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Abstract. 
Gas adsorption occurs when the dynamic adsorption equilibrium conditions of the local adsorptive sites are broken. In the overall process of unconventional natural gas generation, enrichment, storage, and production, this phenomenon plays a significant role. A double-distribution Lattice Boltzmann model for solving the coupled generalized Navier-Stokes equation and advection-diffusion equation with respect to the gas-solid dynamic adsorption process is proposed for multicomponent gas migration in the unconventional reservoir. The effective diffusion coefficient is introduced to the model of gas transport in the porous media. The Langmuir adsorption rate equation is employed to control the adsorption kinetic process of gas-solid adsorption/desorption. The model is validated in two steps through fluid flow without and with gas diffusion-adsorption between two parallel plates filled with porous media, respectively. Simulation results indicate that with other parameters being equal, the rate of gas diffusion in the porous material and the area of the dynamic adsorption equilibrium-associated region increase with the matrix porosity/permeability. Similar results will happen with a greater saturation adsorption amount or a lower Langmuir pressure. The geometric effect on adsorption is also studied, and it is found that a higher specific surface area or free flow region can enhance the gas transport and the rate of adsorption.



1. Introduction
Coalbed methane (CBM) is one of the most important and potential energies which has been recognized as an alternative to oil and has achieved more and more attention in recent years [1]. Different with the conventional natural gas, a coal seam is both a resource and reservoir of CBM and stores methane in nanopores in the form of adsorption, resulting in the low recovery of CBM exploitation [2]. Nowadays, understanding the mechanism of gas storage and transport in the reservoir is of vital importance for current research and practical application.
Coal is one of the most complex solids, and its physical property varies from the depth, hydrogeology, reservoir-forming process, and so on, which leads to a highly heterogeneous structure with pore size ranging from a few nanometers to over a micrometer. According to the classification scheme proposed by the International Union of Applied Chemistry (IUPAC) [3] and Hodot [4], pores are divided into three categories based on size: micropores (less than 2 nm), mesopores (from 2 to 50 nm), and macropores (from 50 to 104 nm), as well as microfractures (more than 104 nm). Under the existing research [2], the coal contains massive micropores, some mesopores, and little macropores. Micropores and mesopores provide space for storing most of the adsorbed molecules. Macropores are of no significance in terms of adsorption capacity in that the area contribution is very small and can usually be negligible compared to the area contributed by the micropores/mesopores; they always act as transport pores to allow adsorbate molecules to diffuse from the bulk phase into the particle interior [5].
Generally, coal is characterized as a dual-pore system [6] including the matrix porosity consisting of micropores/mesopores in the coal matrix (i.e., the porous material region) and the fracture porosity composed of nonuniformly distributed macropores and microfractures (i.e., the free flow region) [7]. The adsorption processes of methane in the reservoir can be divided into two parts: Enter the irregular macropore- microfractures system by advection-diffusion; diffuse in the nanopore network of a matrix, then adsorbed on the interior surface of pores. The heterogeneity of geometric shapes, the difference of pore size/distribution, and the involved multiple transport mechanism of fluid causing the difficulty of the research and causing the fluid flow and transport in the reservoir are usually treated at the representative elementary volume (REV) scale in experiments and numerical simulation [8–12]. Recently, the Lattice Boltzmann method (LBM) has been widely used in the field relevant to fluid flow and gas transport at the mesoscale because of its efficiency and effectiveness in the implementation of multiple interparticle interactions and complex geometry boundary conditions [13–15]. Nithiarasu et al. [16] proposed a generalized Navier-Stokes equation for isothermal incompressible flow in porous media, which ignores the detailed structure of the porous media by including an additional term to account for the presence of a porous medium. Guo and Zhao [9] developed an LB model which can be used to solve the generalized Navier-Stokes equations. Then, Chen et al. [8] employed the generalized Lattice Boltzmann (GLB) model with the Klinkenberg effect in shale gas for studying the gas slippage and its effect on apparent permeability. Ning et al. [12] and Wang et al. [11] used a similar model for studying the impact of surface adsorbed gas on apparent permeability based on 2D and 3D reconstructed shale, respectively. Liu and He [17] developed a nonorthogonal multirelaxation time (MRT) LB model with the GLB equation for investigating convection heat transfer in porous media.
