven duct; 7-Ignition pole;8-Discharge needle;9-Explosion vessel;10-dust warehouse;11-Dust diffuser; 12-High-speed camera;13-Data receiver

Fig. 2 .

 2 Fig.2.Particle size distribution of sample.
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 3 Fig.3.SEM images of corn starch dust samples.
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 4 Fig.4.Effects of membrane layers on static activation overpressures.
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 5 Fig.5. Different opening pressures the internal explosion pressure of the container changes over time curves.
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 6 Fig.6. The curve of pressure changing with time in the vessel and the monitoring points under different opening pressure.
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 7 Fig.7. Curves showing the variation of the peak pressure of secondary explosion at each monitoring point in the duct with the opening pressure.

Fig. 8 .

 8 Fig.8.Images of the vented flame under the static activation overpressure of 0.03MPa.
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 9 Fig.9.Images of the vented flame under the static activation overpressure of 0.06MPa.

Fig. 10 .

 10 Fig.10.Images of the vented flame under the static activation overpressure of 0.09MPa.

Table 1

 1 Explosion intensity with different concentration when closed

	dust concentration /(g•m -3 )	350	450	550	650	750	850	950
	Pmax/(MPa)	0.682	0.703	0.782	0.789	0.810	0.808	0.805

Table 2

 2 The explosion parameters without a vent duct

	Pstat(MPa)	Maximum explosive overpressure (MPa)	(dp/dt)max(MPa•s -1 )
	0.03	0.204	11.7
	0.06	0.233	15
	0.09	0.27	16.7
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