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Abstract

:

Spray dust reduction is one of the most economical and effective technologies for controlling coal dust in coal mining faces. We aimed to reproduce a spray dust reduction process in a simulation and investigate the mechanism by which the spray angle and airflow speed influence the dust reduction effect. Based on the DPM (discrete phase model) and the mixture model, we constructed a spray dust reduction evaluation model by considering two-way momentum coupling between the discrete phase and the continuous phase. The results showed that installing nozzles near the dust source (coal mining drum) significantly reduced the dust concentration at the coal mining face from 0.0005 kg/m3 to 0.0001 kg/m3. The increase in airflow speed and spray angle enhanced the horizontal transportation of droplets and dust, providing opportunities for the droplets to condense the dust; however, if the droplets have too large an angle, this will result in an insufficient concentration of droplets in the vicinity of the dust source. When the spray angle is 45°, increasing the airflow speed provides a better dust reduction effect. The nozzle position should also be set scientifically according to the airflow speed. Based on simulation results, a mathematical calculation model of spray dust reduction efficiency was constructed. These results can guide the key parameters of spray dust reduction systems, such as the installation position of the nozzle, the spray angle, and the airflow speed. This paper provides ideas for simulating spray dust reduction for other dust types.
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1. Introduction


Coal dust generated during coal mining threatens the health of coal miners [1,2]. In addition, it may cause serious accidents such as explosions [3], which brings great challenges to coal mine production and management. To solve the problem of coal dust in coal mines, researchers continue to explore and gradually develop spray dust reduction technology [4]. The mature and environmentally friendly characteristics of spray dust reduction technology have gradually made this an important means of dust reduction in coal mines. This technology first atomizes liquid into tiny water droplets, which are transported onto airborne dust particles and then co-settled on the ground, thus reducing the concentration of dust in the air and improving the working environment.



There are two main types of spraying used for dust reduction: internal spraying and external spraying. Internal spraying involves spraying near the drum of the coal mining machine to control the dust from its source [5]. External spraying is when a spray field forms around a coal mining drum and droplets are then used to capture coal dust particles [6]. Solution properties [7,8,9], nozzle size [10], spray pressure [11], and airflow conditions [12] are important factors in the effectiveness of spray dust reduction, for which scholars have carried out a large number of studies. Zhou et al. [13] investigated the effect of spray pressure and nozzle caliber on the atomization of the spray, and the results showed that the atomization effect of the spray was best when the nozzle diameter was 1.5 mm and the spray pressure was 5 MPa. Klima et al. [14] developed a movable water curtain near a coal mining machine and provided the optimal spray parameters for the experimental conditions (a spray angle of 75° and a spray distance of 1.37 m). Ren et al. [15] investigated the distribution law of the spray field, extending the direction of airflow, based on which a new dust removal spray system was developed. To achieve better spray atomization, some scholars have used water and air synergistic spraying [16], where the sprayed air causes the droplets to be broken up twice, further enhancing the turbulence of the sprayed liquid [17]. The dust control efficiency of air–water spray is more than 30% higher than that of ordinary water spray, and its water consumption is 30% lower than that of ordinary water mist [18]. Dominik developed a novel dust control device based on air–water spray and found an average effectiveness of more than 60% in reducing PM10 and PM2.5 dust [19].



Owing to the complexity of coal mining faces, physically similar experiments on the ground are costly and difficult to carry out. Establishing an effective numerical calculation model can guide the design of spraying and dust reduction systems in coal mining faces. Previous studies have focused on numerical simulation studies of airflow–droplet fields and airflow–dust fields. Lee et al. [20] determined the three-dimensional velocity of droplets produced by a conical atomizing nozzle and the evolution of droplet size through numerical simulation. Zhou Gang et al. [21] simulated an airflow–droplet field and an airflow–dust field in a coal mining face and successfully provided scientific guidance for a spray dust reduction system.



