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Abstract

:

In order to accurately characterize and evaluate dust particle diffusion in the dynamic tunneling process of a boring machine, this study considers the 31,116 main transport chute heaving face of the Lijiahao coal mine as a case study. A dynamic tunneling model is developed considering the real dynamic tunneling state of the header, to carry out an in-depth analysis of the spatial and temporal evolution of wind flow and dust dispersion in the tunnel under dynamic excavation. In addition, the results were compared against the calculations of a static standard excavation model of a conventional header. Employing CFD analysis accompanied by field measurements, it was highlighted that the dynamic tunneling of the header leads to an increase in the pressure difference and the turbulent kinetic energy at the working face. Moreover, an increase in the number of vortices was reported, and a higher concentration of dust spreads more quickly along the return wind side wall to the return flow area. On the other hand, the high concentration of dust under the standard tunneling model was found to accumulate a lot on the return wind side. Simultaneously, as the distance between the pressurized air outlet and the working face increases, the average wind speed in the vortex-type wind flow area at the front of the tunnel decreases. When t = 60 s, the return flow area expands to a space of 8 m~24 m from the head, and the dust accumulated above the header spreads to the back of the header to form a high concentration dust region of more than 500 mg/m³. It was shown that the range of high-concentration dust clouds in the breathing zone decreases compared to the results of the standard tunneling model. Moreover, the dust concentration in the breathing zone of the driver is significantly lower than that reported by the standard tunneling model. Based on the results of the field test, the average error between the simulated and measured data of the dynamic tunneling model was calculated to be around 6.46%, thus demonstrating the model’s capability in describing the real working conditions of the heave tunnel.
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1. Introduction


Being the resource with the highest share of China’s energy supply, coal has made a huge contribution to the country’s industrial development and social progress. Due to the increasing automation and robotization of coal mining nowadays, the issues of dust pollution in underground tunnels have become more serious [1,2]. It was reported that if no dust reduction measures are taken, dust at the working face can be as high as 2–3 g/m3, which seriously reduces visibility and causes great pollution in the working environment [3,4,5,6]. This in turn leads to an increase in the rate of pneumoconiosis among miners, which has been increasing year after year, and thus seriously threatens the lives and health of workers onsite [7]. As highlighted in Figure 1, according to data published by the National Health and Wellness Commission, new pneumoconiosis cases accounted for up to 84.19% of the total occupational cases in 2020 [8,9].



The study of the spatial and temporal evolution of air flow and dust in the heaving tunnel, as well as the investigation of the theoretical basis for the regulation and control of the ventilation and dust removal, are necessary in order to effectively address the issue of dust pollution in the working environment, and the health risks of workers at the heaving face.



Currently, the dust dispersion pattern of header workings is mainly explored through field sampling, actual measurements, and experimental analysis [10,11]. However, due to the complex operating conditions and geological environment, many complex working locations cannot be measured, and thus comprehensive data cannot be obtained. It is also a complicated task to simulate the complex field conditions in the laboratory to obtain accurate dust dispersion patterns. Therefore, and due to the recent advancements in computer tools and software development, numerical simulation is regarded as a practical and feasible technique for simulating excavation face working conditions and assessing dust dispersion.



Furthermore, the use of numerical simulations and analysis can more easily predict and simulate the complex working conditions of the excavation face and visualize the dust dispersion. In this context, a large number of scholars conducted numerical simulations to study the ventilation and dust transport patterns of the roadways [12,13,14,15,16]. Wang [17] investigated the two-phase gas-solid flow theory using the CFD-DEM model in Fluent. The study examined the spatial and temporal dust pollution legislation and the dust cleaning technology of the tunnel head spray. The particle size distribution of the spray atomization at six different water pressures from 0.5 to 5 MPa was also studied. As a result, the optimal pressure and angle of the spray were determined. Moreover, field tests were conducted, and a dust reduction rate of up to 90% and a respiratory dust reduction rate of up to 85% were applied to reach a new level of dust control technology in the tunnel.



In a connected study, Cai et al. [14] compared the dust dispersion law under different extraction volumes and barrel heights, considering both long-pressure and short-pump ventilation conditions. It was found that when the pressure air volume remains constant, the dust dispersion distance decreases as the extraction volume increases. In addition, as the barrel height increases, the dust dispersion distance first decreases and then increases. The study also determined the extraction volume and barrel height with the best dust. Jiang et al. [18] studied the air flow and dust pollution patterns of pressurized ventilation with long pressure and short-extraction ventilation (dust extraction fan with header) under nine different dust sources by combining similarity tests and numerical simulations. Based on the investigation carried out, the removal efficiency was found to reach up to 93% when the dust extraction fan with the header was turned on, demonstrating that it could efficiently control dust pollution on the header face. In addition, Jiang analyzed the transport and settlement rules of dust particles on the working face under four different environmental parameters at altitude. As a result, the optimal diameter-axis air volume ratio and pressure-pumping ratio were highlighted under the combination of a dust removal fan and dust control of the attached wall duct at the high-altitude mine [19]. The remeshing dynamic mesh model is also used to analyze the dust mass concentration distribution and particle size distribution in the working area, when the cutting head is in different process positions.



Furthermore, Li [20] considered the principle of full-section cyclonic air curtain dust control and employed numerical simulations to study a method of dust removal by combining wall cyclonic ventilation with air curtain dust control. The study analyzed the effect of different widths and lengths of the wall air cylinder strips on the dust removal effect of the system. As a result, the optimal wall air cylinder strip parameters were determined. Moreover, the study compared the dust concentration before and after the opening of the air curtain with field measurements.



Hua et al. [21,22,23] employed the Fluent software to examine the dust removal effects of two ventilation strategies, long-pressure and short-pump ventilation and press-in ventilation, in the comprehensive excavation face of the rock tunnel. In the investigation, they used MATLAB programming to calculate the spatial and temporal evolution process of dust in the comprehensive excavation road. As a result, they developed a multi-radial cyclone wind control dust removal method to compare dust removal on the road under different multidirectional cyclone wind curtain generators with the distance from the digging head and axial pressure air volume. A more detailed study of multi-directional cyclonic air curtain dust control was also carried out. The dust reduction effect of six types of wind curtain generator positions and the lower rock tunnel were compared. Additionally, the best ventilation dust reduction parameters were determined. Using simulation software, Yin et al. [24] improved the press-in air curtain’s ability to control dust on the comprehensive excavation face by adjusting three ventilation parameters: the height of the air curtain at the bottom of the plate; the degree of the air curtain at the press of the closest coal wall; and the length of the air curtain from the working face.



In another study, Yang [25] studied the effects of different sides’ exit airflow dispersion angles α, angle β and the diameter-axial airflow ratio γ on the dust field. In the study, the gas-solid two-phase flow theory was employed to construct a finite element model of the dust dispersion, in addition to the reasonable control range of each control parameter under mixed ventilation. The authors then proposed a modular airflow diversion system and dust control technology to solve the problem of the unreasonable configuration of mixed ventilation airflow parameters in the tunnel. Moreover, Lu [11] simulated the tunneling process under cutter rotation based on the sliding mesh model (SMM) and the multiple reference frame (MRF) model in Fluent based on the dynamic rotation of the real cutter head. The study is considered one of the first investigations into the theory of an additional airflow field caused by the rotating cutter, revealing the impact of the cutter on dust dispersion in the tunnel under various rotation speeds.



