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Abstract: The coupling relationship between the deformation field, the diffusion field, and the
seepage field is an important factor in fluid transport mechanisms in the long-term coalbed methane
(CBM) exploitation process. A mathematical model of gas-water two-phase fluid-structure coupling
in a double-porosity medium in coal reservoirs is established in this paper. Taking Hancheng Block, a
typical production block in Qinshui Basin, as the geological background critical desorption pressure,
reservoir permeability anisotropy is considered in the model. COMSOL Multiphysics (COMSOL_6.0)
was used to create the model. The accuracy and rationality of the model were verified by comparing
field production data with the results of the simulation. Using the simulation, the influence law of
various reservoir geological characteristics parameters (Langmuir strain constant, ratio of critical
desorption pressure to reservoir pressure of coal seam (CDPRP), elastic modulus, initial water
saturation, Langmuir pressure, etc.) on CBM productivity, reservoir pressure, and permeability ratio
was discussed, and a thorough analysis of the factors affecting productivity was obtained using the
orthogonal test method. The findings of this study indicate that the change in permeability is the
result of the superposition effect of many factors. Different stages of drainage have different primary
regulating factors. Rock skeleton stress has a consequence on coal matrix permeability in the early
drainage stage, and coal matrix shrinkage is primarily impacted in the later drainage stage. Besides
the initial water saturation, other reservoir geological parameters (e.g., CDPRP, Langmuir volume,
Langmuir strain constant, elastic modulus) have a strong relationship with productivity. When the
value of coal geological parameters increases, the degree of productivity release is higher (as the
initial water saturation increases, the production decreases correspondingly). Different coal and rock
parameters have varying levels of impact on the drainage stage of CBM wells. The influences of
the CDPRP, Langmuir volume, Langmuir strain constant, and elastic modulus on gas production
are mainly concentrated in the initial and intermediate drainage stages and begin to fall off during
the last drainage stage. Per the multi-factor analysis, the main coal-rock parameters affecting the
productivity release are the Langmuir strain constant, followed by the CDPRP and other parameters.
The analysis findings can offer theoretical guidance for CBM well selection and layer selection and
enhance the block’s overall CBM development level. The improved productivity prediction model
for CBM, which is based on fluid-structure coupling theory, can offer a new technical benchmark for
CBM well productivity prediction.

Keywords: coalbed methane; fluid-structure coupling; two phase flow; permeability; influencing
factors of productivity; well selection; well drainage
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1. Introduction

Given the growing worldwide need for energy, especially in developing countries
where access to energy is expanding, it is crucial to locate and utilize energy resources
that can meet this demand [1,2]. Emerging resources and exploration technologies are
considering methane as a promising transitional fuel. Methane can be obtained from
various sources, including conventional natural gas exploration, methane hydrates [3-5],
hydrogen gas [6,7], and coalbed methane exploration [8,9]. With the continuous deepening
of research in the field of coalbed methane (CBM) exploitation, the development depth
gradually extends from the depth of 1000 m to 1500 m or even 2000 m [10,11]. The results
of the fourth round of CBM resource evaluation in China show that the CBM resource
with a reservoir depth below 2000 m is 7.26 x 1012 m3, accounting for about a quarter
of the total resources in China [12]. In addition, determining how to further improve the
resource utilization degree of old blocks is also a difficult problem in CBM exploration and
development at present [13,14]. Hancheng Block in Qinshui Basin has complex geological
conditions for coal seams. It is hard to combine systematic theory and field practice, so in
the early stages of development in the Hancheng Block in the Qinshui Basin, there was low
single-well production, a short stable gas production time, and fast decay [15]. Therefore,
Hancheng Block in Qinshui Basin is faced with many technical difficulties, especially in the
judgment of the main controlling factors affecting productivity and the drainage system,
which need to be further studied [16-18].

Academics both domestically and internationally utilize numerical simulation due to its
short cycle, low cost, and high simulation accuracy [19]. Scholars use existing CBM simulation
software (Eclipse2019) or numerical model solvers to solve the problem [20] so that they can
study or guide field production and improve CBM recovery in old blocks [21,22]. Based
on the actual situation of CBM drainage and production, Wei Z et al. [23] developed
a three-hole double-permeability model, taking into account the effects of coal matrix
shrinkage and coal seam pressure. Thararoop et al. [24-26] considered the impact of
CBM exploitation on water phase and coal shrinkage and expansion effects, created a
double-pore and double-permeability model, and confirmed its accuracy by comparing
field production data with the double-pore and single-permeability models of commercial
CBM software. Li S. et al. [27] established a fully coupled fluid—solid—-thermal double-hole
single permeability model by considering the changes in temperature field on the basis of
gas-flow solid coupling. They proposed that the effects of water and temperature influences
on gas production should not be ignored by comparing different coupling models. At
the same time, they compared the constant diffusion coefficient simulation [28] with the
model ignoring the water phase dynamic diffusion coefficient, showing that considering
the dynamic diffusion coefficient model can successfully increase the predictability of CBM
production. For the co-production of CBM and tight sandstone, Meng S et al. [29] developed
a double-layer gas-water two-phase flow double-hole single-permeability model, in which
the sandstone permeability model only took the effective stress effect into account, and they
discussed the variation rule of productivity under different reservoir physical parameters.
Yang R et al. [30] introduced the dynamic change characteristics of gas diffusivity to
establish a fully coupled two-hole single-permeability model of gas—-water two-phase flow
and coal deformation.