However, as noted, these numerical simulation studies have generally focused on airflow–droplet fields and airflow–dust fields and lack reproductions of droplet–dust coagulation and the deposition process. Therefore, using Ansys Fluent software (2022) [22], this study focuses on the dust reduction process by spraying at a coal mining face, establishes a numerical model of airflow–droplet–dust three-field coupling, and systematically researches the effect of different airflow speeds and spraying angles on dust reduction using a spraying system. These results can guide the design of spray dust reduction systems in coal mining faces, which is of great practical significance.




2. Numerical Approach


2.1. Mathematical Model


Gas is defined as a continuous medium and can be described by the Eulerian method. Spray particles are defined as a discrete medium and tracked in their lanes using the Lagrangian method. Dust and droplets can be described by the mixture (mixture model) and the DPM (discrete phase model), respectively. In the mixture model, the primary phase is air, and the secondary phase is dust. Our simulation concept is shown in Figure 1.



2.1.1. Conservation Equation


The continuity, momentum, and energy equations are as follows:


   ∂  ∂ t   (  ρ m  ) + ∇ ⋅ (  ρ m     V →   m  ) = 0  



(1)






   ∂  ∂ t   (  ρ m     V →   m  ) + ∇ ⋅ (  ρ m     V →   m     V →   m  ) = − ∇ p + ∇ ⋅ [  μ m  ( ∇    V →   m  + ∇    V →   m T  ) ] +  ρ m   g →  +  F →  − ∇ ⋅ (   ∑  k = 1  n    α k     ρ k     V →    d r , k      V →    d r , k   )  



(2)






   ∂  ∂ t     ∑ k    α k   ρ k     E k  + ∇ ⋅   ∑ k   (  α k     V →   k  (  ρ k     E k  + p ) ) = ∇ ⋅ (  k  e f f   ∇ T −   ∑ k     ∑ j    h  j , k          J →    j , k   + (     τ ¯  ¯    e f f   ⋅  V →  ) ) +  s h   



(3)




where    ρ m    is the mixture density;      V →   m    is the mass-averaged velocity;  n  is the number of phases;    F →    is a body force;    μ m    is the viscosity of the mixture;      V →    d r , k     is the drift velocity for the secondary phase;    h  j , k     is the enthalpy of species in the phase;      J →    j , k     is the diffusive flux of species in the phase; and    k  e f f     is the effective conductivity.



The force balance of the tracked particles in the calculated flow field in the Lagrangian coordinate system can predict a particle’s movement pattern, which can be expressed as follows:


   m p    d   u →  p    d t   =  m p     u →      − u  →   p     τ r    +  m p      g    ρ p  − ρ    →     ρ p    +  F →   



(4)




where    m p    is the particle mass;  u  is the fluid phase velocity;    u p    is the particle velocity;  ρ  is the fluid density;    ρ p    is the particle density;   F →   is the additional force;    m p     u →      − u  →   p     τ r      is the drag force; and  τ  is the relaxation time of the droplet.




2.1.2. Collision Model


According to the O’Rourke model [23], the collision probability of two droplets is calculated from the perspective of the larger droplet. Relatively speaking, the larger droplet has zero velocity, and its collision probability mainly depends on the relative distance between the larger droplet and the smaller droplet and the trajectory of the smaller droplet. The collision probability can be described as follows:


   P 1  =   π   (  r 1  +  r 2  )  2   v  r e l   Δ t  V   



(5)




where    P 1    is the probability of collision between a large droplet and a small droplet;  V  is the volume of the cell in the continuous phase where the small droplet is located;    r 1    is the radius of the large droplet;    r 2    is the radius of the small droplet;    v  r e l     is the velocity of the small droplet; and   Δ t   is the time step.




2.1.3. Breakup Model


The amplitude of the undamped oscillations of each droplet is first determined and denoted as:


  A =     (  y n  − W  e c  )  2  +   (     (   d y   d t   )  n   ω  )  2     



(6)






  W  e c  =    C F     C k   C b    W e  



(7)






  y = x /    C b  r    



(8)




where  x  is the displacement;  ω  is the droplet oscillation frequency; and    C F   ,    C k   , and    C b    are the three dimensionless numbers, 8, 5, and 1/3, respectively.



The droplet breaks up when   W  e c  + A > 1  .




