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Abstract

:

Methane, which is commonly found in hard coal deposits, represents a considerable threat to the safety of mining operations in these deposits. The paper presents the results of tests, aiming to limit the negative impact of methane on hard coal exploitation and improve work safety. The tests encompassed an analysis of methane concentration distributions in the tailgate (in the intersection area with the longwall), with account being taken of auxiliary ventilation equipment. This equipment is responsible for reducing methane concentration levels in the intersection area between the longwall and the tailgate. The analyses presented in the article were conducted for a spatial model of a longwall area, using the Computational Fluid Dynamics (CFD) method. Account was taken of the real-world measurements of the headings as well as the measurement data concerning methane concentration and ventilation parameters. The tests took into account methane emissions from the mined coal and from the goaf with caving. The analyses were performed for the system with and without auxiliary equipment, for different velocities of the additional air stream. This made it possible to compare both systems and determine the impact of auxiliary equipment on the distribution and concentration of methane in the most vulnerable area of exploitation. The distributions of the air and gas mixture were also determined in the analysed headings and goaf with caving. The results obtained clearly demonstrate that using auxiliary equipment has a significant effect on the ventilation parameters of the air stream and leads to reduction in methane concentrations in the most vulnerable section of the longwall. These results also confirmed the advantages of auxiliary ventilation equipment, which should contribute to their wider application in underground hard coal exploitation.
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1. Introduction


Due to a series of inherent hazards, underground mining exploitation is very dangerous. One of such threats that are commonly faced by hard coal mines is the methane threat [1,2,3,4,5]. It is related to the risk of methane ignition and explosion in mine headings. Due to its serious consequences, it belongs to one of the most dangerous hazards. This is evidenced by the statistics related to methane explosions in underground mine headings [6,7,8]. A summary of the most tragic disasters related to methane explosions in the world and in Poland is presented in Table 1.



Methane (CH4) is a naturally occurring gas, formed during the process of coalification [2,9,10]. In coal deposits, methane is present in two fundamental forms: as sorbed methane, which is physicochemically bound with a carbon substance, and as free methane, occurring in pores and crevices of gangues and coal. When enclosed in pores, methane, in the process of coal mining, is released into the mine’s atmosphere which is also filled with other gases, including flammable and explosive. The inflammable gas mixture, mostly CH4 (80–96%) with minor constituents of other gases, such as N2, CO2, C2H4, and C2H6 and occasionally containing CO and H2S, is called a firedamp [11,12]. Methane, being the major constituent of firedamp, is also synonymously referred to as firedamp [10].



Methane is odourless and colourless, and lighter than air (its density is 0.656 kg/m³). When its concentration level in the air ranges between 5% and 15%, it becomes explosive (in mixture with the air in which oxygen concentration is at least 12%) and hence is extremely dangerous.



During mining exploitation, the areas of longwalls are the most common points of methane accumulation. Methane is released into the longwall and its adjacent headings from the mined coal, the exposed body of coal and goaf with caving. In the case of goaf with caving, the sources of methane include the coal left in this area as well as the methane flowing out of the undertaken and overtaken seams through the cracks and crevices in the rock mass. The flow directions of methane from the goaves with caving to the longwall and the tailgate have been demonstrated in Figure 1.



It is most common for methane to accumulate in the upper (roof) section of mine headings and in places with no air supply (the so-called dead zones). The accumulation of methane in the roof section of a mine heading is termed as methane layering [13].



The stability and dispersion of methane layer in underground coal mines are affected by various geo-mining parameters, such as the velocity of airflow, the location of methane source, the rate of methane emission, the width, surface roughness and inclination of mine airway, the presence of bends and obstructions in the airway, the relative density of air and methane, and the type of mine ventilation (ascensional or descensional) [14]. Some of these governing parameters jointly define the dimensionless methane layering number (L):


  L =  v     [  g   Δ ρ Q   ρ W    ]     1 3       



(1)




where g is the acceleration due to gravity (m/s2), Δρ is the density difference of air and methane (kg/m3), ρ is the density of air (kg/m3), v is the average air velocity (m/s), Q is the quantity of methane emitted into the mine airway (m3/s) and W is the width of the airway (m).



The length of methane layer is defined as the distance from the methane source to a point where the mean concentration of methane in the layer is 5% [11].



Equation (1) indicates that the most crucial aspect for methane layering to occur is the velocity of the air flowing through headings. With increase in air velocity, the layering number increases and the probability of occurrence of methane layering decreases. Hence, dispersion of methane layering more strongly depends on air velocity than the making of gas [10].



The place most vulnerable to the phenomenon of methane layering is the areas of longwalls ventilated by means of the “U-type” systems from the borders (Figure 2). This system is currently used in more than 75% of all longwall headings in Poland. As a result of its application under methane hazard conditions, the highest risk of increased methane concentration occurs in the area of the intersection between the longwall and the tailgate, which are adjacent to the goaf with caving (Figure 2).



In order to use the “U-type” longwall ventilation system from the borders, it is necessary to maintain longwall galleries along the body of coal, and their liquidation, after the extraction front is shifted, is carried out by caving. However, this liquidation does not take place on a continuous basis, yet with a certain time delay. This is due to the fact that they cannot be liquidated along with the progressing excavation face. The maximum length of the unliquidated sections of longwall headings left behind the longwall according to applicable provisions is up to 6.0 m [15]. It is most common for methane to accumulate in this zone after flowing from the goaf with caving, and due to inadequate intensity of ventilation, the permissible methane concentrations in mixture with air may often be exceeded in this area. This is also corroborated by the results of the measurements conducted in real-world conditions [16,17].