The studies mentioned above provide a solid foundation for understanding dust transport laws at the heaving work face. However, the block of studies in the literature concentrates on the dust pollution mechanism when the header is kept relatively stationary with the working face and the wind barrel. On the other hand, the research on considering and evaluating the effect of the real movement speed of the header on the dust diffusion distribution law is still missing. In order to describe the most realistic dust diffusion phenomenon during the excavation process, the dynamic advancement of the header movement and the working face is a key technical aspect to be investigated. At the same time, during the actual operation of tunneling tunnel workers, the digging surface will keep advancing with the header under one shift operation time (about 8 h). However, the position of the wind pipe remains unchanged, i.e., the distance of the wind pipe from the header is in the process of becoming larger. With the dynamic progress of the header, the dust source also changes dynamically, and as the distance between the working face and the wind tunnel increases, the effect of the round-hole jet of the pressurized wind from the wind tunnel on the airflow of the header part of the header changes, therefore having an impact on dust movement during excavation.



Therefore, in this paper, the dust movement phenomenon under the condition of header excavation movement will be studied based on the dynamic mesh technology and the discrete phase particle tracking technology. In addition, the effect of changing the flow field caused by the header and the working face movement will be considered. Then, the dust dispersion characteristics at a certain header advancement speed will be evaluated and compared with the results of the traditional model of the header, the working face, and the duct relative static model. Based on the comparison, the differences and similarities between the vortex zone, the turbulent kinetic energy inside the tunnel, and the high dust concentration zone generated by the header dynamic advancement, are highlighted.




2. Mathematical and Physical Modeling


2.1. The Establishment of the Physical Model


2.1.1. Physical Model


The physical model of the heaving face is established in the SolidWorks software by considering a 1:1 equal scale, as shown in Figure 2. The 31,116 main transport chute heaving face of the Lijiahao coal mine of Baotou Energy is considered in this study as the research object. The cross section of the tunnel is rectangular, with the following dimensions: 45 m × 5.5 m × 3.8 m (length × width × height). The maximum absolute gas outflow at the header is 0.34 m3/min, which is considered a low gas mine. The pressed-in ventilation system is used to supply air to the working face. The wind pipe is located at a radius of 0.5 m on the left side of the direction of the header, at 0.25 m from the side wall of the tunnel, with the central axis at 2.9 m from the ground. The length of the header is 8 m, the width is 3 m, and the height is 2.2 m. The coordinates of the driver’s position are X = 0.5 m, Y = 1.5 m, and Z = 6 m, where the distance from the air outlet of the air duct in the Z direction is 5 m. This distance gradually becomes larger as the header digs forward. The frontmost coal wall of the model is the working surface and will continue to dig forward with the header and its surrounding fluid domain. So, the fluid domain behind the header working surface becomes larger. Furthermore, the computational domain is created by Boolean operations using SpaceClaim and then imported into ICEM to divide the mesh. The 3D model is depicted in Figure 2 with the X direction pointing from the pressurized air cylinder to the right wall of the tunnel; the Y direction pointing from the bottom of the tunnel to the top of the tunnel; and the Z direction pointing from the coal wall to the exit end of the tunnel.




2.1.2. Mesh Independence Test


In numerical analysis, the quality of the mesh determines the computational efficiency of the model and the accuracy of the simulation results. Thus, a high-quality mesh is very important. Considering that the combination of the dynamic mesh model and the Discrete Phase Model (DPM) requires a large computational volume, a combination of a tetrahedral unstructured mesh and a hexahedral structured mesh is employed in this study for the meshing method. Nevertheless, the fluid domain is divided into two parts by ICEM partitioning, Fluid_01 and Fluid_02. The first 9 m of the heald tunnel is set as Fluid_01 and the remaining space of the heald tunnel is set as Fluid_02. For those two parts, a total of 552,308 hexahedral meshes are obtained by dividing them into blocks and setting the local mesh size to 0.1 m and 0.04 m, respectively. To ensure the quality of the mesh around the header under the rigid body movement of the dynamic mesh, the boundary layer of the header is optimized and encrypted using the inflation method to obtain a total of 1,043,923 tetrahedral meshes and 1,596,231 meshes for the header tunnel model, as shown in Figure 3.



When specifying the ratio of the cell volume to the side length, the mesh quality is a crucial parameter in evaluating the feasibility of the mesh. As shown in Figure 4, 99.8% of the mesh quality of the model is distributed between 0.52 and 1, with only 1580 meshes having a quality of 0.4–0.52. Meanwhile, the mesh quality report in the Fluent (18.0) solver shows that the orthogonal degree quality in the model is also greater than 0.4015, demonstrating that the generated meshes can complete the dynamic mesh model and DPM model with higher quality.



In addition, the greater the number of grids, the greater the degree of encryption, and the greater the computational accuracy when utilizing the same division method and the local encryption method for regions with large changes in physical values. However, when the number of grids increases above a certain critical range, the improvement in the computational accuracy is no longer significant and the consumption of computational resources is huge. Therefore, the grids cannot be encrypted indefinitely and it is necessary to determine a reasonable level for the number of grids, as highlighted in Figure 4. This work divides three grids quality degrees: low (Mesh I 964275), medium (Mesh II 1596231), and high (Mesh III 2167302) by ICEM.



Two monitoring lines were set up in the model: one in the back of the header with (X = 0 m, Y = 1.5 m, Z = 9 m) and (X = 5.5 m, Y = 1.5 m, Z = 9 m) as endpoints, and the other on the return side with (X = 5 m, Y = 1.5 m, Z = 0 m) and (X = 5 m, Y = 1.5 m, Z = 45 m) as endpoints. As shown in Figure 5, the wind speed of the three considered grids has a similar trend, and the average wind speed of the three mesh grids in the first monitoring line is 0.63, 0.57, and 0.55.



In the second monitoring line, the change trends of mesh grids I and III are basically the same, while mesh grid I shows a slight increasing trend in Z = 40 m~45 m and an opposite decreasing trend to the one followed by mesh grids II and III. Based on the results of the mesh independence test, the mesh number 1,596,231 was selected as the mesh model for the computational analysis in this article in order to guarantee the accuracy of the simulation findings and to conserve computational resources.




2.1.3. Setting of Boundary Conditions


In terms of the boundary conditions, the fundamental wind flow parameters were set in conjunction with the actual air circulation circumstance of the 31,116 synthesis tunnel, with a pressure air cylinder pressure air volume of 470 m3/min. In the investigation and analysis of the actual dust production at the heaving face, dust is released from the cut-off head with a mass flow rate of 0.01 kg/s.


   Q m  = k c v A  



(1)




where    k   is the scale factor, defined as the ratio of simulated to real concentration at the same coordinate position,    c   is the dust concentration in kg/m3  ,   v   is the velocity of wind flow in m/s and    A   is the cross-sectional area of the roadway in m2.



