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Abstract

The long-term productivity of hydraulically fractured deep coalbed methane (CBM) wells is
jointly governed by desorption-driven gas supply from the coal matrix, the effective-stress
response and time-dependent creep of natural cleats, and the progressive degradation of
hydraulic-fracture conductivity. To address the difficulty of conventional models in consis-
tently describing the time-dependent transport capacities of natural cleats and hydraulic
fractures, this study develops a productivity-prediction model for hydraulically fractured
deep CBM wells that couples gas storage in the coal matrix, dynamic natural-cleat per-
meability, and dynamic hydraulic-fracture conductivity. Based on mass conservation, the
model accounts for free- and adsorbed-gas storage, single-phase gas flow, matrix-fracture
mass transfer, and wellbore production. The evolution of natural-cleat permeability incorpo-
rates effective-stress-induced closure, Langmuir desorption shrinkage, and fractional-order
creep, whereas the evolution of hydraulic-fracture conductivity considers fracture com-
paction, elastic deformation and embedment of proppants, and creep-induced closure of the
coal rock. The nonlinear coupled equations are solved using a fully implicit finite-difference
scheme. The field dataset comprises daily production records from six deep CBM wells
and is used only to constrain physically reasonable ranges of field parameters and provide
reference production characteristics. The results indicate that effective stress primarily
controls the rapid closure of flow pathways during the early production stage, while the
relative contribution of coal creep increases with production time. Neglecting either coal
creep or stress sensitivity leads to an overestimation of cumulative gas production over the
medium and long term. The proposed model provides a physically constrained analytical
framework for evaluating the long-term productivity of hydraulically fractured deep CBM
wells and comparing alternative production strategies.

Keywords: deep coalbed methane; coal creep; hydraulic fracturing; dynamic permeability;
fracture conductivity; productivity prediction

1. Introduction

Deep coalbed methane (CBM), as an important component of unconventional natural
gas, is characterized by large resource potential, low-carbon attributes, and strategic re-
placement significance. It has therefore become an important target for increasing natural
gas reserves and production and for promoting energy-structure transformation in China.
Since the 14th 5-Year Plan period, CBM exploration and development in China have grad-
ually shifted from shallow and medium-depth reservoirs to deep formations, and major
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breakthroughs in deep CBM have substantially expanded the development potential of
the CBM industry [1]. A recent national-scale assessment further quantified the resource
potential and identified favorable exploration targets for deep CBM in China [2]. CBM
development not only supplements clean energy supply but also contributes to coal-mine
safety and carbon-emission reduction [3]. Compared with shallow and medium-depth
CBM reservoirs, deep CBM reservoirs in China are characterized by large burial depth,
high in situ stress, high reservoir pressure, poor porosity—permeability conditions, and
strong heterogeneity, resulting in geological characteristics and production responses that
differ markedly from those of shallow and medium-depth CBM reservoirs [4]. From the
perspective of the concept and classification of coal-measure gas, deep coal-measure gas
development should simultaneously consider coal reservoir properties, gas occurrence
state, and engineering stimulation conditions [5]. The productivity of deep CBM is jointly
controlled by reservoir gas-bearing properties, desorption capacity, pressure system, and
stimulation effectiveness [6]. From an energy-strategy perspective, breakthroughs in deep
coal-measure gas are of great significance for securing natural gas supply and promoting
the large-scale development of unconventional gas resources [7]. Hydraulic fracturing is
a key technology for improving flow capacity and enhancing single-well productivity in
deep CBM reservoirs. Previous studies have shown that fracturing-fluid systems, comple-
tion methods, fracturing tools, and gas-well management practices are important factors
controlling stimulation performance [8]. Field applications in the Shenfu and Linxing
blocks of the Ordos Basin indicate that volumetric fracturing and large-scale volumetric
fracturing can effectively improve stimulated reservoir volume, gas drainage volume,
and horizontal-well productivity; however, complex fracture propagation and long-term
proppant support remain key factors limiting sustained post-fracturing production [9,10].
Wide-field electromagnetic monitoring of mid-deep CBM hydraulic fracturing has further
shown that fracturing-fluid migration, fracture propagation, and stimulation effectiveness
exhibit pronounced spatiotemporal heterogeneity [11]. The proper integration of drilling,
completion, and fracturing technologies is essential for efficient CBM development [12].
Under stress-sensitive conditions, fracturing-fluid leakoff and variations in fracture conduc-
tivity directly affect post-fracturing CBM well productivity [13]. Therefore, productivity
prediction for hydraulically fractured deep CBM wells should not focus solely on initial
reservoir properties but should also account for the dynamic degradation of hydraulic
fracture conductivity during long-term production.

