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Abstract. 
Coal and gas outburst is a phenomenon characterized by the ejection of gas and coal from the solid face of a mine. Physical minioutburst experiments are a very important tool for analyzing outbursts of coal and gas. However, few reports have focused on the safety problem produced by gas concentration or the role of gas spread during the physical experiments. In this study, we designed a simple monitoring and control system for the safety of staff during the minioutburst experiments. The results showed that, in the simulation of four dangerous situations, the system based on a sensors feedback loop can monitor the development of gas content in the temporal and spatial domains for the enhancement of accurate warnings. The system also automatically chooses the appropriate ventilation measures to lower the gas content considering different degrees of danger.


1. Introduction
An outburst of coal and gas is defined as the rapid release of a large quantity of gas in conjunction with the ejection of coal from the solid face. With an increase in mining depth and production, the intensity and frequency of outbursts tend to increase. Physical experiments are a very important tool for analyzing outbursts of coal and gas. In 1953, two Russian researchers announced the first rock and gas minioutburst conducted under laboratory conditions [1]. Shortly after, other researchers started similar experiments incorporating coal briquettes and enhancing the experimental setups and procedures [2–7]. The present work belongs to the same line of research and follows the approach above [8–12]. During the physical experiments, potential hazards from gas concentration for staff have to be emphasized. On preparing the experiments, in case of a gas leak the general method used is to install gas sensor probes mounted in the laboratory such as fiber methane gas sensors to monitor the gas concentration. When the gas leak achieves the prethreshold, the alarm system is activated [13–16]. But a simple method of monitoring could bring the first challenge: (1) the discontinuity of work because of a gas leak: after the beginning of the experiment, the general protective measure used is to keep the staff far away from the experimental devices until the gas totally disappears, which may even take several days, which can be considered as the second challenge; that is, (2) lower experimental efficiency induced by the lack of a powerful gas discharge system: more importantly, the results from the minioutburst experiments are always reported in format of the quantity and distribution of coal in a gas outburst under altered conditions by changing the gas pressure, coal power sizes, and outside loads; the third challenge (3), the role of gas spread, is rarely reported as a result of the lack of gas monitoring systems for collecting the gas concentration trend, which limits the value of miniexperiments. In order to solve the challenges above, in this study we aim to design a simple monitoring and control system to achieve the safety of staff, high work efficiency, and investigation of gas trends during minioutburst experiments [17]. The system not only utilizes sensors to monitor the progress of gas content in temporal and spatial scenes, but also, for different degrees of danger, automatically chooses the appropriate ventilation measures to reduce the increasing gas content in order to improve work efficiency (Figure 1). The remainder of the paper is organized as follows. Section 2 introduces the minioutburst simulation procedure and gas-related issues. Section 3 highlights the design of the monitoring and control system. The performance of this system involving four different danger levels is introduced and discussed in Section 4. The conclusions and future research directions are detailed in Section 5.













	
		
		
			
		
	


	
		
		
			
		
	


	
		
			
		
			
		
	



	
		
		
			
		
		
			
		
	


	
		
			
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	



	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
		
	





Figure 1: Core idea of this system.


2. Minioutbursts in Coal and Gas Experiments
Coal and gas outbursts with certain stress regimes, gas pressures, and material properties of samples are simulated by a coal and gas outburst simulation device consisting of fast-releasing components, a load-bearing frame, electric self-controlled loading system, reversal unit, main frame bracket, and coal sample molding device as shown in Figures 2 and 3 [18]. Raw coal was crushed, screened, and compression-molded to produce standardized samples (briquettes) under 4 MPa of pressure (Figure 4(a)). Seals were installed between the mold and cover before lifting and pasting the mold sealing plate (Figure 4(c)). Then coal samples were filled with gas through pressurization in an airtight box (Figure 4(b)). Before that an airtightness test was required for the gas injection due to the 99.99% purity of the experimental gas. Air extraction from a vacuum needs to be carried out for about 2 hr before the gas enters. After the gas entered the coal samples, full absorption of gas (about 48 hr) was the key step in the experiment. The gas pressure can be adjusted by a device during the gas absorption. After that, as shown in Figure 4(b), the horizontal load is added firstly at outburst caliber (P1). The purpose is to prevent the deformation of the coal sample near the outburst caliber. Then the vertical loads P2, P3, and P4 are applied in order. Finally, in order to keep the 3D stress stability, another horizontal load P5 is added facing the outburst caliber on the other side (for more details see [19]). The outburst of coal and gas in the experiment is observed by opening the caliber rapidly. The environmental temperature fluctuates between 18 and 20°C. The whole procedure is illustrated in Figure 5. As mentioned before, from the gas injection until the beginning of the experiment, Challenge 1 needs to be overcome. Thus, the area around the device is defined as an “unsafe zone.” After the beginning of the experiment, the unsafe zone is enlarged to the whole laboratory. Furthermore, Challenge 3 of tracking the gas spread for the coal and gas outburst needs to be dealt with.




















