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Abstract


Coalbed methane (CBM), a highly efficient and clean energy source with substantial reserves, holds significant development potential. Permeability is a crucial factor in CBM recovery in underground coal mines. Hydraulic fracturing technology causes water to enter the coal reservoir, which will change mechanical properties, affecting permeability changes and gas depletion trends. This study combines theoretical analysis with numerical simulation techniques to create a coupling model for fluid flow and reservoir deformation. The numerical model is established by referring to the geological conditions of the Wangpo coal mine, Shanxi province. Specifically, the impact of water immersion-induced softening and changes in the anisotropic mechanical properties on the directional permeability and gas flow rate is examined through parametric analysis. The dominant role in controlling the evolution of permeability varies depending on the orientation. Horizontal deformation primarily affects vertical permeability, which is subsequently influenced by the gas adsorption effect. In contrast, horizontal permeability is mainly determined by vertical deformation. Water immersion-induced softening significantly reduces the permeability and gas flow rate. Young’s modulus, which is dependent on water saturation, alters the permeability trend under water-rich conditions. Vertical permeability evolution is more sensitive to water-induced softening and changes in the anisotropic mechanical properties. When Sw0 is 0.7, the vertical permeability decreases by 60%, while the horizontal permeability decreases by 43%. Ultimately, the vertical permeability ratio stabilizes between 0.9 and 1.0, while the horizontal permeability ratio stabilizes in the range of 0.6 to 0.7. The influence of permeability on gas production characteristics is dependent on the water saturation conditions. In water-scarce conditions, variations in the fracture permeability greatly influence production flow rates. Conversely, in water-rich conditions, a higher permeability facilitates a quicker return to original levels and also enhances gas production flow rates. The research findings from this study provide important insights for fully understanding the mechanical properties of coal and ensuring the sustainable production of CBM.
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1. Introduction


As the global energy structure transforms and the demand for clean energy increases, coalbed methane (CBM), which is regarded as an efficient and clean energy source, is receiving increasing attention. CBM is a distinctive gas resource linked to coal, primarily consisting of methane, which is categorized as an unconventional natural gas. Global CBM reserves are substantial, with the total amount of resources exceeding 260 trillion cubic meters [1]. Notably, ninety percent of these resources are concentrated in twelve principal coal-producing nations, including Russia, Canada, and China [2]. Developing CBM resources and using them on a large scale is of great significance to solving global energy shortages, improving the energy consumption structure, and improving environmental quality.



Permeability is a crucial factor in regulating the enrichment and optimal production of CBM. Coal permeability indicates the ability of a fluid to pass through any cracks and pores in the coal. Numerous researchers have extensively studied models of coal permeability, some of which are widely recognized [3,4]. Certain permeability models rely on porosity [5,6,7], others depend on stress [8], while there are models that may be either porosity-dependent or stress-dependent, influenced by varying stress–pore strain relationships, e.g., the Cui–Bustin model [9]. In addition, some scholars have proposed effective strain-based permeability models considering the interaction between the matrix and the fracture system [10]. However, permeability anisotropy is not taken into account in the above model. The coal reservoir exhibits significant heterogeneity due to the effects of sedimentary environments, diagenesis, and late structural changes, leading to prominent anisotropic permeability (i.e., permeability varies with direction) [11]. In recent years, a few permeability models have taken anisotropic characteristics into account; for example, Yang et al. [12] created an anisotropic permeability model using the poro-elastic approach, integrating it into finite element software to study its effect on gas transport in coal. Zhou et al. [13] introduced a novel anisotropic permeability model that considers the directional strain influenced by 3D formation stress. Li et al. [14] formulated an anisotropic permeability model, focusing on how coal responds to stress and how its fractures interact with the surrounding matrix. Li et al. [15] proposed a coal permeability model that incorporates the effects of stress compression and gas adsorption, allowing for the simulation of gas flow behavior in all directions within the coal.



The permeability of the coal reservoir also has strong stress sensitivity [16]. The mechanical properties of coal reservoirs influence the stress state of rocks [17], deeming the impact of coal’s mechanical properties on permeability characteristics a critical factor in the effective development of CBM [18]. Furthermore, coal is a type of sedimentary rock that is characterized by various structural planes, including bedding, foliation, and a random arrangement of natural fractures [19]. The degree of cementation between rock particles varies significantly, leading to pronounced anisotropic characteristics in the mechanical properties of coal [20]. These complex mechanical properties present substantial challenges for the development of coal gas resources. Currently, extensive research on the anisotropy of coal’s mechanical properties has been conducted using experimental methods such as rock triaxial macroscopic experiments, nano-indentation microscopic experiments, and acoustic experiments [21,22]. Nevertheless, a theoretical model of coal permeability that accounts for the anisotropy of the coal’s mechanical properties is lacking.



Coal reservoirs typically have an ultra-low permeability, low gas saturation, and high heterogeneity [23,24], impeding efficient gas depletion processes. Hydraulic methods, including fracturing and cutting, are commonly used to improve mine safety and CBM extraction [25]. Among these methods, hydraulic fracturing has been extensively adopted, pumping the high-pressure fluid into the reservoir to create a fracture network. In addition to the hydraulic fluid, formation water also exists in the coalbed reservoir. During the gas depletion process, the injected fluid first flows out; then, the gas is extracted [26]. The injected water can change the mechanical and transport properties of the coal reservoir. Currently, few permeability models consider the impact of water immersion-induced softening and anisotropy. Additionally, the influence of water on the efficiency of CBM production needs further investigation. To evaluate the effects of water on permeability, it is necessary to integrate water into the coal permeability model.



As mentioned above, the existence of water in the reservoir has the ability to change the mechanical properties of the coal, reducing its strength and altering its anisotropic properties. Meanwhile, its impact on the gas flow characteristics in the three directions is seldom addressed. As a result, the gas flow rate in underground coal mines cannot be predicted accurately. In summary, a theoretical model of coal permeability, which covers the impact of changing water-immersed mechanical properties, is urgently needed. To understand the influence of mechanical anisotropy in coal reservoirs on coal permeability, we first introduce a gas flow-reservoir deformation coupling model in Section 2 and Section 3 of this paper, considering the impact of the presence of water in the permeability model. Then, in Section 4, the coupled model is incorporated into a numerical model, which is established based on the geological conditions of Wangpo coal mine and solved using COMSOL Multiphysics (Version 5.4). Furthermore, the effect of coal mechanical anisotropy on coalbed methane production is displayed in Section 5, followed by the discussion part of this work, which is presented in Section 6. Finally, the conclusion is given in Section 7.