As for the coal gas adsorption process, in general, it is considered as a physisorption process because the molecular forces involved are normally of the Van der Waals type [2, 7]. Many studies, including both experiment and numerical simulation, have focused on (isothermal) adsorption equilibrium without concerning the intermediate states or time in recent years [11, 18]. However, the isothermal adsorption equilibrium can only provide static information about the adsorption process at a specific stage, which is insufficient to reflect the kinetic behavior of the coal gas stored in the reservoir. In adsorption kinetics, the concentration changes associated with adsorption were related to the time variable. Therefore, it is for the benefit of studying the effect of various factors, such as the gas content, capacity, porosity, and permeability, on the adsorption process. Recently, more and more researchers concentrated on developing an LB model for multiple transport mechanisms with chemical reaction in the porous media. He et al. [19] proposed an LB model for fluid diffusion-convection with a chemical kinetic reaction using the double distribution function for controlling the fluid flow and diffusion, which introduced a source/sink term in the diffusion equation to govern the reaction process. Tian et al. [10] proposed a coupled LB model using the double distribution function with the GLB equation to describe the geochemical reactions during CO2 injection. It is essential that a novel LB model be developed not only for multiple transport mechanism investigation on methane migration in the reservoir but also for practical reservoir upscaling techniques used in unconventional natural gas exploitation.
In the present work, we developed a double-distribution Lattice Boltzmann model to solve a coupled generalized Navier-Stokes equation, and the advection-diffusion equation is proposed for unconventional natural gas migration in the reservoir that includes gas-solid adsorption and desorption, which is based on the REV model of Guo and Zhao [9] and the diffusion-reaction model of He et al. [19]. The model mainly contains three parts: (1) the fluid flow at the REV scale which is governed by the generalized Navier-Stokes equations, (2) the mass transfer in porous media with respect to the effective diffusivity and a source/sink term solved by the advection-diffusion equation, and (3) the gas-solid adsorption process in the porous matrix which is governed by the typical Langmuir adsorption rate equation. The remaining parts are organized as follows: In Section 2, a generalized LB model for fluid flow in porous media is revisited briefly. A passive scalar LB equation with adsorption is presented in Section 3. Numerical results and discussion are given in Section 4. Finally, a brief conclusion is made in Section 5.
2. Generalized Model for Fluid Flow in Porous Media
For isothermal flows of incompressible fluids in porous media at the REV scale, the generalized Navier-Stokes equation which was proposed by Nithiarasu et al. is capable for the simulation.
2.1. Generalized Navier-Stokes Equation
The governing equations of mass and momentum for the generalized Navier-Stokes equations can be given by
where  is the fluid velocity, in m/s;  is the porosity;  is the fluid density, in kg/m3;  is the pressure, in Pa;  is the effective kinematic viscosity, in m2/s, where  and  is the viscosity ratio; and  represents the total body force including both medium resistance and external forces and can be given by
where  is the external body force, in N;  is the geometric function, in N; and  is the permeability of porous media, in m2.
Both  and  are related to the porosity. For a porous medium composed of solid particles, the Ergun correlation gives (Ergun 1952)
where  is the diameter of the solid particle, in m.
2.2. LB Model for Generalized Navier-Stokes Equations
Guo and Zhao [9] constructed an LBE model which can be used to solve the generalized Navier-Stokes equations; the corresponding evolution equation of the particle distribution function is
where  is the discrete density distribution function,  is the local equilibrium equation,  is the discrete velocity of particles,  is the time step,  is the relaxation time,  is the unit matrix,  is the sound velocity of the lattice, and  is the weighting coefficient.
As in the standard LBE, the density and velocity of flow are defined as