In order to determine the DPM dust particle parameter settings in the later simulations and to analyze the particle size of the dust collected from the 31,116 excavation face of Lijiahao coal mine, this paper uses the existing laboratory instrument WKL-722 dust dispersion tester to test the extracted dust. The images of the dust particles sampled and the dust particle size distribution were observed under the electron microscope, as shown in Figure 6.



According to Table 1, it can be seen that the dust particle size of the digging working face is basically below 100 μm, and the dust between 5 and 100 μm only accounts for 25.1% of the total dust. The cumulative distribution of dust (perimeter equivalent particle size <5 μm) is 74.9%. Accordingly, the maximum particle size of 100 μm and the minimum particle size of 1 μm are set as the parameters of the numerical simulation dust source in this paper, and the Rosin-Rammler function is used. See Table 2, Table 3 and Table 4 for specific parameter settings.



The wall of Fluid_01 is defined as’ Deforming’ in order to keep the overall basin shape of the header and the working surface moving forward without deformation, and the Layering body mesh regeneration method based on constant height is used. To speed up mesh iteration, the default settings for the separation factor and the collapse factor are set to 0.6 and 0.4, respectively [26,27]. As shown in Figure 7, the process of Layering body mesh iteration for the header and the surrounding watershed can be seen based on the mesh variation of plane 1 at X = 2.75 m selected.





2.2. The Establishment of the Mathematical Model


The airflow in the underground heaving tunnel is dominated by the round-hole jet generated by the pressure and extraction cylinder, which belongs to the turbulent flow with a high Reynolds number. Therefore, to describe the continuous medium flow field and the diffusion of dust particles in more detail, the standard k-epsilon model (k-ε dual) is used.



2.2.1. The Motion Equation of Airflows


The equation model in the Euler coordinate system is used to describe the gas continuous phase diffusion law [28]. In order to simplify the model to optimize the calculation volume, the effect of temperature during the tunneling process of the integrated tunnel is ignored. Therefore, only the momentum equation and the continuity equation are solved, and the solution of the energy equation is not required. The Reynolds time-averaged Navier-Stokes equation is obtained by converting the flow variables into the sum of the average and pulsation components based on the effect of pulsation. Moreover, the indicator symbols in the stress tensor are introduced to rewrite the continuous phase diffusion law to facilitate computational analysis. The momentum equation is rewritten into the tensor indicator form of the time-averaged continuous equation and Reynolds equation [29,30], i.e., Equations (2) and (3).


    ∂  ρ f    ∂ t   +  ∂  ∂  x i     (   ρ f    u →  i   )  = 0  



(2)






   ∂  ∂ t    (   ρ f    u →  i   )  +  ∂  ∂  x j     (   ρ f    u →  i    u →  j   )  = −   ∂ p   ∂  x i    +  ∂  ∂  x j     [   (   μ f  +  μ t   )   (    ∂   u →  i    ∂  x j    +   ∂   u →  j    ∂  x i     )   ]   



(3)




where    ρ f    is density of the fluid, kg/m3;   u →   is airflow speed, m/s;  x  is the coordinate of X, Y, Z direction, m;   l ˙   is the tensor symbol, taken as 1, 2, 3;  j  is the tensor symbol, taken as 1, 2, 3;    μ f    is the laminar viscosity coefficient, Pa·s.



Nevertheless, the Navier-Stokes equations cannot accurately describe the details of turbulent motion in the tunnel due to the nonlinear analysis based on the current calculation conditions. These are based on the complex environment of the tunneling operation and the strong turbulence effect of the gas-phase flow field in the local area. Considering that dust is influenced by wind flow as well as the joint influence of roadheader, conveyor, and duct in the tunnel, the standard k-epsilon model is adopted in this study (model of   k − ε   two-sided equation model). Such a model is widely used in research into coal mine ventilation engineering. The corresponding Equations (4) and (5) introduce both turbulent kinetic energy (k) and its turbulent dissipation rate ( ε ) of the transport equation [31,32].


    ∂  (   ρ f  k  )    ∂ t   +   ∂  (   ρ f  k   u →  i   )    ∂  x i    =  ∂  ∂  x j     [   (   μ f  +     u →  i     σ k     )    ∂ k   ∂  x j     ]  −  ρ f  ε +  G k   



(4)






    ∂  (   ρ f  ε  )    ∂ t   +   ∂  (   ρ f  ε   u →  i   )    ∂  x i    =  ∂  ∂  x j     [   (   μ f  +     u →  i     σ ε     )    ∂ ε   ∂  x j     ]  −  C  2 ε    ρ f     ε 2   k  +    C  1 ε   ε  k   G k   



(5)







In Equation (4), the turbulent dissipation rate    ε   is defined as:


  ε =    μ f     ρ f     (    ∂     u ’  →   i    ∂  x k     )   (    ∂     u ’  →   j    ∂  x k     )   



(6)







In addition, the turbulent viscosity is expressed in terms of the turbulent energy  k  and the turbulent dissipation rate  ε  as a function of:


   μ t  =  ρ f   C μ     k 2   ε   



(7)







The turbulent Kinetic Energy  k  based on the average velocity gradient Generation    G k   :


   G k  =  μ t   {  2  [     (    ∂  u →    ∂ x    )   2  +    (    ∂  v →    ∂ y    )   2  +    (    ∂  w →    ∂ z    )   2   ]  +    (    ∂  u →    ∂ y   +   ∂  v →    ∂ x    )   2  +    (    ∂  u →    ∂ z   +   ∂  w →    ∂ x    )   2  +    (    ∂  v →    ∂ z   +   ∂  w →    ∂ y    )   2   }   



(8)







The empirical constants     C  1 c     = 1.44 and     C  2 c     = 1.92 and the Prandtl numbers     C μ    = 0.09,    σ k    = 1.00 and    σ ε    = 1.3, corresponding to the turbulent kinetic energy k and turbulent dissipation rate ε, were obtained based on the recommended values by Launder combined with subsequent experimental verification.




2.2.2. The Motion Equation of Dust Particles


The dust particle size generated by the roadheader during the tunneling process is small, as is the initial velocity given by the cutter head. The cutoff point in the coal wall is mainly affected by the random diffusion of the wind flow, which manifests itself as the discrete phase driven by the turbulent phase continuous flow field in the header tunnel [33,34]. Therefore, the DPM model using the Euler-Lagrange method can describe the diffusion trajectory of dust particles. Based on the weight balance of the dust particle mass point in the Lagrange coordinate system, the dust differential equations are obtained and given by Equations (9) and (10) [35].


   m p    d   u →  p    d t   =  ∑   F →  =   F →    D      +   F →    P      +   F →    G      +   F →  M  +   F →    S       



(9)






    d   u →  p    d t   =   F →  D   (    u →  f  −   u →  p   )  +   g  (   ρ p  −  ρ f   )     ρ p    +   F →    P      +   F →  M  +   F →    S       



(10)






    F →  D  =  m p      u →  f  −   u →  p     τ r    =  m p    18   24      ρ f     ρ p       C D     d p    ‖   u →  f  −   u →  p   ‖ (    u →  f  −   u →  p   )   



(11)






   τ r  =    ρ p   d p 2    18  μ f      24    C D  R e    



(12)






  R e =    ρ f   d p  ‖   u →  f  −   u →  p  ‖    μ f     



(13)






   C D  =  {            0.44    R e > 1000        24 + 3.6 R  e  0.687     R e      R e ≤ 1000       



(14)







   m p    is the particle mass,      u →  f    is the fluid phase velocity in m/s,     u →  p     is the dust particle velocity in m/s,    μ f    is the molecular viscosity coefficient of the fluid,    ρ p    is the discrete phase particle density in kg/m3,     ρ f    is the gas phase fluid density in kg/m3,    d p    is the particle diameter in m, and   R e   is the relative Reynolds number. As determined by the Reynolds number range in the turbulent flow region of the heaving workface,    C D    [17] is the drag coefficient. Based on the Reynolds number range in the turbulent zone of the header, the Reynolds number is calculated.