In order to limit the possibilities for dangerous methane concentrations to accumulate in this zone, auxiliary ventilation equipment is used. These primarily include air brattices (ventilation curtains) and auxiliary air ducts installed in the tailgate. Their task is to reduce the concentration of methane by diluting it with an additional stream of air (the air duct) and properly directing the air stream flowing out of the longwall (the air brattice).



Auxiliary ventilation equipment is used when the amount of methane released in the area of ongoing exploitation is up to 15 m3/min, with the cross-sectional area of the tailgate from 6 to 8 m2, as well as when the methane-bearing capacity amounts to 25 m3/min and the cross-section area of the tailgate exceeds 8 m2 [18,19].



The schematic location of the auxiliary ventilation equipment in the tailgate (at the outlet from the longwall ventilated by means of the U-type system from the borders) is presented in Figure 3.



To ensure the safety of ongoing exploitation, it is necessary to determine the effectiveness of the equipment in use. This, in particular, involves determining its impact on methane concentration values in the area of exploitation.



Works describing analyses of ventilation systems in mine headings have been presented in numerous publications [1,3,5,20,21,22,23,24,25,26,27,28,29,30,31,32]. They encompassed both real-world tests [16,17,21,24,25,26,29,31] and model-based analyses [1,2,3,4,5,10,20,23,27,28,30,32,33,34,35,36,37]. In the authors’ opinion, the works which are particularly interesting in this regard are those presenting the results of model-based tests related to the release of methane into mine headings. This is because they make it possible to determine a series of essential physical and chemical parameters related with ventilation processes, the measurement of which in real-world conditions is extremely difficult if not impossible. Particular potential in this regard is offered by numerical simulations based on the Computational Fluid Dynamics (CFD) method.



Oberholzer and Meyer [38] used CFD method to evaluate the performance of different ventilation systems for the purpose of methane dilution and dust removal at development headings. Branny [20] studied the flow of air and methane mixture in the longwall-return crossing zone and investigated the impact of jet fan positions on the methane distribution. Wala et al. [33,34,35] validated the CFD simulation results with experimental data for designing mine face ventilation systems. Wala et al. [33] in their study on airflow patterns and methane distribution in the mine face area observed good agreement between the methane concentrations predicted by CFD simulations and those determined from experiments. In a numerical study on airflow recirculation and methane distribution in auxiliary ventilation in deep underground coal mine, Torano et al. [29] found higher methane concentrations than the statutory levels in some roadway zones due to presence of dead zones. Kurnia et al. [23] observed that methane dispersion inside mine tunnel is greatly influenced by the number as well as location of methane sources and the quantity of methane released from each source. They enunciated that methane concentration can be reduced below safe level by properly directing the ventilation flow to the location of methane accumulation. Mishra et al. [2,10] and Kumar et al. [27] concluded that ventilation plays a vital role in dispersion of methane and breaking methane layering to a safe level in underground coal mines. These authors examined and described the impact of selected geological and mining factors on the distribution of methane concentration levels in the tailgate [10].



However, the literature does not provide any works concerning the impact of auxiliary ventilation equipment on the ventilation parameters of the air flowing through longwall headings. The only works that take into consideration such equipment concern the mined dog heading [23,29,39,40,41].



The works discussed explain some of the phenomena related to the release of methane into mine headings and its distribution. However, in most cases, they merely concern the outflow of methane into the tailgate. Moreover, they fail to take into consideration the influence of goaf with caving on the distribution and concentration of methane in the area of ongoing exploitation. Experience shows that, in a number of cases, the size and porosity of this highly porous medium determine the effectiveness of the entire ventilation process in a given mine.



It is therefore reasonable to carry out tests in order to determine the impact of auxiliary ventilation equipment on the distribution of methane concentrations in the area of ongoing exploitation, with account being taken of the goaf with caving. Such an approach to the issues at hand will make it possible to perform a more in-depth analysis of the ventilation phenomena present during mining operations. At the same time, it helps to unambiguously determine the actual impact of auxiliary ventilation equipment on the ventilation parameters of the air and methane concentration levels.



To fill this gap, the authors developed a research methodology and carried out model-based tests, the objective of which was to determine the impact of auxiliary ventilation equipment on the distribution of methane concentration in the area of ongoing mining operation. The tests were performed for a real-world system of headings in one of the mines, preserving their geometry and taking into account the ventilation parameters obtained on the basis of measurements in real-world conditions. This also concerns the auxiliary ventilation equipment which was used in the area of the longwall under analysis. The analyses also took into consideration the goaves with caving along with their actual physical parameters.



The tests were conducted using CFD. The related calculations were performed in ANSYS Fluent, based on the finite volume method (FVM). The analyses performed made it possible to identify the concentrations levels of methane and the physical parameters of the flowing gas mixture at each spatial point of the area under examination, for the boundary conditions adopted. To unambiguously determine the influence of auxiliary equipment on the distribution of methane concentration in the area examined, the analyses were conducted for a system with and without such equipment. The results obtained from model-based tests were compared with the results of the measurements in real-world conditions, and there was satisfactory coherence between them. This confirmed the correctness of the assumptions made and the methodology developed. To more precisely determine the impact of the applied ventilation equipment on the ventilation parameters of the air stream, additional simulations were conducted for three different values of the volume output of the air flowing out of the auxiliary air duct. The results obtained indicate that the use of auxiliary equipment had an extremely positive impact on the distribution of methane concentration in the area under analysis.