Because the force  also contains the flow velocity, the velocity  can be explicitly given by
where  is a temporary velocity defined by
and the parameters  and  are given by

By using the Chapman-Enskog technique with the pressure  and the effective viscosity , the generalized LB model can recover to (1) and (2) in the incompressible limit.
3. Governing Equation for Gas Transport with Adsorption/Desorption
3.1. The Advection-Diffusion Equation for Mass Transfer
Generally, gas transport in porous media can be considered as a mass transfer process [20–22], which can be expressed by the advection-diffusion equation
where  is the concentration of the gas phase, in mol/m3;  is the diffusion coefficient, in m2/s;  is the resource/sink term, which is involved in the adsorption-desorption process, in mol/(m3·s).
The diffusion coefficient  is a key variable describing the gas transport capacity in porous media and is determined by the physical property of the porous material. Since the pore size included in the organic matrix is in the order of nanometers, the diffusion process which is generally called Knudsen diffusion is quite complicated compared to the gas diffusion in the free flow region and should be considered separately. By considering diffusive scattering for gas transport in a simple geometric capillary with a length  and radius , Kang et al. [24] estimated the Knudsen diffusion coefficient
where  is the mean pore radius of the coal matrix, in m;  is the gas constant, in J/(mol·K);  is the temperature, in K; and  is the gas molar mass, in kg/mol.
However, the measurement of diffusivity is the outcome of an expression derived from a single capillary pore, which will be somewhat larger than the experimentally obtained diffusion coefficient. Typically, for gas transport in porous media, the porosity/tortuosity ratio should be related to diffusivity. Therefore, we can roughly obtain the effective diffusion coefficient [24]
where  is the organic/total volume ratio and  is the tortuosity.
3.2. The Rate Equation for Adsorption-Desorption Kinetics
Gas migration through solid media is always accompanied with gas-solid adsorption-desorption due to the local concentration fluctuant breaking down the adsorption equilibrium. In order to reveal the gas transport behavior with adsorption in a coal gas reservoir, this paper employed the typical Langmuir adsorption rate equation which is widely used in unconventional natural gas industries and is applicable for gas adsorption at the nanoscale [19, 25, 26]:
where  is the adsorption rate constant, in m3/(mol·s);  is the desorption rate constant, 1/s;  is the absorbed amount, in mol/m3; and  is the saturated adsorption capacity, in mol/m3.
Adsorption equilibrium information is the most important part of the adsorption process, when ; (13) can be recovered as the equivalent Langmuir isothermal adsorption equilibrium equation
where  is the pressure of the field, where , in Pa; PL represents the Langmuir pressure, where , in Pa.
In the Langmuir kinetic equation, the magnitude of  and  fixes the adsorption/desorption rate; meanwhile,  determines the slope of the isothermal adsorption curve, thus any two of them can determine the third. It is obvious that the rate of adsorption  is a concentration-dependent parameter and the rate of desorption  is in proportion to the adsorbed amount.
In order to incorporate the gas-solid adsorption, the approach of He et al. [19] was modified to include the self-adaptive conversion between free gas and adsorbed gas. Under this situation, each lattice node corresponding to the porous media is considered a well-adsorptive site. Therefore, the Langmuir rate equation can be integrated into the source/sink term in (10) as follows:

In the evolution process, the adsorbed amount was updated over time; the new amount can be obtained using the first-order difference scheme