    F →    P      = −  1 6  π  d p 3    ∂ P   ∂ l    



(15)






    F →    G      =  1 6  π  d p 3   (   ρ p  −  ρ f   )  g  



(16)






    F →  M  =  1 8  π  d p 3   ρ f    ω →      (    u →  f  −   u →  p   )   



(17)






    F →    S      = 1.61  d p 3     ρ f   μ f     (    u →  f  −   u →  p   )      d   u →  p    d y      



(18)






    u →  p  = r   w →  p  = r ×   2 π n   60    



(19)







    F →    D       is the dragging resistance force [36],       F →    P        is the force of the pressure gradient,    ∂ P   ∂ l     is the pressure gradient along the flow direction,      F →    G        is the combined force of gravity and buoyancy,     F →    M        is the Magnus force,     F →    S        is the Saffman force,    r   is the radius of the cutting head of the integrated roadway in m,     w →  p    is the angular velocity of the cutting head in m/s, and  n  is the speed of the cutting head in r/min. It is noted that the speed of the wind flow in the drilling head of the integrated roadway is much greater than the speed of the dust movement. In this regard, the force of the wind flow on the dust becomes a positive value, leading to the acceleration of the dust under the wind flow. With the focus being on the gravity and buoyancy of the dust particles, other parameters of lower orders of magnitude could be ignored, such as the drag. Ignoring forces of smaller magnitude such as the drag, Equation (10) (in the x-y direction) can be rewritten as [37]:


    d   u →   p x     d t   =    (    u →   f x   −   u →   p x    )     τ r     



(20)






    d   u →   p y     d t   =    (    u →   f y   −   u →   p y    )     τ r    + g  



(21)






    u →   P 0   =    ρ g  g  d p 2    18 μ    



(22)







Solving the differential equations above leads to:


    u →   p x   =   u →   f x   −  (    u →   f x   −   u →   p x    )   e  −  t   τ r       



(23)






    u →   p y   =   u →   f y   −  (    u →   f y   −   u →   p y    )   e  −  t   τ r      −   u →   P 0    



(24)







The velocity expression is integrated over time to obtain the displacement of the dust in the x and y directions at time t as highlighted in Equations (25) and (26).


   s  p x   =   u →   f x   t +  τ r   (    u →   f x   −   u →   p x    )   e  −  t   τ r       



(25)






   s  p y   =   u →   f y   t +  τ r   (    u →   f y   −   u →   p y    )   e  −  t   τ r      +   u →   P 0   t  



(26)








2.2.3. Dynamic Mesh Model


Unlike the common static dust source diffusion simulation in the header face, in the real header tunnel motion excavation process, the header and the header cutter head are moving rigid bodies, and the position of the dust source is changing in real time. Thus, the static mathematical model is not capable of accurately simulating the actual tunneling working conditions of the underground header due to the process dynamics. Considering that, the use of a dynamic mesh model is a necessity for the real digging nonconstant flow field calculations.



The header’s rigid body motion, the coal wall’s boundary motion over time, and the process of the entire roadway as the header moves forward and the computational fluid domain enlarges over time may all be accurately described by the dynamic mesh model. The mesh variation in the non-constant computational watershed requires consideration of the time-varying terms of the conservation integral equation. In this regard, the general scalar control equation in the dynamic mesh model is modified based on the effect of the variation of the mesh coordinates on the control equation in the Eulerian coordinate system as highlighted in Equation (27) [37].




    d  d t     ∫  V   ρ f  ϕ d V +   ∫   ∂ V    ρ f  ϕ    u →  −    u g   →    ⋅ d  A →  =   ∫   ∂ V   Γ ∇ ϕ ⋅ d  A →  +   ∫  V   S ϕ  d V   



(27)





  ∂ V   is the control volume  V  as the boundary of motion,    ρ f    is the fluid density, and    S ϕ    is the scalar  ϕ  the source term of  Γ  the dissipation coefficient,   u →   is the velocity of fluid motion,      u g   →    is the velocity of motion of the dynamic mesh. The time derivative is processed using first-order differences to obtain the differential equation (n and n + 1 denote the current time and the next time forward).




    d  d t    ∫ V  ρ ϕ d V =     ( ρ ϕ V )   n + 1   −   ( ρ ϕ V )  n    Δ t     



(28)





In connection to the fluid domain I (Fluid-01) header and grid motion are rigid, so all of its grid cells maintain their original shape and volume [38], where the fluid domain II (Fluid-02) is the deformation region where the volume increases. As a result, in accordance with the conservation law, the time differentiation of the changing control volume is given by:




     d V   d t   =  ∫  ∂ V      u g   →  ⋅ d  A →  =  ∑ j   n f       u  g , j    →  ⋅    A J   →    



(29)






     u →   g , j   ⋅   A →  j  =   δ  V j    Δ t     



(30)





   n f    is the number of outer surfaces of the control volume,      A j   →    is the number of  j  faces of the surface,    V j    is the face of the control volume  j  at the time step   Δ t   which is the volume swept through the volume and     u →   g , j   ⋅   A →  j    is the integral point of the control surface. The time derivatives are again processed using second-order differences to obtain (n − 1, n, and n + 1 denote the time at the previous moment, the current time, and the time at the next moment, respectively) the differential equation as:




    d  d t    ∫ V  ρ ϕ d V =   3   ( ρ ϕ V )   n + 1   − 4   ( ρ ϕ V )  n  +   ( ρ ϕ V )   n − 1     2 Δ t     



(31)







      (     u  g , j    →  ⋅    A j   →   )    n + 1   =  3 2     (     u  g , j    →  ⋅    A j   →   )   n  −  1 2     (     u  g , j    →  ⋅    A j   →   )    n − 1   =  3 2     (    δ  V j    δ t    )   n  −  1 2     (    δ  V j    δ t    )    n − 1     



(32)







     (    δ  V j    δ t    )    n     and     (    δ  V j    δ t    )    n − 1     [39] are the volume sweep of the control body surface at the current time and the next time instant, respectively. Considering the mesh in part of the domain as a whole motion, the same effect on the conservation equation is exhibited. There is no change in the control body mesh in fluid domain II by the top-layup method, so the control equation here can be simplified to:




    V  n + 1   =  V n    



(33)






    d  d t    ∫ V  ρ ϕ d V =       ( ρ ϕ )   n + 1   −   ( ρ ϕ )  n    V   Δ t     



(34)






     ∑ j   n f        u  g , j    →  ⋅    A j   →  =  0     



(35)








3. Analysis of the Airflow and Dust Simulation Results


The real wind flow-dust transport phenomenon in the underground header workface is a very complicated process. This study adopts two different models for comparison and analysis in order to better analyze the dust spatiotemporal evolution law during the dynamic tunneling of the header. The first group is the “dynamic tunneling model” (abbreviated as DTM) under the dynamic mesh model, and the other group is the “standard tunneling model “(abbreviated as STM) without considering dynamic mesh modelling. The analysis carried out is combined with the CFD-Post software to visualize the spatial and temporal progression of wind flow and dust pollution.