The primary objective of the paper was to develop a methodology of model-based tests for analysing ventilation phenomena, with account being taken of the largest possible number of factors that affect this process. Undoubtedly, a unique achievement of the paper is that the analysis takes into consideration the impact of goaf with caving, as a porous medium, on the ventilation parameters of the air stream. Another advantage of the paper is also the fact that the analysis was performed for a functioning exploitation area with real-world measurement data. This lends credence to the tests conducted and the results obtained.



The practical result of the paper is the qualitative and quantitative representation of the ventilation phenomena occurring in the area under analysis. The determined distributions of methane concentration and the trajectories of the air–methane mixture flow, with account being taken of the different volume outputs of the air supplied along the air duct into the area under analysis, provide an essential source of information for the ventilation services. In practice, they can serve as the basis for selecting ventilation parameters for a given area in order to ensure safe and effective exploitation.



It is therefore reasonable to state that the methodology developed, which uses the CFD techniques and the results of the measurements in in-situ conditions, offers extensive possibilities in terms of application for effective diagnosis and forecasting of the methane hazard in mine headings.




2. Materials and Methods


2.1. Study Area


The model-based tests were conducted for the real-world longwall in one of the mines located in the GZW (Upper Silesian Coal Basin) area in Poland (Figure 4). This coal mine is located in the southern part of GZW (Upper Silesian Coal Basin). Its exploitation area is 44.4 km2, whereas its extractable resources amount to 155.9 million tonnes of coal [42,43]. The mine has five shafts, including two ventilation shafts, two materials and personnel transport shafts and one extraction shaft.



Interventionary studies involving animals or humans, and other studies require ethical approval must list the authority that provided approval and the corresponding ethical approval code.



The coal mine faces a series of natural mining hazards. According to Polish regulations, they include water hazard (1st and 2nd degree), methane hazard (4th category), methane and rock outburst hazard in some of the seams, rock burst hazard (1st degree in some of the seams) and dust hazard (Classes A and B of coal dust explosion hazard). It must be assumed that this is a mine where exploitation is exposed to a series of safety hazards.



The legal regulations currently in force in Poland require that the exploited seams or their parts be classified into a relevant methane hazard category, with the assumption that the higher the hazard scale is, the higher its category is. The hazard category is highly dependent on the quantity of natural methane included in a weight unit (Mg) of the body of coal. For the first (lowest) category of methane hazard, this quantity ranges from 0.1 to 2.5 m3/Mg (in terms of pure coal substance), while for the fourth (highest) category, it is over 8 m3/Mg [44].



Description of the Geological and Mining Conditions of the Longwall under Analysis


The W-1 longwall under analysis was a longitudinal system with a roof fall from the exploitation field borders. Its length was 216.0 m, with a panel length of 1050 m and a seam thickness of 2.54 m; its longitudinal inclination is 4.9°, while its transverse inclination is 1.9°.



The longwall was ventilated by means of the U-type system, with fresh air being supplied along the tailgate through an auxiliary air duct. It also had a built-in air brattice (ventilation curtain). The ventilation diagram for the longwall under analysis, along with indicated directions of air flow, is presented in Figure 5.



At the stage of designing mining exploitation and developing the technical design specifications for the longwall, calculations were performed for the minimum volume output of fresh air that needs to be supplied to the longwall due to the methane hazard. This value amounted to not less than 762.5 m3/min. This stage also involved determination of the forecasted methane amounts that will be released during exploitation. This value amounted to 12.36 m3CH4/min.



During exploitation, air was supplied to the longwall along the maingate at the average rate of 1000 m3/min, whereas the air supply rate along the tailgate with a built-in auxiliary air duct into the intersection area between this tailgate and the longwall was equal to approx. 141 m3/min.



The amount of methane released from the goaf with caving during exploitation was, on average, 12.36 m3CH4/min, with the average value of its concentration in the tailgate, in the measurement point located at a distance of 10 m from the longwall outlet, throughout the exploitation period, being equal to 0.96%.





2.2. Methods


The purpose of the model-based tests conducted was to determine the impact of auxiliary ventilation equipment installed in the tailgate on the distribution of methane concentration in the area of the longwall, with account being taken of the goaf with caving. The tests were conducted for a spatial model of the area under analysis, using CFD. The authors’ experiences and the results by other researchers indicate that this method is widely applied for analysing phenomena related with the flows of fluids and gases, the transfer of mass and heat or the processes of combustion [45].



The paper made use of the ANSYS Fluent software, which is one of the most popular tools for the CFD method, whereas the discretisation process was carried out by means of the FVM. The methodology for conducting tests by means of this programme encompasses development of a mathematical model of the phenomenon in question, adoption of boundary conditions, performance of calculations and analysis of the results obtained. The most important stages of the work methodology are briefly discussed in the subsequent chapters.



2.2.1. Mathematical Models


The airflows at the maingate, tailgate and longwall were simulated as fully developed turbulent flow by using a k–ε model standard. The numerical tests made use of the Species Transport Without Reactions model implemented in the ANSYS Fluent software.