2.1.4. Coupling between Discrete and Continuous Phases


The momentum transfer from the continuous phase to the discrete phase can be computed in the Ansys Fluent model by examining the change in momentum of a particle as it passes through each control volume. This momentum change can be computed as:


  F =  ∑  (   18 μ  C D  Re    ρ p   d p 2  24     (  u p  − u ) +  F  o t h e r   )   m ˙  p  Δ t  



(9)




where  u  is the viscosity of the fluid;    ρ p    is the density of the particle;    d p    is the diameter of the particle;    C D    is the drag coefficient;   Re   is the relative Reynolds number;    u p    is the velocity of the particle; and     m ˙  p    is the mass flow rate.



The mass transfer from the discrete phase to the continuous phase is computed in the Ansys Fluent model by examining the change in mass of a particle as it passes through each control volume. The mass change can be computed simply as:


  M =   Δ  m p     m  p , 0       m ˙   p , 0    



(10)




where     m ˙   p , 0     is the initial mass flow rate of the particle injection and    m  p , 0     is the initial mass of the particle.





2.2. Simulation Setup


To study the distribution of droplets in a coal mining face, we modeled the dimensions of a real coal mining face, but ignored obstacles other than the coal mining machine and hydraulic pillars. Figure 2 shows that the total length of the geometric model is 50 m, the height is 7 m, and it is divided into 1,996,587 meshes by the ICEM software (2022). Three water mist nozzles were set near the front and rear drums of the coal mining machine at intervals of 1.5 m, a nozzle diameter of 0.0015 m, a spray half angle of 30°, and a spray pressure of 3 MPa. The pressure, temperature, and humidity parameters of the coal mining face affect the efficiency of spray dust reduction. However, compared with the spray angle and airflow speed, these parameters have less influence on the dust reduction efficiency of the spray, so this study focuses on the influence of the spray angle and airflow speed on dust reduction efficiency.



In the numerical model, the droplets are treated as discrete phases, and the dust and air are treated as mixed phases, where the air is the main phase, coal dust is the secondary phase, and the dust diffuses with air drift. With the discrete phase model turned on, the inlet and outlet boundaries are in the escape state, and the walls are in the capture state.



To simplify the numerical calculations, we make the following assumptions:




	
Dust originates entirely from the coal mining drum, ignoring coal dust falling from the coal wall.



	
The emergence rate of coal dust is 15 g/s, its minimum particle size is 10 μm, its maximum particle size is 120 μm, and it conforms to normal distribution.



	
Neglecting the effect of obstacles other than coal miners and hydraulic pillars at the working face on the flow field.








The numerical method shows good convergence, as its solution gradually approaches the true solution in each iteration. The computation of one example took about 1536 h × core.




2.3. Validation


To verify the reliability of the droplet breakup model and the collision model, the particle size distribution of a single nozzle spray (spray angle, 30°; airflow speed, 1.5 m/s) was tested using a Malvern laser particle size analyzer(Mastersizer 3000+, Malvern Panalytical, UK) and compared with the simulation results (Figure 3). Figure 3 shows that the particle size of the droplets in the numerical simulation results is relatively large compared with the experimental test results, but in general, these two curves are very similar, confirming the reliability of the established simulation method, and the maximum error is 14%. Given the difficulty of carrying out experiments on a coal mining face, the reliability of the established simulation method was confirmed only by using the droplet size distribution data tested in the single nozzle experiment.





3. Results and Discussion


In addition to airflow speed and spray angle, many factors affect spray dust reduction. Coal dust conditions and the chemical and physical properties of the spray solution also significantly affect spray dust reduction, but airflow speed and spray angle are the easiest to adjust and thus are the most effective factors. Therefore, this study focuses on the effect of different airflow speeds and spray angles on dust reduction at a coal mining face.



3.1. The Effect of Airflow Speed on Dust Reduction


Airflow speed in coal mining faces is one of the important factors affecting spray diffusion, droplet size distribution, and dust distribution, which in turn significantly affects the spray dust reduction effect. Therefore, in this section, we first discuss the distribution characteristics of droplets in a coal mining face under different airflow conditions (1 m/s, 2 m/s, 3 m/s, and 4 m/s) and then further analyze the effect law of airflow speed on spray dust reduction.