It must be mentioned that a broad variety of pore size and distribution exists in the coal matrix, which increases the anisotropic and complexity of fluid flow, gas diffusion, and gas-solid physisorption. However, for upscaling and computational efficiency purposes, we can simplify the porous media with homogenization theory due to the material of porous media, the pressure, and the concentration which will just fluctuate in a few ranges at the REV scale.
3.3. LB Model for Gas Transfer with Adsorption in Porous Media
For 2D simulation of the species transfer process, by ignoring velocities at the D2Q9 diagonals, the model can be reduced to the D2Q5 LB model and will not lose accuracy; thus, the following D2Q5 LB equation is employed to control mass transfer:
where  is the discrete density distribution function of mass transfer,  is the corresponding local equilibrium equation, and  is the relaxation time of mass transfer.
Similarly, the concentration of (18) is given by
and with , (17) can be recovered as (10).
4. Results and Discussion
Before the investigation, a schematic diagram is displayed in Figure 1 to explain the adsorption process of coalbed methane in the reservoir. Generally, gas stored in the coal matrix mainly contains three forms: free gas, adsorbed gas, and dissolved gas.




			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		Figure 1: Diagram of coalbed methane storage in the reservoir.


The gas molecules of coalbed methane migrate with the fluid in the free flow region, a part of the free gas molecules will be trapped by the solid wall when they reached the interface of the free flow region and the porous medium, and more molecules enter the nanopore network and are adsorbed on the inner surface of pores. In this process, both gas adsorption and desorption exist due to the fluctuant of the local concentration, which leads to the exchange of gas molecules between pores and the wall. The detailed information of coalbed methane storage in the reservoir can be seen in Figure 1.
4.1. Flow between Two Parallel Plates Filled with a Porous Media
To validate the present LB model, we simulate the fluid flow between two parallel plates filled with a porous medium which is a homogeneous material with a uniform porosity  and permeability . In the simulation, the computational grid is 100 × 100, the relaxation time  is 0.8, and the viscosity ratio  is assumed to be unity. The flow is driven by a pressure difference, and a nonslip boundary condition is applied to both the top and bottom walls.
Firstly, we suppose there was only one single component fluid flow in the media, then the nonlinear resistance forces [the second term in Eq. (3)] can be ignored due to the fluid flow is weak and the inertial is disappeared. Consequently, the flow at steady state can be described by the Brinkman-extended Darcy equation 
with  and ; the analytical solution can be given by 
where  is the width of the field, and  is the hyperbolic function with .
The velocity profiles are detailed in Figure 2(a). When the porosity is 1.0, the fluid flow between the two plates is the free flow due to the porous material being absent. The results are consistent with the analytical solution of the typical plane Poiseuille flow. Owing to the existence of porous media, with the reduction in porosity, the velocity profiles will be more flattened, which is in good agreement with the solution of the Brinkman-extended Darcy equation.
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		(b)
Figure 2: Simulation results of porous flow between plates. (a) The velocity profiles of a single-component fluid flow without mass transfer, ignoring the nonlinear drag force term. Note that velocity  was normalized by the maximum velocity at the centerline of the channel . (b) The relationship between the concentration and the adsorbed amount of coupled flow with both fluid flow and gas diffusion. The results (symbols) are in good agreement with the analytical solution (lines).