The production behavior of hydraulically fractured deep CBM wells is strongly stage
dependent. Deep CBM wells commonly undergo dewatering and pressure drawdown,
rapid production buildup, relatively stable production, and production decline stages,
with distinct controlling factors at different stages [14]. Deep CBM well productivity is
jointly controlled by coal-seam burial depth, reservoir pressure, permeability, gas content,
drainage strategy, reservoir stability, flow-pathway closure, and the adaptability of ex-
isting development technologies [15,16]. Gas-content prediction and pressure-evolution
analyses further show that spatial variations in adsorbed- and free-gas contents, as well
as spatiotemporal pressure propagation characteristics, significantly influence fractured-
well productivity and the optimization of CBM development strategies [17,18]. From the
perspective of reservoir flow theory, CBM production involves multiscale mechanisms,
including adsorption—desorption, matrix diffusion, natural-cleat flow, hydraulic-fracture
transport, and wellbore production. CBM is mainly stored in an adsorbed state on the
pore surfaces of the coal matrix, and gas production is closely related to pore structure,
the cleat system, pressure evolution, gas content, permeability, adsorption characteristics,
and production-performance data [19,20]. The fundamental distinction between CBM
reservoirs and conventional gas reservoirs lies in adsorbed-gas storage and cleat-controlled
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flow, while pressure, gas saturation, and permeability variations strongly affect CBM pro-
ductivity during drainage [21,22]. Langmuir adsorption theory provides the theoretical
basis for describing gas adsorption and desorption in CBM reservoirs [23]. Dual-porosity
models provide important theoretical frameworks for describing gas transport in the coal
matrix—cleat system [24,25].

Dynamic permeability evolution is a key factor controlling the accuracy of long-term
productivity prediction for deep CBM reservoirs. Coal permeability evolution during
production is governed by the combined effects of effective stress, pore pressure, ma-
trix shrinkage, adsorption-induced strain, horizontal effective stress variation, internal
structure, boundary conditions, mechanical equilibrium, and multiphysics coupling ef-
fects [26-33]. Field characterization in the Zhengzhuang area has further demonstrated
that the in situ stress state directly controls coal-reservoir permeability and CBM well
productivity [34]. Pressure depletion not only increases effective stress and compresses
natural cleats, but it also induces matrix shrinkage and changes cleat aperture. Meanwhile,
adsorption-induced swelling, stress variation, effective-stress coefficients, and sorption-
induced strain are coupled and jointly influence coal permeability evolution. However,
most existing permeability models emphasize instantaneous or quasi-static stress—sorption
responses, whereas the time-dependent permeability decline caused by long-term coal
creep remains insufficiently represented in productivity prediction. Experimental and
theoretical studies have shown that coal creep can alter reservoir permeability and should
not be neglected in long-term CBM productivity prediction [35-37]. Creep compression
can reduce fracture volume and permeability over time, while temperature, creep, and
matrix—fracture interaction can jointly affect the time-dependent permeability evolution of
deep coal. Under different temperature and stress conditions, creep deformation gradually
narrows flow pathways and aggravates permeability decline. In addition to permeabil-
ity evolution within the coal reservoir, the long-term degradation of hydraulic fracture
conductivity is another critical factor affecting stable production from deep CBM wells.
Proppant distribution, proppant compaction, proppant embedment, fracture-aperture vari-
ation, coal-fines invasion, proppant-size combination, nonuniform proppant placement,
fines migration, and fines retention can significantly influence fractured-well productivity
and fracture flow capacity [38—41]. Therefore, if hydraulic fracture conductivity is treated
as a constant, or if conductivity loss is considered only during the early post-fracturing
stage, productivity-prediction models cannot accurately capture the production-decline
mechanisms of deep CBM wells during the middle and late stages of production.