Figure 2: Large-scale simulation test system of coal and gas outburst.









	
		
	


	
		
	


	
		
	


	
		
	















Figure 3: Structure of coal and gas outburst simulation test-bed. 1: revolving gear; 2: hydrostatic trigger; 3: bearing frame; 4: coal body.







	
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	





Figure 4: Key components: (a) compression-mold, (b) airtight box, (c) and seals.








	
		













	
		



	
		













	
		


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
			
		
			
		
		
			
		
		
			
		
			
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	





Figure 5: Flowchart of simulation test of coal and gas outburst.


3. Design of the Monitoring and Control System
3.1. Control Principles
The system utilizes the closed-loop control principle for swift feedback, which means that the subject of study has a feedback loop from the output, through the detector, and back into the input. This improves the robustness of the control system by reducing bias after comparing the output to the initial value, as shown in Figure 6. Figure 7 shows the structure of the closed-loop control system. The sensors detect the current gas content and change the physical signals into electrical signals through a data logger. The computer calculates the difference between the initial gas concentration as input and electrical signals obtained by a data logger. Then the system makes a judgment and takes corresponding measures (activates the fans). At any time, the gas content is monitored by sensors and the data logger always introduces the newest data into a cycle.












	
		



	
		





	
		











	
		



	
		





	
		




	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
	


	
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
	

















Figure 6: Schematic diagram of the system.














	
		



	
		









	
		











	
		



	
		









	
		





	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
	

















Figure 7: Structure chart of closed-loop control system.





3.2. Sensors and Threshold Values
Two methane sensors (Prime 1) which use the nondispersive infrared method to detect the presence of hydrocarbon gases were implemented to monitor the air environment by providing measurements of methane with a resolution of 0.01% for 0–10% methane volume. The sensor contains an infrared radiation source, a dual element custom infrared detector, a unique optical waveguide into which gas diffuses, and internal ARM7 core microprocessor based electronics to provide a voltage output which is independent of the power supply polarity. The sensors can be configured to provide a pellistor format output, typically midsupply at zero with the voltage output increasing with respect to the detector pin by 100 mV over the range, or a linear voltage output, typically 0.4–2.0 V over the range with respect to the negative supply pin. In addition, the output can be read and the internal configuration can be accessed by a serial communications link. Prime 1 is temperature-compensated for both zero and span at the calibration gas concentration level, which is from −20 to +50°C. The accuracy is <±3% of the range up to 50% of the range. An all-metal construction with isolated housing was used for the realization of the electrical insulation. An unsafe zone could appear around the simulation device as shown in Figure 8. Sensor 1 is mounted on the edge of the zone. Accounting for the height of the respiratory organs, the location is at 1.7 m above the ground. The staff could come into contact with methane gas when entering the laboratory from the control room. Thus, Sensor 2 is at the door between the control room and the laboratory at a height of 1.7 m. Gas concentration values of less than 0.025% rarely hurt the human body. So, under this level, no measures appear. If the gas concentration is between 0.025 and 1% around the simulation device, it causes a decline in oxygen, which will affect the staff physically and mentally (Danger 1). Danger 2 is defined as a gas concentration level of 1% based on the Chinese government standard [20]. At Danger 3 during the experiments, Sensor 2 is more reliable as the main monitoring device. The threshold of 0.025% is different from the 0.025% level at Danger 1 of Sensor 1. Danger 4 appears if the gas value is higher than 1% according to Sensor 2 (corresponding to almost 4% on Sensor 1—explosion limitation) and is regarded as a dangerous emergency. The degrees of danger and the corresponding measures are shown in Table 1.
Table 1: Gas threshold and measures.
	

