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Abstract

:

The accuracy of the relationship between formation pressure and water saturation has a direct impact on predicting the production performance of coal reservoirs. As a result, researchers are becoming more interested in this connection. The most commonly used method to evaluate this connection is the semianalytic method, but it disregards the impact of coal matrix shrinkage on pore compressibility, resulting in inaccurate water saturation estimations for coal reservoirs. A material balance equation that considers the effect of coal matrix shrinkage on cleat porosity and pore compressibility, as well as the gas–water relative permeability curve, is used for the first time in this study to establish a model between pressure and water saturation. Furthermore, this study extends the proposed pressure–saturation model to predict cumulative gas production and gas recovery, resolving the difficult problem of calculating recovery for coalbed methane reservoirs. To verify its accuracy, this study compares the proposed method with numerical simulations and previous methods; the results of the comparison show that the water saturation under formation pressure calculated by the method proposed in this study is closer to the results of the numerical simulation. Sun’s model ignores the effect of matrix shrinkage on pore compressibility, resulting in larger calculation results. The findings of this study indicate that the effect of coal matrix shrinkage on pore compressibility cannot be ignored, and that the proposed method can replace numerical simulation as a simple and accurate method for water saturation evaluation, which can be applied to predict cumulative gas and recovery estimation for closed coalbed methane reservoirs. The proposed method increases the accuracy of the semianalytical method and broadens its application. It is critical for the prediction of coal reservoir production performance and forecasting of production dynamics.
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1. Introduction


When conventional energy sources become scarce, unconventional energy sources gain popularity due to their abundant reserves [1,2,3]. Coalbed methane reservoirs, unlike conventional gas reservoirs, are thought of as dual pore media (matrix and cleat), with the matrix serving as storage space and the cleat serving as flow channels. The exploitation of coalbed methane is complicated due to the unique characteristics of coal reservoirs [4,5]. There are three stages to the exploitation of coalbed methane (CBM) reservoirs [6]. In the first stage, the formation pressure is higher than the critical desorption pressure; the adsorbed gas in the matrix cannot be desorbed, resulting in no gas diffusion into the cleat, low gas saturation in the cleat, and poor gas flow ability. In the second stage, the formation pressure is lower than the critical desorption pressure, and the adsorbed gas in the matrix begins to desorb and diffuse into the cleat. Because of the low initial gas saturation and poor mobility, gas accumulates in the cleat pores, causing a rapid decrease in water saturation. In the third stage, the adsorbed gas is desorbed, more gas diffuses into the cleat, previously isolated bubbles connect, and the gas within the cleat is produced and has mobility, resulting in a slower decrease in water saturation. The assessment of formation pressure and water saturation in CBM reservoirs is complex due to the uniqueness of CBM extraction, but the relationship between pressure and water saturation is critical to the prediction of production dynamics in CBM wells. The connection has a significant impact on the establishment of flowing material balance (FMB) of gas and water in CBM reservoirs [7,8]. The connection can be used to calculate the desorption area of a CBM reservoir [9,10,11]. It is crucial for evaluating the effective permeability of the gas/water phase [12], and can also be used to reliably estimate CBM well production [13,14]. Furthermore, the connection can be used to calculate recoverable reserves. This calculation completes the prediction of recovery and serves as a reference for well network deployment in the reservoir, which is useful for gas reservoir development design. As a result, it becomes critical to determine the precise connection between formation pressure and water saturation in coalbed methane reservoirs.



The numerical simulation, material balance, and semianalytical approaches are the three basic methodologies for characterizing the connection between formation pressure and water saturation in CBM reservoirs. To obtain the connection, the numerical simulation technique takes more data and more complicated simulations [15,16], making it difficult to employ in production situations. The material balance equation (MBE) can calculate historical average water saturation based on production dynamic data such as cumulative gas production (Gp), cumulative water production (Wp), and total reserves (G), but is less effective in predicting future water saturation [17,18,19,20,21,22]. The semianalytical method ignores the effect of matrix shrinkage on the calculation of CBM pore compressibility when the formation pressure is below the critical desorption pressure [6], which has a greater impact on CBM reservoirs with low cleat porosity and leads to inaccurate water saturation calculation results.