Basic Flow Equations


The system of balance equations of mass, momentum and energy (equations of fluid handling) of one-component flow takes the following form [46,47]:


   ∂  ∂ t   ( ρ ) + d i v  (  ρ  v →   )  = 0  



(2)






   ∂  ∂ t    (  ρ  v →   )  + d i v  (  ρ  v →   v →   )  = = d i v  (  − p  I ↔  +  τ  ↔ m   +  τ  ↔ t    )  + ρ      s b   →      



(3)






   ∂  ∂ t    (  ρ  v →   )  + d i v  (  ρ e  v →   )  = = d i v  [   (  − p  I ↔  +  τ  ↔ m   +  τ  ↔ R    )   v →  +    q s    → m   +    q s    → R    ]  + ρ  s e   



(4)







The system of Equations (2)–(4) in a vector form can be written as [46,47]:


   ∂  ∂ t    (    ρ     ρ  v →      ρ e    )  + d i v  (    ρ  v →      ρ  v →   v →  + p  I ↔      ρ e  v →  + p  I ↔   v →     )  = = d i v  (    0      τ  ↔ m   +  τ  ↔ R        (   τ  ↔ m   +  τ  ↔ R    )   v →  +    q s    → m   +  q  → R      )  +  (    0     ρ    s p   →      ρ  s e     )   



(5)







The variables presented in the system of Equations (2)–(5) are [46,47]:


   {  ρ ,  v →  , p ,  τ  ↔ m   ,  τ  ↔ t   ,    s p  ,  →  e ,  s e  ,    q s    → m   ,    q s    → R    }   



(6)




where ρ is the fluid density (kg/m3),    v →    is the air velocity (m/s), p is the static pressure (Pa),    τ  ↔ m     the viscous molecular stress tensor (Pa),    τ  ↔ t     is the turbulent Reynolds stress tensor (Pa), Sb is the source of forces (N/m3), e is the sum of kinetic and internal energy (J/kg),    q  → m     is the molecular heat flux (J/(m2·s)),    q  → R     is the turbulent heat flux (J/(m2·s)), Se is the source of heat (J/(m3·s)).



The basis for a mathematical description of the transportation process of methane released into underground headings is the principle of mass conservation referred to this gas. The mathematical model of transportation, being a set of advection–diffusion equations, which for i-th of this substance i = 1,….n, assumes the following form [48]:


   ∂  ∂ t   ( ρ  Y i  ) + ∇ ⋅ ( ρ v  Y i  ) = − ∇ ⋅  J i  +  R i  +  S i   



(7)




where Ri is the net rate of production of species i by chemical reaction and Si is the rate of creation by addition from the dispersed phase plus any user-defined sources, Ji is the diffusion flux of species and Yi is the local mass fraction of each species.



The flow of air stream through a longwall is a turbulent flow. This flow features irregular movements of the air stream particles, and the parameters of this flow undergo unpredictable random changes in space and time. A characteristic phenomenon for this type of flow is the occurrence of vortices of different sizes.



The analysis made use of the k–ε standard turbulence model, which belongs to semi-empirical models and is characterized by parameters determined on the basis of experimental tests. This model describes the components of the Reynolds turbulent stress tensor according to Boussinesq hypothesis [23].



In the turbulence model k–ε, in the standard variation, the basic Navier–Stokes equation has been transformed into the Reynolds averaged equation. This equation includes an additional term in the form of the Reynolds stress tensor. Due to this term, the set of equations is not closed. To close the set of equations, it is necessary to introduce additional differential equations, which include the equation of kinetic turbulent energy and the equation of kinetic turbulent energy dissipation in the following form [48]:


  ρ   ∂ k   ∂ t   +  ∂  ∂  x i    ( ρ k  u i  ) =  ∂  ∂  x j    [ ( μ +    μ t     σ k    )   ∂ k   ∂  x j    ) ] +  G k  +  G b  − ρ ε −  Y M  +  S k   



(8)






  ρ   ∂ ε   ∂ t   +  ∂  ∂ x i   ( ρ ε  u i  ) =  ∂  ∂  x j    [ ( μ +    μ t     σ ε    )   ∂ ε   ∂  x j    ) ] +  C  1 ε    ε k  (  G k  +  C  3 ε    G b  ) −  C  2 ε ρ      ε 2   k  +  S ε   



(9)




where C1ε, C2ερ, and C3ε are constants, σk, and σε are turbulent Prandtl numbers for k and ε, respectively, Gb is the generation of turbulence kinetic energy due to buoyancy, Gk is the generation of turbulence kinetic energy due to the mean velocity gradients, YM is the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate, and Sk, and Sε are user-defined source terms.



The flow turbulence model k–ε includes several variants, such as the k–ε standard, the k–ε Renormalisation Group (RNG) and the k–ε Realizable. These variants differ, above all, in the method for determining turbulence viscosity and the Prandtl number, as well as in the constants present in the equations describing the kinetic energy of turbulence—k and the dissipation of turbulence kinetic energy—ε [49,50,51]. The turbulence model k–ε is the most common model used for analysing ventilation-related issued in underground mine headings [1,2,3,4,5,10,23,35,51], since it provides the best representation of the actual course of this process.




Constitutive Equations


A ternary species mixture comprising oxygen, water vapour and methane exists in the ventilation air in the mining headings. The interaction between the species is captured in the mixture density which follows incompressible ideal gas law given by [4]:


  ρ =   p M   R T    



(10)




where R is the universal gas constant and M refers to the mixture molar mass.



Mixture molar mass is given by:


  M =    [    ω  O 2    M  O 2    +   ω C  H 4    M C  H 4    +   ω  N 2    M  N 2    +   ω  H 2  O   M  H 2  O    ]    − 1    



(11)




where Mi is the molar mass of species i.



Mass fraction of nitrogen is calculated as:


  ω  N 2  = 1 −  (  ω  O 2  + ω C  H 4  + ω  H 2  O  )   



(12)







The air–methane mixture viscosity is calculated as:


  μ =   ∑ i      x i   μ i      ∑ j    x i   Φ  i , j          



(13)




where xi, and xj, are the mole fraction of species i and j, respectively, and:


   Φ  i , j   =  1   8       (     M i     M j     )     1 2       [  1 +    (     μ i     μ j     )     1 2       (     M i     M j     )     1 4     ]   2   



(14)







The mole fractions are related to the mass fractions by:


   x i  =   ω M    M i     



(15)







For practical purpose, methane concentration is presented in terms of percentage of methane concentration, defined as CH4 = ωCH4 ×100%.