Then, the diffusion field with adsorption effect is added for the validation of the coupling system. In this case, the diffusion coefficient is 1/3, and a constant concentration  is set at the inlet; the initial concentration of the rest of the field is 0, the saturation adsorption capacity is 3, the desorption rate constants are set to 0.005, 0.01, 0.015, and 0.02, and the adsorption rate constant is fixed at 0.05. It is worthwhile mentioning that the nonlinear resistance forces should be included due to the system involving mass transfer through the fluid-solid interface.
Figure 2(b) displays the relationship between the concentration and the adsorbed amount of the coupled flow with both fluid flow and gas diffusion. At a fixed value of concentration, the higher the Langmuir pressure, the lower the adsorbed amount, which can be supported by the solution of a typical Langmuir adsorption isothermal equation.
It is obvious that all the simulation results are in good agreement with the analytical solution in Figure 2, which ensures the validation of the present model.
4.2. Geometric Effects of Coal Matrix on the Adsorption Process
The pore structure of a real solid of the coal reservoir is so complex that we have to model (idealize) the structure so that it can be represented mathematically, which makes the mathematics of diffusion and adsorption tractable. On the other side, it is essential that the porous media should be reasonably complex enough to bring out the features of the solid and their influence on diffusion and adsorption. For a convenient implementation of the numerical investigation, the coal matrix is usually characterized by porous media in two ways: a matrix with regularly distributed square solid blocks and a pseudorealistic field which is randomly divided by several irregular cleats. The first one is simple enough for ignoring the influence of geometry, and the second one is a general method for simulating fluid flow through a heterogeneous porous media. Actually, the coal seam contains both organic and inorganic matters, the gas-solid adsorption always takes place in the organic parts, and the inorganic media only act as the microchannel for fluid flow. This paper ignores the influence of the inorganic parts due to the computational domain being at a relatively small scale.
In reality, the output concentration is the parameter we always focus on in practical applications and in engineering; meanwhile, the methane-coal adsorption is a concentration-dependent process owing to the fact that the intrinsic adsorption rate is usually much faster than the diffusion rate [5]. Therefore, it is acceptable to evaluate the effect of geometric and Langmuir parameters on adsorption through the change in concentration distribution. In this section, the porous structures G-1 (, ), G-2 (, ), G-3 (, ), G-4 (, ), and G-5 (, ) were used to study the effect of porosity of microfractures and the specific surface area of the organic matrix on dynamic diffusion-adsorption processes. In order to maintain the connectivity of the 2D reconstructed structure and achieve an economic computation time without losing physical interpretation, a relatively high fracture porosity is assumed [27].
Note that there are two kinds of porosity in our simulation: the matrix porosity  and the fracture porosity , the former one is a static averaged data which reflects the level of nanopores of the organic matrix, and another is the ratio between the area of the free flow region (microfractures) and the total area, which represents the magnitude of the area of microfractures and ignores the void within the porous material. The specific surface area  is the ratio between the length and area of the porous solid.
In the simulation, the domain is discretized by 200 × 200 lattices, with a resolution of 80 nm; the reference temperature for adsorption capacity is chosen as 303.15 K. For the fluid flow process, the no-slip boundary condition is used for the top and bottom walls and the interface between the free flow region and the solid matrix, and a pressure difference is set between the inlet and the outlet. Two kinds of boundary conditions are employed for methane transport: constant concentration () at the inlet and Neumann boundary condition () for the other three boundaries. The initial concentration in the domain is 0. Other input parameters are detailed in Table 1. It must be mentioned that the effect of matrix porosity (porosity of the porous material), particle size, and distribution inside the porous media is ignored due to the statistical averaged parameters used, which can be ascribed to the reservoir upscaling technique included in our model.
Table 1: Input parameters in simulation.
	

	Simulation domain ()	16 × 16
	

	Temperature  (K)	303.15
	Reservoir pressure  (MPa)	10
	Pressure gradient (MPa/m)	0.1
	The viscosity of methane (Pa·s)	1.39 × 10−6
	Concentration at inlet  (mol/m3)	0.1
	Matrix porosity 	0.05~0.4
	The diffusion coefficient of free flow region  (m2/s)	1.59 × 10−5
	Knudsen diffusion coefficient  (m2/s)	1.69 × 10−6
		0.0016
	Saturation adsorption amount  (m3/t)	10~30
	Adsorption rate constant  (m3/(mol·s))	1.0 × 103
	Desorption rate constant  (/s)	3.78 × 107
	Langmuir pressure  (MPa)	1~4
	


Note that relevant parameters were selected from typical geologic exploration data of the Qinshui Basin in China [28]. The adsorption and desorption rate constants were referred from the literature [29, 30].


