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Abstract:

 Coal roadway driving is an important part of the underground mining system, and very common in Chinese coal mines. However, the high concentration of respirable dust produced in the blasting operation poses a great hazard to miners’ health as well as the underground environment. In this paper, based on the direct simulation Monte Carlo method, the gas–solid two-phase flow model of particle movement is established to study the respirable dust distribution in blasting driving face. The results show that there is an obvious vortex region in which airflow velocity is lower than that close to the roadway wall and driving face. After blasting, respirable dust in the front of the dust group jet from the driving face cannot be discharged timely, with the result that its concentration is higher than the critical value until it is expelled from the roadway, whereas respirable dust concentration at the back of the dust group is gradually diluted and exhibits an alternate thin dense phase distribution. Meanwhile, respirable dust concentration in the breathing zone is relatively higher than that at the top and bottom of roadway. The accuracy of numerical simulation results is verified by field measurements. The research results are helpful for further understanding the evolution of respirable dust distribution after blasting, and are good for providing guidance for efficient controlling of respirable dust and improving the working environment for underground miners.
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1. Introduction

Coal, as one of the world’s three major energy sources, accounts for a huge proportion of the worldwide energy supply. Especially in China, coal, as a basic energy source, requires a large number of mines [1]. In the process of mining and tunneling, drilling and blasting are the most important methods of rock excavation and rock breaking, particularly in hard rock conditions [2,3]. Respirable dust at the high concentrations generated by the blasting operation pollutes the underground working environment heavily, and even leads to coal dust explosions, causing heavy casualties and huge economic losses [4]. Most seriously, miners are likely to be infected with pneumoconiosis, which is a lung disease that mainly results from breathing in respirable coal dust over a long period of time [5]. In China, more than 2.65 million miners are exposed to coal dust. New pneumoconiosis cases number 25,000 every year, of which 6000 cases die of coal dust [6]. Therefore, taking effective methods to suppress coal dust, especially to lower respirable dust concentration, has significant implications.

In order to control dust concentration, abundant methods such as water infusion [7], water spraying [8], chemical dust suppression agent [9,10], and negative pressure have been used. The analysis of the measures for dust control and prevention indicates that there are still obvious limitations among those extant methods affecting and restricting dust prevention and dust removal, as well as the efficiency of respirable dust removal [11,12]. The essential cause of these problems is a lack of knowledge about respirable dust distribution regularity, which often leads to unreasonable design for dust control and irrelevant disposal of dust control equipment [13]. Therefore, it is necessary to investigate the distribution regularity of respirable dust and take effective measures to reduce dust concentration in the underground workplace of coal mines [14,15].

According to obtainable comparisons, numerical simulation is a relatively useful method in the study of respirable dust distribution due to its high efficiency and low cost. Therefore, it has been widely used as the basic method for research on respirable dust distribution. Toraño et al. [16] presented a study of coal mine dust behavior in two auxiliary ventilation systems by computational fluid dynamics (CFD) models. Kurnia et al. [17] utilized the CFD approach to evaluate the various methods used for mitigating dust dispersion from the mining face and for ensuring safe level of dust concentration in the mine tunnel for safety of the operators. Wang et al. [18] conducted a study of the airflow and respirable dust flow behavior with 3D CFD modeling and predicted the air flow field around the crusher and transfer point above the underground bin and along the belt roadway. Zhang et al. [19] used the Fluent software to simulate dust’s migration law in the working face and determine its spatial distribution condition. Sa et al. [20] established a model of dust migration based on the theory of gas–solid two-phase flow and the characteristics of the cavern stope. The dust concentration of the cavern stope changes due to ventilation every 20 min after blasting and the dust trajectory in different wind speeds were simulated by Fluent software. However, these studies mainly concentrate on comprehensive mechanized heading face and the numerical method used does not consider the factor of inter-particle collision.

Given this, this paper uses Fluent software to calculate the continuous phase flow field and build a model independently for the movement of the discrete particle phase. Taking a blasting driving face in Wulan coal mine in China as the physical prototype, this paper researches the particle movement and diffusion characteristics in blasting driving faces. The numerical simulation results are verified by field measurements.



2. Research Background

Wulan coal mine is located in Ningxia Hui Autonomous Region, China (as shown in Figure 1). Stretching 5.3 km from south to north and measuring 3.04 km from east to west, Wulan coal field covers an area of 11.15 km2 and produces 1.85 million tons of coal annually. Coal dust from all seams in Wulan mine poses an explosion hazard; the explosive index of the coal dust is between 25.98%–32.44%. Driving faces of this mine are all blasting driving faces. Since the coal seam of Wulan mine is soft, blasting driving faces often produces a lot of coal dust floating in the air. The average dust concentration is 1500 mg/m3. Many miners working over a long period of time in such a high dust concentration contract pneumoconiosis. The main reason is that the temporal and spatial distribution pattern of respirable dust is not clear. Such unclear knowledge can lead to an unreasonable design for dust control systems and make dust control equipment irrelevant. Therefore, it is necessary to study the temporal and spatial distribution of dust distribution to provide a scientific basis for choosing reasonable parameters for a dust removal system after blasting so that coal workers’ pneumoconiosis can be prevented to a certain extent.