The mine walls roughness, Ks, is estimated from the correlation developed by [52] as a function of flow resistance, described as:


   K s  = 4.49  μ  ρ  C μ  1 / 4    k 0  1 / 2    C s     [  0.342 × exp  (  4341  α ρ   )  − 1  ]   



(16)




where α is the air resistance coefficient, Cs is the roughness coefficient which identifies the roughness shape and is equal to 0.5 for spherical sand grains, whereas    C μ  1 / 4     and    k 0  1 / 2     is the dynamic velocity.




Permeability of the Goafs


The coefficient value of goaf permeability depends on the rocks types forming the caving. The parameter which characterises these rocks (roof) with respect to their permeability is their stratification resistance [53].



The destratification resistance of rocks is natural capability of the rock mass to oppose stratification and caving of roof rock to the heading surface. This capability is equal to the tensile strength of the forces directed vertically.



The destratification resistance of rocks is determined based on laboratory tests using downhole penetrometers or by disruption segments of vertical drilling of bore in the direction of longitudinal axis of opening. The value of this resistance is determined on the basis of the following dependence:


   R  r r i   = 0.8  F   d 2     



(17)




where Rrri is the destratification resistance of rocks (Pa), F is the tensile strength (Pa) and d is the diameter (m2).



The resistance of roof rock stratification forming caving is calculated from dependence [53]:


   R  r r s   =     ∑  i = 1  n    R  r r i    m i        ∑  i = 1  n    m i       



(18)




where Rrrs is resistance of roof rock stratification (Pa), and mi is the thickness of layers (m).



The resistance of roof rock stratification calculated on the basis of Equation (18) enables us to determine the permeability coefficient of goaf with caving from Equations (19) and (20) [53]:


  k ( x ) =  μ   r 0  + a  x 2      for   0 ≤ x ≤  2 3  l  



(19)






  k ( x ) =  μ   r 0  + a    (   4 3  l − x  )   2      for    2 3  l ≤ x ≤ l  



(20)




where k(x) is the permeability coefficient of goaf (m2), μ is the coefficient of dynamic viscosity (Ns∙m−2), l is the total length of the longitudinal longwalls (m), r0 and a are empirical factors depending on the mining geological conditions of the goafs.







3. Problem Statement and Boundary Conditions


The fundamental role for the correctness of the tests conducted is played by the development of a model, which best represents the real-world exploitation area, including the longwall, the goaf with caving, as well as other mine headings and the conditions present in them.



For this purpose, a geometrical model was developed for the area under analysis, with account being taken of the geometry parameters of the longwall, the longwall headings (the maingate and the tailgate) and the goaf with caving, which constitute the flow area for the air and methane mixture (Figure 6a). This model also included the auxiliary ventilation equipment (Figure 6b).



The geometry parameters of the area under analysis and the ventilation parameters of the flowing air stream are presented in Table 2, and Table 3 contains a summary of the strength parameters of the roof rocks forming the goaf with caving, which are necessary to determine the permeability of this medium, according to Equations (18) and (19).



At the next stage, discretisation of the model was performed, involving generation of a mesh consisting of a finite number of control volumes. The mesh generated for the geometric model consisted of hexahedron elements. Its dimensions are 0.15 m × 0.15 m × 0.15 m. Before selecting the size of the mesh elements, there was an analysis of its sensitivity to the calculation results obtained. Based on this analysis, it was assumed that, for model-based tests of air flow through the goaf with caving, one may adopt a numerical mesh with a size of the cubic elements equal to 0.15 m × 0.15 m × 0.15 m. Smaller elements significantly extend the time of calculations, without making any changes in the results obtained.



Next, boundary conditions were adopted along with a physical model, which was used for numerical calculations. The case at hand employed the standard turbulence model k–ε. The authors in their earlier study also found that the standard turbulence model k–ε is the most preferred model for studying the methane layering behavior and dispersion of methane [2,10]. The model thus developed was subjected to a numerical analysis. After setting the boundary conditions, the solutions were initialized. During iterations, the convergence was set at 1 × 10−6 (as per the “Fluent” support documentation) [48].




4. Results and Discussion


The calculations performed helped to obtain a series of interesting results. Particular significance was ascribed to determining the impact of auxiliary ventilation equipment on the parameters of the ventilation system. As mentioned before, no such tests had ever been carried out before. Therefore, analyses were conducted for two ventilation systems: one without and the other one with auxiliary ventilation equipment. In order to compare these systems, all the input geometry, physical and chemical parameters were the same in both cases.



The results obtained demonstrated significant differences for both the systems under analysis. This concerned the parameter values of the air and gas mixture flowing in the analysed headings and goaves with caving, as well as the distribution of methane concentration. In order to illustrate the differences between both systems, Figure 7 presents the trajectories of the air flowing through the goaves with caving and the intersection area between the longwall and the tailgate with built-in auxiliary ventilation equipment (Figure 7a,c) and without such equipment (Figure 7b,d).



Figure 8, on the other hand, presents the distributions of velocity vectors for the mixture of gases flowing through the area under analysis with auxiliary ventilation equipment installed in the tailgate (Figure 8a,c) and without such equipment (Figure 8b,d).