3.1. Distribution Characteristics of the Wind Flow Field


In order to more thoroughly compare and analyze the airflow transport in the excavation tunnel under the two considered models, five monitoring surfaces (1#~5#) are set up for each model. 1#~2# monitoring surfaces are in the working area of the roadheading machine, where 1# monitoring surface is in the location of the excavator cutting head and 2# monitoring surface is in the section where the driver is located. These two monitoring surfaces can highlight the complex vortex field in the working area of the excavator. In addition, 3# monitoring surface is located in the position of the wind cylinder exit, while 4# and 5# monitoring surfaces are placed on the back side of the wind cylinder exit position. The 4#~5# monitoring surfaces are pressed into the wind cylinder exit back side at a 5 m and 10 m position, respectively, as shown in Figure 8, Figure 9 and Figure 10, highlighting the wind flow traces and the cross-section vector diagram of the monitoring. As most of the airflow speed in the tunnel is less than 8 m/s, to better describe the situation of wind flow transport, the maximum display value of the rainbow column of wind speed is set to 8 m/s, where a wind speed greater than 8 m/s is displayed in red.



Figure 8 depicts the wind flow diffusion pattern inside the excavation tunnel under the dynamic excavation model. Based on the reported findings, the process can be highlighted by the following notes:



(1) A high-speed airflow of 8 m/s is pumped out from the pressurized air outlet and then flows at a high speed against the wall near the pressurized air cylinder of the roadway. The negative pressure formed by the pressurized air flow continuously increases the low-kinetic energy airflow around the pressurized air outlet. The high speed airflow moves towards the head of the header of the tunnel with decreasing kinetic energy, and the maximum wind speed decreases to 7.5 m/s and 6.2 m/s, respectively, when it passes the position of 6 m and 2 m from the working face. Moreover, it hits the rock wall of the heaving face at a faster speed, breaking the continuity of the airflow and drastically reducing the wind speed to 1.5 m/s~3 m/s.



(2) In the area 8 m from the heaving face, due to the blockage of the digging head, the high-speed pressurized airflow is divided. Part of the airflow is then subjected to a transverse velocity gradient towards the roadway’s +X wall, adhering to the roadway wall and flowing towards the roadway’s +Z direction. The rebounded airflow with low kinetic energy is sucked up by the pressure air outlet, which increases as the distance from the pressure air outlet decreases. The airflow will then form a lateral vortex in the jet field 0 m~1.8 m away from the roof of the tunnel. In the meantime, as the header digs forward (-Z direction), the vortex airflow field above the header will also shift in the -Z direction. This is accompanied by the higher kinetic energy airflow flowing at a maximum speed of 2.5 m/s against the wall of the roadway +Z direction towards the exit of the roadway. The other part of the airflow swoops down to the bottom of the tunnel in the Y direction and is influenced by the pressure difference at the pressurized air outlet to merge into the high-speed pressurized air flow, producing a large vertical vortex of kinetic energy.



(3) In the tunnel space at about 8 m~24 m from the head, the low kinetic energy airflow on the right side and above the header is sucked by the wind of the pressurized wind jet field and the vortex wind flow field along the roof of the tunnel (+Y direction) and flows below the pressurized wind cylinder (Y direction). At the same time, due to the pressure difference generated by the pressurized wind jet field, the lateral velocity gradient affects the transport in the -X direction to produce a clockwise vortex wind flow field at 13 m~24 m away from the digging head and back to the left side of the digging header. The driver of the roadheader is in the return flow path, so the driver is subject to both the vortex flow near the X side wall and the rear return flow. The wind flow with higher kinetic energy flows at a maximum speed of 2.0 m/s against the left side wall of the tunnel in the +Z direction.



(4) In the area 24 m~35 m from the working face, the wind flow attached to the left side of the roadway flows from the top plate to the back side of the pressure air outlet and continues along the pressure air cylinder +Z direction under the action of inertia. Thus, an arc-shaped airflow area is formed while the wind loss along the airflow gradually increases, and the wind speed gradually decreases. As shown in Figure 11, the speed range drops from 0.2 m/s~1.6 m/s at 23 m to 0.2 m/s~1.4 m/s at 27 m. In the area at 35 m~45 m, the influence of the pressurized wind jet field and the return flow area behind the header on the airflow gradually disappears. Then, the airflow gradually spreads to the whole tunnel space, forming a stable wind flow field with relatively small kinetic energy. The wind speed on the side of the tunnel near the pressurized wind cylinder is greater than that on the side of the pressurized wind cylinder. The mean wind speed is about 0.28 m/s, and it flows to the exit of the tunnel.



As highlighted in Figure 9 and Figure 10, the pressure range of the Z = 0.3 m section in the dynamic tunneling model is −0.38 Pa~16.9 Pa, and the pressure difference is 17.28 Pa, while the pressure range of the Z = 0.3 m section in the standard tunneling model is 1 Pa~14.8 Pa, and the pressure difference is 13.8 Pa. According to Bernoulli’s law, the expansion of the fluid domain near the header in the dynamic tunneling model leads to an increase in the pressure difference between the area near the working face and the high-speed pressurized wind jet compared to that reported by the standard tunneling model. This results in a higher wind speed near the head under the dynamic tunneling model compared to the case with the standard tunneling model. Combined with Figure 9 and Figure 10 it can be seen that the high-speed airflow with Z = 0.3 m cross-section greater than 4.1 m/s is widely distributed in the area from Y = 0.6 m to 3.8 m under the dynamic tunneling model, while the high-speed airflow with Z = 0.3 m cross-section greater than 4.1 m/s is only distributed in the area from Y = 0.5 m to 1.5 m under the standard tunneling model.



In order to further compare and analyze the airflow distribution along the Z-direction between the dynamic tunneling model and the standard tunneling model, Figure 11 describes the velocity distribution of the monitoring surfaces 1# to 5# under the two models considered. Based on the comparison, the following notes are made:



(1) The overall wind speed at the front of the tunnel is higher under the standard tunneling model, and the maximum airflow velocity difference between the two models is 1.4 m/s and 1.5 m/s at section 1# and section 2#, respectively.