At present, the productivity simulation methods of CBM well development mainly
include the mathematical statistical method, the production decline curve method, the
material balance method, and the numerical simulation method [31-36]. Among them, the
numerical simulation method is commonly applied because it is intuitive and convenient
and complies with the actual production [37,38]. The numerical simulation of CBM is
a combination of the CBM flow and migration model and the coal reservoir geometry
model [39]. By using the scientific analysis method of computer numerical solution, it
can simulate the field CBM production dynamics and realize the simulation of drainage
control diagnosis and well pattern optimization [40,41]. Based on the numerical simulation
technology, different scholars have established different numerical models for the seepage
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model and productivity-influencing factors (the influence of temperature on the coal rock
skeleton and reservoir permeability in the production process) in CBM exploitation [42—44].
Scholars applied them to production demand, providing theoretical guidance for CBM
well exploration and development [45,46]. However, because many factors, including
pore structure [47], permeability, coal deformation, and the formation of water, have an
impact on the extraction of CBM [48,49], the transport of gas and water within coal seams
is a highly intricate process [9,50]. Therefore, there is an urgent need for an adequate
and reliable mathematical model of CBM exploitation, considering many factors. Based
on such old blocks, the author establishes a CBM well production numerical simulation
model that conforms to the features of reservoir heterogeneity in the field of study. The
numerical simulation model of coalbed methane well production can precisely replicate
the productivity of coalbed methane wells, encompassing factors such as output, pressure
fluctuations, and the impact of horizontal wells [51]. The simulation model allows for the
optimization of the development plan, enabling the determination of the most effective well
pattern layout, well spacing, and mining parameters. This leads to an improvement in the
production capacity and economic advantage of coalbed methane [21,52]. In addition, it has
the capability to forecast the drop in productivity of coalbed methane wells, including the
rate at which production decreases and the trend of pressure changes [37,53]. Furthermore,
the evaluation of coalbed methane resources is conducted by modeling and assessing the
heterogeneity characteristics of coalbed methane reservoirs. The findings of have significant
implications for the exploration and development of coalbed methane [54,55]. They can
assist decision-makers in formulating rational development strategies and investment
plans [56]. The data from the on-site CBM production was used to confirm the model’s
accuracy and logic. Additionally, the drainage system was optimized, and the influencing
factors of CBM productivity were investigated and studied.

2. Model Establishment
2.1. Model Principles

Methane desorption, diffusion, and two-phase seepage are all complicated ways that
methane moves during CBM production and drainage. This paper takes methane and
water in the process of producing CBM as the research objects and makes the following
basic principles:

(1) Matrix pores and fractures compose the coal reservoir, forming a continuous, uniform

dual porous elastic medium [57,58].

(2) During the drainage process, the coal body will only produce small deformations.

(3) CBM is primarily found in the matrix system, where it desorbs and diffuses. The
fracture system is the seepage channel for gas and water.

(4) The process of CBM production is isothermal inside the reservoir [58,59].

(5) The coal reservoir gas is a single-phase methane gas [59].

(6) CBM adsorption and desorption in the matrix system follow the Langmuir isothermal
equation, while the diffusion process conforms to Fick’s law.

(7) The seepage between CBM and water in the fissure conforms to Darcy law [59].

The fluid-solid interaction relationship between gas-water two phases in the coal bed
can be illustrated in Figure 1.



Energies 2024, 17, 1497

4 0f 22

Desorption shrinkage and
depressurization deformation
_ K SL p m
p L + p m

[ Coal deformation field

Drainage depressurization
deformation

-

Dy fpf

)
Matrix diffusion field |

(
J Il Fracture seepage field ]

Gas mass exchange

M, .
TRT(pm—pf)( &)

v Es [ P Poy J

PotPL Puth

c-oy=——Cp,p) +
Ty PP T3y

Figure 1. The coupling relationship between the deformation field, diffusion field, and seepage field.

2.2. Governing Equation of Coal Deformation

Depressor mining causes small deformation of the coal reservoir matrix skeleton
during the extraction and drainage of CBM, with the coal body being viewed as an elastic
medium that is continuous throughout the process. Song et al. [60] derived the equation
governing coal deformation by considering the volumetric strain from methane and water,
along with the contraction strain from methane desorption:

G

Guijj+ 75 wekj — Kesj — ampm —apps + F =0 @D

where G is the coal shear modulus, MPa; v is Poisson’s ratio; u is the skeleton displacement,

m; K is the bulk modulus of coal, MPa; & is the volumetric strain of coal matrix expan-

sion/contraction. a,, and ay, respectively, represent the Biot coefficients of the matrix and

fracture of the coal body; p, and py, respectively, represent the pore pressure in the matrix
and the pore pressure in the fracture (MPa).

2.3. Governing Equation of Gas Diffusion in Coal Matrix

The gas present in the coal matrix system mainly includes adsorbed methane and free
methane, so the total mass of methane in the coal matrix is as stated by [27]:

My = VsgPgapc(1 — @) + @mpg 2)

where m,;, is the mass of methane gas per unit volume in the matrix, kg/ m3; Vg is the
adsorption gas per unit mass of coal, m>/t; py, is the density of methane gas in standard
conditions, kg/m3; . is the apparent density of coal, kg/m?; ¢ is the porosity of coal; ¢y, is
the porosity of the matrix; pq is the methane gas density, kg/m?

_ Vipm

= 3
pm + pL G)

Vig

where V7 is the Langmuir volume, m3/kg; py is the Langmuir pressure, MPa.
Methane is a compressible gas, considering its density change with pressure, using
the real gas state equation:
Mgp
grm
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where M; is the molar mass of methane gas, set at 16.04 x 102 kg/mol; R is the gas
constant, set at 8.314 J/(mol-K); Z is the compression factor, which is 1.07.