Data-driven methods have also been applied to CBM production forecasting. Deep-
learning-based production-prediction models can improve the fitting accuracy of complex
production-dynamic data [42]. In a broader subsurface-energy context, scenario-based data
assimilation has demonstrated how geological uncertainty and production observations
can be integrated to update reservoir scenarios and improve production estimates [43]. This
approach provides a useful reference for uncertainty-aware forecasting, although its direct
application to CBM requires CBM-specific storage, transport, and deformation mechanisms.
However, data-driven models generally rely on large volumes of high-quality production
data and often lack physical constraints and mechanistic interpretability. For new wells,
data-limited blocks, and engineering problems requiring identification of long-term decline
mechanisms, physically interpretable productivity-prediction models remain necessary.

To directly compare the mechanisms represented by existing models with those in-
cluded in the present study, Table 1 summarizes representative model classes and the
proposed model.
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Table 1. Comparison of representative existing models and the proposed model.

Model Class

Effective Stress

Dynamic
Hydraulic
Fracture Conduc-
tivity/Proppant
Embedment

Main Limitation
or Advantage

Desorption

Shrinkage Coal Creep

Stress—sorption
permeability
models [26-33]

Natural-cleat
permeability only;
no time-dependent

creep or
hydraulic-fracture
degradation.

Yes Yes No No/No

Coal creep-
permeability
models [35-37]

Time-dependent
coal permeability
only; no coupled
hydraulic-fracture
degradation.

Yes Partial Yes No/No

Propped-
fracture
conductivity
models [38-41]

Partial No No

Hydraulic-
fracture transport
only; no coupling
with coal-matrix

supply or

natural-cleat
evolution.

Yes /Partial

Proposed model

Unified coupling
of coal-matrix
storage, dynamic
natural-cleat
permeability, and
dynamic
hydraulic-fracture
conductivity.

Yes Yes Yes Yes/ Yes

As summarized in Table 1, the principal unresolved issue is not the absence of indi-
vidual mechanisms, because effective-stress sensitivity, desorption shrinkage, coal creep,
and propped-fracture degradation have each been investigated previously. Rather, existing
models generally focus on either natural-cleat permeability evolution or hydraulic-fracture
conductivity degradation and rarely distinguish their different response time scales within
a unified long-term productivity framework. Consequently, the coupled evolution of
coal-matrix gas supply, natural-cleat permeability, and hydraulic-fracture conductivity, as
well as the stage-dependent transition of the dominant controlling mechanism, remains
insufficiently characterized.