(2) The relative high-speed airflow zone on the return side of the dynamic tunneling model is more widely distributed than that of the standard tunneling model, which is more conducive to dust diffusion at the rear of the tunnel.



(3) Considering the velocity cloud diagram of sections 2#~5#, as the header digs forward under the dynamic tunneling model, the distance between the header and the pressure air outlet increases, and the clockwise vortex wind flow field behind the header will continue to shift in the +Z direction. Therefore, the role of the driver is weakened by the backward return flow and the main right vortex effect. In this regard, the wind speed at the driver’s position at the 2# section is about 0.5 m/s lower than the standard tunneling model, which is essential for the analysis of the causes of dust accumulation at the driver’s position when compared with the real dynamic tunneling.



For a more comprehensive analysis of the dust dispersion and pollution near the tunneling machine in the integrated roadway, the turbulence kinetic energy (TKE) clouds in the breathing zone (Y = 1.5 m) in the first 8 m space of the roadway, and the graphs of TKE, change at the inlet side and the return side in the first 8 m space of the roadway, and are shown in Figure 12, considering the two models, STM and DTM.



The TKE on the right side of the header in the dynamic tunneling model ranges from 1.00 m2/s2 to 2.96 m2/s2, while the TKE on the right side of the standard tunneling model drops rapidly from a maximum value of 2.78 m2/s2 to 0.61 m2/s2 at 2 m from the working face and remains at about 0.2 m2/s2 from 5 m to 8 m. At the same time, compared with the standard tunneling model, the dynamic tunneling model has a 186% increase in the average TKE of 0.524 on the return wind side. In this regard, the higher turbulence kinetic energy indicates that the turbulence pulsation length is larger, allowing the turbulence vortex to develop faster. Thus, the dust at the digging head of the dynamic tunneling model spreads more quickly to the back of the header along the return side wall, compared to the case of the standard model [40].




3.2. Dust Transport and Dispersion Law


3.2.1. Dust Transport and Dispersion Characteristics of the Heaving Face


Considering the standard tunneling model, Figure 13 depicts the dust concentration and dispersion distance at various times. Based on the findings of the model implementation, the following notes can be made:



(1) A 1.5 m-diameter circle of dust with a high concentration of more than 1000 mg/m3 is found to form around the cutting head at t = 3 s. The majority of the dust is conveyed down the return side wall towards the back of the tunnel as a result of the high-speed pressurized air flow acting on the dust formed by the cutter head cutting coal rock. The right side of the header is only 1.2 m from the side wall surface of the roadway, resulting in an increase in the dust transport speed. Compared to the left side of the header, the right side of the dust passes through the header at a higher speed and continues to spread close to the right wall surface in the +Z direction at t = 15 s, when the dust has spread along the left side of the header to the vortex at the driver of the header. The lateral vortex wind flow field above the header causes a modest amount of dust to create a medium-concentration dust belt with an average concentration of roughly 500 mg/m3 at t = 60 s.



(2) The vortex wind flow field’s velocity interacts with the dust particles at the back side of the header in the return flow area, which is roughly 8–17 m away from the headstock at a time between 15 and 30 s. This leads to a reduction in the dust particles’ velocity in the Z direction and slows down diffusion in the return flow field. As a result, a significant amount of dust settles in the return flow area. Moreover, the middle of the back side of the header generates a zone of relatively low dust concentration at t = 60 s, as shown in Figure 13 It is shown that before 30 s, the high concentration dust in the 3 m area of the tunnel was still not fully spread to the middle of the tunnel. Due to the influence of the clockwise vortex wind flow field from 8 m to 14 m, and the negative pressure area of the pressure wind cylinder, dust with less kinetic energy on the return side is sucked into the rear side of the driver’s working area and below the pressure wind cylinder. In this regard, a dust belt with an average mass concentration higher than 600 mg/m3 is formed at T = 30 s~40 s. At time t = 50 s~60 s, the dust deposition on the lower side of the pressurized air cylinder intensifies to form a high-concentration dust gathering belt with an average mass concentration greater than 750 mg/m3.



(3) Around 17 m from the headway, the dust particles enter the stable wind flow field and begin to spread along the axial wind flow in the +Z direction at time t = 40 s. Once they have spread to 25 m, the dust particles then move faster toward the tunnel’s exit because the wind speed on the tunnel wall next to the pressurized wind cylinder is higher than the wind speed on the pressurized wind cylinder’s side. The fitted curve of the mathematical relationship between the distance of the dust diffusion and the time under the standard tunneling model is given by y = 0.65601x + 8.04961, with an R2 of 0.99516, where y is the dust concentration and x is the time.



On the other hand, Figure 14 highlights the dust concentration and dispersion distance at different times under the dynamic tunneling model. Based on the findings of the model implementation, the following notes can be made:



(1) According to the wind flow field analysis conducted, the overall average wind speed in the vortex area at the front of the tunnel under the dynamic tunneling model is lower than that of the standard tunneling model. Thus, it is noted that the diffusion of dust generated by the cutting head under the dynamic tunneling model is relatively slow. The dust particles released from the cutter head cutting coal and rock form a three-dimensional dust wrapping area with a diameter of about 2 m at the diffusion time t = 3 s. The highest dust concentration reported was around 34,930 mg/m³. However, as shown in Figure 13, the turbulent kinetic energy in the dynamic model is higher than that of the standard tunneling model because the pressure difference in the fluid domain near the header increases during the time between 3 s and 15 s. The turbulent kinetic energy on the right side of the header under the dynamic tunneling model is in the range of 1.01 m2/s2~2.93 m2/s2. As a result, the high concentration of dust in the first 8 m of the tunnel will not accumulate on the return side as in the standard tunneling model. However, the majority of the dust will spread more quickly along the return side wall to the back of the header. The remainder will be involved above the header and will implement the clockwise vortex wind flow field behind the header to form a high concentration dust area with an average concentration of over 500 mg/m3 at a time between 50 s and 60 s.



(2) Unlike the traditional tunneling model, the dynamic tunneling model predicts that the dust will quickly fill the whole tunnel when it spreads in the return region of 13 m to 24 m at t = 30 s to 40 s. At the same time, the dust accumulation in the driver’s work area under dynamic excavation is improved because the driver’s position is mainly affected by the vortex flow near the side of the pressure air cylinder. The influence of the rear return flow is greatly reduced. As exhibited in the standard excavation model, a dust accumulation zone with an average concentration higher than 750 mg/m3 is formed on the lower side of the pressure air cylinder at a time between 50 s and 60 s. As shown in Figure 15, the mathematical relationship obtained when fitting the data of the distance of diffusion of dust versus time in the dynamic tunneling model is given by y = 0.74722x + 6.95246, with an R2 of 0.99304, where y is the dust concentration and x is the time.




3.2.2. Respiratory Zone Dust Concentration Distribution


In order to further analyze the spatial dispersion of dust particles, a cloud map of the dust mass concentration is plotted in this work at the location of the breathing zone (Y = 1.5 m), considering miners as the study object.