	Degree of risk	Sensor	Gas content threshold	Measure	Monitoring area
	

	Normal	1, 2	CH4 ≤ 0.025%	No measure	Entire laboratory
	Danger 1	1	CH4 = 0.025%	Attention and Ventilation 1	Unsafe zone
	Danger 2	1	CH4 = 1%	Alarm and Ventilation 2	Unsafe zone
	Danger 3	2	CH4 = 0.025%	Alarm and Ventilation 3	Entire laboratory
	Danger 4	2	CH4 = 1%	Power off and evacuation	Entire laboratory
	




















	


	


	




























	
	
	
	
	
	
	


	
		
		
			
		
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	



	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	


	
		
			
		
			
		
	


	
	
	
	


	
		
			
		
			
		
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	










	
	
	
	
	
	
	
	
	
	
	


	
		
		
			
		
	


	
	
	
	
	
	
	
	
	
	














	


	


	







































	


	


	




















	


	


	





























	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
		
			
		
	










	
		
			
		
			
		
	















Figure 8: Locations of sensors, fans, and monitoring areas in the space.


3.3. Ventilation Systems
In the field, gas drainage is the primary tool used to reduce the gas content of the coal to be below predetermined threshold limits [21]. Generally, as a response to the gas emission problem, a methane drainage system includes a surface suction plant and pipe reticulation of the gas to the surface [22]. However, it is impractical for physical experiments to drainage gas by earth surface before gas outbursts. Thus, gas drainage after coal and gas outbursts are a feasible path to reduce the gas content. In our case, the ventilation system is composed of two fans. The powers of fans are estimated as follows:
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. The previous calculation suggests that Fan 1 (rating 20 W and 30 W) and Fan 2 (rating 30 W) can comprise the ventilation system. We installed Fan 1 at the window facing the simulation device in order to expel the gas around the simulation device. Fan 2, which mainly expels the gas in the laboratory, was located at the door between the control room and the laboratory. At Ventilation 1 the system switches on Fan 1 at the 20 W rating; at Ventilation 2, Fan 1 is switched on at the 30 W rating; under Danger 3, both Fan 1 (rating 20 W) and Fan 2 (rating 30 W) are turned on.
3.4. Design of Software
The software produced by VC++ displays real-time data and dynamic curves, whose interface is divided into two parts (Figure 9). The upper part is composed of three parts: the left one shows the real-time gas concentration value; in the middle, levels of danger are detected (green to red means low to high); in the right part a threshold can be set. Generally, there is a default but the threshold can also be set by hand. The lower part shows the gas concentration value curve for the time elapsed by Sensor 1 and Sensor 2.










	
		
			
		
			
		
	


	
		
			
		
			
		
	






	
		
			
		
			
		
	


	
		
		
			
		
	



	
		
			
		
			
		
	







	
		
		
			
		
	


	
		
			
		
			
		
	










































	
		
		
			
		
	



	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	


	


	


	


	


	


	


	


	


	


	


	
	


	
	


	
	


	
	


	
	


	


	


	


	


	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	


	
	
	
	
	


	
	
	


	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	











	
		
			
		
			
		
	







Figure 9: Interface of software.


4. Results and Discussion
In order to test this monitoring and control system, coal and gas outbursts (Danger 1–Danger 3) with a load application of 2.4 Mpa, 4% water content, and gas pressure increment (0.5, 1, and 1.5 Mpa) are applied. The condition of Danger 4 is a load application of 3.6 Mpa, 0% water content, and gas pressure of 1.5 Mpa. The purpose of the experiments is to investigate the performance of the monitoring and control system under four situations of increased intensity of coal and gas outburst. Dangers 1–4 indicate that the relative outburst intensities (outburst coal as a percentage of the whole coal mass) are 0, 19.11, 26.11, and 38.7%, respectively.
4.1. Comparison of Cases with and without the System under Dangers 1–4
The corresponding performances of the monitoring and control system are shown in Figures 10(a)–10(d).
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(d)
Figure 10: Gas content curves versus time. S1 no: without ventilation (Sensor 1); S1: ventilation (Sensor 1); S2 no: without ventilation (Sensor 2); S2: ventilation (Sensor 2).