3.1.1. Airflow Characteristics in a Coal Mining Face


Figure 4 shows the distribution of airflow speed at human breathing height (1.7 m) in a coal mining face under different airflow speed conditions. Owing to the disturbed airflow caused by the coal mining machine and the hydraulic pillar, the airflow speed distribution in the coal mining face shows the characteristics of low speed at the air inlet and air return and high speed near the coal mining machine. At the same time, a high-airflow-speed zone forms between the hydraulic strut and the coal mining machine and dilutes the dust concentration. In contrast, a low-airflow-speed zone is formed between hydraulic pillars, which is not favorable to the dilution of dust. Given the airflow speed distribution characteristics of the coal mining face, installing spray nozzles between the hydraulic pillars and the coal mining machine, especially near the drum of the coal mining machine, achieves a better dust reduction effect.




3.1.2. Characteristics of Droplet Distribution under Different Airflow Speeds


Three nozzles were arranged near the drum of the coal mining machine, and the direction of spraying was 30° downwind. Figure 5 shows the distribution of droplet sizes, from which it can be seen that the droplet sizes are between 50 and 300 μm. Because of the coalescence effect in the droplet settling process, the overall distribution of the upper droplet size is small and the lower droplet size is large.



There is a significant difference in the distribution of droplets at different airflow speeds. Owing to the effect of the coal mining machine, when the airflow speed is relatively low (1 m/s, 2 m/s, or 3 m/s), a large number of droplets settle on the surface of the coal mining machine, and a droplet settlement zone is formed downstream of the nozzle position. When the airflow speed is higher (4 m/s), the droplet movement speed is larger and the settling phenomenon on the surface of the coal mining machine is weakened. Given the overall distribution, with an increase in airflow speed, the droplets settle less, but at the same time, this will also lead to less droplet distribution near the upstream coal mining machine. This suggests that the arrangement of the nozzle should fully take into account the airflow conditions of the coal mining face, and when the airflow speed is larger, the nozzles should be moved upstream appropriately.




3.1.3. Analysis of Dust Reduction Effect


The main hazard of coal dust is its threat to the health of coal miners. The actual manway is often paved with a floor that is 5–10 cm high. In addition, according to Chinese law, women are not allowed to work underground in coal mines, so all workers underground in coal mines are men in their prime. Therefore, the height of the breathing belt considered is 170 cm. Thus, we focus on dust distribution at human breathing height (Z = 1.7 m). At the same time, we also focus on the vertical cross section of dust distribution at the nozzle position to further analyze the isolation effect of spray on the dust. Figure 6 shows that in the absence of spray dust reduction measures, a large amount of dust can be distributed in a coal mining face, and at human breathing height, the dust will spread to the vicinity of the hydraulic pillars. Downstream of the airflow, the diffusion range of the dust exhibits an increasing trend. After taking spray dust reduction measures, the dust concentration is significantly reduced, both at human breathing height and at the spray isolation face. Arranging nozzles near the drum of the coal mining machine has a significant effect on suppressing coal dust diffusion.



Figure 7 shows that when the spray angle is 30°, the dust concentration in the coal mining face is significantly reduced with the increased airflow speed. It should be noted that there is almost no dust near the upstream drum of the coal mining machine in Figure 6, which is because human breathing height is not on a level with the upstream drum of the coal mining machine and not because the droplets settled all of the dust. The dust distribution near the downstream drum of the coal mining machine better reflects the effect of spray dust reduction under different airflow speeds. As discussed in Section 2.1.2, as the airflow speed increases, a large number of droplets rapidly diffuse downstream and settlement on the coal miner is attenuated. On the other hand, the increase in airflow will cause a large amount of dust to rapidly diffuse downstream, which in turn dilutes the dust concentration in the vicinity of the coal miner. Thus, the dust concentration at human breathing height becomes smaller as the airflow speed increases.