In this study, the semianalytical method was modified to calculate the connection between formation pressure and water saturation by considering the effect of matrix shrinkage on pore compressibility when the formation pressure is below the critical desorption pressure. The accuracy of the proposed method is demonstrated by comparing the results of numerical simulations with those of the proposed method in this study. This model compensates for flaws in previous approaches to determining the pressure–saturation connection in CBM reservoirs. It has wide application prospects because it can be applied to several aspects of CBM exploitation, including calculating recoverable reserves, calculating recovery, and providing guidance for well network deployment schemes.



Section 2.1 contains the model’s assumptions, Section 2.2 contains the establishment of the pressure–saturation connection, Section 2.3 contains the application strategy of the proposed method, Section 3.1 contains the validation of the proposed method, Section 3.2 contains a sensitivity analysis of the critical parameters, Section 3.3 contains the application of the proposed method, Section 3.4 contains a discussion of positive and negative aspects of the proposed method, and Section 4 contains the conclusions.




2. Materials and Methods


2.1. Model Assumptions


The model proposed in this study is applicable to evaluate the connection between the formation pressure and water saturation of CBM reservoirs. There are several assumptions: (1) The two-phase flow of gas and water within the cleat follows Darcy’s law, ignoring the effects of gravity and capillary. (2) The CBM adsorption model is Langmuir isotherm adsorption. (3) The CBM reservoir is a closed gas reservoir. (4) Dissolved gas in water is not considered. (5) The adsorbed gas within the matrix is transferred to the cleat by diffusion.




2.2. The Connection between Formation Pressure and Water Saturation


During extraction, the CBM in the formation mainly contains two parts (adsorbed gas and free gas). Therefore, the total remaining gas reserves can be expressed as:


  G =  G  m p   +  G  a p    



(1)







Usually, the volumetric method is used to calculate the remaining reserves of free gas [23], and the calculation formula is as follows:


   G  m p   =    A s  h ϕ  (  1 −  s w   )     B g     



(2)







The change in pore volume can be divided into two parts. When the formation pressure is above the critical desorption pressure, the pore volume change is primarily influenced by stress sensitivity, whereas when the formation pressure is below the critical desorption pressure, the pore volume change is primarily influenced by both matrix shrinkage and stress sensitivity [24,25,26]. It is advised that the pore compressibility should be calculated considering not only stress sensitivity but also matrix shrinkage.



When the formation pressure is higher than the critical desorption pressure [27], the cleat porosity can be calculated by Equation (3) as follows.


  ϕ =  ϕ i   [  1 −  c m   (   p i  − p  )   ]   



(3)







When the formation pressure is below the critical desorption pressure [24], the cleat porosity can be calculated using the following formula.


  ϕ =  ϕ i   [  1 −  c m   (   p i  − p  )  +  1   ϕ i     (     K b     M b    − 1  )   (  e p s − e p s 0  )   ]   



(4)






  e p s  ( p )  =    ε L  p    p L  + p    



(5)







Define the following expression:


   c a  = −    ε L     ϕ i     (     K b     M b    − 1  )   



(6)







Substituting Equations (5) and (6) into Equations (3) and (4), the following equations can be obtained:


  ϕ =  ϕ i  f  ( p )   



(7)






  f  ( p )  =  {    1 −  c m   (   p i  − p  )                        p ≥  p d      1 −  c m   (   p i  − p  )  +  c a   (     p d     p L  +  p d    −  p   p L  + p    )        p <  p d       



(8)







The Langmuir adsorption isotherm [28] is used to calculate the content of adsorbed gas, and the remaining reserves of adsorbed gas can be expressed as:


   G  a p   =  A s  h  V E   ( p )   



(9)







The adsorbed gas is not desorbed when the formation pressure is higher than the critical desorption pressure. It begins to desorb when the formation pressure is lower than the critical desorption pressure [9].