Figure 1. Location of Wulan coal mine.
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3. Mathematical Model of Gas–Solid Two-Phase Flow


3.1. Mathematical Model of Airflow Field

The Euler–Euler model has been adopted in three dimensions for describing the continuous gas phase in the roadway. Continuity equation and momentum equation of the gas phase can be written in the following forms, respectively [21]:
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(1)




where [image: there is no content] and [image: there is no content] are the velocity, i, j = 1, 2, 3 are the x, y, and z directions, respectively, and [image: there is no content] is the turbulent stress tensor. For the whole computational domain, the particle volume concentration is very low. Even at the initial conditions, the particle volume concentration is only about 10−4%. So the impact of particle flow field can be ignored and the impact of flow field to particle phase only be considered.
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(2)




where μ represents the dynamic viscosity, μt is the turbulent viscosity, κ stands for the turbulent Kinetic energy, and δij is the Kronecker constant.


3.2. Gas–Solid Two-Phase Interaction Models

The Euler–Lagrange model has been adopted for tracking and calculating the discrete particle phase, and collisions between particles are studied based on the direct simulation Monte Carlo method. Since the particle phase concentration is relatively low, the coupling effect between the two gas–solid-phases can be ignored and only the effect of gas phase on solid phase is considered [22].

As to the particle phase, the forces produced by the relative movement of particles and air flow, field forces, the forces generated by particle–particle interactions, and the forces generated by particle–wall interactions are mainly considered [23]. Similarly, the forces generated by the interactions of gas and particles are multiple, including drag force, Magnus force, Saffman force, false quality force, pressure gradient force, and Basset force. However, considering the needs of the research, this paper only takes drag force fd. and gravity force into consideration, ignoring all the other fluid forces.
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where
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where u is the gas velocity, v is the solid phase velocity, Dp stands for the particle diameter, ε is the voidage, and p is the gas phase density.
The sample particle trajectory is tracked by using the direct simulation Monte Carlo model and the particle–particle collisions are determined through probability while considering the influence of particle rotation, which can be described as follows:
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where m is the mass and V is the velocity, r refers to the particle radius. The subscripts 1 and 2 refer to the two particles and the superscript (0) refers to values before collisions. J is the impulse exerted on particle 1, which acts on particle 2 as the reaction, n is the normal unit vector directed from particle 1 to particle 2 at the moment of contact, f is the friction coefficient of Coulomb’s friction law, and e is the coefficient of restitution. G(0) is the relative velocity of the particle centers before collision, [image: there is no content] is the tangential component of the relative velocity G(0) of the contact point before collision, and t is the unit vector in the tangential direction. The roadway wall is seen as an infinite sphere and the particle–particle collision model is adopted to deal with the collision between particles and roadway wall.
The corresponding program development of multiphase flow is completed independently by using the above gas–solid two-phase flow mathematical model. The migration rule of respirable dust after blasting in blasting driving face can be calculated and studied.



3.3. Establishment of Geometrical Model

This paper takes a blasting driving face in Wulan coal mine in China as the physical prototype, builds a geometric model, and sets related parameters. The rectangular roadway section is 4 m wide and 3 m high. The diameter of the ventilation duct is 0.8 m. The distance from the ventilation duct to the roof is 0.3 m and to the driving head-on before blasting is 14 m. The blasting cycle progress is 1.5 m (as shown in Figure 2). The air outlet velocity of ventilation duct is 10 m/s and respirable dust concentration near the driving face after blasting is 1500 mg/m3. Assume that the respirable dust of cycle progress jets is moved at a speed of 6 m/s, which is a normal operating condition when blasting coal roadway driving faces.

Figure 2. Geometric model of blasting driving roadway.
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3.4. Computational Conditions

The simulation parameters of the geometric model as well as its values are represented in Table 1.

Table 1. Calculation model parameters.