To address this gap, this study develops a productivity-prediction model for hydrauli-
cally fractured deep CBM wells that couples coal-matrix gas storage, dynamic natural-cleat
permeability, and dynamic hydraulic-fracture conductivity. The novelty lies in three aspects:
(1) the model distinguishes the rapid effective-stress and desorption-shrinkage responses
from time-dependent coal creep; (2) coal-creep effects are transmitted simultaneously to
natural-cleat permeability and hydraulic-fracture conductivity, thereby linking the evolution
of the two principal transport pathways; and (3) single-mechanism and mechanism-exclusion
cases are used to identify stage-dependent changes in the dominant controls on production.
The natural-cleat module captures the competing effects of effective-stress-induced closure,
Langmuir desorption shrinkage, and fractional-order creep, whereas the hydraulic-fracture
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module describes the progressive conductivity degradation associated with fracture com-
paction, proppant elastic deformation and embedment, and creep-induced closure. Fully
coupled, single-mechanism, and mechanism-exclusion simulations are conducted to identify
the dominant controls on production behavior at different stages. Field production records
from six deep CBM wells are used only to constrain physically reasonable ranges of field
parameters and provide reference production characteristics; strict history matching and
cross-well validation are not performed in this study. The proposed framework provides a
physically interpretable tool for long-term productivity evaluation and hydraulic-fracturing
performance assessment in deep CBM wells.

2. Single-Phase Gas Flow Model for the Coal Cleat System
2.1. Model Assumptions and Applicability

To define the physical scope of the proposed productivity-prediction model for hy-
draulically fractured CBM wells and to facilitate the formulation and numerical solution of
the governing equations, the following assumptions are adopted:

(1) CBM flow is treated as isothermal, single-phase compressible gas flow. Gas flow
through the equivalent coal-reservoir continuum and hydraulic fractures is assumed to
obey Darcy’s law.

(2) Methane adsorption and desorption in the coal matrix are assumed to satisfy local
thermodynamic equilibrium and are described by the Langmuir isotherm. Gas storage in
the coal matrix comprises both free gas and adsorbed gas.

(3) The coal matrix—natural cleat reservoir is represented using an equivalent-
continuum approach. The anisotropy and dynamic evolution of the natural-cleat system
are characterized by dynamic equivalent permeabilities in the x and y directions, whereas
hydraulic fractures are represented as independent high-conductivity flow pathways.

(4) The far-field total stresses are prescribed and remain constant throughout the
simulation period. Pore-pressure depletion alters natural-cleat permeability and hydraulic-
fracture conductivity through the effective-stress response, while time-dependent coal
deformation is described using the fractional-order creep constitutive relationship. The
complete spatial displacement field and local stress redistribution are not explicitly solved.

(5) Gas—water two-phase flow, coal-fines migration, non-Darcy flow, thermal effects,
and chemical interactions between the fracturing fluid and coal are neglected.

Under these assumptions, the proposed model is primarily applicable to the medium-
and long-term production stages of hydraulically fractured deep CBM wells after the main
dewatering and pressure-drawdown processes have been completed and gas-phase flow
has become dominant.

2.2. Mass Conservation Equation

The coal matrix is the primary storage medium of deep CBM and provides sustained
gas supply during long-term production from fractured wells. Considering free-gas trans-
port in the matrix, adsorbed-gas desorption, and mass transfer from the matrix to hydraulic
fractures, the gas continuity equation for the matrix system is expressed as follows:

9 ( Kmxpg 0Py 9_(Kkmypg OPn _ 9(¢mpg) | O[(1— Pm)qa]
= -— |+ = = | = Way = +
ox \ pg Ox ay\ g 9y ot ot

1)

where kyy is the x-direction cleat permeability, mD; ky, is the y-direction cleat permeability,
mD; Py, is the matrix pressure, MPa; Hg i the gas viscosity, mPa-s; ¢y, is the total matrix
porosity; t is time, d; g, is the adsorbed-gas content per unit matrix volume, kg/m?; Pg
is the gas density, kg/m?; and Wiy is the mass-transfer term between the matrix and the
hydraulic fracture, kg/(m?3-d). Physically, Equation (1) represents the balance among spatial
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gas transport, the accumulation of free and adsorbed gas, and gas exchange between the
coal matrix—cleat continuum and hydraulic fractures. The pressure gradient drives gas
flow, pressure depletion induces adsorbed-gas desorption, and the mass-transfer term W,
couples the reservoir continuum with the hydraulic-fracture system.