   V E   ( p )  =  {       V L   p d     p L  +  p d            p ≥  p d         V L  p    p L  + p             p <  p d       



(10)







Substituting Equations (2), (7), and (9) into Equation (1), the total remaining gas reserves can be obtained:


  G =  A s  h  (     ϕ i  f  ( p )   (  1 −  s w   )     B g    +  V E   ( p )   )   



(11)







Taking the derivative of Equation (11) with respect to the pressure, the following expressions can be obtained:


    ∂ G   ∂ p   =  A s  h  ϕ i   [     (   f ′   ( p )   (  1 −  s w   )  − f  ( p )    ∂  s w    ∂ p    )   B g  − f  ( p )   (  1 −  s w   )   B g    ′       (   B g   )   2    +    V E    ′   ( p )     ϕ i     ]   



(12)







In the same way, the volumetric method can be used to calculate the remaining reserves of water [29]. The expression is as follows:


   N w  =    A s  h ϕ  s w     B w     



(13)







Taking the derivative of Equation (13) with respect to the pressure, the following expressions can be obtained:


    ∂  N w    ∂ p   =  A s  h  ϕ i     (   f ′   ( p )   s w  + f  ( p )    ∂  s w    ∂ p    )   B w  − f  ( p )   s w   B w ′       (   B w   )   2     



(14)







The gas–oil production ratio can be expressed as the ratio of cumulative gas production to cumulative oil production under instantaneous pressure changes. Therefore, the gas–water ratio of production can be expressed as:


   R  g w   =     ∂ G  /  ∂ p       ∂  N w   /  ∂ p     =      [     (   f ′   ( p )   (  1 −  s w   )  − f  ( p )    ∂  s w    ∂ p    )   B g      − f  ( p )   (  1 −  s w   )   B g    ′     ]       (   B g   )   2    +   f  ( p )   V E    ′   ( p )   ϕ       (   f ′   ( p )   s w  + f  ( p )    ∂  s w    ∂ p    )   B w  − f  ( p )   s w   B w ′       (   B w   )   2       



(15)







From the definition of the compressibility of free gas, the compressibility of water, and the compressibility of adsorbed gas, the following expression can be obtained:


   c g  = −  1   V  f g      (    ∂  V  f g     ∂ p    )  = −  1     V  f g    /   V  s g        (    ∂  (     V  f g    /   V  s g      )    ∂ p    )  = −  1   B g     (    ∂  B g    ∂ p    )   



(16)






   c w  = −  1   V  f w      (    ∂  V  f w     ∂ p    )  = −  1     V  f w    /   V  s w        (    ∂  (     V  f w    /   V  s w      )    ∂ p    )  = −  1   B w     (    ∂  B w    ∂ p    )   



(17)






   c d  =    B g   V E    ′   ( p )   ϕ  =  {    0                   p ≥  p d         V L   p L   B g       (   p L  + p  )   2  ϕ             p <  p d       



(18)







Considering the shrinkage effect of the coal matrix when the adsorbed gas begins to desorb, redefining the pore compressibility according to Equation (7), the following expression can be obtained:


   c p  =  1 ϕ    ∂ ϕ   ∂ p   =    f ′   ( p )    f  ( p )    =  {       c m    1 −  c m   (   p i  − p  )                        p ≥  p d         c m  −    c a   p L       (   p L  + p  )   2      1 −  c m   (   p i  − p  )  +  c a   (     p d     p L  +  p d    −  p   p L  + p    )              p <  p d       



(19)







Substituting Equations (16)–(19) into Equation (15), the following expressions can be obtained:


     R  g w   =     ∂ G  /  ∂ p       ∂  N w   /  ∂ p     =     f  ( p )   [   c p   (  1 −  s w   )  −   ∂  s w    ∂ p    ]  + f  ( p )   [   (  1 −  s w   )   c g  +  c d   ]     B g        f  ( p )   (   c p   s w  +   ∂  s w    ∂ p    )  + f  ( p )   s w   c w     B w           =     [   c p   (  1 −  s w   )  −   ∂  s w    ∂ p    ]  +  [   (  1 −  s w   )   c g  +  c d   ]     (   c p   s w  +   ∂  s w    ∂ p    )  +  s w   c w       B w     B g       



(20)







The gas–water flow follows Darcy’s seepage, so the gas–water production expression is:


   q g  =   2 π α r K  K  r g   h    μ g   B g      ∂ p   ∂ r    



(21)






   q w  =   2 π α r K  K  r w   h    μ w   B w      ∂ p   ∂ r    



(22)







The gas–water ratio of production can also be expressed as:


   R  g w   =    q g     q w    =    B w     B g       K  r g      K  r w        μ w     μ g     



(23)







Combining Equation (20) and Equation (23), the following expression can be obtained:


     [   c p   (  1 −  s w   )  −   ∂  s w    ∂ p    ]  +  [   (  1 −  s w   )   c g  +  c d   ]     (   c p   s w  +   ∂  s w    ∂ p    )  +  s w   c w    =    K  r g      K  r w        μ w     μ g     



(24)







According to the definition of the mobility ratio of water and gas, the following expression can be obtained:


  M =    K  r w      K  r g        μ g     μ w     



(25)







Substituting Equation (25) into Equation (24), the following expression can be obtained:


     [   c p   (  1 −  s w   )  −   ∂  s w    ∂ p    ]  +  [   (  1 −  s w   )   c g  +  c d   ]     (   c p   s w  +   ∂  s w    ∂ p    )  +  s w   c w    =  1 M   



(26)







Arranging Equation (26), the following formula can be obtained:


   s w   [   (   c p  +  c w   )  + M  (   c p  +  c g   )   ]  +   ∂  s w    ∂ p    (  1 + M  )  = M  (   c p  +  c g  +  c d   )   



(27)







Define the following expression:


    A = M  (   c p  +  c g  +  c d   )      B =  c p  +  c w  + M  (   c p  +  c g   )      C = M + 1    



(28)







Substituting Equation (28) into Equation (27), the following equation can be obtained:


  C   ∂  s w    ∂ p   + B  s w  = A  



(29)








2.3. Calculation Strategies of the Connection between Formation Pressure and Water Saturation


If we consider the pressure divided into small interval segments, A, B, and C can be regarded as constants. Solving Equation (29), the general solutions can be obtained:


   s w  =  A B  −  D B   e  −  B C  p    



(30)







D is a constant in the general solution. At the current moment, the water saturation can be represented as:


   s w n  =  A B  −  D B   e  −  B C   p n     



(31)







At the next moment, the water saturation can be represented as:


   s w  n + 1   =  A B  −  D B   e  −  B C   p  n + 1      



(32)







Substituting Equation (31) into Equation (32), the following expression can be obtained:


   s w  n + 1   =  A B  −  (   A B  −  s w n   )   e   B C   (   p n  −  p  n + 1    )     



(33)







To calculate the mobility ratio of water and gas, it is necessary to obtain the relative permeability of gas to water. The Corey equation is usually used to characterize the gas–water relative permeability curve, and the expression is as follows [30]:


   K  r g   =  K  r g max      (  1 −  s w *   )     n g     



(34)






   s w *  =    s w  −  s  w c     1 −  s  w c      



(35)






   K  r w   =    (   s w *   )     n w     



(36)







From Equation (33), in order to evaluate the relationship between pressure and water saturation, the mobility ratio of water and gas needs to be determined. However, it can be seen from Equation (25) that calculating the mobility ratio of water and gas requires specifying the relative permeability of gas and water. It is also known from Equations (34)–(36) that the calculation of the relative permeability requires the clarification of the water saturation. Therefore, to calculate the relationship between pressure and water saturation, an iterative algorithm should be used. In a closed CBM reservoir, water is not replenished as extraction proceeds, so the relationship between water saturation and pressure possesses monotonicity and can be solved iteratively using the dichotomous method. The calculation strategy for the proposed method is as follows:




	(1)

	
Regress the experimental data of relative permeability to obtain the constant    n g    and    n w    of the Corey equation.




	(2)

	
Get the formation pressure (   p n   ) and water saturation (   s w n   ) at the current moment.




	(3)

	
Define   a =  s  w c    ,   b =  s  w i    .




	(4)

	
Assume the water saturation    s  w a   =   a + b  2    at the next moment.




	(5)

	
Calculate the gas relative (   K  r g   n + 1    ) permeability using Equation (34) and the water relative permeability (   K  r w   n + 1    ) using Equation (36) at the next moment.




	(6)

	
Calculate the pressure (   p  n + 1   =  p n  − Δ p  ) at the next moment. In this study,   Δ p = 0.1   MPa is assumed.