2. Conceptual Model


Long borehole technology (Figure 1a,b) is extensively employed to extract CBM in underground coal mines to guarantee safety and improve the utilization rate of greenhouse gas. CBM is typically stored in reservoirs that have a low porosity and low permeability. Hydraulic techniques, including hydraulic fracturing and cutting, are widely used to improve the efficiency of CBM production from coal reservoirs. This approach requires a large amount of water to crack the reservoir, creating new fractures or reactivating pre-existing natural fractures [27,28]. During this process, large amounts of hydraulic fluid are retained in the reservoir [29,30]. In addition to the hydraulic fluid, which is usually specified as water, the reservoir intrinsically contains some primitive water. Both the retained and formation water have the ability to change the transport and mechanical properties of the reservoir.



Additionally, coal reservoirs exhibit a diverse range of pore structures and gas storage characteristics [31]. The dual-porosity medium concept involves both fracture and matrix systems (as illustrated in Figure 1c,d); it is widely employed to describe the coupling process of poro-elastic behavior and multi-scaled fluid flow [32,33]. The gas stores are the free term in the fracture systems and the adsorption term in the matrix system. Linear Darcy flow characterizes the fracture system, while effective diffusion describes the gas transport within the matrix system. In addition to its heterogeneity, the coal reservoir also exhibits anisotropy in relation to both gas seepage efficiency and deformation characteristics. It is mutually agreed that the transport ability in the horizontal plane is significantly larger than that in the vertical plane [34]. Additionally, the modulus of elasticity in the horizontal direction exceeds that in the vertical direction [35].



2.1. The Impact of Water Presence on Transport and Mechanical Properties


Due to the complex pore topology, CBM reservoirs feature a totally different flow regime compared to conventional reservoirs. Darcy flow characterizes the direct relationship between seepage velocity and the pressure gradient, outlining the fluid dynamics within the fracture system. The gas slippage effect [36] or the Forchheimer [37] effect should be taken into consideration when the flow channel is much smaller or larger. Adsorption and desorption refer to the interactions between gaseous or aqueous molecules and the pore surface. There are some truly fascinating models for monolayer adsorption, such as the Langmuir model [38], as well as some multimolecule layer adsorption models such as the Brunauer–Emmett–Teller (BET) model [39]. For gas that is adsorbed within the matrix, the flow mechanism is described using effective diffusion, which typically combines Knudsen diffusion and bulk diffusion. As stated previously, both water and gas are present in the CBM reservoir, filling the gas flow channel. Therefore, the gas permeability when water and gas co-exist is dramatically smaller than when only gas is present. In this work, the relative permeability model is employed to describe the relationship between the relative permeabilities of both gas and water and water saturation.



As previously stated, water presence greatly diminishes Young’s modulus value, which has an inverse relationship with water content [40]. In reservoirs with minimal or no water, Young’s modulus is higher horizontally than vertically. This behavior stems from the distinct properties of coal, which contrast with those of well-cemented sedimentary rocks, owing to their discontinuous, uneven, anisotropic, and nonlinear elastic properties. Coal shows an enhanced deformation capacity when loads are applied perpendicular to the bedding plane. As moisture levels rise, the anisotropy ratios for Young’s modulus and hardness steadily decrease [41].




2.2. Gas Production Process


The gas depletion process can be divided into three stages based on the relative proportion of gas and water. The first stage involves the depletion pressure being above the gas desorption pressure; as a result, most gases remain in their original state and the water in the fracture network flows out (Figure 2a), forming the water single-phase flow. At the end of this stage, some of the free gas is dissolved in water and begins to move (Figure 2b) in a process known as bubble flow. Then, the fluid pressure continues to drop and is equal to or below the critical desorption pressure. The adsorbed gas begins to desorb and diffuses into the fracture (Figure 2c); additionally, some of the free gas depletes out due to the gas pressure gradient. At this stage, water flow remains predominant since water saturation exceeds gas saturation, resulting in a higher water relative permeability (Figure 2d). Throughout the depletion process, a significant amount of water is extracted, leading to decreased water saturation, diminished water relative permeability, and enhanced gas relative permeability (Figure 2d). This behavior also contributes to the rise in gas production. In this stage, the water flow changes from continuous flow to moisture transport. On the contrary, the gas content plays a dominant role. This stage comprises a significant portion of the overall depletion process.





3. Mathematical Model Governing Reservoir Deformation and Two-Phase Flow Processes


3.1. Governing Equation of the Mechanical Process


Coal is typically categorized into matrix and fracture systems; this is usually described as a dual-porosity model [42,43,44]. The body force in the coal reservoir should include the pore pressure and adsorption stress in both the fracture and matrix systems, and both of the forces swell the coal body. Referring to poro-elasticity theory, the constitutive relationship of the coal reservoir follows the Navier type, as follows [45,46]:


  G  u  i , k k   +   G  1 − 2 v     u  k , k i   −  α m   p  m , i   − K  ε  m s , i   −  α f   p  f , i   +  f i  = 0  



(1)




where G and K define the shear and bulk modulus of the coal reservoir, Pa; α signifies the Biot coefficient; p refers to the pore pressure, Pa; f represents the body force of the rock, Pa; u stands for the coal displacement, m; and ε indicates the adsorption strain. The subscripts f and m denote the fracture and matrix, respectively. The subscribed i represents three directions, the x-, y-, and z- directions. The following internal relationship exists: G = E/2(1 + v), K = E/3(1 − 2v), αm = 1 − Km/Ks, α = 1 − K/Km. v is Poisson’s ratio of coal; Km is the bulk modulus of the matrix, Pa; and Ks is the bulk modulus of grains, Pa.



The Langmuir isotherm equation illustrates the strain in the matrix due to the gas sorption system:


   ε  m s   =     ε  m L    p m     P  m L   +  p m      



(2)




where εmL denotes the Langmuir strain constant, and PmL denotes the Langmuir pressure constant, Pa.