Before CBM exploitation, the methane gas pressure values of the matrix system and
the fissure system were the same, indicating that there was no gas diffusion. During the
process of gas production through drainage and pressure decline, the fracture’s methane
gas pressure gradually drops; as a result, the matrix system’s gas pressure will be higher
than that of the fissure systems. Homeostasis will throw off balance, causing methane gas
to desorb outward from the matrix and diffuse into the fissure. In accordance with the
principle of mass conservation, the methane diffusion equation is written as

oMy,

St = —Qu(1-95) ©)

where Q;, is the methane mass exchange rate per unit volume of coal matrix and fracture
system, kg/(m?-s); ¢y is the fracture porosity.
Based on Fick’s first law, the methane gas mass source can be expressed as [60]:

Qm = %(PM - Pfg) (6)

where 7 is the adsorption time, that is, the time required for the desorption of 63.2% of the
gas content in a coal seam, d; py, is the methane gas pressure in the fissure, MPa.

Substituting Equations (2) and (5) into Equation (6), the governing equation of coal
matrix gas diffusion is obtained

[PgaPCVLPL(l —¢) |, PmMy ag;;n _ % (Pfg - pm) (1 - (Pf) 7)

(pm +p1)° ZRT

2.4. Gas in Coal Fissure—Governing Equation of Water Two-Phase Flow

In accordance with the principle of mass conservation, the continuous equation of
CBM and water flow is expressed as [61]:

a(Pganﬁbf) + V- (pg0g) = Qu (1 _ <Pf) 8)
W"'v' (Pwvw) =0 )

where, S and Sy, respectively, represent the gas saturation and water saturation in the
fracture system.

Darcy law expresses the seepage process. Considering the L.J. Klinkenberg effect
and the influence of gravity caused by methane gas when it passes through coal reservoir
fractures, the motion equation of CBM and water can be stated as

kkrg be
Vg = — Vpre —pe8Vh <1 + > (10)
i i ( fe ks ) Pre
_ ke
oo = =" (fow —pwth) (11)

where k represents the absolute permeability of the coal seam, mD; krg and k), respectively
represent the relative permeability of methane gas and water; g is the acceleration due to
gravity, m/s?; I is the relative scale, ji; and ji, represent the dynamic viscosity coefficients
of methane and water, Pa-s; by stands for the Klinkenberg factor, MPa.
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Substituting the motion equation into the fluid continuity equation yields the equations
of methane gas and water flow in the fissure:

a(pgsg(l)f) v kkrg
ot Pg e

(ng - pgth) (1 + Z")] = Qm(l - 4>f) (12)

fs

(o5t
ot

kk
S v |:Pw er

(vpfw - ngVh):| =0 (13)

w

2.5. Coupled Models and Supplementary Equations

In this section, we introduce the critical desorption pressure as a key parameter node
and improve the S-D model to represent the evolution of coal reservoir porosity and
permeability. Fractures serve as the primary seepage channels for coal reservoir fluids, with
the porosity of the matrix system assumed to be constant while changes in the fracture
system’s porosity are taken into account. The model expresses the following:

b ¢“f T (Pr=po) = (14)
Pfo e (p < p)
£ _ eScfﬁ(Pf*PO) (p 2 Pcd) (15)
kO 673cf(0700) (P < Pcd)
v Eep Pm Ped )
on— — — 16
700 1—v(pf p0)+3(1_v)(Pm+PL Ped + PL (16

where p, is the critical desorption pressure, MPa; ¢y is the fracture compression coefficient,
MPa~!; and ¢yo is the initial fracture porosity.

Chen D. et al. [62] proposed an enhanced version of the S-D model by incorporating
the Brooks—Corey model and considering the influence of porosity variation on coal relative
permeability. To achieve this, they introduced a residual phase saturation model and a
shape factor that was dependent on permeability. This approach reduced redundancy in
their study by presenting a more sophisticated and accurate method for modeling coal’s
behavior under varying porosity conditions. This is achieved by

_ U _ 14+2/(J-A)
krg _ krgO |:1 . ( Sw — Swr )] 1— ( Sw — Swr ) (17)
]. - Swr - Sgr ]- - Swr - Sg}’
Sw o Swr 71+1+2/(]-)\)
kiw =k —_— 18
rw rwo<1_swr_sgr) ( )
0o\
Sgr = Sgroe"sr°r (7 0) (g) (19)
Pg0
Swr = Serenwrcf(UigO) (20)

where kyo0 and ki are the relative permeability of gas phase and water phase end points,
respectively; S¢r and Sy represent the residual gas and water phase saturation; 7 is the
bending coefficient and is set at 0.3; A is the aperture distribution index, set at 3.5; | is the
correction factor, which is taken as 1.0; and ngr and 1y are the fitting parameters of residual
gas and water phase saturation and porosity, respectively, which are set at 0.49.

In addition, the correlation between porosity and the bound water saturation of coal
rocks in Hancheng Block is expressed as follows:

Soro = 1.4005¢ 114440 (21)
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Due to the governing equation of two-phase flow of gas and water, two-phase flow
contains many unknown variables. The following auxiliary equations need to be set to
perfect the solution [63]:

S¢+Sw =1 (22)
Sgpfg+swpfw = Pf (23)
Pfg = Pfw = Pc (24)
Sw=Suwr \ VU
pc_pe<1_swr_5gr> (25)

where p, is the capillary pressure, MPa; p, is the inlet pressure, MPa.

3. Model Validation and Analysis

To assess the suitability of the existing model for both CBM and water production,
the production data from the Hancheng Block located at the southeastern boundary of
the Ordos Basin in China were employed for verification and comparative analysis. The
production time was from November 2011 to September 2014. The average well spacing
in the field is about 350 m. The plane size of the single-well model is 350 x 350 m. The
thickness of the coal seam was determined to be 3 m based on empirical knowledge and
field observations [64,65]. The wellbore is located in the model’s center; the wellbore radius
is 0.1 m. The model’s deformation field boundary is considered to be the constant stress
boundary, while the seepage field boundary is designated as the no-flow boundary, as
shown in Figure 2a.

| 350m |

The roller - Fixed |:]
i Prod
il ol s roducer

700m

[ E Observing point (175m, 175m)
(a) (b)

Figure 2. Physical model of CBM vertical well production. (a) Physical Model of CBM Vertical Well
Mining (The green arrow indicates axial stress in MPa). (b) Schematic of the geometric model for
CBM extraction.