	(7)

	
Calculate the compressibility of the pore (   c p   ) using Equation (19), the compressibility of adsorbed gas (   c d   ) using Equation (18), and the mobility ratio of water and gas ( M ) using Equation (25).




	(8)

	
Calculate the value of  A ,  B , and  C  using Equation (28) at the next moment.




	(9)

	
The saturation (   s w  n + 1    ) at the next moment can be calculated using Equation (33).




	(10)

	
If the calculated    s w  n + 1   >  s  w a    , assign   a =  s  w a    ; if the calculated    s w  n + 1   ≤  s  w a    , assign   b =  s  w a    .




	(11)

	
Calculate the error (  e r r o r = a b s  (   s w  n + 1   −  s  w a    )   ) between the calculated water saturation (   s w  n + 1    ) and the assumed water saturation (   s  w a    ).




	(12)

	
Calculate the interval (  E = a b s  (  a − b  )   ) between a and b.




	(13)

	
If the current interval ( E ) is less than the minimum interval (  e p s  ), or the current error (  e r r o r  ) is less than the minimum error (  e r r  ), the saturation under the formation pressure    p  n + 1     can be accepted as    s w  n + 1    . Otherwise, return to step (4) and continue the calculation until the requirements are met. The steps are shown in Figure 1.











3. Results and Discussion


3.1. Validation of the Proposed Method


Due to the lack of test data on formation pressure and water saturation for the CBM reservoir under production conditions, a numerical simulation case is used in this study to verify the accuracy of the proposed method. The Schlumberger Eclipse numerical simulation software is widely used and accepted for simulating coalbed methane extraction. In this study, Eclipse is used to demonstrate the precision of the proposed formation pressure and water saturation relationship model for coalbed methane reservoirs. This proposed model is compared with a numerical simulation (Schlumberger Eclipse E100) and with Sun’s approach [6]. The number of grids of the numerical simulation model is 31 in the X-direction, 31 in the Y-direction, and 2 in the Z-direction. The permeability of the numerical simulation model in the X-, Y-, and Z-directions is 10 mD. The grid size of the numerical simulation model is 100 m in the X-direction, 100 m in the Y-direction, and 10 m in the Z-direction. The depths of the top face of the grid block are 1200 m. The numerical simulation model considers only the permeability of the cleat, and the desorbed gas in the matrix is transferred into the cleat by diffusion. The detailed parameters used in the numerical simulation model are listed in Table 1. The gas Z-factor and viscosity employed in the model are depicted in Figure 2, and the adsorption gas concentrations employed are shown in Figure 3.



Based on the above data, the connection between formation pressure and water saturation of the CBM reservoir can be calculated using the method proposed in this study and Sun’s method; the comparison results are shown in Figure 4. It is evident that the connection between formation pressure and water saturation calculated by the proposed method is nearly identical to that of the numerical simulation. As the formation pressure decreases, the amount of CBM desorption becomes larger, and the coal matrix shrinkage has a greater effect on the pore compressibility. Sun’s method, without correction for the pore compressibility, has an increasing deviation from the numerical simulation. This result implies that the connection between formation pressure and water saturation of the CBM reservoir calculated by the method proposed in this study is more accurate compared with previous methods. The model proposed in this study can replace numerical simulation as a simple and reliable method for evaluating the water saturation under the formation pressure of CBM reservoirs.




3.2. The Sensitivity Analysis of Critical Factors


According to Equations (33) and (28), the compressibility of the pore (   c p   ), the compressibility of the adsorbed gas (   c d   ), and the mobility ratio of water and gas ( M ) can influence the calculated results of water saturation at formation pressure. These parameters are calculated by the Langmuir volume (   V L   ), the Langmuir volumetric strain (   ε L   ), and the gas–water relative permeability. Therefore, the sensitivity of these critical factors is analyzed in this study by assuming different values.



The effect of Langmuir volume (   V L   ) on the results of water saturation calculations was verified by assuming different Langmuir volumes (   V L   ) using the parameters listed in Table 1, and the results are shown in Figure 5. It is evident from Figure 5 that because the adsorbed gas has not yet been desorbed, when the formation pressure is higher than the critical desorption pressure, the Langmuir volume does not affect the water saturation. When the formation pressure is lower than the critical desorption pressure, the larger the Langmuir volume, the larger the gas saturation in the pore and the higher the gas flow capacity. This is because the smaller the Langmuir volume, the less gas will be desorbed and diffuse into the cleat, resulting in higher water saturation.