The analysis of the distributions obtained clearly demonstrates that the application of auxiliary ventilation equipment has a very important effect on the manner, in which the mixture of gases flows through the area in question.



In the case of the system with auxiliary ventilation equipment, the air stream flowing out of the longwall hits the air brattice (ventilation curtain) located in the tailgate. After it bounces off, the air stream travels towards the unliquidated section of the tailgate located behind the caving line of the longwall and hence also towards the goaf with caving. This leads to the formation of a gyrating flow and recirculation of air at the outlet from the longwall. Such a flow generates large curvatures of the current line. Two air streams overlap in this section of the tailgate: the main stream flowing out of the longwall and the refreshing stream flowing out of the auxiliary air duct. This leads to significant changes in the distribution of methane concentrations in this area (Figure 9a).



In the absence of auxiliary equipment, the air stream flowing through the longwall changes its flow angle by 90° and flows into the tailgate. The section of this tailgate located behind the caving line of the longwall continues to be an area which is practically not accessed by the air stream. As a result, this is the accumulation area for the methane flowing from the goaf with caving (Figure 9b).



The distributions of methane concentrations in vertical sections of the tailgate with built-in auxiliary ventilation equipment (a) and without such equipment (b) are presented in Figure 8. They are presented in vertical sections located every 1.0 m from the liquidation line of the tailgate (for 15 sections). Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14, on the other hand, presents the distributions of methane concentrations in selected vertical sections of the tailgate with built-in auxiliary ventilation equipment (a) and without such equipment (b).



Analysing the presented distributions of methane concentration, one can conclude that auxiliary ventilation equipment has a fairly significant impact on such distributions.



Installing this equipment in the tailgate significantly changes the location of the area with maximum methane concentrations. In the event where auxiliary ventilation equipment is not installed, the maximum methane concentration values are present in the roof section of the heading, whereas in the case where this equipment is used, the maximum methane concentration values are present in the lateral (sidewall) section of the heading. Moreover, when auxiliary equipment is used, the section of the unliquidated tailgate behind the longwall caving line is intensively ventilated, thus preventing the accumulation of methane which flows out of the goaves. In the event where this equipment is not present, the unliquidated section of the tailgate is an ideal location for methane to accumulate due to lack of air supply. The equipment applied, besides changing the location of the zone exposed to high methane concentration levels, contributes to significant reduction in the size of this zone (Figure 8 and Figure 9). This leads to a more favourable distribution of methane concentrations in this region.



It is also evident that the absence of auxiliary ventilation equipment in the case of high methane-bearing capacities of the longwall, which may practically make it impossible to maintain safe values for methane concentrations in mixture with air. As a consequence, this significantly limits the possibilities for safe exploitation to be carried out.



The distributions presented in Figure 9 and Figure 10 are significantly affected by the manner in which air and methane flow through the goaf with caving.



As a result of using auxiliary ventilation equipment, methane flows out of the goaf at the lateral (side) surface of the gallery (Figure 15a). On the other hand, when no such equipment is present, methane is released through the upper section of the surface adjacent to the goaf (Figure 15b). This is due to the fact that auxiliary ventilation equipment directs the air stream towards the goaf with caving, thereby preventing the free flow of methane into the tailgate with the entire surface adjacent to the goaf.



Taking account of the goaf with caving in the analysis shows how important they are for the flow of gases and the values of methane concentration (Figure 15).



In order to verify the results obtained from model-based tests, they were compared with the results of the measurements performed in the gallery under analysis. Methane concentration levels in Polish mines are measured on a point-to-point (local) basis, only in places (points) specified in relevant regulations. Methane detection sensors, which measure methane concentration values in the air flowing out of the longwall, are installed in the tailgate, at a distance of up to 10.0 m from the longwall outlet. The schematic distribution of the automatic manometry sensors for the area of the longwall under analysis is presented in Figure 3. Additionally, Figure 3 shows the measurement line which is located along the tailgate and crosses the measurement point (P2). This line is situated at a height of 2.7 m and at a distance of 3.5 m from the outlet of the longwall (Figure 3 and Figure 6b). The arrangement of sensors for measuring methane concentration levels and the measurement line in the region was made under analysis.



The comparison of the methane concentration values obtained from the measurements in real-world conditions and those determined through model-based tests, for a system with auxiliary ventilation equipment, is presented in Table 4.



The relative error between the values of methane concentration levels from the measurements and those obtained through the numerical method does not exceed 12.2%. It can, therefore, be assumed that the results obtained for the calculations are close to the values measured in real-world conditions. This shows that the real-world system has been well reproduced in the model.



No measurements were performed for methane concentration values in real-world conditions for the system without auxiliary equipment. The comparison of the methane concentration values determined on the basis of model-based tests, for systems with and without auxiliary ventilation equipment in the measurement points (P1 and P2), is shown in Table 5.



The results obtained confirm the effectiveness of using auxiliary ventilation equipment.



The authors of the paper also determined the average values for methane concentration levels in the cross-sections of the tailgate. It was assumed that such a presentation of results will provide a fuller explanation of the methane distributions in this tailgate and the impact of auxiliary ventilation equipment of these distributions. The distributions obtained for the systems with this equipment and without it for 75 m of the tailgate’s length, counting from the goaf side, are presented in Figure 16.



It should also be stressed that such measurements cannot be performed in real-world conditions.



Using the measurement line assumed and marked in Figure 3 and Figure 11, the distributions of methane concentration values were determined in the points located along this line (24 points). As mentioned before, this line is located in the tailgate at the installation height of the sensor for measuring methane concentrations in the real-world heading. The values of methane concentrations in the points located on the assumed measurement line for the systems with and without auxiliary ventilation equipment are presented in Figure 17.