3.2. Two-Phase Flow Model


3.2.1. Two-Phase Flow in the Fracture System


As previously noted, both gas and water exit the coal reservoir, necessitating a two-phase flow model for the gas drainage process. The equation for mass conservation in gas–water flow is typically described as follows:


     ∂  m α    ∂ t    + ∇ ⋅ (  ρ α    u  α  ) =  Q α   



(3)




where m represents the flow mass, kg/m3; t denotes time, s; Q denotes the source term, kg/m3; and the subscripted α denotes either water (w) or gas (g), respectively.



Darcy’s law is used to characterize velocity uα [47], as follows:


    u  α  = −    k  k  r α      μ α     ∇  p α   



(4)




In the above equation, the symbol k represents intrinsic permeability, m2; and kr represents relative permeability. The symbol μ denotes the dynamic viscosity, Pa·s; and p denotes the pore pressure, Pa. In this study, we assume that water is stored solely within the fracture system; thus, we obtain the following equation:


   m w  =  S w   ρ w   φ f   



(5)




where Sw denotes the water saturation; ρw represents water density, kg/m3; and φf is the porosity of the fracture system. The density of water (ρw) is not a constant but varies with pore pressure and is defined as ρα = −1/Cα(dρα/dpα), where Cα is the fluid compressibility.



Additionally, we assume that the coal reservoir exhibits a dual-porosity system, comprising both a fracture and a matrix system. The gas is specified as a free term in the fracture system and is classified as an adsorption term in the matrix system; a desorption time lag exists between the two systems. Therefore, the mass in the fracture system is expressed as follows:


   m g  =  S g   ρ g   φ f  +  ρ  g a    ρ c   m b   



(6)




where ρc is the density of the coal seams, kg/m3; Sg is the gas saturation; ρga is the gas density under a standard atmosphere, kg/m3; and ρg is the density of the gas, kg/m3.




3.2.2. Gas Diffusion Within the Matrix System


mb represents the mass transfer occurring between the fracture and matrix system, constrained by the diffusion time, as follows [48]:


     d  m b    dt    = −   1 τ   (  m b  −  m e  )  



(7)




where me represents the gas content, m3/kg, which is in equilibrium with the fracture gas pressure, pf. This is described using the Langmuir isotherm, as follows:


   m e  =     V  L f    p f     p  L f   +  p f      



(8)







The time taken for diffusion in a matrix block is typically described as follows:


  τ =   1  a  D e      



(9)




where De is the gas effective diffusion coefficient in the matrix, m2/s; and a represents a shape factor.



This study employs the effective diffusion model, which encompasses both Knudsen diffusion and self-diffusion, to elucidate the diffusion process in the coal matrix. The diffusion coefficient of Knudsen diffusion is related to the pore diameter (dm) and the arithmetic average of gas velocity (um); it is expressed as follows [49,50]:


   D m  =   1 3    u m   d m   



(10)







When examining the coal reservoir, it is important to take into account porosity, tortuosity, and roughness. Consequently, the equation presented above transforms into the following equation [51,52]:


    D m  e  =     φ m     τ m      δ  (  D f  − 2 )    D m   



(11)




where φm and τm denote the porosity and tortuosity of the coal matrix, respectively. Df and δ are two dimensionless constant numbers, and the first term reflects the fractal dimension of the pore wall, while the second term signifies the ratio of the gas molecule’s diameter to the local average pore diameter.



Based on the theory of molecule kinetics, the bulk diffusion coefficient can be written as follows [49]:


   D b  =   1 3    u m  λ =   1 3    u m    λ   d m      d m  = K  n m   D m   



(12)




where λ denotes the mean free path, m; and Knm represents the Knudsen number. With the incorporation of the impact of porosity and tortuosity, it can also be written as follows [51,52]:


    D b  e  =     ϕ m     τ m     K  n m   D m   



(13)







Several approaches have been proposed to effectively combine Knudsen diffusion and bulk diffusion. Geng and Li [50] suggested a technique for calculating the effective diffusion coefficient, ensuring a seamless transition from bulk diffusion to Knudsen diffusion. This method calculates the effective diffusion coefficient as follows:


    D  e f   e  =    α K  n m    D m  e  +   D b  e    α K  n m  + 1     



(14)







When Kn → 0, this represents bulk diffusion, while when Kn → ∞, this indicates Knudsen diffusion. Furthermore, α is not constant; it depends on the Knudsen number (α = Knmb, where b is known as the ratio coefficient and b > 0).




3.2.3. Supplement Equations


Four variables (Sg, Sw, ρg, and pw) need to be solved in the two-phase flow model, while only two equations are presented. Therefore, the following supplementary equations are needed [53]:


   S w  +  S g  = 1  



(15)






   p c  =  p g  −  p w   



(16)




where pc represents the capillary pressure, Pa, which is dependent on water effective saturation; this is defined as follows [54,55]:


   p c  =  p e    (  S e  )   − 1 / c    



(17)




where pe refers to the entry pressure, Pa; and c represents a coefficient linked to pore size distribution. Se is the effective saturation, which is defined as follows [56]:


   S e  =     S w  −  S  w r     1 −  S  w r   −  S  g r       



(18)




where Swr and Sgr indicate the residual water and gas saturations, respectively; these vary based on porosity, as follows:


   S  w r   =  S  w r 0     (     φ f     φ  f 0      )   −  n  w r      



(19)






   S  g r   =  S  g r 0     (     φ f     φ  f 0      )   −  n  g r       (     ρ g     ρ  g a      )   − 1    



(20)




where nwr and ngr are parameters determined through experimental calculation data. Swr0 and Sgr0 represent the initial values of residual saturation in both the water and gas phases.





3.3. Coal Porosity and Permeability Model


3.3.1. Relative Permeability Model


In Darcy’s law, two permeability terms are presented, which are employed for the two-phase flow model. The relative permeability is related to the effective saturation; it is specified as follows [55]:


   k  r g   =   ( 1 −  S e  )  2  ( 1 −  S e 2  )  



(21)






   k  r w   =    S e        1 −   ( 1 −  S e  1 / m   )  m     2   



(22)







krg and krw are the relative permeabilities of gas and water, respectively. m is an empirical parameter. As mentioned above, the effective saturation is related to the variation in the porosity of the fracture system.