Assuming monolayer adsorption on the pore walls, the absolute adsorbed-gas content
in the matrix is described using the Langmuir isotherm:

_ psMg VD
fa Vsta PL+ P

(2)

where g, is the adsorbed-gas content, kg/m?; M, is the gas molar mass, g/mol; V; is the
Langmuir volume, m3/ kg; Py, is the current matrix pore pressure, MPa; Py, is the Langmuir
pressure, MPa; p; is the coal density, kg/m3; and Vy is the standard gas volume, m3/mol.

2.3. Dynamic Permeability Model for the Natural Cleat System

Natural cleats are the principal flow pathways through which deep CBM migrates from
the coal matrix to hydraulic fractures and the wellbore, and their aperture evolution controls
reservoir permeability. Figure 1 illustrates the competitive mechanisms governing cleat
aperture during production-induced pressure drawdown. Pressure depletion increases
effective stress and compresses the cleat aperture from the initial value by to b;. Meanwhile,
adsorbed-gas desorption induces coal matrix shrinkage, which partially offsets cleat closure
and restores the aperture toward b,. During long-term production, coal creep further
enhances cleat closure. Accordingly, the dynamic response of natural cleats can be described
as a coupled competition among stress-induced compression, creep-induced closure, and
desorption shrinkage compensation, which provides the physical basis for the dynamic
permeability model developed in this study.

o Initial State Creep C.ompressmn Internal Shrml.mge
Mechanism under Desorption
Overburden Load / Confining Pressure
/7~ Cleat Wall l l l l l
Internal Shrinkage
Matrix Creep under Desorption
Compression

I —

Aperture after Aperture after
Initial Aperture b, Cr“pmsi‘on 5 Shrinkage b,
ssion by

by < b, b, > b,
\_ Cleat Closure
Tendency Cleat Opening
Tendency
[ Matrix(CoalRock) CleatWall <——» CleatApertie | External Compression

Figure 1. Conceptual model of the competitive aperture-evolution mechanisms in natural cleats
during production-induced pressure drawdown.

Reservoir pressure serves as the key coupling variable linking the flow and deformation
processes. As reservoir pressure decreases, the effective stress increases, causing instantaneous
or quasi-instantaneous elastic closure of the natural cleats. The sustained effective stress
further induces coal creep that accumulates with loading time. Meanwhile, methane desorp-
tion causes shrinkage of the coal matrix, which provides opposing compensation for cleat
closure. In this study, stress sensitivity is defined as the instantaneous elastic response of the
cleats to the current effective-stress state, whereas coal creep is defined as history-dependent
delayed deformation under sustained loading. To avoid double counting, the instantaneous
elastic component is included only in the stress-sensitivity term, while the fractional-order
constitutive relation is used exclusively to describe the delayed creep component. These three
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mechanisms jointly determine the equivalent strain and instantaneous aperture of the cleats,
which subsequently affect natural-cleat permeability through the aperture-permeability rela-
tionship and feed back into pressure propagation, matrix—fracture gas exchange, and wellbore
production. Conceptually, the total closure strain can be expressed as the sum of the stress-
sensitive closure strain and the creep-induced closure strain, minus the aperture compensation
caused by desorption-induced shrinkage.

During CBM production, decreasing pore pressure increases effective stress and alters
cleat-system permeability. The mechanisms controlling permeability evolution include
matrix compression, cleat compression, gas-desorption-induced matrix shrinkage, and coal
creep [44]. The linear strain induced by matrix compression is expressed as:

(1 —=2v)(Pyu — Pmo)

Aey = E 3)

where Agy, is the strain induced by matrix compression; v is the Poisson’s ratio of coal; Py
is the initial reservoir pore pressure, MPa; and E is the elastic modulus of coal, MPa.
The cleat-compression-induced strain is expressed as:

Agf = —ac(Pu — Ppo) (4)

where Agis the cleat-compression-induced strain; and . is the cleat compressibility, MPa~L.
Gas desorption induces matrix shrinkage. The desorption-induced strain is expressed as:
SLPo StP SLPL(Pmo — Pn)

Aep = — = 5
k PL+Pmo PL+Pm (PL+PmO><PL+Pm) ()

where Agj is the matrix shrinkage strain induced by gas desorption; Sy, is the Langmuir
volumetric strain constant; Pj is the Langmuir pressure, MPa; P, is the current matrix gas
pressure, MPa; and Py, is the initial matrix gas pressure, MPa.