Figure 3 shows the concentration distribution profile with different fracture porosities and specific surface areas, respectively. The structures of G1 to G3 have different specific surface areas but the same porosities. With an increased specific surface area, the concentration difference between the free flow region and the porous material is smoother, which means gas fully entered in the coal matrix and reached the dynamic adsorption equilibrium consuming less time, due to the small size and wide distribution of the porous blocks. The structures of G3 to G5 have different fracture porosities but the same specific surface areas. With increased porosity, the difference in concentration magnitude distribution inside porous blocks of each structure is not significant; however, the rate of gas transfer through the entire domain was more efficient, due to the higher fracture porosity representing a more extensive free flow region, which leads to the lowering of both the adsorbed amount per time and the total adsorbed amount of porous solid. Besides, the decreased total area of porous media may result in a relatively smaller medium resistance to gas transport. These phenomena can also be confirmed in Figure 4.




		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
		
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
		Figure 3: Results of the concentration distribution profile for methane migration in porous media with adsorption under different porosities and specific surface areas, respectively. (a) G-1 (, ), (b) G-2 (, ), (c) G-3 (, ), (d) G-4 (, ), (e) G-5 (, ). The matrix porosity of the solid matrix is 0.1.






			
				
					
			
		
			
				
					
			
		
			
				
					
			
		
			
				
					
			
		
			
				
					
			
		
			
				
					
				
					
				
				
				
			
		
			
			
			
			
			
			
			
			
		
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
		
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
		
			
		Figure 4: Results of the normalized output concentration for methane migration in porous media with adsorption under different porosities and specific surface areas, respectively. Note that the total output concentration  is normalized by the input concentration , and .


A larger specific surface area  means that the uniformly distributed porous solid will lead to higher medium resistance; thus, the rate of output concentration is maintained at a lower level as can be seen in Figure 4 and then increased due to the widely distributed small size of porous blocks, making the adsorption reach the equilibrium state at a shorter time. However, as mentioned above, a larger fracture porosity represents the higher area of microfractures, leading to the output concentration increasing with . In addition, owing to the studied region being relatively small and the finite-adsorption restriction, the output concentration at steady state of all cases is the same with the input concentration.
For further studying the size effect of porous blocks on adsorption, a system with three types of porous blocks with varying areas is also investigated. It can be seen from the difference of Figures 5(a) and 5(b); without adsorption (), gas diffuses with the greatest rapidity if there is an optimum connectivity of nanopores. This was also confirmed by Figure 6, on the assumption that other factors being unchanged, the output concentration rate (Figure 6(a)), and the concentration change rate of porous blocks center (Figure 6(b)) decreases with increasing . The rate of adsorption , as expected in (13), always increases with the difference between the saturation adsorption capacity  and adsorbed amount , leading to an increase in the total adsorbed amount. The adsorbed amount difference between each case with different  will become smaller over time, but it will last for quite a long time. Comparing the right column with the left column in Figure 5, as the size of porous blocks increases, so is the difficulty of gas fully distributed inside the media, suggesting that in the form of fast gas-solid adsorption, gas diffusion may consume more time inside porous media.




		
		
		
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
		
			
		
			
			
		
			
			
			
		
			
			
			
		Figure 5: Concentration magnitude distribution in the porous media with and without adsorption effect. (a) No adsorption. (b) , , mol/m3, and , MPa. The matrix porosity of the solid matrix is 0.1.
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		(c)
Figure 6: Concentration change over time. (a) Total concentration output at the outlet. (b) concentration through the center of blocks A, B, and C. (c)  effect; the red lines represent the corresponding central concentration of block A.