In coal mining faces, the workers are usually located close to the hydraulic pillar side, with none near the coal mining machine. Therefore, if the spraying system can isolate the dust on the side of the coal mining machine and reduce its spread to the hydraulic pillar side, it can protect the staff from dust hazards. Therefore, we also focus on the isolation effect of the spray on the dust. Figure 8 illustrates the distribution of dust concentrations in the vertical cross section at the location of the nozzle under different airflow speed conditions. When the airflow speed is 1 m/s, the dust concentration in the isolation zone is high, the maximum concentration is 0.0005 kg/m3, and the isolation effect of the spray on the dust is very poor. With an increase in airflow speed, the isolation effect improves more and more, and when the airflow speed increases to 4 m/s, the maximum dust concentration in the isolation belt is only 0.0001 kg/m3.



Figure 9 shows the dust reduction efficiency of the system for a human breathing belt in the coal mining face under different airflow speed conditions. When the airflow speed is 0.5 m/s, the dust reduction effect is poor, and its rate is only about 60%. On the other hand, an increase in airflow speed accelerates the dust diffusion, but also increases the distribution range of the spray, which in turn increases the efficiency of the spray dust reduction system. However, when the airflow speed exceeds 2 m/s, increasing the airflow speed has a limited effect on the improvement in dust reduction efficiency.





3.2. The Effect of Spray Angle on Dust Reduction


In addition to airflow speed, spray angle is one of the key factors in determining the effect of dust reduction via spraying. It can be adjusted according to the effect of dust reduction, whereas adjusting airflow speed is a complex operation. The spray angle determines the direction of the droplets’ exit momentum, which is a key factor in determining spray diffusion characteristics. Therefore, this section focuses on the distribution characteristics of droplets and their dust reduction effects under different spray angles at an airflow speed of 1.5 m/s.



3.2.1. Characteristics of Droplet Distribution under Different Spray Angles


Figure 10 shows the particle size distributions of the droplets when the spray angle is 15°, 30°, 45°, or 60°. The change in spray angle affects droplet distribution. Figure 8 shows that when the spray angle is 15°, a large number of droplets gather near the drum of the coal mining machine, and as the spray angle increases, the droplets near the upstream drum of the coal mining machine are reduced. As the spray angle increases, the droplets’ nozzle momentum direction changes, the vertically downward momentum component decreases, and the droplets are more likely to spread downstream with the airflow. This phenomenon can be more obviously seen in the distribution of droplets near the main body of the coal mining machine: when the spray angle is small, the distribution of droplets near the main body of the coal mining machine is lessened, whereas when the spray angle is larger (60°), it is greater.




3.2.2. Analysis of Dust Reduction Effect


Figure 11 demonstrates the distribution of dust mass concentrations at human breathing height (Z = 1.7 m) at spray angles of 15°, 30°, 45°, and 60°. The different heights of the two drums of the coal mining machine result in a significant difference in the dust concentration near the two drums at human breathing height. The dust near the downstream drum of the coal mining machine is mainly dominant at human breathing height. Figure 8 shows that the increase in spray angle reduces the dust concentration near the drum: when the spray angle is 45°, the spray dust reduction effect is best, and continuing to increase the spray angle is not beneficial to the effect of coal dust settlement.



Figure 12 shows the distribution of the dust mass concentration on the isolation face at different spray angles. The effect of the change in spray angle on the distribution of dust on the isolation surface is similar to that of human breathing height, i.e., with the increase in the spray angle, the dust concentration on the dust isolation surface is reduced, and when the spray angle is 45°, the spray dust reduction effect is best. Continuing to increase the spray angle is thus not beneficial to the effect of coal dust settlement. When the spray angle is too small, the nozzle momentum is mainly vertically downward, and it is difficult for the droplets to spread in the horizontal direction, resulting in poor dust reduction. When the spray angle is too large, a large number of droplets drift downstream with the airflow, resulting in insufficient droplet concentration near the drum. When the spray angle is 45°, the droplets can spread well, both vertically and horizontally.



Figure 13 shows the dust reduction efficiency of the system for a human breathing belt in a coal mining face at different spray angles. When the spray angle is lower than 45°, the dust reduction efficiency increases with an increase in spray angle: when the spray angle is greater than 45°, the dust reduction efficiency decreases with an increase in spray angle. When the spray angle is 45°, the spray dust reduction effect is best, and the dust reduction efficiency reaches 82.5%.