3.3.2. Intrinsic Porosity Model for the Fracture System


Fracture porosity is described as a function of effective strain [57]:


      φ f     φ  f 0      = 1 +   1   φ  f 0      Δ  ε  f e    



(23)




Here, the subscript 0 denotes the initial state. εfe represents the effective strain of the fracture system and is composed of global strain and fracture local strain, as follows:


  Δ  ε  f e   = Δ  ε  f g   + Δ  ε  f l    



(24)







The local strain encompasses the mechanical interaction strain between the matrix and fracture systems, as well as the strain induced by gas adsorption, as follows:


  Δ  ε  f l   =    (  p f  −  p m  )    K m     − f Δ  ε  m s    



(25)







In this work, we assume that part of the adsorption strain (fΔεms) contributes to the local strain, narrowing fracture apertures. Meanwhile, the remaining part ((1 − f)Δεms) belongs to the global strain, increasing fracture apertures. Therefore, the global strain is defined as follows:


  Δ  ε  f g   = Δ  ε v  + ( 1 − f ) Δ  ε  m s    



(26)







Therefore, the effective strain of fractures is written as follows:


  Δ  ε  f e   = Δ  ε v  + ( 1 − f ) Δ  ε  m s   +    (  p f  −  p m  )    K m     − f Δ  ε  m s    



(27)




The first term represents the coal reservoir’s volumetric strain from the mechanical deformation equation; the second and fourth terms represent the strain caused by adsorption, according to the Langmuir isotherm equation. The third term illustrates the compressive strain in matrix blocks that results from the interaction between the matrix and the fractures. As mentioned, the mechanical properties of coal show great anisotropy with the Young’s modulus in the horizontal direction, significantly more than that in the vertical direction. Therefore, the permeability evolution also varies with direction. Therefore, the above equation can be written as follows:


  Δ  ε  f e h o   = Δ  ε  v v e   +   2 3   ( 1 − f ) Δ  ε  m s   +   2 3      (  p f  −  p m  )    K m     −   2 3   Δ  ε  m s    



(28)






  Δ  ε  f e v e   = Δ  ε  v h o   +   2 3   ( 1 − f ) Δ  ε  m s   +   2 3      (  p f  −  p m  )    K m     −   2 3   Δ  ε  m s    



(29)




In the above equation, the subscripts ho and ve represent the horizontal and vertical directions. The attribution factor 2/3 is employed as the strain induced by the adsorption effect, and pore pressure is uniformly distributed along three directions (i.e., the x-, y-, and z-directions). The evolution of porosity or permeability in one direction is controlled by the other two directions. For instance, the porosity or permeability in the z-direction is co-dominated by the deformation in the x- and y-directions.



The cubic law is widely used to explain the connection between porosity and permeability [34,58]:


      k f     k  f 0      =         φ f     φ  f 0         3   



(30)







Here, kf is the fracture permeability, m2.




3.3.3. Porosity Model for the Matrix System


Similarly to the porosity model for fracture systems, the development of the matrix system’s porosity model is influenced by changes in the effective strain, as follows:


      φ m     φ  m 0      = 1 +     α m     φ  m 0      Δ  ε  m e    



(31)




where m represents the matrix system, and αm is the Biot coefficient of the matrix system. Similarly, the effective strain Δεme is composed of the global strain (εmg) and the local strain (εml) of the matrix system, as follows:


  Δ  ε  m e   = Δ  ε  m g   + Δ  ε  m l    



(32)







The local strain in the matrix system contrasts with that in the fracture system, which leads us to conclude the following:


  Δ  ε  m l   = − Δ  ε  f l   = −    (  p f  −  p m  )    K m     + f Δ  ε  m s    



(33)







The global strain of the matrix system is the same as that of the fracture system; it can be written as follows:


  Δ  ε  m g   = Δ  ε  f g   = Δ  ε v  + ( 1 − f ) Δ  ε  m s    



(34)




Therefore, the effective strain of fractures is written as follows:


  Δ  ε  m e   = Δ  ε v  + ( 1 − f ) Δ  ε  m s   + −    (  p f  −  p m  )    K m     + f Δ  ε  m s    



(35)









3.4. Coupling Process in the Mathematical Model


Several coupling processes are involved in the proposed model; the details are listed in the ensuing section and are schematically shown in Figure 3. (i) The effects of mechanical deformation on dual-phase flow within coal reservoirs: coal reservoir deformation has the ability to change the pore topology of both the fracture and matrix systems and, subsequently, the fluid flow properties, including the intrinsic permeability in the fracture system and the effective diffusion coefficient in the matrix system. (ii) The impact of fluid flow on mechanical properties: the gas drainage process has the ability to change the pore pressure and subsequently induce volume strain in the coal reservoir. Furthermore, the existence of water softens the coal reservoir, thus lowering the Young’s modulus of the coal seam. In summary, Young’s modulus varies with water saturation. Additionally, water saturation influences the relative permeability of the gas and water phases, which aligns with the relative permeability principles curve. There is gas mass transfer between the matrix and fracture systems.





4. Numerical Model


4.1. Geometrical Model


This study involved creating a three-dimensional geometrical model to simulate the impact of water saturation and induced mechanical anisotropy on the gas extraction efficiency via layer drilling holes. The model is established by referring to the geological conditions in the Wangpo coal mine, Shanxi province. The model features three strata groups, which are depicted in Figure 4. The upper and lower strata act as surrounding rock, measuring 140 m in length, 80 m in width, and 10 m in height. Positioned in the center of the model, the coal seam matches the dimensions of the surrounding rock. Meanwhile, a transportation roadway—10 m in height and 80 m in length—was inserted into the coal seam on the left-hand side. The excavation of a borehole with a diameter of 100 mm was conducted. The borehole measured 110 m in length and was perpendicular to the right-hand wall of the roadway. It is noteworthy that the initial 15 m of the section was sealed.



To guarantee the model’s accuracy and convergence, the model was suitably meshed, using free tetrahedral elements, while refinements were conducted at the boreholes. Finally, a total of 106,984 domain elements were generated, with an average grid quality of 0.83.