To simplify the solution while maintaining the accuracy of the calculation results,
1/4 was used to create a three-dimensional geometric model. The specific parameters of the
model are shown in Table 1. In the simulation model, the roller axis boundary is defined as
the symmetry plane boundary, the bottom boundary is fixed, and the remaining boundaries
are set as stress boundaries. The position of the wellbore is then placed in the lower left
corner of the model in Figure 2b [15]. To account for the production of CBM and water, a
production model is employed on the boundary of the producing wells, which is expressed
by the following calculation equation:

_ kkw 27
frurvell = P Hw In rL:U — % +S (Pw B pwf) (26)
_ kkyg  27h
Jgwell = Pngm (Pg — Puf ) (27)
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where oy and Gy are, respectively, the production of CBM and water, m3; 7, and 7y
are the effective supply radius and wellbore radius, m; p, is the bottomhole flow pressure,
MPa; S is the wellbore skin coefficient.

Table 1. Basic parameters for fitting field production data.

Parameter Name Parameters to Describe Parameter Value Unit
Pn0 Initial fracture porosity 0.035
Om Porosity of matrix 0.01
kxo Initial equivalent permeability in x direction 6.0 mD
kyo Initial equivalent permeability in y direction 3.2 mD
k2o Vertical initial permeability 0.6 mD
by Klinkenberg factors 0.5 MPa
He Methane viscosity coefficient 1.84 x 107° Pa-s
Huw Water viscosity coefficient 1.01 x 1073 Pa-s
Pmo Initial methane pressure in the coal matrix 4.70 MPa
Pf0 Initial methane pressure in the coal fracture 4.70 MPa
Ped Critical desorption pressure 3.67 MPa
pL Langmuir pressure 2.19 MPa
%3 Langmuir volume 22.89 m3.t71
Oc Apparent density of the coal 1480 kgm™3
Oga Methane density under standard conditions 0.716 kg~rn_3
Ow Density of water under standard conditions 1000 kgm™3
T Adsorption time 6.5 d
v Poisson’s ratio of the coal 0.365
e Deformation of the ultimate adsorption 0.012
E Elastic modulus of the coal 2.1 GPa
Eum Elastic modulus of the coal matrix 3.6 GPa
cr Fracture compression coefficient 0.03 MPa~!
Pe Inlet pressure 0.05 MPa
krgo Relative permeability at the end of the gaseous phase 0.7
krwo Relative permeability at the end of the aqueous phase 0.9
Sero Initial residual gas saturation 0.05
Swo Initial water saturation 0.926

The accuracy of the model was evaluated using the mean squared error (MSE) and
root mean squared error (RMSE). The MSE of daily gas output is 179.58 and the RMSE is
0.35. The MSE of daily water volume is 0.3573 and the MSE is 0.375. Therefore, combined
with Figure 3, the trends of gas production and water production are consistent between the
historical production data and the simulation results, with a high degree of fit, indicating
that the model is applicable to CBM exploitation in the Hancheng study block.
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Figure 3. Fitting curve of daily gas production and daily water production. (a) Daily gas production.
(b) Daily water production.

4. Analysis of Main Control Factors
4.1. Single Factor Sensitivity Analysis

In order to better reveal the primary influencing factors affecting the productivity
of vertical CBM wells and understand the fluid migration law in the drainage process,
we studied the impact of various factors on the current model. These factors include the
water saturation (Sy0), CDPRP (p.3/po), Langmuir volume (V1 ), Langmuir pressure (pr),
Langmuir strain constant (g7 ), and elastic modulus (E) [66]. The team adopted a production
mode with a constant bottomhole flow pressure of 0.1 MPa and a production period of
6000 days to ensure continuous and consistent CBM production. We input the model
parameters according to the reservoir characteristic range of the study block and set the rest
according to the sensitivity test parameters. The specific parameters of the model are shown
in Table 2. Finally, we output and analyze the average pore pressure and permeability ratio
of the reservoir at the observation points.
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Table 2. Numerical model input parameters.
Parameter Name Parameters to Describe Parameter Value Unit

Pn0 Initial fracture porosity 0.03

Om Porosity of matrix 0.01

ko Initial permeability 15 mD
kzo Vertical initial permeability 0.6 mD
Pmo Initial methane pressure in the coal matrix 6 MPa
Pf0 Initial methane pressure in the coal fracture 6 MPa
Ped Critical desorption pressure 4.8 MPa
pL Langmuir pressure 2 MPa
VL Langmuir volume 20 m3.t~1

T Adsorption time 6.5 d

v Poisson’s ratio of the coal 0.24

er Deformation of the ultimate adsorption 0.012

E Elastic modulus of the coal 21 GPa
En Elastic modulus of the coal matrix 7.2 GPa

cr Fracture compression coefficient 0.1 MPa~!
Swo Initial water saturation 0.9

4.1.1. Effect of Initial Water Saturation

Water saturation (Sy) is a crucial parameter in gas—water two-phase flow, with its
impact demonstrated in Figure 4 [67]. The curves in this figure show the relationship
between gas and S;, with drainage time, given various initial water saturations of a coal
reservoir. A lower initial water saturation (Sy) leads to higher gas production and lower
water production, with the opposite being true for a higher initial water saturation.