Figure 10(a), Danger 1: no outburst means that the gas-only emission, without being pushed, contributes to the gas content in the laboratory. The gas concentration around the device shows dramatically increasing content. From 
	
		
			

				𝑡
			

		
	
 = 0–4 seconds, Ventilation 1 is activated. Once the value exceeds 1% at Sensor 1 (about the 4th second), Ventilation 2 is activated. And at about 
	
		
			
				𝑡
				=
				5
			

		
	
 seconds, Ventilation 3 is also activated by Sensor 2. It can be seen that the gas content recovers to normal status in 
	
		
			
				𝑡
				=
				1
				5
			

		
	
 seconds. By contrast, without ventilation measures, the curve (Sensor 1) is still at a high level for over 20 seconds and it takes 17 seconds to reduce the gas content in the Sensor 2 monitoring area. Figure 10(b), Danger 2: a low intensity of coal and gas outburst contributes to the gas content around the unsafe zone more swiftly than Danger 1. Within the 1st second, the threshold of 0.025% is exceeded. In order to control the gas content level, Ventilation 1 is activated. At about the 4th second, Ventilation 2 is activated for the threshold of 1%. Sensor 2 shows that the gas content is between 0.025 and 1% after the 3rd second. Once Ventilation 3 is switched on, the gas concentration curve seems to become more flat in 13 seconds. On the contrary, without the help of fans the blue curve reaches the limit of Sensor 1 (4%) at around 9 seconds. Sensor 2 (0.5%) is also at a high level at about the 7th second. In Figures 10(c) and 10(d), an increase of the outburst not only improves the gas content but also pushes the gas concentration away from the outburst caliber. Figure 10(c), Danger 3: a high intensity coal and gas outburst push the concentrated gas closer to the monitoring point of Sensor 2. Thus, the gas content around the simulation device seems to be lower than under Danger 2. About 12 seconds later, the curve has a second peak because of the back spread of gas. In the first stage (1–11 seconds), only Ventilation 1 works for the 0.025% threshold. At the same time, Ventilation 3 is also activated. Thus, it is found that the gas content around Sensor 2 is controlled gradually. However, after the 12th second the spread of gas not only from the unsafe zone but also from the area of Sensor 2 improves the gas content in the unsafe zone again. Both Ventilation 2 and Ventilation 3 work for gas drainage. If ventilation measures are not installed, the staff may avoid the first gas content concentration but ignore the second peak of gas content, which is a huge potential hazard. Figure 10(d), Danger 4: high gas pressure and high gas adsorption caused by low water content lead to the highest intensity of coal and gas outburst in our case. The gas content around the simulation device increases suddenly to more than 0.025%, which activates Ventilation 1. However, the gas content jumps to over 1% at the 3rd second, and thus Ventilation 2 has to be activated. Within 8 seconds, the gas content is controlled swiftly. By contrast, Ventilation 3 also works at about the 3rd second but does not stop until the 18th second. After the 12th second, the spread of gas induces another peak of gas content. So Ventilation 2 has to be activated again. Considering that there is no drainage device, the peaks of gas content obviously increase and remain at 2% even after 20 seconds. Especially, after the 12th second, the spread of gas leads to a gas content (Sensor 1) of approximately 5%, which is greater than 4% (explosive limitation) and is absolutely dangerous. In order to investigate error or deviation of the experiment and monitoring and control system, two groups of replicable experiments were carried out under the same condition. Part of the results, for example, is the relative error of the two groups of experiments for Danger 1 shown in Figure 11 and the correlation between the two groups of experiments for Danger 1 shown in Figure 12. In addition, all of the results of the replicable experiments are summarized in Table 2.
Table 2: Results of average relative error and correlation between two groups of tests.
	

	 	Average relative error	Correlation
	 	S1 no	S1	S2 no	S2	S1 no	S1	S2 no	S2
	

	Danger 1	4.87%	13.42%	8.74%	5.56%	0.9884	0.9933	0.9889	0.9935
	Danger 2	8.93%	11.23%	9.23%	4.56%	0.897	0.923	0.976	0.965
	Danger 3	12.12%	8.92%	11.23%	6.7%	0.924	0.913	0.962	0.979
	Danger 4	3.45%	9.23%	12.5%	16.54%	0.945	0.942	0.987	0.913
	








	


















































































































	






	





	


	











	





















	





















	


	


	


	


	
	


	
	


	
	




	
	
	
	




	
	




	
	
	
	



	


	


	
		
	


	
		
		
	


	
		
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
		
	


	
		
	
	
		
	


	
		
		
		
	


	
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	















Figure 11: Relative error of two groups of experiments for Danger 1.




















































































































































































































	
	
	
	



	
	



	
	
	
	








	
	


	
		
	


	
		
		
		
	


	
		
	


	
		
		
		
	


	
		
	


	
		
		
		
	


	
		
	


	
		
	


	
		
		
		
	


	
		
	


	
		
		
		
	


	
		
	


	
		
		
		
	


	
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	


	
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
	


	
		
		
		
		
	


	
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	



Figure 12: Danger 1: S1 no, 0.9884; S1, 0.9933; S2 no, 0.9889; S2, 0.9935 (S1 no: without ventilation (Sensor 1); S2 no: without ventilation (Sensor 2)).