Figure 16 dust mass concentration at the location of the breathing zone (Y = 1.5 m) under the standard tunneling model. Based on the findings, the following notes are highlighted:



(1) The dust particles have spread to about 6 m from the header driver after 3 s, with a concentration of around 125 mg/m3. At a time t = 30 s, the medium-concentration dust cloud of 250 mg/m3 to 500 mg/m3 is transported to the back side of the header driver under the influence of the reflux zone and accumulates in the driver area with a dust zone of high-concentration of 750 mg/m3 at 60 s.



(2) From the diffusion of dust particles at a time between 50 s and 60 s, it can be seen that the low-concentration dust cloud gradually moves to the exit of the tunnel. Thus, the medium-concentration dust cloud is distributed in the space of Z = 8 m~14 m at the back side of the header and the space of 23 m~30 m against the left side of the tunnel. On the other hand, the high-concentration dust cloud covers a large area of 14 m~30 m, with a proportion of more than 65%.



Figure 17 shows the distribution of the dust mass concentration at the location of the breathing zone (Y = 1.5 m) under the dynamic tunneling model. Based on the findings, the following notes are highlighted:



(1) At a time t = 15 s, the medium-low dust cloud of 125 mg/m3 moves to the driver’s position of the header, and at t = 60 s, the medium-concentration dust cloud of 250 mg/m3~500 mg/m3 accumulates at the driver’s position.



(2) As shown in Figure 12, the turbulent kinetic energy in the fluid domain near the header under dynamic tunneling conditions is higher than that of the standard tunneling model. So, the dust cloud of medium and high concentrations spreads faster under the dynamic tunneling model. In this regard, the medium-concentration dust cloud has spread to a space of 30 m~35 m at T a time t = 60 s. Compared to the standard tunneling model, the dust concentration on the return side of the dynamic tunneling model is greatly reduced, and the overall high-concentration dust area is greatly reduced and concentrated in the space of 25 m~30 m.



Figure 18 shows the spatial distribution of the ISO-surfaces on the excavation working face with dust concentrations above 1000 mg/m3 and the corresponding dust areas with dust concentrations above 1500 mg/m3, 2000 mg/m3, and 2500 mg/m3 from 0.5 to 8 m from the heaving face, respectively.



According to Figure 18a, in the standard tunneling model with a dust concentration of 1000 mg/m3, the ISO-surface of the dust particle distribution gradually expands from V1 = 2.43 m3 in the cutter head to the back of the tunnel and fills the tunnel at approximately 5 m. On the contrary, the ISO surface dust concentration of 1000 mg/m3 accumulates from V2 = 1.87 m3 at the cutter head and above the header, compared to the standard tunneling model. In the dynamic tunneling model, a large number of dust particles accumulate above the cutter head at V2 = 1.87 m3 and gradually dissipate as the cutter dynamically digs into, near the left and right walls of the tunnel.



Figure 18b shows that the dust area generated in the standard tunneling model is larger than that exhibited in the dynamic model. At a concentration of more than 1500 mg/m3, the maximum dust area in the standard tunneling model is around 1.869 m2 at 2 m from the working face, while the maximum dust area in the dynamic model is found to be reduced by 49.8% to 0.937 m2. At 6.5 m from the working face (driver’s position), the dust area drops sharply to only 0.012 m2, which is much smaller than the 2.637 m2 area exhibited in the standard tunneling model case. At this stage, the difference between the two models reaches its maximum. Due to the effect of the turbulent kinetic energy in the dynamic excavation flow field near the header, the area of high dust concentration under dynamic excavation is reduced, which promotes uniform distribution of dust in the roadway section and accelerates the diffusion of high-concentration dust clouds into a large area of medium-concentration dust clouds in the roadway [41,42].



The particle size distribution of dust particles on the 2# section was collected separately using Fluent. According to Figure 19, it can be seen that the dust particle size distribution trend of the excavation working face under the dynamic grid model is relatively convergent with that of the dust collected in the field in the previous paper. The dust particle size is basically below 100 μm. 62.8% of the total dust is between 5 and 100 μm. The cumulative distribution of dust (perimeter equivalent particle size <10 μm) was 65.9%. The fitted dust particle size distribution function is y = 0.02546x−0.90855.






4. Field Measurements


An experimental investigation was carried out at the Lijiahao coal mine 31,116 main transport chute header excavation face dust dispersion to validate and verify the precision of the numerical simulation results. Thus, on-site measurements were collected and then compared to the simulation predictions to confirm the accuracy of the simulation results, and to validate that the developed model characterize properly the process with good satisfaction. The conducted experimental setup is highlighted in Figure 20, showing the installation of the equipment and devices. Based on the distribution of personnel in the present tunnel, eight cross sections were selected in the pedestrian breathing position (Y = 1.5 m), at a distance of Z = 5 m, 10 m, 15 m, 20 m, 25 m, 30 m, 35 m, and 40 m from the working face. Each measurement section has two measurement points, (5.0 m, 1.5 m, Z) and (0.5 m, 1.5 m, Z). Moreover, the CCHZ-1000Q automatic dust analyzer is used to quantify the dust concentration at various measuring points. The measurements are conducted, ensuring that the tunnel’s dust concentration is in a stable state, and each point is sampled three times, once every 5 min, and the average value of the three samples is taken and recorded as an output.



Figure 21 presents the comparison between the simulation results of the two different tunneling models considered and the actual measured dust concentration in the same group of sites. It is shown that the dust concentration in the first four cross-sectional measurement readings, (5.0 m, 1.5 m, Z) and (0.5 m, 1.5 m, Z), with Z = 5 m, 10 m, 15 m, and 20 m, under the dynamic tunneling model is significantly lower than those reported by the standard tunneling model simulations. The maximum difference in the dust concentration between the measurements and the simulations is around 321 mg/m3. This difference is due to the action of the higher turbulent kinetic energy airflow field generated by the dynamic tunneling of the comprehensive excavator. This airflow field suppresses the high dust concentration area at the front of the tunnel and promotes the diffusion of the high concentration dust cloud in the tunnel to the exit side. On the inlet side of the breathing area after 30 m of the tunnel, the dust concentration of the dynamic tunneling model ranges from 78 mg/m3 to 461 mg/m3. On the other hand, the dynamic tunneling model has dust concentrations ranging from 69 mg/m3 to 289 mg/m3. Overall, the dust pollution is more serious than that reported by the standard tunneling model.



In addition, as shown in Figure 22, some of the numerical simulation results of the standard tunneling model show a significant deviation compared to the field measurement data. In this regard, the relative error between the dust concentration measured at each measurement point in the 31,116 main transport chute of the Lijiahao coal mine ranges between 16.22 % and 64.43 %. On the other hand, the numerical simulation results of dust transport characteristics employing the dynamic tunneling model are more accurate and can adequately characterize and replicate the field measurements with good precision and accuracy. This is due to the capability of the dynamic model in describing the actual real situation onsite. The relative error between the simulations of the dust concentration from the dynamic tunneling model and the measurements onsite is between 3.59 % and 9.82 %.