3.3. Mathematical Modeling of Spray Dust Reduction Efficiency


According to Ma and Hou’s theory [24], the amount of dust settling per unit of time and unit of volume can be expressed as:


  δ M =  3 2     U  d g   q  η E  c A    D C  ×   10   − 6      



(11)




where    U  d g     is the relative velocity between the droplets and the wind flow, denoted as    U  d g   =  U d  +  U g   .    U d    is the velocity of the droplets, m/s, and    U g    is the velocity of the wind flow, m/s. In addition,  q  is the volume content of the droplets, i.e.,   q =    Q L     U d  A    , where    Q L    is the total volume flow rate of the droplets, m3/s;    η E    is the dust collection efficiency of the individual droplets; and    D C    is the droplet qualitative size (for spherical droplets, we give their diameters in micrometers).



According to the law of conservation of mass and Equation (11),


  −   d c  c  =  3 2     U  d g    Q L   η E     U g   U d  A  D C  ×   10   − 6     d x  



(12)







Integrating both sides provides:


  ln c =   − 3  U  d g    Q L    2  U g   U d  A  D C  ×   10   − 6      η E  d x + a  



(13)







Assuming that the original dust concentration is    c 0   , when   x = 0  ,   c =  c 0   , and   a = ln  c 0   , the dust concentration,  c , can be written as follows:


  c =  c 0  exp (   − 3  U  d g    Q L   η E  x   2  U g   U d  A  D C  ×   10   − 6     )  



(14)







The dust reduction efficiency,  η , can be expressed as:


  η =    c 0  − c    c 0    = 1 −  c   c 0    = 1 − exp (   − 3  U  d g    Q L   η E  x   2  U g   U d  A  D C  ×   10   − 6     )  



(15)







To simplify the calculation, only the inertial impact effect between dust and droplets is considered, and 1.05 × 103 kg/m3 is taken as the density of the coal dust particles. In addition, the cross-sectional area, A, of the roadway is 12 m2, the average airflow velocity of the hewing face is 1.5 m/s, and the aerodynamic viscous coefficient is 1.8 × 10−5 Pa.s. By substituting the above parameters, Equation (15) can be further simplified as [25]:


  η = 1 − exp     −  Q L  x   12  D C  ×   10   − 6       (  1  1 +   0.108  D C     D P 2   U d      )  2     



(16)







   Q L    is the spray flow rate, which mainly characterizes the spray velocity and spray range. Since it is difficult to accurately test droplet velocity distribution and droplet size distribution experimentally, the spray flow rate is used to characterize the spray particle size and droplet size in general. In this study, the computational domain is considered as a whole, and therefore, the spray range is assumed to be one, with   x = 1  , and a correction factor,  k , is introduced in Equation (16). In a previous study [23], the droplet size and droplet velocity in Equation (16) were ultimately expressed as expressions of the spray pressure as well, but in fact, the droplet velocity and droplet size are affected by the spray pressure and by the airflow speed and spray angle. Therefore, in this study, we focus on the influence of the spray angle and airflow speed on droplet velocity and droplet size and then establish the mathematical model of that influence on the effect of spray dust reduction. Equation (16) can be rewritten as:


  η  = 1 -  exp     − K  Q L     D C      (  1  1 +   0.108  D C     D P 2   U d      )  2     



(17)







Depending on the flow rate of a single nozzle and the number of nozzles, this can be expressed as:


   Q L  = n Q =   n π  4   C q   d 2      2 p  ρ    ×   10   − 3   = 4.82 ×   10   − 5    p   



(18)







Based on the simulation results, the following droplet sizes and droplet velocities were derived as a function of spray angle and airflow speed.



Droplet sizes (Figure 14):


   D C  = 248.4  α  − 0.076    V  a i r   − 0.043    



(19)




where  α  is the spray angle, and    V  a i r     is the airflow speed.