	Simulation Parameters
	Value





	Air viscosity (m2/s)
	0.000017894



	Air density (kg/m3)
	1.225



	Dust density (kg/m3)
	1500



	Time step for particle (s)
	0.000025



	Simulated particles flow time (s)
	180



	Initial dust concentration (mg/m3)
	1500



	Particle median diameter
	0.000055



	Particle dispersion index
	2.95



	Maximum particle diameter (μm)
	100



	Minimum particle diameter (μm)
	0.1



	Gas phase grid number
	530,000



	Coefficient of restitution between particles
	0.8



	Coefficient of restitution between particle and wall
	0.6



	Friction coefficient between particles
	0.3



	Average size of gas phase grid
	100 mm



	Friction coefficient between particle and roadway wall
	0.4













4. Results and Discussion


4.1. Airflow Field Distribution in the Roadway

In order to research the regularity of air flow field velocity distribution in blasting a driving coal roadway, this paper intercepts three cross sections at different heights in the roadway and Figure 3 shows the regularity of air flow field velocity distribution.

Figure 3. Air flow field velocity distribution at different heights. (A) H = 2.75 m; (B) H = 1.5 m; (C) H = 0.25 m.
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It can be found from Figure 3 that there exists an obvious vortex region at 25 m off the wind direction from the driving face. The velocity in the center of the vortex region is about 0.4 m/s, which is lower than the velocity close to the driving face and both sides of the roadway wall of the vortex region. At the region more than 25 m away from the driving face along the roadway, the velocity distribution in the roadway tends to be more uniform and stable, below 1.0 m/s. However, because of the effect of the friction between the roadway wall and air flow, the velocity in the center of the roadway is slightly higher than that near the roadway wall.





4.2. Temporal and Spatial Distribution Characteristics of Respirable Dust

In order to study the regularity of respirable dust distribution in blasting driving face, this research intercepts three cross- sections at different heights in a roadway. Figure 4 shows the regularity of respirable dust distribution on the whole.

Figure 4. Temporal and spatial distribution characteristics of respirable dust at different heights. (A) H = 2.75 m; (B) H = 1.5 m; (C) H = 0.25 m.
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As shown in Figure 4, a lot of dust enters into the roadway at a high speed under the action of the shock wave after blasting and gradually moves to the roadway outlet under the action of the air flow. Respirable dust is diluted from the back-end of the dust group to the front-end by air flow from ventilation ducts after blasting. However, due to the high initial jet velocity, the front-end respirable dust cannot be diluted in a timely manner, so the concentration in the front of the dust group stays at a high level until it is expelled from the roadway, whereas respirable dust at the back of the dust group is discharged under the entrainment effect of air flow.

As time goes on, the concentration of the respirable dust shows a gradual overall decrease and finally remains stable, exhibiting an alternate thin dense phase distribution in the roadway. The concentration of respirable dust in the vortex region, in which the velocity of air flow is low, is slightly higher than that in the surrounding areas. Obviously, the concentration of the respirable dust in the breathing zone is higher than that in the other cross sections in general. Therefore, much attention should be paid to strengthening the control of the respirable dust concentration in this area.



Figure 5, Figure 6 and Figure 7 represent the distribution of respirable dust concentration along the roadway at different heights. The China State Administration of Work Safety [24] enacted safety regulations in coal mines to provide respirable dust concentration limit values in coal mines for dust control in China, as shown in Table 2. According to Table 2, the free silica dioxide content of respirable dust in Wulan mine is between 10% and ~50%, and the maximum allowable concentration is 1 mg/m3.

Figure 5. Respirable dust concentration distribution along the roadway at the height of 2.75 m. (A) t = 30 s; (B) t = 60 s; (C) t = 90 s; (D) t = 120 s; (E) t = 150 s; (F) t = 180 s.
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Figure 6. Respirable dust concentration distribution along the roadway at the height of the breathing zone. (A) t = 30 s; (B) t = 60 s; (C) t = 90 s; (D) t = 120 s; (E) t = 150 s; (F) t = 180 s.
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Figure 7. Respirable dust concentration distribution along the roadway at the height of 0.25 m. (A) t = 30 s; (B) t = 60 s; (C) t = 90 s; (D) t = 120 s; (E) t = 150 s; (F) t = 180 s.
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Table 2. Respirable dust concentration limit values in coal mines.


	Free Silica Dioxide Content of Respirable Dust (%)
	Maximum Allowable Concentration (mg/m3)





	<10
	3.5



	10~50
	1



	50~80
	0.5



	≥80
	0.3












As shown in Figure 5, 2.07 mg/m3 is the peak value of respirable dust concentration, which appears in 38.75 m at t = 30 s and in 49.5 m at t = 60 s after blasting. The respirable dust concentration is much higher than the critical value before 60 s and decreases slowly as time goes on until, after 90 s, it remains at the concentration 0.24 mg/m3, which meets the air quality standard.



As shown in Figure 6, 1.56 mg/m3 is the peak value of respirable dust concentration, which appears at 31.75 m at t = 30 s and at 48 m at t = 60 s after blasting. After 90 s, the respirable dust concentration meets the air quality standard.