5. Conclusions


Using a combination of CFD simulations and field measurements, this study presented the first initiative in the simulation of dust dispersion and pollution processes during the dynamic tunneling operation of a real header combined with dynamic mesh technology and discrete-phase particle tracking technology. The results of the model were compared with a static model of a conventional header and with real measurements onsite. Based on the investigation carried out, the following conclusions are reported:



(1) The pressure difference between the front side of the roadway increases to 17.28 Pa and the turbulent kinetic energy increases as the header is dynamically dug forward compared to the static conditions. This leads to a higher vortex flow in the 8 m space of the roadway under the dynamic dug-in model. Additionally, the return flow area extends from 8 m–17 m in the standard dug-in model to a space of 8 m–24 m from the head. However, with the increase in the wind cylinder and working face under the dynamic tunneling model, the average wind speed in the vortex wind flow area at the front of the tunnel decreases compared with the standard tunneling model results. In this regard, the difference between the maximum speeds at 1# and 2# monitoring faces are 1.4 m/s and 1.5 m/s, respectively.



(2) In the dynamic tunneling model, a portion of the dust in the first 8 m of the tunnel is swept above the header and through the back of the header to form a high-concentration dust area with an average concentration of more than 500 mg/m³. It was shown that most of the high-concentration dust will spread more quickly along the return side wall to the return flow area in the case of the dynamic tunneling model compared to the standard model, where a large amount of dust accumulates on the return side. The dust diffusion state under the dynamic tunneling model was correlated by the following relationship: y = 0.74722x + 6.95246, with an R2 of 0.99304. On the other hand, the dust diffusion state under the standard tunneling model was found to satisfy the following relationship: y = 3.35796x0.63632, with R2 = 0.99516. In the two relationships, y is the dust concentration and x is the time.



(3) It was found that there were obvious differences in the distribution of high concentrations of dust in the breathing zone. In the standard tunneling case, the medium-concentration dust cloud is distributed in the space from Z = 8 m to 14 m on the back side of the header and the space from 23 m to 30 m on the left side of the roadway. On the other hand, the high-concentration dust cloud covers the space from 14 m to 30 m and the return wind side with a proportion of more than 65%. Moreover, the dust concentration at the driver accumulates at 750 mg/m3 at 60 s. It was found that the dynamic dust concentration on the return side of the tunneling model was greatly reduced, and the high-concentration dust cloud was greatly reduced in the space from 25 m to 30 m. Additionally, the dust concentration at the driver is reduced to a medium-concentration dust cloud of 250 mg/m3~500 mg/m3.



(4) The dynamic forward excavation of the head causes the expansion of the overall fluid domain of the working face to produce a larger negative pressure area compared to the standard excavation model. The resulting airflow field with greater turbulent kinetic energy promotes the uniformity of the dust distribution on the highway. This leads to a reduction in the high dust concentration area under dynamic excavation and a reduction of dust area of around 49.8%, more than 1500 mg/m3 under dynamic excavation at Z = 2 m.
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Figure 1. New vocational disease cases in China in 2020. 
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Figure 2. Physical model. 
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Figure 3. Mesh model. 
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Figure 4. Variation of mesh quality with mesh numbers. 
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Figure 5. Mesh independence test. 
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Figure 6. Dust particle size distribution. 
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Figure 7. Dynamic mesh model grid generation. 
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Figure 8. Analysis of airflow field and cross-sectional vector at the heaving face (dynamic tunneling model). 
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Figure 9. Pressure nephogram in Z = 0.3 m section under dynamic and stationary conditions. 
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Figure 10. Velocity cloud map under dynamic and static conditions of Z = 0.3 m section. 
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Figure 11. The speed cloud map at 1#~5# monitoring surface under the dynamic and stationary condition. 
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Figure 12. Distribution of TKE in airflow. 






Figure 12. Distribution of TKE in airflow.



[image: Energies 15 08945 g012]







[image: Energies 15 08945 g013 550] 





Figure 13. Dust distribution in tunneling at different diffusion times (Standard tunneling model). 
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Figure 14. Dust distribution in tunneling at different diffusion times (Dynamic tunneling model). 
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Figure 15. Analysis of dust diffusion in fully mechanized excavation. 
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Figure 16. Simulation results of dust diffusion in the 1.5 m breathing zone (standard tunneling model). 
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Figure 17. Simulation results of dust diffusion in the 1.5 m breathing zone (dynamic tunneling model). 
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Figure 18. Variation rule of high dust concentration area in fully mechanized excavation face. 
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Figure 19. Particle size distribution of dust particles. 
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Figure 20. Dust concentration field measurement chart (take model of dynamic tunneling as an example). 
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Figure 21. Comparison of the simulation results at several measuring points with the measured dust concentration. 
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Figure 22. Relative errors of dust under different conditions. 
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Table 1. Particle size distribution analysis results.
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	Circumference Equivalent Particle Size (μm)
	Cumulative Percentage/%





	1.380
	1.060



	5.500
	74.900



	10.030
	89.250



	15.110
	92.830



	21.900
	94.080



	48.250
	98.710



	97.645
	100.000
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Table 2. Boundary conditions.
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Projects

	
Solving Parameters

	
Parameter Setting






	
Model

	
Solver Type

	
Pressure based




	
Viscous Model

	
Standard   k − ε   model




	
Pressure-Velocity Coupling

	
SIMPLEC




	
Convergence Criterion

	
10−3




	
Inlet Boundary Type

	
velocity-inlet




	
Velocity Type

	
Absolute




	
Near-wall Treatment

	
Standard Wall Functions




	
Velocity Magnitude

	
10 m/s




	
Gradient Discretization

	
Least Square Cell Based




	
Formulation

	
Implicit




	
Outlet Boundary Type

	
Pressure outlet




	
Spatial Discretization

	
Second Order Upwind




	
Boundary conditions

	
Velocity Magnitude

	
10 m/s




	
Density

	
1.225 kg/m3




	
Hydraulic Diameter

	
10 m/s




	
Turbulent Intensity

	
3.07%




	
Wall Shear Condition

	
No Slip




	
Viscosity

	
1.81 × 10−5 kg/m·s




	
Stochastic Tracking

	
Discrete random walk model
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Table 3. Discrete phase parameter setting.
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Projects

	
Solving Parameters

	
Parameter Setting






	
Discrete phase parameter setting

	
Diameter distribution

	
Rosin-rammler




	
Min. Diameter

	
1 × 10−6 m




	
Max. Diameter

	
1 × 10−4 m




	
Mean Diameter

	
5 × 10−6 m




	
flow rate

	
0.01 kg/s




	
Injection Type

	
Surface




	
Material

	
Coal-hv




	
Time Scale Constant

	
0.15




	
Velocity magnitude

	
1.2 m/s




	
Stochastic Tracking

	
Discrete random walk model
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Table 4. Dynamic grid parameter setting.






Table 4. Dynamic grid parameter setting.





	
Projects

	
Solving Parameters

	
Parameter Setting






	
Dynamic grid parameter setting

	
Body grid regeneration method

	
Layering




	
Control parameters for the paving method

Separation factor

	
Constant Height




	
Separation factor

	
0.6




	
Collapse factor

	
0.4




	

	
Velocity magnitude of the dynamic grid

	
0.1 m/s
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