4.2. Boundary Conditions


Due to the intrinsic interrelationships in the proposed model, it is imperative to employ a robust numerical calculation software to fulfill the objectives of this work. COMSOL Multiphysics [59] is a finite element-based simulation software that is designed to simulate the coupling process of multiple physics. In this study, the solid mechanic module in COMSOL Multiphysics (version 5.4) [59] was utilized to delineate the deformation and damage of the surrounding rock and coal seam. Figure 4 illustrates the established numerical model, with detailed grid discretization, for simulating the gas extraction process. The partial differential equation modulus was employed to describe the two-component flow of gas and water, as well as the diffusion of gas in the matrix. Finally, the pipe flow module was used to describe the mixed flow of methane and water in the borehole.



Three major procedures should be considered to analyze the full effect of water saturation on the gas drainage process. (i) The original in situ formation stress should be calculated first, and the initial strain should be zero, while the initial stress should be non-zero. (ii) Then, the transport roadway is excavated, and the borehole is drilled under original in situ formation stress conditions. (iii) Finally, negative pressure is applied to the drill hole to simulate gas extraction.



The boundary conditions for both the deformation and two-component flow of the coal reservoir should be specified in order to solve the above equations. For the mechanical deformation module, a value of 27 MPa is applied to the top surface of the model to replicate the in situ formation stress at a burial depth of 2000 m; the gravity effect is taken into account. The model is horizontally surrounded by a roller support that constrains the normal displacement, with a fixed constraint employed at the base. For the gas seepage module, the borehole wall is designated as the pressure boundary condition, and the right wall of the roadway is also set as the pressure boundary condition, with a value of 100 kPa. The model is surrounded by the zero-flux boundary condition. The pipe flow module describes the gas flow within the borehole, utilizing pressure boundary conditions at both ends. Points close to the roadway side are set at 70 kPa, simulating a negative pumping pressure of 30 kPa. For the gas diffusion model, all boundaries are designated as zero flux boundary conditions. The initial gas pressure magnitude of the model was set to 1.2 MPa.




4.3. Parameter Settings


The Wangpo coal mine, which provides the geological background for the model, was selected as the comparison object. The specific input parameters of the model are shown in Table 1. The burial depth, thickness of coal seam, and the size and length of the borehole are determined from the field. Meanwhile, other parameters, such as permeability and diffusion coefficients, are taken from previous work [60] since they are difficult to obtain in the field.



As mentioned above, the water immersion-induced softening and anisotropy of the mechanical properties should be considered in the model. To achieve this goal, two parameters are employed to represent the impact of water immersion-induced softening and anisotropy. Previous work has pointed out that the presence of water has the ability to significantly reduce the Young’s modulus in the horizontal direction while having little effect in the vertical direction [61]. In this work, the softening parameters are chosen to be exponential function and softening; they range from 1 to 0.1 in the horizontal direction and from 1 to 0.7 in the vertical direction when water saturation increases from 0 to 1. Similarly, the anisotropy parameter also exhibits an exponential relationship with water saturation [62]; the value ranges from 1 to 0.1 and from 1 to 0.8 in the horizontal and vertical directions, respectively.





5. Results


5.1. Results of the Benchmark Model


The simulation results reveal that during the gas extraction process, immersed water is initially produced, followed by the release of free gas and ultimately the desorption of adsorbed gas [63,64]. In the early stage, the production predominantly comprises water and free gas, while in the later stage, adsorbed gas becomes the primary output, as illustrated in Figure 5a. Throughout the evolution of the gas–water two-phase permeability, the effective water saturation progressively declines. This results in a corresponding decrease in the relative permeability of the water phase, as well as a concurrent increase in the gas relative permeability, as illustrated in Figure 5b. These results are not verified as an ideal conceptual model is established, aiming to produce some general conclusions rather than specific ones; for real mines, the geological conditions are extremely complex, which are difficult to truly replicate. Additionally, obtaining parameters can be challenging. Although the results have not been verified, the model remains applicable since the gas flow rate falls within a reasonable range.



As illustrated in Figure 6a,b, the permeability in the vertical direction decreases first and then increases. During the early stage, permeability is primarily influenced by horizontal strain, while during the later stage, permeability is primarily impacted by adsorption strain [63]. In the initial stage, the high water saturation level significantly reduces Young’s modulus due to the weakening effect of the water. As the water is expelled, the fluid pressure decreases and the effective stress increases, resulting in a decrease in permeability. In the intermediate stage, as water continues to be discharged, the water saturation gradually decreases, leading to a gradual increase in Young’s modulus and, consequently, an increase in permeability. In the later stage, the water saturation levels off at a low value and Young’s modulus stays mostly unchanged. As gas is released, the fluid pressure drops and the effective stress increases, while the adsorption strain surpasses the horizontal strain, resulting in a higher permeability [65,66].



The permeability in the horizontal direction remains consistent with vertical deformation, as shown in Figure 6c,d. The early decrease and increase in permeability are also observed in the horizontal direction, which can also be explained by the dependence of Young’s module with water saturation. In the long period, the vertical strain exceeds the adsorption strain because of the lower Young’s modulus in perpendicular direction, leading to a decline in permeability.




5.2. Impact of Initial Water Saturation


As illustrated in Figure 7, it is clear that higher initial water saturation results in a lower permeability ratio in both the vertical and the horizontal directions. This is due to the higher initial water saturation leading to a more obvious softening phenomenon. Figure 7a,b show that the vertical permeability ratio experiences two stages, including a rapidly decreasing stage followed by a slowly increasing stage when Sw0 is 0.1, 0.3, and 0.5. However, when Sw0 is 0.7, the vertical permeability ratio experiences three stages, including a rapidly decreasing stage, a rapidly increasing stage, and a slowly increasing stage. Figure 7c,d show that the horizontal permeability ratio experiences two stages, including a rapidly decreasing stage and a slowly decreasing stage when Sw0 is 0.1, 0.3, and 0.5. However, when Sw0 is 0.7, the horizontal permeability ratio experiences three stages, including a rapidly decreasing stage, a rapidly increasing stage, and then a slowly increasing stage. Notably, increased water saturation leads to a more pronounced decline in the vertical permeability ratio during the initial stage. When Sw0 is 0.7, the vertical permeability decreases by 60%, while the horizontal permeability decreases by 43%. In the long term, at varying levels of water saturation, the permeability ratio is consistently higher in the vertical direction than in the horizontal direction. Ultimately, the vertical permeability ratio stabilizes between 0.9 and 1.0, while the horizontal permeability ratio stabilizes in the range of 0.6 to 0.7.