Deep coal exhibits pronounced time-dependent deformation under sustained stress,
and its creep response is commonly characterized by non-exponential evolution, retardation
over a broad range of time scales, and loading-history dependence [35-38,45,46]. Conven-
tional integer-order rheological models, such as the Kelvin, Maxwell, and Burgers models,
represent several discrete retardation times using a finite number of elastic and viscous
elements. These models can describe typical instantaneous elastic deformation, attenuated
creep, and steady viscous flow. However, when the continuous retardation behavior of
deep coal over a broad time range needs to be represented, additional rheological elements
are generally required, resulting in more unknown parameters and greater uncertainty
in parameter identification. In contrast, fractional-order rheological models introduce a
power-law memory kernel through fractional derivatives and can describe a continuous
distribution of retardation times, non-exponential decay, and loading-history effects within
a relatively compact parameter framework. Therefore, a fractional-order model is better
suited to the medium- and long-term creep behavior considered in this study and can be
conveniently coupled with pressure depletion, effective-stress evolution, and the dynamic
natural-cleat permeability model. Accordingly, a fractional-order creep constitutive relation
is adopted herein. When the applied stress is lower than the yield stress, the viscoelastic
creep response is described by Equation (6). When the applied stress reaches or exceeds the
yield stress, a viscoplastic damage term is introduced into the viscoelastic response, and
the accelerated deformation is described by Equation (7).

v
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where &(t) is the creep strain of coal at time t; ¢ is the axial stress applied to the coal, MPa; E
is the instantaneous elastic modulus, MPa; E,. is the elastic modulus of the viscoelastic ele-
ment, MPa; 1y,d is the viscosity coefficient of the fractional viscoelastic element expressed
in the day-based time system, MPa-dY; - is the fractional order; Ey,1(-) is the Mittag-Leffler
function; o; is the yield or critical stress, MPa; and ¢ is the loading time, d.

No independent coal-creep experiments were conducted in this study. The values of
the fractional order 7y, viscoelastic modulus E., and viscosity coefficient 11, were selected
primarily with reference to published fractional-order creep experiments and constitutive-
model studies on coal [46,47], together with the long-term deformation characteristics of
deep coal. In these studies, the parameters of the fractional-order model were identified
through creep tests, demonstrating that the model is applicable to describing the nonlinear
and history-dependent creep behavior of coal.

o0 o t\"l o—o
ety = —+—— = Eq1|—Eve| — +— St7E1,1+7({10t), (0> 0s) 7)
E. Eve Eve ve Mop

where 77, d is the viscosity coefficient of the viscoplastic element expressed in the day-
based time system, MPa-dY; g is a parameter associated with viscoplastic damage; and
Eq,144(-) is the Mittag-Leffler function.

In the production calculations, the applied stress is lower than the yield stress; there-
fore, the sub-yield fractional creep relation shown in Equation (8) is used in the subsequent
coupled calculation [48]:

1 1 1 t\7
et)y=0| =—+ =—— —E —Epe| — , 0 < 0. 8
Q (Ee Eve  Eve %1{ ve(’??ﬂt’) }> ’ ®

In the dynamic response calculation of natural cleats, elastic/viscoelastic deformation,
coal creep, Langmuir desorption shrinkage, and cleat compression jointly determine the
effective strain increment. Based on the linear superposition principle, the equivalent strain
increments in the x and y directions are expressed as [44]:

Ay = (1 —ZU)Aag({% +—E [_Eve<”f;)'y] })

t’yEl,1+7(a0t) (17’13) P )
+w 77;;7 + 3 SL (PL+P7n o PL+PmO) o Oét(Pm o PmO)

©)

The strain increments in the x and y directions are identical. Where Agy is the to-
tal strain increment in the x direction; Ao, is the effective stress increment, MPa; w is
the viscoplastic creep correction coefficient; ap is the Biot coefficient; and a; is the cleat
compressibility in the (¢) direction, MPa~1.