18,000

—&— S ,=0.85

15,000 —o— §5,,=0.80
—h— S,,=0.75

12000 —¥— §,,=0.70
—— S,,=0.65

9000

6000

Daily gas production rate/m?
Daily water production rate/m’

3000

. . A . . 0
0 0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Time/d Time/d

(a) Daily gas production rate (b) Daily water production rate

e ——— ——5,,=085

5 —o— 5,,=0.80 1.8+
—A— 5,,=0.75
4} —¥— §,,=0.70 16k
—— 5,,=0.65
g o
s 3 X 14
s 2
2F 12}
1r 1.0
0 L L . . . 0.8 . . . . .
0 1000 2000 3000 4000 5000 6000 o 1000 2000 3000 4000 5000 6000
Time/d Time/d

(c) Reservoir pressure (d) Ratio of permeability

Figure 4. Production characteristics with different initial water saturation parameters.

In Figure 4a,b, gas production is lowest when the Sy is 0.85. This is because at this
saturation, the fracture system in the coal bed is mostly filled with water, leading to lower
gas production (324 m3/d at t = 1 d) and higher water production (0.59 m3/d) in the
initial stage of CBM drainage. As the S;¢ decreases, gas production increases while water
production decreases.
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Figure 4c shows that coal reservoir pressure decreases over time, with a greater
drop range observed for lower Sy. Figure 4d demonstrates the change in permeability
ratio with time and S;. The overall trend suggests that the permeability ratio initially
decreases and then increases with drainage time. The overall trend suggests that the
permeability ratio initially decreases and then increases with drainage time. This is due
to the opposing influences of effective stress and coal matrix shrinkage deformation on
permeability [68]. Initially, the large amount of water produced in the seam fissure increases
effective stress, leading to decreasing permeability. However, with continued drainage
and gas production, adsorbed methane diffuses from the coal matrix, causing shrinkage
deformation and increasing fracture channels in the coal bed, ultimately resulting in
an increased permeability ratio [69,70]. The decrease in Sy leads to a faster decline in
permeability, an earlier rebound time, and a faster rise in the later period.

In summary, the impact of S;, on gas—water two-phase flow in a coal reservoir is
significant, with lower S, leading to higher gas production and lower water production.
Furthermore, the decrease in Sy,9 accelerates the decline in permeability, resulting in an
earlier rebound time, and a faster rise in the later period.

4.1.2. The Effect of CDPRP

The CDPRP plays a pivotal role in determining the effective desorption region of the
coal bed, thereby having a significant impact on CBM production. Figure 5a—d depict the
variations in the coal reservoir development characteristics at different CDPRP, ranging
from 0.4 to 0.8. It is clear from Figure 5a that there is a positive correlation between gas
production, cumulative gas production, and the CDPRP. A higher CDPRP corresponds
to a higher gas yield. However, during the initial stages of drainage and production, the
peak gas production displays minimal differences, whereas the subsequent decay in the
gas production rate is highly variable, primarily due to the influence of the CDPRP. In
particular, a higher CDPRP corresponds to a slower gas production decay rate. During
the initial phase of drainage, the primary source of gas production is the free methane
within the fissure. If the reservoir pressure does not decrease to the critical desorption
pressure, the methane contained in the matrix fails to desorb and recharge, resulting in
a rapid reduction in gas production. As time goes on, the desorption and diffusion of
methane gas in the coal matrix start when the reservoir pressure gets close to or drops
below the critical desorption pressure. This causes gas production to rise. From Figure 5a,b,
it is apparent that the gas production rate and the cumulative gas production are positively
correlated with the CDPRP, with higher CDPRP resulting in higher gas production. In the
initial stage of CBM production, the peak production of methane is similar, but the decline
rate varies due to the CDPRP. The primary source of early production is the free methane in
the fractures of the coal seam [8]. The volume of free CBM in a coal seam is limited. High
pressure in the reservoir and the inability of methane in the matrix to desorb lead to a rapid
decline in methane production. When methane gas reaches the critical desorption pressure,
it begins to desorb and diffuse, resulting in a subsequent recovery in gas production.
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Figure 5. Production characteristics of different ratio parameters.

As seen from Figure 5¢,d, early water production is directly proportional to the CDPRP,
with higher ratios leading to faster declines in water production, exhibiting the opposite
trend to the corresponding gas production. Figure 5c,d illustrate the changes in reservoir
pore pressure and permeability for different CDPRPs. Reservoir pressure changes can
be divided into two stages, with the critical desorption pressure as the inflection point.
When the reservoir pressure is above the critical desorption pressure, it rapidly decreases.
However, when the pressure is below the critical desorption pressure, the pressure decline
rate slows down. Different CDPRP values result in shorter first-stage pressure decline times
and faster second-stage pressure decline rates. When the reservoir pressure exceeds the
critical desorption pressure, methane in the fractures rapidly flows towards the wellbore,
while methane adsorbed in the matrix has not yet started to desorb and diffuse, leading
to a rapid decrease in pressure in the coal seam fractures. When the reservoir pressure
drops below the critical desorption pressure, a large amount of matrix methane desorbs
and diffuses into the fracture system, causing the pressure decline rate to slow down. From
Figure 5¢, it can be observed that a larger CDPRP results in earlier permeability rebound
recovery times and less effective stress damage. When p.;/po is 0.4, 0.5, 0.6, 0.7, and 0.8,
the times at which permeability rebound is achieved are 2056, 1293, 812, 502, and 297 days,
respectively, with effective stress damage values of 40.05%, 34.71%, 28.90%, 22.57%, and
15.68%, respectively.