Figure 8 shows that higher water saturation reduces the gas production rates. At different water saturation levels, the gas flow rate of free gas quickly increased before gradually declining to a near-zero value, as illustrated in Figure 8a,b. In contrast, under varying water saturation conditions, the adsorbed gas flow rate initially experienced a brief and rapid increase before gradually stabilizing, ultimately reaching an equilibrium of about 0.7 m3/min, as displayed in Figure 8c,d. Notably, the production rate of free gas significantly surpassed that of adsorbed gas at an early time, with the peak of free gas production rate being roughly 20 times higher than that of adsorbed gas production rate. Under varying water saturation conditions, the free gas production rate neared zero after approximately 100 days, indicating that the gas produced in the later stages is mainly adsorbed gas.



Figure 9 clearly shows that higher water saturation leads to an increased water flow rate. At a saturation level of 0.1, the water outflow is almost negligible. As water saturation changes, the flow rate first experiences a swift rise before gradually tapering off until it nears zero.




5.3. Impact of the Water Immersion-Induced Softening Effect


Comparing Figure 10 with Figure 7, it is clear that the permeability in both the vertical and horizontal directions is significantly affected by the softening effect, especially in the former. When accounting for the softening effect, the intrinsic permeability ratio in the vertical direction stabilizes at about 0.9~1.0 (refer to Figure 7a,b), while it stabilizes at around 0.7 without the softening effect (refer to Figure 10a,b). Ignoring the softening effect of water, the intrinsic permeability in the vertical direction (Sw0 = 0.1, 0.3, 0.5) shows a quick initial drop under different water saturation conditions before exhibiting a slower decrease, as illustrated in Figure 10a,b. When Sw0 = 0.7, the intrinsic permeability ratio in the vertical direction first rapidly declines, then gradually increases, and finally slowly decreases. The reason is the same as that discussed in Section 5.2. Likewise, in the horizontal direction, intrinsic permeability first drops quickly and then decreases more gradually, as presented in Figure 10c,d. The horizontal direction is less influenced by the softening effect, and the intrinsic permeability ratio curves under varying water saturation levels display similar trends. At different water saturation levels, the ratio of intrinsic permeability in the vertical direction usually exceeds that in the horizontal direction. Ultimately, the permeability ratio stabilizes in the vertical direction within the range of 0.7 to 0.75, while in the horizontal direction, it stabilizes between 0.4 and 0.5.



Figure 11a,b show that at water saturation of 0.1, the softening effect is minimal, leading to nearly identical curves for free gas flow rates in the scenarios both with and without this effect. At water saturation of 0.7, the softening effect greatly diminishes the gas flow rate. Conversely, as shown in Figure 11c,d, at water saturation of 0.1, the softening effect barely influences the gas depletion characteristics, making the curves of the adsorbed gas flow rates—both with and without the softening effect—nearly identical. The reduction in gas flow rate due to the softening effect becomes more noticeable at higher water saturation levels; adsorbed gas shows a more significant response compared to free gas.



Figure 12 illustrates that the softening effect considerably impacts the water flow rate. At water saturation of 0.1, the impact of this effect is minimal, leading to nearly identical water flow rate curves for both scenarios. However, a closer look reveals that the flow rate curve with the softening effect is slightly higher than that without. At water saturation of 0.7, the water flow rate curve without the softening effect starts off higher, but the curve that accounts for the softening effect eventually overtakes it in the later stage. This suggests that the softening effect significantly influences water flow dynamics, especially under conditions of high water saturation.




5.4. Impact of the Water Immersion-Induced Anisotropy Effect


As depicted in Figure 13, it is clear that water immersion causes anisotropy, significantly affecting permeability in both directions, especially in the vertical direction. Considering induced anisotropy, the intrinsic permeability ratio in the vertical direction reaches its lowest value at about 0.4 (Figure 7a,b), while without anisotropy, this value is around 0.65 (Figure 13a,b). The changes in permeability in the horizontal direction show no significant differences with and without induced anisotropy when comparing Figure 7c,d with Figure 13c,d. Therefore, we can conclude that water immersion-induced anisotropy decreases the permeability value in the vertical direction. In line with the situation discussed in Section 5.2, under different water saturation conditions (Sw0 = 0.1, 0.3, 0.5), the intrinsic permeability in the vertical direction first experiences a quick and brief drop, which is then succeeded by a gradual increase (Figure 13a,b). Likewise, in the horizontal direction (Sw0 = 0.1, 0.3, 0.5), the permeability initially displays a sharp and short decline, followed by a slow and gradual decrease, as illustrated in Figure 13c,d. For the case of Sw0 = 0.7, the intrinsic permeability in the vertical direction quickly drops, then sharply increases, followed by a more gradual increase; in the horizontal direction, the permeability initially declines rapidly, ascends, and finally decreases gradually. The reasons have been discussed in Section 5.2. Additionally, we can deduce that the water immersion-induced anisotropy effect mainly causes a sharp decrease in early permeability evolution.



The gas production flow rate decreases with increasing water saturation. Figure 14 shows that at water saturation of 0.1, the effect of anisotropy is negligible, leading to nearly identical free gas flow rate curves for both scenarios with and without the consideration of water immersion-induced anisotropy. Meanwhile, anisotropy effects become clear, resulting in a decrease in the gas flow rate in the case of water-rich conditions (Sw0 = 0.7). At water saturation of 0.1, the impact of anisotropy is minimal, making the curves for adsorbed gas flow rates—both considering and ignoring anisotropy—nearly identical. However, anisotropy considerably decreases the adsorbed gas flow rate in the case of Sw0 = 0.7.



Figure 15 clearly shows that anisotropy slightly impacts the water flow rate. At water saturation of 0.1, anisotropy has a negligible effect, leading to similar water flow rate curves in both anisotropic and isotropic scenarios. However, in the case of a high water saturation level of 0.7, the water flow rate curve that does not account for anisotropy is moderately elevated. This suggests that the effects of anisotropy on water flow dynamics become gradually evident at higher water saturation levels.