As shown in Figure 7, after blasting, the peak values of respirable dust concentration respectively are 1.03 mg/m3, which appears at 17 m at t = 30 s; 1.34 mg/m3, which appears at 31.5 m at t = 60 s; and 1.63 mg/m3, which appears at 36.75 m at t = 90 s. After 120 s, the respirable dust concentration meets the air quality standard.



4.3. Field Verification

To verify the accuracy of the numerical simulation results, two dust concentration detection points are established on the roadway axis, 10 and 45 m away, respectively, from the driving face head-on before blasting and located in the breathing zone when constructing to about 50 m in II 030702 intake airflow roadway of Wulan mine. The sample data we take from these two detection points are used as the measured results to be compared with the simulation results of respirable dust concentration after blasting. A direct-reading dust detector [25] is used to monitor the respirable dust concentration of blasting driving face after blasting. The working principle of the β-rays method is that the respirable dust mass can be calculated through changes in β-rays’ intensity received by a β-ray detector. The respirable dust mass concentration over the sampling duration is obtained according to the sampling volume. This method can realize automatic, continuous monitoring in a measurement range of 0.2–1000 mg/m3.

Figure 8 shows the comparison of measured data of respirable dust concentration and the numerical simulation results. As shown in Figure 8, on the whole respirable dust concentration exhibits a wavy distribution over time after blasting, indicating that the gas–solid two-phase flow in the roadway exhibits an alternant thin dense phase distribution. A lot of dust enters the roadway at a high speed under the action of a shock wave after blasting and gradually moves to the roadway outlet under the action of the air flow. It can be seen in Figure 3 that there is an obvious vortex region at 25 m off the wind direction from the driving face. The velocity in the center of the vortex region is lower than the velocity close to the driving face and both sides of the roadway wall of the vortex region. The location at 25 m from the driving face is within the scope of the vortex region and the airflow velocity is smaller than 45 m, which results in a respirable dust concentration that at 10 m is higher than that at 45 m. However, by comparison, there is a slight deviation between the two values. In 130–160 s of field verification, the respirable dust concentration at 45 m is slightly higher than that at 10 m, which results from complex site conditions and instrumental error. By comparison and analysis, it can be concluded that the selection of mathematical and physical models is accurate on the whole and the results of the numerical simulation are credible. To a certain degree, the numerical results can be used to guide field measurements.

Figure 8. Contrast diagram of numerical simulation results and measured data.
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5. Conclusions

In this paper, based on the direct simulation Monte Carlo method, the gas–solid two-phase flow model of particle movement is established to study the respirable dust distribution in blasting driving face in Wulan coal mine. Meanwhile, the corresponding program development of multiphase flow is completed independently. The following conclusions are summarized:

There is an obvious vortex region where the airflow velocity is lower than that close to the wall and driving face. In general, airflow velocity distribution is high at the driving face and low at the roadway outlet. Respirable dust at high concentrations in the front of the respirable dust group, which is suspended for a long time in the air, can be eliminated from the roadway under the action of the air flow. The concentration of respirable dust decreases slowly and tends to stabilize gradually, exhibiting an alternate thin dense phase distribution in a roadway. The results of the respirable dust concentration distribution serve as the scientific basis for setting the parameters of designing a dust removal system so as to control the dust concentration within a critical value in the shortest possible time. Accordingly, respirable dust whose concentration is higher than the critical value moves to the roadway outlet gradually over time. On account of this, a dust removal system should be designed in accordance with the transfinite dust migration rule so as to remove dust efficiently. In addition, due to the fact that respirable dust concentration in the breathing zone is relatively higher than that at the top and bottom of roadway, more attention should be paid to this area and more dust removal devices should be installed here.

According to the results of the numerical simulation in this study, it is imperative to design an efficient dust control and removal system to ensure the health of miners.
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Nomenclature








	u
	velocity (m/s)




	v
	solid phase velocity (m/s)




	Dp
	particle diameter (m)




	Re
	Reynolds number




	m
	mass (kg)




	V
	velocity (m/s)




	J
	impulse exerted on particle 1




	f
	friction coefficient




	e
	coefficient of restitution




	G
	relative velocity (m/s)




	n
	normal unit vector




	t
	unit vector in the tangential direction




	H
	height (m)




	r
	particle radius






Greek Letters








	ε
	voidage




	κ
	turbulence Kinetic energy (m2·s−2)




	μ
	dynamic viscosity (N·s/m2)




	μt
	turbulent viscosity (N·s/m2)




	ρ
	gas phase density (kg/m3)




	τ
	turbulent stress tensor (Pa)




	δ
	Kronecker constant
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