4.1.3. The Effect of Langmuir Volume

Langmuir volume is an important parameter affecting methane gas adsorption [71].
Figure 6a,b illustrate the trends in gas and water production as a function of drainage time
for coal reservoirs, with Langmuir volumes ranging from 10 to 30 m3 /t. Tt is evident from
Figure 6b that a larger Langmuir volume constant is associated with greater cumulative gas
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and water production. When V; = 10 m3/t, the peak production of CBM is 5602.70 m3/d,
corresponding to water production of 3.59 m3/d. When V; = 15, 20, 25, and 30 m3/t,
the peak gas production is 5982.78, 6441.65, 6544.84, and 6772.71 m3/d, respectively. The
corresponding water yield is 3.39, 3.23, 3.16, and 3.06 m3/d, indicating that the higher the
Langmuir volume constant is, the higher the peak gas production is, while the opposite is
true for the water yield.
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Figure 6. Production characteristics of different Langmuir volume parameters.

Based on the general trend of gas and water production, it is observed that as the
volume constant increases, the decline in both gas and water production exhibits a smaller
range. When the drainage time of CBM is 3000 days, the daily gas output of V| =15,
20, 25, and 30 m3/t decreases by 33.73%, 26.57%, 23.67%, 19.7%, and 17.46% from the
peak point, respectively. At 6000 days of drainage, the decreases in the amplitude of gas
production corresponding to different Lancs volumes were further enlarged, by 63.49%,
50.83%, 43.65%, 36.61%, and 32.38%, respectively.

Figure 6¢,d depict the impact of Langmuir volume on the pore pressure and perme-
ability of the coal reservoir post-desorption. The Langmuir volume negligibly affects the
change in pore pressure and permeability before desorption. During the drainage period of
3000 days, the Langmuir volume (V) at 10, 15, 20, 25, and 30 m3/t corresponds to reservoir
pressures of 1.97, 2.44, 2.76, 3.00, and 3.18 MPa, respectively, with the corresponding per-
meability ratios being 1.29, 1.12, 1.04, 0.99, and 0.96. It is evident that the reservoir pressure
drop rate after desorption slows down with an increase in Langmuir volume, while the
growth rate of permeability after rebound decreases. One can explain this phenomenon as
follows: An increase in Langmuir volume leads to more adsorption of gas by the coal with
the same mass, thus resulting in a stronger adsorption capacity. Consequently, when the
pressure drop extends to the critical desorption pressure value, a higher Langmuir volume
results in more rapid and abundant gas desorption at the same pressure drop, thereby
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enhancing the gas absorption effect in the fracture system and resulting in a smaller range
of variation in reservoir pressure. Previous studies have observed that because of the large
amount of adsorbed gas and the slow pressure drop rate, the shrinkage deformation of the
coal matrix is minimal, resulting in a relatively smaller impact on permeability [72]. As a
result, the growth rate of permeability after rebound is slower [72,73].

4.1.4. The Effect of Langmuir Pressure

The desorption of methane from the coal matrix is significantly influenced by Lang-
muir pressure, which is considered to be a crucial parameter [71,74]. Figure 7a—d show the
variation curves of productivity and reservoir characteristics when the simulated Lang-
muir pressure is 1.2, 1.5, 2.1, 2.8, and 3.6 MPa, respectively. Figure 7a,b illustrate that gas
production increases as Langmuir pressure increases, whereas water production exhibits
the opposite trend. Overall, the trend in gas production suggests that when the Langmuir
pressure is less than 2.1 MPa, there is a significant increase in gas production, with an
increase in Langmuir pressure during the early and middle stages of drainage. Taking
1000 days of drainage as an example, when p; = 2.1, 2.8, and 3.6 MPa, the corresponding
gas production is 4918.48, 5124.79, and 5159.50 m3/d, respectively, and the difference in
gas production is small. When p; = 1.2 and 1.5 MPa, the gas production is 4111.67 and
4484.23 m3/d, respectively, and the gas production is significantly different. When p; = 1.2,
1.5,2.1,2.8, and 3.6 MPa, the gas production decreases by 43.81%, 42.54%, 43.07%, 46.61%,
and 50.49% from the peak, respectively, indicating that the gas production decreases more
significantly in the later stage of the drainage and production in reservoirs with higher
Langmuir pressure.
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Figure 7. Production characteristics of different Langmuir pressure parameters.
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Figure 7c,d illustrate the variations in coal reservoir pressure and permeability under
different Langmuir pressures. It is evident that while Langmuir pressure has a negligible
effect on the changes in reservoir pressure, it significantly influences the growth rate of
permeability during rebound. According to the data, when p; = 1.2, 1.5, 2.1, 2.8, and
3.6 MPa at 3000 days of drainage, the permeability rebound growth rate is 12.23%, 17.17%,
23.89%, 26.95%, and 27.20%, respectively, and the permeability rebound effect is roughly
proportional to the Langmuir pressure. When the drainage is 6000, the corresponding
permeability rebound growth rate becomes 50.11%, 63.21%, 78.49%, 82.11%, and 77.83%.
It can be seen that during later drainage and production, the permeability growth rate of
higher Langmuir pressure slows down.

According to the general trend, when the pressure of the coal bed drops to the critical
desorption pressure, gas desorption is easier with higher Langmuir pressure, so the perme-
ability rebound rate is larger (Figure 7d). However, when p; > 2.1 MPa, the difference in
rebound effect is smaller. It has been found that the dynamic response of CBM development
is more sensitive to lower Langmuir pressure.

4.1.5. The Influence of Langmuir Strain Constant

The Langmuir constant is the limit strain variable of coal adsorption or desorption [75].
The matrix shrinkage effect of coal is a critical factor in the CBM drainage and production
process, which sets it apart from conventional gas reservoirs. This effect is also a vital
parameter that contributes to changes in reservoir permeability. Figure 8a—d shows the
change curves of coal reservoir development characteristics when the Langmuir strain
constants are 0 (ignoring the coal deformation caused by adsorption and desorption),
0.002, 0.004, 0.008, and 0.012, respectively. As depicted in Figure 8a, it is evident that gas
production and water production show a similar trend. It is evident that an increase in the
Langmuir strain constant leads to a corresponding increase in gas production, resulting in a
more pronounced peak gas production. After reaching its peak, gas production experiences
a steep decline, whereas water production has a higher peak value and a faster decline rate.
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Figure 8. Production characteristics of different Langmuir strain constant parameters.