5.5. Impact of Initial Fracture Permeability


Figure 16a demonstrates that under water-scarce conditions (Sw0 = 0.1), differing initial permeability values have a minimal effect on the evolution of intrinsic permeability in the vertical direction. However, in water-rich conditions (Sw0 = 0.7), these varying initial permeability values significantly impact intrinsic permeability in the vertical direction. The computing scenarios show a similar pattern, where the case with higher permeability values returns to the initial value more swiftly. At the outset, the Young modulus in the horizontal direction is significantly affected by water induced-softening effects under high water saturation. As water exits, the fluid pressure drops, leading to an increase in effective stress. This results in a rapid initial decrease in intrinsic permeability in the vertical direction. During the intermediate stage, as water continues to exit, water saturation progressively diminishes, anisotropy becomes more evident, Young’s modulus increases, and permeability slowly increases. In the later stages, the water saturation level stays low and relatively constant. As gas escapes, the fluid pressure drops, while Young’s modulus largely remains stable and permeability gradually increases due to the adsorption effect.



In the horizontal direction (Figure 16b), under conditions of low water saturation, a higher initial permeability value corresponds to reduced intrinsic permeability. In a water-saturated environment, lower initial permeability values lead to a smaller intrinsic permeability in the horizontal direction. As permeability values increase, water saturation has a diminished effect, allowing for quicker attainment of consistent permeability values. In water-scarce conditions, the horizontal permeability profile initially undergoes a sharp and rapid decline, followed by a more gradual decrease. Conversely, the horizontal permeability curve starts with a swift dip and then increases gradually, ultimately, decreasing slowly when the water saturation level is high.



Figure 17a,b show that at water saturation of 0.1, the free gas flow rate curve first rises before subsequently decreasing. When kf0 equals 1 × 10−15 m2, the rising section of the curve is most prominent, showing the highest maximum flow rate. In contrast, when kf0 is set to 1 × 10−17 m2, the curve does not display any descending segment. At water saturation of 0.7, the free gas flow rate curve for high permeability initially increases rapidly but then declines. In contrast, for low-permeability cases, the curve only shows a continuous rise.



Figure 17c,d show that at water saturation of 0.1, the adsorbed gas flow rate initially rises before decreasing. When kf0 = 1 × 10−15 m2, the curve’s rising portion is most pronounced, resulting in the peak flow rate being the highest. At water saturation of 0.7, both free gas and adsorbed gas yield the highest production flow rate under high-permeability conditions.



Figure 18 shows that with water saturation of 0.1 and 0.7, the water flow rate curve initially rises sharply before gradually declining. Greater initial permeability leads to a more noticeable upward trend and a higher peak flow rate. Under water-poor conditions, variations in permeability have a greater impact on production flow rates than in water-rich conditions.





6. Discussion


6.1. Guidance in Relation to Field Practice


The existence of water in the reservoir has the ability to significantly lower the gas flow rate through two approaches. (i) The water molecule occupies the flow channel, reducing the gas transport ability [67]. (ii) The non-deformability decreases with water content, which means more deformation is expected at higher water saturation levels. Based on the results, some suggestions can be given as guidance in relation to field practice. A hydrophobic environment is preferable for underground coalbed methane extraction. In a coal mine with abundant water, pre-drainage must be performed prior to gas extraction. In low-permeability coal reservoirs, water is retained for extended periods. This results in both the gas relative permeability and intrinsic permeability remaining low, which hinders gas flow. Therefore, the stimulation method should be applied to the low-permeability reservoir to allow water to move out quickly.



During hydraulic fracturing, the hydraulic fluid remains in the reservoir, increasing the water content. Therefore, waterless fracturing is highly recommended. Additionally, the residual water saturation would influence the water content during extended extraction times. Therefore, the reservoir stimulation method should enlarge the pore throat, ensuring that a smaller proportion of water is retained in the reservoir.




6.2. Limitations


This work certainly has some shortcomings due to the assumptions and the simplification of the model. In the model implementation process, the anisotropy and softening characteristics with the water saturation are artificially assumed. In this work, the exponential function is specified to describe the relationship between softening and anisotropy parameters with water saturation. This relationship may not be true for nature. The empirical parameter within the relative permeability model is also presumed synthetically, which should, instead, be determined in the gas–water two-phase flow test. Additionally, during the modeling process, the damage process associated with tunnel and borehole excavation is not considered [68,69], which may lead to errors in evaluating the gas depletion characteristics. A conceptual geology model is established, and the results are not verified against real-world field data.




6.3. Future Work


The relationship between softening and anisotropy parameters and water content should be determined through experimental work. Additionally, the values of some empirical parameters can be obtained. To this end, a centimeter-scale gas seepage experiment with a water-containing coal sample should be conducted using a triaxial rock seepage–stress coupling test system. An independent flow–pressure control system can regulate water saturation and gas pressure. In addition, temperature may be controlled to replicate the thermal environment of the reservoir. Linear Variable Displacement Transducers (LVDTs), installed in both axial and radial directions, are employed to measure the strain characteristics at varied water saturation levels. Thus, the softening and anisotropy parameters can be determined. The transient method is applied to determine the gas’s relative permeability at different gas pressure and water saturation levels. In this approach, the value of the empirical parameters in the relative permeability model (Equation (22)) can be obtained.



Additionally, more factors should be included in the numerical model. Most importantly, the damage process should be incorporated. To this end, the Mohr–Coulomb criterion [70,71] and maximum tensile stress criterion [72,73] can be used to determine the failure mode of the sample. The damage variable can be obtained from the stress–strain curve, and its relationship with permeability can be specified as an exponential function.





7. Conclusions


This study introduces a fluid flow–reservoir deformation coupling model that takes into account the mechanical anisotropy of coal seams, created through a blend of theoretical analysis and numerical simulation. The model incorporates the anisotropic characteristics of coal mechanical parameters and the effects of water softening in the gas–water two-phase flow process. It explores how the water immersion-induced changes in mechanical properties influence coal permeability and gas extraction production patterns. The following conclusions can be drawn:



	(1)

	
The gas depletion process involves a gas–water two-phase flow process that can be divided into three distinct stages. Firstly, water dominates the flow, and as a result, the relative permeability of the water decreases, whereas that of gas increases. Then, the free gas depletes out, leading to the mixed flow of gas and water. As the pressure drops, adsorbed gas slowly desorbs and moves into the fracture system, eventually resulting in a gas-dominated flow stage.