From the literature [16,31,32,33,34], it is known that reasonable values of Langmuir volumetric strain (   ε L   ) are between 0.005 and 0.025. Therefore, to analyze their effects on water saturation, different Langmuir volumetric strains (   ε L   ) are assumed, and the results are shown in Figure 6. It can be seen from Figure 6 that when the formation pressure is lower than the critical desorption pressure, the greater the Langmuir volumetric strain, the greater the gas saturation, and the stronger the gas flow capacity. With the decrease of the formation pressure, the difference in water saturation calculated by different Langmuir volumetric strains becomes larger. This is because the larger the Langmuir volumetric strain, the greater the increase in cleat porosity from matrix shrinkage, and because the gas expands more easily than water, the saturation of gas will increase while the saturation of water will decrease.



Assuming different relative permeability curves as shown in Figure 7, the water saturation at different formation pressures was calculated using the data in Table 1 and the calculated results are compared as shown in Figure 8. It can be seen from Figure 8 that as the relative permeability of water increases and the relative permeability of gas decreases, water saturation becomes smaller. This is because as the relative permeability of water increases, water flow capacity and water production increase, leading to a reduction in the remaining amount of water in the pore, which in turn leads to a reduction in the saturation of the water. The difference in water saturation calculated by different relative permeability curves will increase first and then decrease with the decline of formation pressure, and finally the water saturation will converge. When the water saturation decreases until it is irreducible, only gas is involved in the flow of the CBM reservoir, and the water saturation in the pore will eventually converge, as illustrated by the water MBE. As a result, during the production process, the relative permeability of water should be increased in order to minimize water saturation and the influence of water on gas flow.




3.3. Application of the Proposed Method


The pressure–saturation relationship can be applied to several aspects, including calculating the desorption area of CBM [9,10,11], establishing the gas/water FMB of CBM reservoirs [8], describing the connection between the formation pressure and effective permeability of CBM reservoirs [12], and accurately predicting the production rate of CBM reservoirs [14]. Furthermore, the proposed model can also predict the connection between formation pressure and cumulative production of a CBM reservoir, which can be used to evaluate the recoverable reserves of the reservoir. The method proposed in this study can also be combined with the MBE for CBM reservoirs in order to solve the difficult problem of recovery calculation, and to provide guidance for well network deployment.



Considering the MBE of water [23] and gas [27], the Wp and Gp of the CBM reservoir can be calculated as follows:


   W p  =    A s  h  ϕ i   s  w i   −  A s  h ϕ  s w  +  A s  h  ϕ i   s  w i    c w   (   p i  − p  )     B w     



(37)






   G p  =  A s  h  [     ϕ i   (  1 −  s  wi    )     B  g i     −   ϕ  (  1 −  s w   )     B g     ]  +  A s  h  [   V E   (   p d   )  −  V E   ( p )   ]   



(38)







Using the method of calculating formation pressure and water saturation proposed in this study, and according to Equation (37) and Equation (38), the Wp and Gp can be calculated. The calculated results of the applied model were compared with the results of the numerical simulation, as shown in Figure 9 and Figure 10. The average relative deviation of the predicted Gp from the numerical simulation is 0.05%, while the average relative deviation of the predicted Wp from the numerical simulation is 3.64%. The relative deviations are extremely small, reflecting the fact that the Wp and Gp calculated in this study are consistent with the numerical simulation.



The corresponding Wp and Gp at different formation pressures can be obtained using the method proposed in this study. Furthermore, the recoverable reserves and recovery under abandonment pressure can be calculated according to Equation (39), and the results of comparing the method proposed in this study with the results of numerical simulations are displayed in Table 2.


   E R  =    G  p r      G i     



(39)







As shown in Table 2, the difference between the calculation results of the proposed method and the numerical simulation is small, with a recovery deviation of only 0.07% at the abandoned formation pressure of 1.5 MPa. This demonstrates that the method proposed in this study is extremely effective at predicting recovery. Based on the calculated recoverable reserves and recovery, a reasonably efficient well network and well spacing can be deployed, and a reasonable development plan can be formulated to maximize economic benefits for the CBM reservoir.