Figure 8c,d reveal that when ¢f, = 0.012, the gas pressure drop of the coal bed is faster,
followed by 0.008, 0.004, 0.002, and 0, respectively. The analysis shows that the higher the
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Langmuir strain constant, the greater the shrinkage and deformation of the coal matrix is,
and the gas can more easily migrate from the fracture to the bottom hole. Therefore, the
reservoir pressure with a higher Langmuir strain constant is lower at the same drainage
time. When g7, > 0.008, permeability rebound occurs, and the higher the Langmuir strain
constant, the faster the permeability rebound rate and the earlier the recovery time. When
e, < 0.008, over the course of time, there is a continuous and persistent decline in the
permeability ratio of the coal bed. After 6000 days of drainage, when ¢, = 0, 0.002, 0.004,
0.004, and 0.012, the permeability ratios are 0.66, 0.72, 0.82, 1.49, and 8.19, respectively.
These observed phenomena are intricately linked to the coal shrinkage resulting from
desorption. The coal’s shrinkage and deformation abilities are weak, and the influence of
effective stress becomes increasingly significant in restricting the change in permeability.

4.1.6. The Effect of Elastic Modulus

Figure 9a,b show the curves of gas production and water production with drainage
time. When the elastic modulus of coal is 1.0, 1.5, 2.0, 2.5, and 3.0 GPa, respectively, there
is a strong relationship between gas production and the elastic modulus in the whole
production process, which is more obvious in the initial phase of gas production. When
E=1.0,15,2.0,2.5, and 3.0 GPa, the peak gas production is 5220.50, 5367.71, 5735.47, 6441.65,
and 7139.74 m3/d, respectively. When the drainage time is 3000 days, the gas production
decreases by 47.88%, 40.09%, 31.99%, 23.67%, and 10.81% from the peak, respectively. It is
evident that the higher the elastic modulus is, the slower the decrease is in the pre-and mid-
drainage periods. At 6000 days, compared with 3000 days, the gas production decreased
by 14.34%, 15.62%, 17.01%, 19.98%, and 28.93%, respectively.
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Figure 9. Production characteristics of different elastic modulus parameters.

As shown in Figure 9¢,d, the reservoir pressure of different elastic moduli and per-
meability change differences is low at the start of the high rank (i.e., it did not reach the
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critical desorption pressure development phase) [76]. When the gas started the desorption
process, the higher the elastic modulus, the greater the pressure drop, and the permeability
under different elastic moduli showed a very big difference. In the whole production cycle,
when E = 1.0 GPa, the permeability ratio is always in a downward trend, and permeability
does not appear to be an obvious rebound phenomenon. When E = 1.5, 2.0, 2.5, and
3.0 GPa, permeability rebound occurs at 2107, 458, 297, and 269 d, respectively. The elastic
modulus negatively correlates with permeability rebound time. The analysis shows that
the smaller the E of the coal reservoir is, the larger the deformation will be under the
same stress load, and the compressibility of coal and rock fractures is relatively larger.
Therefore, this situation leads to a reduction in fracture channels for gas—water seepage
and low permeability in the production process. When E = 1.0, 1.5, 2.0, 2.5, and 3.0 GPa, the
permeability is about 0.77, 0.88, 1.08, 1.49, and 2.50 times the initial value after 6000 days of
drainage production.

4.2. Comprehensive Factor Analysis

The sensitivity study in the previous section concluded that geological reservoir factors,
including initial water saturation, CDPRP, Langmuir volume, Langmuir pressure, Langmuir
strain constant, elastic modulus, and other parameters [77], mainly affect the productivity
of CBM vertical wells. However, in the actual drainage process, the CBM production
capacity has the synergistic influence of many factors [78]. Single-factor analysis cannot
clearly identify the main controlling factors affecting production capacity, necessitating a
comprehensive consideration of multiple factors. Because the number of comprehensive
tests is too large, consuming a lot of time and calculation costs, the orthogonal test analysis
method can effectively reduce the number of schemes [79,80].

The L18 (3°) orthogonal table was selected, where 18 represents the total number of
orthogonal experiments, 3 represents the level number of orthogonal experiments, and
6 represents the factor of orthogonal experiments. Based on the combination scheme of
the orthogonal test table (Table 3), the average daily gas production of CBM in 10 years
is calculated, and output is used as the standard to obtain the primary factors governing
the productivity of vertical CBM wells by range analysis. The computation outcomes are
presented in Table 3.

Table 3. Orthogonal experimental design and results.