	(2)

	
Intrinsic permeability shows directional differences. In the vertical direction, permeability is primarily influenced by horizontal deformation, and later by a combination of adsorption strain and horizontal deformation. In the horizontal direction, permeability is primarily influenced by vertical deformation.




	(3)

	
The water immersion-induced changes in the mechanical properties have the ability to reduce the permeabilities in both the vertical and horizontal directions, especially in the former. When Sw0 is 0.7, the vertical permeability decreases by 60%, while the horizontal permeability decreases by 43%. Ultimately, the vertical permeability ratio stabilizes between 0.9 and 1.0, while the horizontal permeability ratio stabilizes in the range of 0.6 to 0.7.




	(4)

	
The impact of initial permeability on the gas depletion characteristics depends on the level of water saturation. Under water-scarce conditions (Sw0 = 0.1), differing initial permeability values have a minimal effect on the evolution pattern of intrinsic permeability. In contrast, in water-abundant conditions (Sw0 = 0.7), increased initial permeability values promote a faster return to the initial permeability; meanwhile, the permeability is significantly reduced and stays at a lower value when the initial permeability is low.
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Figure 1. Schematic illustration of the extraction of CBM in an underground coal mine. (a) The distribution of the work face, tunnel, and borehole; (b) the structure of the borehole; (c) the components of coal; (d) the water and gas storage state in the coal. 
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Figure 2. Schematic illustration of the gas production process. (a) Stage I—bubble flow; (b) Stage II—water-dominant two-phase flow; (c) Stage III—gas-dominant two-phase flow; (d) relative permeabilities of gas and water. 
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Figure 3. Fluid flow-reservoir deformation coupling relationship diagram. 
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Figure 4. Numerical model of gas extraction and grid sections. (a) Geometry of the simulation model; (b) grid discretization. 
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Figure 5. Gas–water two-phase flow. (a) Gas–water two-phase flow rate; (b) relative permeability evolution with effective water saturation. 
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Figure 6. Intrinsic permeability evolution in varied directions. (a) Vertical permeability evolution in the short term; (b) vertical permeability evolution in the long term; (c) horizontal permeability evolution in the short term; (d) horizontal permeability evolution in the long term. 
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Figure 7. Evolution of intrinsic permeability at various water saturation levels. (a) Vertical permeability evolution in the short term; (b) vertical permeability evolution in the long term; (c) horizontal permeability evolution in the short term; (d) horizontal permeability evolution in the long term. 
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Figure 8. Flow rates of free gas and adsorbed gas at different water saturation levels. (a) Free gas in the short term; (b) free gas in the long term; (c) adsorbed gas in the short term; (d) adsorbed gas in the long term. 
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Figure 9. Flow rate of water at different water saturation levels. (a) Water flow in the short term; (b) water flow in the long term. 
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Figure 10. Anisotropy permeability evolution without considering water immersion-induced softening. (a) Vertical permeability evolution in the short term; (b) vertical permeability evolution in the long term; (c) horizontal permeability evolution in the short term; (d) horizontal permeability evolution in the long term. 
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Figure 11. Flow rates of free gas and adsorbed gas with and without considering water immersion-induced softening effect. (a) Free gas flow rate in the short term; (b) free gas flow rate in the long term; (c) adsorbed gas flow rate in the short term; (d) adsorbed gas flow rate in the long term. 
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Figure 12. Flow rates of water with and without considering water immersion-induced softening effect. (a) Water flow rate in the short term; (b) water flow rate in the long term. 
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Figure 13. Anisotropy permeability evolution without considering water immersion-induced anisotropy effect. (a) Vertical permeability evolution in the short term; (b) vertical permeability evolution in the long term; (c) horizontal permeability evolution in the short term; (d) Hhrizontal permeability evolution in the long term. 
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Figure 14. Flow rates of free gas and adsorbed gas with and without considering water immersion-induced anisotropy. (a) Free gas and adsorbed gas flow rate in the short term; (b) free gas and adsorbed gas flow rate in the long term. 
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Figure 15. Flow rates of water with and without considering water immersion-induced anisotropy effect. (a) Water flow rate in the short term; (b) water flow rate in the long term. 






Figure 15. Flow rates of water with and without considering water immersion-induced anisotropy effect. (a) Water flow rate in the short term; (b) water flow rate in the long term.



[image: Energies 18 02033 g015]







[image: Energies 18 02033 g016] 





Figure 16. Anisotropy permeability evolution with different initial permeability values under varied water saturation levels. (a) Vertical permeability evolution; (b) horizontal permeability evolution. 
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Figure 17. Flow rates of free gas and adsorbed gas with different initial permeability values under varied water saturation levels. (a) Free gas flow rate in the short term; (b) free gas flow rate in the long term; (c) adsorbed gas flow rate in the short term; (d) adsorbed gas flow rate in the long term. 
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Figure 18. Flow rates of water with different initial permeability values under varied water saturation levels. (a) Adsorbed gas flow rate in the short term; (b) Adsorbed gas flow rate in the long term. 
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Table 1. Input parameters of the gas extraction model.
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	Parameter
	Value
	Parameter
	Value





	Initial porosity, φ0
	0.06
	Young’s modulus of coal, E (MPa)
	8700



	Initial permeability, k0 (m2)
	10−16
	Langmuir pressure constant, PL (MPa)
	3.89



	Dynamic viscosity, μ (Pa·s)
	1.8 × 10−5
	Langmuir volume constant, VL (m3/kg)
	0.024



	Density of coal, ρc (kg/m3)
	1450
	Langmuir volumetric strain constant, εL
	0.0128



	Poisson’s ratio of coal, v
	0.3
	Initial bulk diffusion coefficient of coal, Db (m2/s)
	5 × 10−12



	Initial temperature of the coal seam, T0 (K)
	293
	Initial Knudsen diffusion coefficient of coal, Dm (m2/s)
	1 × 10−12
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