Droplet velocities (Figure 15):


   U d  = 2.7335  α  0.186    V  a i r   0.065    



(20)







Therefore, the dust reduction efficiency can be expressed as:


  η  = 1 -  exp     − K 4.82 ×   10   − 5    p    248.4  α  − 0.076    V  a i r   − 0.043       (  1  1 +   0.108 × 248.4  α  − 0.076    V  a i r   − 0.043     2.7335  D P 2   α  0.186    V  a i r   0.065       )  2     



(21)







This can be simplified as:


  η  = 1 -  exp     − 1.94 ×   10   − 7   K  p     α  − 0.076    V  a i r   − 0.043       (  1  1 +   9.814  α  − 0.236    V  a i r   − 0.108      D P 2      )  2     



(22)









4. Conclusions


A numerical model that can simulate the process of droplet diffusion, dust diffusion, and droplet and dust coagulation and deposition was established, providing a new method for numerical simulation studies of spray dust reduction. Using this numerical model, the dust reduction effect of a spraying system in a coal mining face under different airflow speeds and spraying angle conditions was investigated, and the following conclusions were obtained.



	
Dust in coal mining faces mainly spreads downstream in the direction of airflow and the direction of hydraulic pillars, threatening the health of workers. Setting spraying nozzles near the dust source (the drums of the coal mining machine) can significantly reduce dust concentrations in coal mining faces from 0.0005 kg/m3 to 0.0001 kg/m3.



	
An increase in airflow speed in a coal mining face increases the stagnation time of the droplets and coal dust, which provides more opportunities for the droplets to condense and settle the dust, and thus more dust settles. When the spray angle is too small, it is difficult for the droplets to spread horizontally. However, when the spray angle is too large, it will lead to an insufficient concentration of droplets near the dust source (the drums of the coal mining machine). When the spray angle is 45°, the spraying system has the best spreading range both vertically and horizontally and the best effect on dust reduction.



	
Our numerical method successfully reproduces the process of spray dust reduction and provides a tool for studying this process. In addition, based on the influence mechanism of airflow speed and spray angle on the movement of spray droplets, a mathematical method is proposed to quickly calculate spray dust reduction efficiency, which can provide a reference value for mine dust management.



	
The numerical method proposed in this study is currently only applicable to coal dust reduction using water spray. However, it provides ideas for simulating spray dust reduction for other dust types. For other dusts without chemical reactions, its collision, aggregation, and settling patterns with water droplets are similar to those of coal dust, and the greatest differences are in the physical parameters of the dust particles. It is believed that the numerical method proposed in this manuscript can also be made applicable to other dusts by modifying the physical parameters of the dust particles.
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Figure 1. Simulation flowchart. 
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Figure 2. Geometric model of the coal mining face. 
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Figure 3. Comparison of droplet size distributions between simulation results and experiment data. 






Figure 3. Comparison of droplet size distributions between simulation results and experiment data.



[image: Processes 12 00937 g003]







[image: Processes 12 00937 g004] 





Figure 4. Airflow speed at human breathing height in coal mining face. 
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Figure 5. Size distribution of droplets in a coal mining face with different airflow speeds (3D view). 
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Figure 6. Effect of spraying on the distribution of dust concentration (airflow speed, 2 m/s; spray angle, 30°). 
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Figure 7. Distribution of dust at human breathing height under different airflow speeds (spray angle of 30°; airflow speed of 1–4 m/s). 
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Figure 8. Distribution of dust at isolation face under different airflow speeds (spray angle of 30°; airflow speed of 1–4 m/s). 
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Figure 9. Dust reduction efficiency of human breathing belt at different airflow speeds (spray angle of 30°). 
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Figure 10. Size distribution of droplets in coal mining face with different spray angles (3D view). 
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Figure 11. Distribution of dust at human breathing height under different spray angles (airflow speed of 1.5 m/s; spray angle of 15–60°). 
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Figure 12. Distribution of dust at isolation face under different spray angles (airflow speed of 1.5 m/s; spray angle of 15–60°). 
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Figure 13. Dust reduction efficiency of human breathing belt at different spray angles (airflow speed of 1.5 m/s). 
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Figure 14. Correlation between droplet size and spray angle/airflow speed. 
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Figure 15. Correlation between droplet velocities and spray angle/airflow speed. 
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