Analysing the distributions obtained (Figure 16 and Figure 17), one may conclude that the application of auxiliary ventilation equipment has a significant impact on the reduction of methane concentration levels in the tailgate.



In order to illustrate the impact of auxiliary ventilation equipment on the velocities of the air flowing through the tailgate, the distributions of these velocities are presented in Figure 18. These distributions are presented on the planes located every 1.0 m from the caving line in the tailgate.



For a more complete analysis of the phenomenon at hand, the authors also determined the impact of the volume output of the additional air stream supplied along the auxiliary air duct on the distribution of methane concentration in the tailgate. Moreover, the calculations were carried out for three additional values of air volume output, amounting to 165.0 m3/min, 188.0 m3/min and 212.0 m3/min. The distributions of methane concentrations obtained for these cases are presented in Figure 19.



The average methane concentration values in the cross-sections of the tailgate for the analysed volume outputs of the air stream supplied along the auxiliary air duct are presented in Figure 20. Figure 21, on the other hand, demonstrates the changes in methane concentration values along the measurement line (marked in Figure 3) for the analysed capacities of the auxiliary air stream.



The distributions determined indicate that, with a constant inflow of methane into the tailgate, increasing the air stream volume supplied along the auxiliary air duct leads to significant reduction in the concentration of this gas in the headings under analysis.




5. Conclusions


Underground mining exploitation, due to the conditions in which it is carried out, is exposed to various types of risks referred to as natural hazards in Poland. Based on many years of experience and the analysis of critical events, it can be concluded that methane represents one of the most dangerous hazards to this process and, above all, to the mining crew working in the headings. It is therefore necessary to conduct tests with a view to developing effective methods for limiting the risk of its ignition and explosion. The solution analysed in the paper is fully in line with this course of action.



The objective of the tests was to determine the impact of auxiliary ventilation equipment on the distribution and concentration of methane in the area of ongoing exploitation. The analysis was based on the tests carried out on a model representing a real-world area under mining exploitation, with account being taken of the test results in real-world conditions.



The results obtained unambiguously indicate that the application of auxiliary ventilation equipment, in the form of an air brattice (ventilation curtain) and an auxiliary air duct, significantly improves the ventilation parameters of the air stream in the area under analysis. An unquestionable advantage of the paper, which demonstrates its uniqueness, is the precise spatial representation of the real-world exploitation area as well as the consideration given to the impact of goaf with caving on the distributions determined. This made it possible to obtain reliable results that can be used in practice. A lack of reliable tests results for the impact of such equipment on the ventilation system raises serious concerns about its application.



For this reason, the present paper should provide an essential source of knowledge concerning the effects of using auxiliary ventilation equipment in areas of mining operations. The multivariate analysis concerning the selection of the velocity for the air stream supplied along the auxiliary air duct indicates a wide scope of possibilities in terms of adjusting the parameters of this equipment to real-world conditions. The drops in methane concentration levels obtained in the entire area under analysis, as well as the practical elimination of the zone of hazardous methane accumulation in the remaining section of the tailgate, bear testimony to the effectiveness of the auxiliary ventilation equipment in use.



The results obtained corroborate the advantages of this equipment and should lead to its wider application in practice, all the more so since this equipment is of simple design, easy to assemble and requires no complicated operation.



Therefore, the present paper represents an example of practical application of advanced computational tools and complex theories. Therefore, it seems reasonable to conclude that tests carried out according to the CFD methodology, besides their scientific aspect, also carry a huge application potential.



In the authors’ opinion, the methodology developed for assessing ventilation systems in mines by means of numerical modelling, with the use of real-world test results (even partial), should be more widely applied in practice. This should particularly concern the multivariate analyses of emergency situations and the forecasting of ventilation-related hazards. This is best illustrated by the methodology developed, the analyses performed and the results obtained for the case at hand.
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Figure 1. The directions of methane flow through the goaf (from undertaken and overtaken seams) to the longwall and the tailgate. 
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Figure 2. Diagram of the “U-type” ventilation system from the borders with an indicated area of methane concentration increase. 
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Figure 3. Schematic location of the auxiliary ventilation equipment (AVE) in the tailgate. 






Figure 3. Schematic location of the auxiliary ventilation equipment (AVE) in the tailgate.



[image: Energies 11 03076 g003]







[image: Energies 11 03076 g004 550] 





Figure 4. Location of the region where the tests were conducted modified from [42]. 
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Figure 5. The ventilation scheme of the longwall under analysis. 
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Figure 6. Geometry of the computational domain (longwall, longwall galleries, goaf and air duct, ventilation curtain, and ventilation sluice). 






Figure 6. Geometry of the computational domain (longwall, longwall galleries, goaf and air duct, ventilation curtain, and ventilation sluice).



[image: Energies 11 03076 g006]







[image: Energies 11 03076 g007 550] 





Figure 7. The trajectories of air flowing through the intersection of the longwall and the airway with built-in AVE (a,c) and without such equipment (b,d). 
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Figure 8. The distributions of velocity vectors for the air flowing through the intersection of the longwall and the tailgate with built-in AVE (a,c) and without such equipment (b,d). 
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Figure 9. The distributions of methane concentrations in vertical sections of the tailgate with built-in AVE (a) and without such equipment (b). 
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Figure 10. The distributions of methane concentrations in selected vertical sections (Plane 1) of the tailgate with built-in AVE (a) and without such equipment (b). 
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Figure 11. The distributions of methane concentrations in selected vertical sections (Planes 2–5) of the tailgate with built-in AVE (a) and without such equipment (b). 
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Figure 12. The distributions of methane concentrations in selected vertical sections (Planes 6–9) of the tailgate with built-in AVE (a) and without such equipment (b). 