4.2. Relationship between Relative Outburst Intensities and Gas Content in Temporal Domains
Gas spread trends under different degrees of danger are investigated by 3D fitting from Matlab as shown in Figure 11. Heavy outburst intensities mean that more coal and gas from an outburst are ejected further away from the device [8–10]. In other words, the centre of gas would be pushed further from the device. Figure 13(a) demonstrates what happens when the gas center after the outburst is around the outburst caliber or is close to the monitoring point S1 (insufficient power to push the coal and gas away; here the intensity <25%), while the stronger outburst intensity induces a higher gas concentration peak (
	
		
			

				𝑡
			

		
	
 = 6–12 s); once the gas centre is far away from the monitoring point like Dangers 3-4 the gas concentration is not high in the beginning (enough power to push the coal and gas away; here the intensity >25%). As time elapses, the rebounds of gas improved the gas content again in S1 (it peaks at 
	
		
			

				𝑡
			

		
	
 = 14–18 s). In Figure 13(b), because the gas center is always within the range of S2, the gas content increases with increments of the intensity of outburst. And the peak of gas content appears earlier at heaver intensity (
	
		
			

				𝑡
			

		
	
 = 3–7 s) than at lower intensity (
	
		
			

				𝑡
			

		
	
 = 7–12 s). Thus, it could be considered that the gas concentrations at some points are affected by the intensity of outburst and positions of these points. The positions should not be ignored as key factors.
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(b) S2
Figure 13: Gas spread trends under different degrees of danger for S1 and S2. Gas: gas content (%); time (seconds); intensity: relative outburst intensities (%).


4.3. Comparison between the Real Scene and Numerical Model
The general method used is to install the gas sensor probes mounted in the laboratory without considering the tracking of gas distribution but only giving a warning when the gas content threshold is exceeded. Thus, there are no other comparative results from existing systems in the literature. In order to determine the air flow and power, Fluent software with numerical simulation of gas outbursts was used to demonstrate the concentration distributions and velocity distributions (Danger 1) [23]. A geometric model was built using Gambit software. The type of grid cell was Tet/Hybird and the type of tetrahedral mesh in space was T grid, which generated a total of 142,209 grid elements. The uncoupled segregated solution method was used for the solution. From Figure 14(a), in the center of the laboratory the gas concentration was close to 3.5% and the direction of migration was towards the top left (
	
		
			

				𝑡
			

		
	
 = 3 s). The gas concentration becomes lower in the area on the left, while in the area of S2 a concentration zone (0.25%) appears in Figure 14(b) (
	
		
			

				𝑡
			

		
	
 = 30 s). By comparing Figures 12 and 10(a), the peak in the real scene is at the 6th second, when it has a value of 2.5%, and then decreases as time elapses for S1. The gas value of S2 is 0.25% at the 30th second while the peak of the monitoring data is 0.2% at the 15th second. The trends generally agree with one another.








	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
		
	


	
		
	
	
		
		
		
		
	
	
		
	
	
		
		
	


	
		
		
		
		
	
	
		
	
	
		
	
	
		
		
	


	
		
		
		
	
	
		
		
	
	
		
	
	
		
		
	


	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	


	
		
		
		
	
	
		
		
	
	
		
	
	
		
		
	


	
		
		
		
		
	
	
		
	
	
		
	
	
		
		
	


	
		
		
		
		
		
	
	
		
	
	
		
		
	


	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	


	
		
		
		
		
		
	
	
		
	
	
		
		
	


	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	


	
		
		
		
	
	
		
		
	
	
		
	
	
		
		
	


	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	


	
		
		
		
		
		
	
	
		
	
	
		
		
	


	
		
		
		
		
	
	
		
	
	
		
	
	
		
		
	


	
		
	
	
		
		
		
		
	
	
		
	
	
		
		
	


	
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
		
	


	
		
	
	
		
		
		
		
	
	
		
	
	
		
		
	


	
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
		
	


	
		
	
	
		
		
		
		
	
	
		
	
	
		
		
	


	
		
		
		
	
	
		
		
	
	
		
	
	
		
		
	


	
		
		
		
	
	
		
		
	
	
		
	
	
		
		
	


	
		
	


	
		
	


	
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	
	
		
		
		
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
	
	
		
	
	
		
		
		
	


	
		
		
		
		
	
	
		
		
	
	
		
	
	
		
		
		
		
	


	
		
		
		
		
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	



(a) Distribution of gas concentration 
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(b) Distribution of gas concentration 
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				=
				3
				0
				s
				)
			

		
	

Figure 14: Numerical results.