Equations (3)-(9) convert pressure-depletion-induced stress response, desorption
shrinkage, and time-dependent creep into changes in effective cleat strain. On this basis,
Equations (10) and (11) further map aperture variation into dynamic permeability in the
two principal directions.

Natural cleat permeability is highly sensitive to aperture variation. Based on the
parallel-plate cubic law and considering anisotropy caused by differences in horizontal
principal stresses, the cleat permeabilities in the x and y directions are given by:

pw?, (1— Aey)?
mx — 12

(10)
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where ¢, is the cleat-system porosity; w;,, is the x-direction cleat aperture, mm, and Ag, is
the strain increment in the x direction.

2 2
[ (PCwiny (1 o ASy) (11)
" 12

where w;,, is the y-direction cleat aperture, mm; and Ag, is the strain increment in the y direction.
To characterize the anisotropy of initial cleat aperture caused by the difference between
horizontal principal stresses, the initial aperture relationships in the x and y directions are

established as follows:
Winy = Wo eXp [_Cf(amin - Pmo)} (12)

where wy is the cleat aperture under the reference state, mm; ¢y is the cleat compressibility
used in the initial aperture anisotropy model, MPa~!; ¢,,;, is the minimum horizontal
principal stress, MPa; and p is the pore pressure in the cleat system, MPa.

Wipx = Wo €Xp [_Cf(amax - PmO):| (13)

where 74y is the maximum horizontal principal stress, MPa.
Thus, under initial conditions, the relationship between the initial cleat apertures in
the x and y directions is obtained as follows:

Winx = Winy €Xp [_Cf(a'max - Umin):| (14)

Equations (12)—(14) describe the effect of initial principal-stress differences on cleat-
aperture anisotropy. Together with Equations (9) and (10), these relationships constitute the
natural-cleat permeability-updating module and are used in the productivity calculations
to evaluate permeability evolution during production.

3. Flow Model for the Coal Reservoir Fracture-Network System
3.1. Flow Model for the Coal Reservoir Fracture Network

Because the thickness of a hydraulic fracture is much smaller than its areal extent
within the reservoir plane, pressure variation across the fracture thickness is neglected, and
gas transport within the fracture is treated as two-dimensional flow in the x-y plane. The
mass-conservation equation for the hydraulic fracture system is:

2(9s5)

o [ Kfo, P o [/ Ksp, dP
W <fpgf> B <fpgf) +Wmf - Qwell = T (15)

ox \ pg Ox ay\ pg 9y

where Ky is the fracture permeability, D; ¢y is the hydraulic fracture porosity; Quer is the
mass flow rate from the hydraulic fracture into the wellbore, i.e., the production term,
kg/(m3-d); and Py is the pressure in the hydraulic fracture system, MPa.