The Langmuir pressure effect on adsorption is shown in Figure 6(c). The Langmuir pressure varies directly with the adsorption rate constant, and with a larger Langmuir pressure, the adsorbed amount will drop in that the adsorption strength will become weaker with the increasing Langmuir pressure when the desorption rate constant is fixed, as expected from (14). Therefore, both the output concentration and the central concentration increased with the Langmuir pressure.
4.3. Gas Migrations in the Reconstructed Coal Matrix
In order to gain a deeper insight into the gas transport behavior with adsorption in a coal gas reservoir, in this section, the methane gas flow in a reconstructed 2D structure was studied. Coal is a dual-porosity medium composed of matrix pores and fractures. Nanopores in the coal matrix are the source of coalbed methane, and the fracture between the matrices provides a channel for gas migration. Figure 7(a) shows the microstructures of the coal reproduced from the literature (reproduced from Figure 1 in [31]). It can be observed that numerous coal matrices with different sizes, shapes, and distributions have been divided by the fracture system. Both the size of the coal matrix and the fractures range from a few nanometers to several micrometers. In fact, countless nanopores were also distributed in the matrix. The distribution and geometry of the pores are associated with the coal rank, organic composition, and localized compaction, and thus, it is difficult to obtain a universal model from reconstruction. This paper reconstructed a porous medium shown in Figure 7(b) based on the distribution characteristics of the matrix-fracture system (as schematically shown in the red box of Figure 7(a)), which roughly represents the microstructures of the coal composed of microfractures (white) and organic matrix (black). Besides, numerous nanosized pores of the organic matrix, which plays an important role in coal-methane adsorption, were also considered in the media. It can be found in (11) and (12) that the effective diffusion coefficient is proportional to both the porosity and the mean pore radius; thus, adjusting any one of them could achieve the different diffusivity of the porous media. Chen Jialiang and Yong [32] reported that the porosity of coal is related to the coal rank, and the variation range is 0.02~0.25. Besides, through coal samples from 25 areas in China, Fu and Wei [33] found that the mean pore radius spans from 3.8 to 15.2 nm. In this section, the mean pore radius follows a unified value (), and the matrix porosities are chosen as 0.05, 0.1, 0.2, and 0.4. Note that the porosity of 0.4 may not be encountered in the coal samples, which is chosen here just for comparison. In the simulation, the boundary condition and input parameters are the same as those in Section 4.2 (Table 1).




		
			
			
			
		
			
			
			
		Figure 7: (a) The SEM image of a coal sample (reproduced from Figure 1 in [31]). (b) The reconstructed heterogeneous porous media with fractures (white) and organic matrix (dark) for simulation.


Figure 8 shows the velocity magnitude distribution. When the porosity of the porous material is small ( on the left), the fluid flow along a strongly preferred pathway in the free flow region is due to the presence of the local flow resistance. As porosity increases, the magnitude of the Darcy drag term in (3) will reduce, leading to a decrease in local resistance. Therefore, the fluid can pass through the porous media under this condition. When the porosity is relatively high ( on the right), the streamline almost appears along with a straight path. The results are consistent with the simulation results in [8], further suggesting the validity of our model.




		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
		Figure 8: Velocity magnitude distribution in the porous media under different matrix porosities. (a) , (b) , (c) , and (d) .


Figure 9 summarizes the effect of the matrix porosity and the Langmuir pressure on the adsorbed amount magnitude distribution. The porosities of the porous solid for the set of images from the left to right columns are 0.05, 0.1, 0.2, and 0.4, respectively. The relatively higher porosity ( on the right column) makes the effective diffusivity of the organic matter stronger, increasing the rate of mass transfer. Therefore, the rate of gas diffusion in the porous material is more significant and the dynamic adsorption equilibrium-associated region is more extensive.




		
		
		
		
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
		
			
		
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		Figure 9: Magnitude and distribution of the adsorbed amount in the porous medium varying the matrix porosity and the Langmuir pressure, respectively. (a) , (b) , and (c) . According to the isothermal adsorption equation in (14), the maximum adsorbed amounts in cases (a), (b), and (c) are 7.6, 4.4, and 3.1 m3/t, respectively. The porosities of the permeable solid from the left to right columns are 0.05, 0.1, 0.2, and 0.4, respectively.