4.4. Evaluation of Our System and Traditional System
The selection of the optimal mitigation strategy is based on evaluation of the economic efficiency of the alternatives, which is called cost-benefit analysis (CBA) [24–26]. Qualitative (nonmonetary) criteria such as environmental and social impacts are not included in the CBA [27]. The principle of CBA is to compare the benefits and costs of alternatives over a period of time. The alternatives are compared against a reference option (present state or “do-nothing” option) and all future benefits Bi and costs Ci are discounted, that is, transformed to present value. The discount rate for public investments is c. 2–4% (3% in our study) [28, 29]. Two strategies A and B are compared as follows in Table 3:(A)installation of traditional warning system and evacuation,(B)construction of our monitoring and control system.
Table 3: Calculation of cost-benefit analysis factors.
	

	 	Strategy A (euros)	Strategy B (euros)	Do nothing (euros)
	

	Initial cost	1500	1600	0
	Cost in next year	6480	6782	6000
	Expected damages in next year	710	0	2000
	Benefits in next year	1290	2000	0
	



The time horizon is 5 years (service life: 5 years) and the interest rate is 3%.
Remarks
Initial Cost. Consider the following:(A)hardware (sensors, computer, and data collector); human cost;(B)hardware (sensors, computer, data collector, and fans); human cost;(C)nothing.
Cost in Every Year. Consider the following:(A)24 repetitions of the experiment (material cost, energy changes, and human salary);(B)24 repetitions of the experiment (material cost, more energy changes (fan operation), and human salaries);(C)24 repetitions of the experiment (material cost, less energy changes (no monitoring system); and human salaries).
Expected Damages in Every Year. Consider the following:(A)six repetitions of the heavy intensity outburst (probability of 50% failure) meaning 1 or 4% gas warning threshold is exceeded and people are evacuated; the damages are equal to the cost of the experiment;(B)six repetitions of the heavy intensity outburst (no failure) because of our drainage system;(C)suppose these heavy intensity outburst experiments induce one staff injury event (damages include the cost of the experiment plus medical fees).
In addition, there is no consideration of the cost of human death, simulated equipment maintenance fees, unavoidable incidents, and opportunity cost.
Total Net Present Value of Benefits. Consider the following:
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				)
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				𝑟
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				=
			

			

				5
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				2
				9
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				(
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				.
				0
				3
				)
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				0
				7
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Benefit-Cost Ratios. Consider the following:
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Total Net Present Value. Consider the following:
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From the analyses above, we know that Measure 
	
		
			

				𝐵
			

		
	
 is preferable according to these criteria and both measures are preferable to the do-nothing option.
4.5. Application Procedure of Our System in Other Laboratories
In order to reproduce the strategy of our study in other laboratories, the general procedure of designing this system should be emphasized as follows:(1)identify all possible scenarios (dangers);(2)identify exposed people and objects under all the scenarios;(3)identify and assess the environment, for example, the room size;(4)establish a set of possible strategies, for example, fan drainage (our monitoring and control system);(5)determine costs of strategies (over entire life time);(6)assess expected damages for all scenarios and all strategies;(7)determine benefit-cost ratio for all strategies for the evaluation of strategies.
5. Conclusions
In the paper, we developed a simple gas monitoring and control system to reduce the danger levels for coal and gas outburst experiments in the laboratory. The system not only utilizes continuous cycle monitoring and sensor fusion for the enhancement of accurate warning but also, considering different degrees of danger, automatically selects the appropriate ventilation measures to reduce the increasing gas content. This study introduces the components, design principles, work process, and ventilation effects of the system. We believe the system can play an important role in not only the safety of staff but also the research on gas spreading during minioutburst experiments. Admittedly, it should be noted that this study simplifies some conditions; for instance, methane concentration values may be affected by the intrusion of air into the test room. Also, different temperatures and air pressures cause diversification of the gas concentration velocity, affecting the reliability of the system. Despite its preliminary character, this study clearly indicates that developing this monitoring and control system has huge potential for the safety of minioutburst experiments. In the future, temperature sensors and gas flow rate sensors will be added to the monitoring and control system for more accurate work.
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