3.4. Discussion


The relationship between the formation pressure and water saturation of a CBM reservoir is modeled in this paper from the standpoint of material conservation. The effect of matrix shrinkage on the pore compressibility is thought to compensate for previous models’ shortcomings. The benefits of this model include fewer parameters, a simple calculation process, and accurate calculation results. It can be used to calculate the effective permeability of CBM reservoirs, desorption area, establish a FMB equation of CBM wells, predict production dynamics of CBM wells, predict recoverable reserves of CBM reservoirs, and guide well network deployment of CBM reservoirs. However, the model still has some flaws. For example, it can only be applied to closed coal reservoirs without taking into account external water intrusion, and it can only be applied to gas reservoirs with depleted extraction. This application premise limits the types of scenarios in which the model can be used. As a result, in future research, external water intrusion and other types of mining methods, such as gas injection and water injection mining, should be considered in order to expand the model’s application scenarios.





4. Conclusions


In this study, a model of the connection between formation pressure and water saturation of the CBM reservoir was proposed; unlike previous models, this model considers the effect of coal matrix shrinkage on pore compressibility. The calculated results are compared with numerical simulations, and the following conclusions can be drawn.



	(1)

	
A model for calculating the connection between formation pressure and water saturation in CBM reservoirs, considering the effect of coal matrix shrinkage on the cleat porosity and pore compressibility, is established. Compared with previous models, the calculation results of the proposed model are closer to numerical simulations, makes up for the shortcomings of previous methods, and can replace numerical simulation as a simple and accurate evaluation method for the relationship between pressure and water saturation in CBM reservoirs.




	(2)

	
When the formation pressure is lower than the critical desorption pressure, with the increase of Langmuir volume or Langmuir volume strain, the water saturation becomes smaller, and the gas seepage ability becomes stronger; as the relative permeability of water increases or the relative permeability of gas decreases, the water saturation decreases.




	(3)

	
The method proposed in this study can be used to complete the calculation of recoverable reserves of coalbed methane reservoirs and to evaluate their recovery, which is critical for the development of CBM well network deployment schemes.
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Nomenclature




	
  G  

	
remaining total gas reserves of coalbed methane, m3




	
    G  m p     

	
remaining free gas reserves of coalbed methane, m3




	
    G  a p     

	
remaining adsorbed gas reserves of coalbed methane, m3




	
    A s    

	
area, m2




	
  h  

	
thickness, m




	
  ϕ  

	
cleat porosity of coalbed methane reservoirs, fraction




	
    s w    

	
water saturation, fraction




	
    B g    

	
volume factor of the gas, m3/m3




	
    c m    

	
compressibility of the rock, MPa−1




	
  p  

	
formation pressure, MPa




	
    p i    

	
initial formation pressure, MPa




	
    ϕ i    

	
initial cleat porosity of coalbed methane reservoirs, fraction




	
    K b    

	
bulk modulus, MPa




	
    M b    

	
constrained axial modulus, MPa




	
   e p s  ( p )    

	
strain term, dimensionless




	
   e p s 0   

	
initial strain term, dimensionless




	
    ε L    

	
Langmuir volumetric strain, dimensionless




	
    p L    

	
Langmuir pressure, MPa




	
    c a    

	
coal matrix shrinkage compressibility, dimensionless




	
   f  ( p )    

	
the variation coefficient of cleat porosity, fraction




	
    p d    

	
critical desorption pressure, MPa




	
    V E   ( p )    