Plan Swo Pealpo Vi/m3-t-1 pL/MPa er E/GPa C?a \;e\rz) glin?:/lrlzg
1 0.7 0.4 10 1.2 0.002 1 247.45
2 0.7 0.4 20 24 0.012 3 129.95
3 0.7 0.6 10 3.6 0.012 2 204.89
4 0.7 0.6 30 1.2 0.008 3 870.22
5 0.7 0.8 20 3.6 0.008 1 1273.74
6 0.7 0.8 30 2.4 0.002 2 1125.56
7 0.8 0.4 10 3.6 0.008 3 440.65
8 0.8 0.4 30 1.2 0.012 2 2180.40
9 0.8 0.6 20 2.4 0.008 2 1195.39
10 0.8 0.6 30 3.6 0.002 1 733.88
11 0.8 0.8 10 24 0.012 1 923.91
12 0.8 0.8 20 1.2 0.002 3 375.85
13 0.9 0.4 20 3.6 0.002 2 401.03
14 0.9 0.4 30 24 0.008 1 1047.10
15 09 0.6 10 2.4 0.002 3 1447 .97
16 0.9 0.6 20 1.2 0.012 1 1803.88
17 0.9 0.8 10 1.2 0.008 2 823.20
18 09 0.8 30 3.6 0.012 3 667.39
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During the discharge and production of coalbed methane, multiple factors interact to
influence its productivity. The analysis of individual factors alone does not clearly identify
the main control factors that affect productivity. Therefore, it is essential to comprehen-
sively consider all the individual factors. The orthogonal test analysis approach [80] can
significantly reduce the number of schemes in the comprehensive test, which requires a
substantial amount of time and calculation cost. It is evident from Table 4 that the main
controlling factors [81,82] affecting the productivity of vertical CBM wells are the Langmuir
strain constant, followed by the CDPRP of the coal seam, elastic modulus, initial water sat-
uration, Langmuir pressure ratio, and Langmuir volume [67,83]. Therefore, the reservoirs
with a high near reservoir ratio and low water saturation should be given priority in the
initial stage of reservoir selection, followed by the reservoirs with a large Langmuir strain
constant, elastic modulus, and Langmuir volume.

Table 4. Comprehensive average and range analysis of each level factor.

Experimental Factor Mea;::{ 1,flonta1 Mear]I:‘I,zlr 1lfzontal Mea;el;ller 1lfsonta1 Poor R The Sorting
e 721.96 941.72 985.07 263.11 1
Ped/Po 741.10 1042.71 864.94 301.61 2
E 1004.99 988.41 655.34 349.65 3
Swo 641.97 975.01 1031.76 389.79 4
pL 1050.17 978.31 620.26 42991 5
%43 681.35 863.31 1436.72 755.37 6

5. Conclusions

(1) Researchers developed a mathematical model based on fluid-structure coupling
theory that incorporates the features of CBM desorption, migration, and production
to account for the characteristics of heterogeneous CBM reservoirs. We established
the numerical model using COMSOL Multiphysics software (COMSOL_6.0). The
production history fitting and long-term drainage analysis results show that the
“deformation field-diffusion field-seepage field” numerical model can be used in a lot
of situations.

(2) Many factors affect the permeability of CBM Wells, and these factors (rock skeleton
stress and coal matrix shrinkage) combine to cause changes in permeability. The
main controlling factors vary depending on the drainage stage. In the early stage of
CBM extraction, the permeability of the coal matrix will be affected by rock skeleton
stress, and this influence will gradually reduce with the progress of mining. In the
late stage of CBM extraction, the main influencing factor will be the shrinkage effect
of the coal matrix. Reducing coalbed methane well in the initial stage of development
is necessary to achieve slow pressure. On the one hand, it can expand the range
of pressure drop; on the other hand, it can prevent the pressure drop speed from
being too fast, which leads to the high stress of the coal rock skeleton and causes the
permeability to decline in the near-wellbore area.

(3) Variations in coal and rock geological parameters can cause the release of CBM wells
through a single-factor sensitivity analysis of CBM wells. Moreover, the initial water
saturation difference mainly affects the gas and water production of CBM during the
early stages of drainage and production. Researchers observed that the initial water
saturation inversely correlates with gas production and cumulative gas production
and directly correlates with water production and cumulative water production
during this early stage.

(4) To varying degrees, and with different parameters, gas production and cumulative gas
production strongly correlate with water production in the early stage and negatively
in the later stage, as well as with the ratio of critical desorption pressure to reservoir
pressure, Langmuir volume, Langmuir strain constant, and elastic modulus. The
increase in coal and rock geological parameters can further improve. The CDPRP,
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Langmuir volume, Langmuir strain constant, and elastic modulus mainly concentrate
their effects on gas production in the early and middle stages of drainage, with a
gradual decrease in the late stages.

(5) The comprehensive analysis of multi-factor influencing factors of CBM well productiv-
ity reveals that the main controlling factor of CBM well productivity is the Langmuir
strain constant, followed by the CDPRP of the coal seam, the elastic modulus, the ini-
tial water saturation, Langmuir pressure, and Langmuir volume. Reservoir selection
should prioritize reservoirs with a large Langmuir strain constant and high CDPRP
in the initial stage, followed by those with an elastic modulus, water saturation,
Langmuir pressure, and Langmuir volume.

(6) This numerical model, which incorporates the coupling of gas, water, and solid phases,
is not limited to its application in coalbed methane wells. It may be utilized in both
research and production of gas wells, and it has the potential to be extended to gas
wells of different scales. The model’s extensive application allows it to offer robust
assistance in many geological contexts and mining situations, making it a potent in-
strument for promoting the sustainable growth of the coalbed methane industry. This
numerical model not only applies to specific gas well scales but also has implications
for numerical modeling of reservoir and basin scales in both established production
and frontier exploration environments [84-86]. This indicates that the model not only
assists in optimizing small-scale operations at a specific location, but also offers a
detailed understanding of hydrocarbon and petroleum systems on a broader scale
across a block basin [87,88]. The primary contributions are as follows: researchers can
enhance their understanding and control of the drainage process in coalbed methane
vertical wells by developing a mathematical model that incorporates the interaction
between gas, water, and solid components. This is essential for effectively guiding
block production, optimizing production efficiency, and improving oil recovery. It has
the potential to optimize the efficiency of extracting coalbed methane. Furthermore,
this numerical model can be applied not only to optimize production, but also to
forecast and address potential issues that may arise during coalbed methane extrac-
tion, such as wellbore collapse and formation fractures. This contributes to mitigating
the hazards associated with the mining process and enhancing the dependability of
coalbed methane exploration and production.
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