Figure 12. The distributions of methane concentrations in selected vertical sections (Planes 6–9) of the tailgate with built-in AVE (a) and without such equipment (b).



[image: Energies 11 03076 g012]







[image: Energies 11 03076 g013 550] 





Figure 13. The distributions of methane concentrations in selected vertical sections (Planes 10–13) of the tailgate with built-in AVE (a) and without such equipment (b). 
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Figure 14. The distributions of methane concentrations in selected vertical sections (Planes 14 and 15) of the tailgate with built-in AVE (a) and without such equipment (b). 
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Figure 15. The manner in which methane is released from the goaf with caving into the tailgate with built-in AVE (a) and without such equipment (b). 
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Figure 16. The average values of methane concentrations in the cross-sections of the tailgate for the systems with and without AVE. 
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Figure 17. The values of methane concentrations in the points located on the assumed measurement line for the systems with and without AVE. 
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Figure 18. The distributions of air stream velocities in the tailgate with AVE (a) and without such equipment (b). 
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Figure 19. The distribution of methane concentration in the tailgate with built-in AVE and an additional stream of air supplied along the auxiliary air duct with the following capacities: 165.0 m3/min (a), 188.0 m3/min (b) and 212.0 m3/min (c). 
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Figure 20. Average methane concentration values in the cross-sections of the tailgate for the analysed volume outputs of the air stream supplied along the auxiliary air duct. 
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Figure 21. The values of methane concentrations along the measurement line (marked in Figure 3) for the analysed capacities of the air stream supplied through the air duct. 
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Table 1. Underground coal mine disasters related to methane explosions (examples) [6,7,8].
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	Year
	Country
	Coal Mine
	Cause of Explosion
	Fatalities





	1887
	Australia
	Bulli
	Ignition of gas and coal dust
	81



	1887
	Belgium
	La Boule, Borinage
	Methane explosion
	120



	1914
	Canada
	Hillcrest
	Methane and coal dust explosion
	189



	1914
	Japan
	Mitsubishi Hojyo
	Methane explosion
	687



	1950
	China
	Henan
	Methane explosion
	187



	1960
	China
	Henan
	Methane and coal dust explosion
	187



	1972
	Zimbabwe
	Wankie Colliery Disaster
	Methane and coal dust explosion
	426



	1991
	China
	Shanxi
	Methane and coal dust explosion
	147



	2005
	China
	Liaoning
	Methane explosion
	214



	2006
	Poland
	Halemba
	Methane and coal dust explosion
	23



	2007
	China
	Hanxi
	Methane explosion
	105



	2009
	Poland
	“Wujek” (Śląsk)
	Methane and coal dust explosion
	20



	2009
	China
	Heilongjiang
	Methane explosion
	108



	2014
	Poland
	Mysłowice-Wesoła
	Methane explosion
	5
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Table 2. Geometry and ventilation parameters of the test region.






Table 2. Geometry and ventilation parameters of the test region.





	Geometry and Ventilation Parameters
	Values





	Air emission rate (Q1)—maingate, m3/min
	1100.00



	Air emission rate (Q2)—air duct in tailgate, m3/min
	141.0



	Methane emission rate (absolute methane content—QCH4), m3CH4/min
	12.36



	The height of longwall, m
	3.5



	The length of longwall, m
	116.0



	The width of longwall, m
	3.5



	The width of longwall galleries, m
	4.0



	The height of longwall galleries, m
	3.5



	The area of longwall galleries, m2
	12.283



	The length of goaf, m
	100.0



	The length of maingate, m
	25



	The length of tailgate m
	79



	The length of the unliquidated part of the airway behind the caving line of the longwall, m
	4.0



	The location of the outlet from the air duct in relation to the liquidation line of the airway, m
	5.5



	The location of the ventilation curtain in relation to the liquidation line of the airway
	1.0



	Diameter of air duct, m
	1.0
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Table 3. Parameters characterizing rocks littering in the roof of the longwall and forming goaf with caving.
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Type of Roof Rocks

	
Compressive Strength, MPa

	
Tensile Strength, MPa

	
Rrrs, MPa






	
Clay slates with coal lamina

	
17.50

	
2.08

	
3.88




	
Coarse-grained

	
24.60

	
2.30




	
Sandstones

	
53.60

	
6.10
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Table 4. The comparison of the methane concentration values obtained from the measurements in real-world conditions and those determined through model-based tests, for a system with auxiliary ventilation equipment (AVE).






Table 4. The comparison of the methane concentration values obtained from the measurements in real-world conditions and those determined through model-based tests, for a system with auxiliary ventilation equipment (AVE).





	Methane Concentration Level, %
	Model with Auxiliary Ventilation Equipment
	Real System
	Error, %





	Point P1
	0.97
	1.1
	11.82



	Point P2
	0.87
	0.99
	12.12
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Table 5. The comparison of the methane concentration values determined on the basis of model-based tests, for systems with and without AVE in the measurement points (P1 and P2).






Table 5. The comparison of the methane concentration values determined on the basis of model-based tests, for systems with and without AVE in the measurement points (P1 and P2).





	Methane Concentration Level, %
	Model with Auxiliary Ventilation Equipment
	Model without Auxiliary Ventilation Equipment





	Point P1
	0.97
	3.05



	Point P2
	0.87
	1.75











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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