The Langmuir pressure is in proportion to the ratio between desorption constant and adsorption constant, which is related to the adsorption strength of a porous matter. On the assumption that other parameters are kept constant, the Langmuir pressure determines the maximum adsorbed amount under dynamic equilibrium. In the simulation, we can vary the Langmuir pressure with a fixed desorption constant for studying the effect of the Langmuir pressure on the adsorbed amount, which means only the adsorption constant should be discussed. As can be seen on the right column of Figure 9, when the Langmuir pressure decreases,  becomes greater, which makes the adsorption strength greater. In consequence, the maximum adsorbed amount under dynamic equilibrium increases with the decreasing Langmuir pressure, as well as the total adsorbed amount, which also confirmed the results of Figure 6(c).
Moreover, medium resistance not only exists on fluid flow but also works for gas transport due to the diffusivity of the porous material far less than the free flow region. Thus, a diffusion peak curve will be formed based on the medium shape and distribution in the gas migrating processes, which might influence the rate of local gas-solid adsorption and also imply that the impact of the specific surface area and fracture porosity plays a key role on the adsorption process.
5. Conclusion
In this study, we proposed a coupled generalized Navier-Stokes equation and the advection-diffusion equation for gas migration in porous media which includes gas-solid adsorption and desorption. The effective Knudsen diffusion coefficient is introduced into the model for gas transport in the organic matrix of coal. The Langmuir adsorption rate equation is integrated into the source/sink term of the advection-diffusion equation for controlling the adsorption kinetic process of gas-solid adsorption and desorption. An LB model is developed for solving the coupled equations.
Simulations of the array-distributed regular solid blocks with different specific surface area, fracture porosity, matrix size, and saturation adsorption capacity are investigated. The results show that the adsorption effect becomes stronger as the specific surface area and the fracture porosity increase or the matrix size decreases. Moreover, the effect of saturation adsorption amount shows an opposite trend as the fracture porosity due to adsorption rate increases with the difference between saturation adsorption capacity and the adsorbed amount, and the impact of Langmuir pressure shows a similar trend as the fracture porosity. Simulation results of the reconstructed coal matrix confirm that methane-coal adsorption is influenced by the matrix porosity/permeability and the Langmuir pressure, as well as the geometric complexity. A higher matrix porosity/permeability or lower Langmuir pressure increases the adsorption rate and the corresponding affecting area. The appearance of the diffusion peak curve indicates that geometric complexity, including matrix size, shape, and distribution, may play a significant role in the adsorption-desorption process.
Our model can be applied to a wide range of simulation in unconventional natural gas exploitation. However, future work is still needed including more realistic effects in coal such as gas desorption and matrix deformation.
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Additional Points
Highlights. (1) A double-distribution Lattice Boltzmann model for solving the coupled generalized Navier-Stokes equation and advection-diffusion equation with respect to the gas-solid dynamic adsorption process is proposed for multicomponent gas migration in the unconventional reservoir. (2) The effective diffusion coefficient is introduced to the model of gas transport in the porous media. The Langmuir adsorption rate equation is employed to control the adsorption kinetic process of gas-solid adsorption. (3) The effect of porosity/permeability, the saturation adsorption amount, the Langmuir pressure, and the geometric complexity of methane-coal adsorption dynamic processes are numerically investigated.
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Supplementary Materials
(1) This program is a 2D generalized lattice Boltzmann model code using a double-distribution function to simulate gas transport in a coal reservoir. (2) The whole project is composed of 1.par and GLBM.f90. 3. “1.par” is a header file, where some common blocks are defined; all the subroutines are integrated into “GLBM.f90,” where “subroutine FlowField” is employed to reconstruct the images of 2D porous media after binarization by MATLAB, “subroutine evolution” and “subroutine diffusion” are implemented to govern the fluid bulk flow and diffusion, respectively, and “subroutine initial” and “subroutine output” are used to initialize the flow field and record the simulation results, respectively. (4) Before running this project, please create a new subfolder “out” under the working directory. (5) In the simulation, all the parameters are dimensionless, and the output data can be dimensionalized using the principle of similitude. (Supplementary Materials)
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