	
amount of adsorption per unit volume, m3/m3




	
    V L    

	
Langmuir volume, m3/m3




	
    N w    

	
water reserves of coalbed methane reservoirs, m3




	
    B w    

	
volume factor of water, m3/m3




	
    R  g w     

	
gas–water ratio, m3/m3




	
    c g    

	
compressibility of gas, MPa−1




	
    c w    

	
compressibility of water, MPa−1




	
    c d    

	
compressibility of desorption, MPa−1




	
    V  f g     

	
volume of gas in the formation, m3




	
    V  s g     

	
volume of gas under the standard conditions, m3




	
    V  f w     

	
volume of water in the formation, m3




	
    V  s w     

	
volume of water under the standard conditions, m3




	
    c p    

	
comprehensive compressibility of pore, MPa−1




	
  r  

	
control radius of a single well, m




	
  K  

	
absolute permeability, D




	
    μ g    

	
viscosity of gas, mPa·s




	
    μ w    

	
viscosity of water, mPa·s




	
    q g    

	
gas production rate, m3/d




	
    q w    

	
water production rate, m3/d




	
    K  r g     

	
relative permeability of gas, dimensionless




	
    K  r w     

	
relative permeability of water, dimensionless




	
  M  

	
mobility ratio of water and gas, dimensionless




	
    K  r g max     

	
maximum relative permeability of gas, dimensionless




	
    s  w c     

	
irreducible water saturation, fraction




	
    n w    

	
Corey’s constant of the water phase




	
    n g    

	
Corey’s constant of gas phase




	
   Δ p   

	
pressure interval, MPa




	
    s  wa     

	
assumed water saturation, fraction




	
    W p    

	
cumulative water production, m3




	
    G  p r     

	
recoverable reserves, m3




	
    G p    

	
cumulative gas production, m3




	
    G i    

	
total gas reserves of coalbed methane, m3




	
    E R    

	
recovery, fraction




	
   D X   

	
number of grids in the X-direction




	
   D Y   

	
number of grids in the Y-direction




	
   D Z   

	
number of grids in the Z-direction




	
   D X V   

	
grid size in X-direction, m




	
   D Y V   

	
grid size in Y-direction, m




	
   D Z V   

	
grid size in Z-direction, m




	
   K x   

	
absolute permeability in the X direction, mD




	
   K y   

	
absolute permeability in the Y direction, mD




	
   K z   

	
absolute permeability in the Z direction, mD




	
   D H   

	
depths of the top face of the grid block, m




	
Superscript




	
n

	
the current moment




	
n + 1

	
the next moment




	
Constant




	
  α  

	
86.4
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Figure 1. Calculation flowchart of the connection between pressure and saturation. 
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Figure 2. Gas Z-factor and viscosity used in the numerical simulation model. 
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Figure 3. Adsorption gas concentration used in the numerical simulation model. 
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Figure 4. Comparison results of the proposed method with the numerical simulation method and Sun’s method. 
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Figure 5. Comparison of calculation results of the proposed method considering different Langmuir volumes. 
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Figure 6. Comparison of calculation results of the proposed method considering different Langmuir volumetric strains. 
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Figure 7. Different gas–water relative permeability curves. 
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Figure 8. Comparison of calculation results of the proposed method considering different gas–water relative permeability curves. 
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Figure 9. Comparison results of cumulative gas production with numerical simulation. 
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Figure 10. Comparison results of cumulative water production with numerical simulation. 
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Table 1. The parameters used in the numerical simulation.
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	Parameters
	Values
	Parameters
	Values





	swi, fraction
	0.95
	swc, fraction
	0.25



	VL, m3/m3
	27.63
	Krgmax
	1



	pL, MPa
	3.10
	ng
	2.5



	ϕi, fraction
	0.001
	nw
	2.5



	pi, MPa
	20
	Bw, m3/m3
	1.01



	cm, MPa−1
	0.00051
	μw, mPa·s
	0.36



	cw, MPa−1
	0.00051
	Kb, MPa
	67,400



	εL
	0.015
	Temperature, °C
	80.0



	pd, MPa
	15
	Mb, MPa
	88,800



	DX
	31
	DY
	31



	DZ
	2
	DXV, m
	100



	DYV, m
	100
	DZV, m
	10



	Kx, mD
	10
	Ky, mD
	10



	Kz, mD
	10
	DH, m
	1200
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Table 2. Comparison of recoverable reserves and recovery predicted by the proposed method with numerical simulation results.






Table 2. Comparison of recoverable reserves and recovery predicted by the proposed method with numerical simulation results.





	Methods
	Recoverable Coalbed Methane Reserves (108 m3)
	Recovery %





	Numerical simulation
	13.42
	60.88



	Proposed method
	13.41
	60.83



	Relative Deviation, %
	0.07
	0.07







Note: The abandoned pressure is 1.5 MPa.
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