For the horizontal-well production model:

ZﬂpgKfo Pf — ow

Qwell = ]lng ln(i’e/rw)

(16)

where Wf is the hydraulic fracture width, m; ow is the bottomhole flowing pressure, MPa;
t is the equivalent well radius, m; r, is the wellbore radius, m; and Vj, is the volume of the
grid block containing the well, m?.
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Here, 7, is the effective drainage radius, which is expressed as:

0.20Ax Ax = Ay, Ky =Ky
Te = (Ky/Kx) 2 Ax2 4 (Ky / Ky) V2 A2 00 (17)

0.28 { TR otherwise

where Ax and Ay are the grid dimensions in the x and y directions for the grid block
containing the well, respectively, m; and Ky and K, are the effective permeabilities in the
x and y directions, respectively, D. For an isotropic hydraulic fracture, Ky = Ky, = Ky may
be used. Equations (16) and (17) couple fracture pressure, bottomhole flowing pressure,
equivalent well radius, and fracture permeability, thereby providing the control relation-
ship for wellbore-production calculation. Physically, Equation (15) describes the balance
among gas transport within the hydraulic fractures, gas inflow from the coal reservoir, gas
accumulation in the fractures, and gas production into the wellbore. The hydraulic-fracture
system receives gas from the coal matrix—cleat continuum through the mass-transfer term
Wins, whereas gas is discharged into the horizontal well through the production term
Quen- Equations (16) and (17) further relate fracture pressure, bottomhole flowing pressure,
fracture permeability, and grid-scale drainage geometry, thereby transmitting changes in
fracture flow capacity to the well-production calculation.

3.2. Hydraulic-Fracture Conductivity Model

During long-term production from CBM wells, hydraulic fracture conductivity gradu-
ally decreases owing to closure stress and time-dependent deformation of coal. In this study,
conductivity loss is decomposed into three components: proppant elastic deformation,
proppant embedment into the coal surface, and creep-induced fracture closure.

Proppant deformation:

2/3
B =1.04D( K2 1 18
- pC El ( )

where  is the elastic deformation of the proppant, mm; D is the initial fracture aperture,

mm; K is the proppant spacing coefficient; p, is the effective closure pressure, MPa; v1 is

Poisson’s ratio of the proppant; and E; is the elastic modulus of the proppant, MPa.
Proppant embedment [45]:

2/3 1—12 1—v2 2/3 1—12 2/3
h = 1.04D, ( K? e ST Y 1
04D; (Kpc) ( =t g 5 (19)

where / is the proppant embedment into the coal surface, mm; D; is the proppant diameter,

mm; v, is Poisson’s ratio of coal, dimensionless; and Ej, is the equivalent elastic modulus
of coal, MPa.
Real-time fracture aperture:

D(t) = D — 20creep (t) — 21 — 2 (20)

where Dy (t) is the real-time fracture aperture at time (), mm; and acree(t) is the fracture-
aperture loss induced by coal creep at time (f), mm;
The total aperture loss is expressed as:

AD(t) = 20creep () + 21 + 2 (1)
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where AD(t) is the total fracture-aperture loss at time (f), mm;
The time-dependent porosity is expressed as:

 [D — 2atcreep(t) — h]¢o — 2B
4)(t) ~ D- 2(Xcreelzop(t) —2h— 25

(22)

where ¢(t) is the porosity of the propped fracture at time (¢); and ¢y is the initial porosity of
the propped fracture.
The time-dependent pore-throat radius is expressed as:

D — 2acreep (t) — 21 — 2B

rt) =r—p= 2Wtercep (£) — I

(23)

The time-dependent tortuosity is expressed as:

D — 20 creep (1) — 2h — 28772
0\ PReltH e

where 7(t) is the pore tortuosity at time (t); and 7 is the initial pore tortuosity.
The time-dependent permeability is expressed as:
k() = {[D = 2acreep (t) — Mo — 2B} [D — 20creep (t) — 21 — 2B] 73 25)
2 [ [ D—2atcreep (t)—2h—2B 12
8[D — 2atcreep (t) — H] {[ DiZai:e}z(t)—h q (2 —1) + 1}

where k(t) is the fracture permeability at time (t), um?.
The time-dependent fracture conductivity is expressed as:

{ [D - 2l"creep(t) - h} 4)0 - Zﬁ} [D - Z‘XCl‘eep(t) —2h— Zﬁ] 21’(2)

_ o 2
80[D — 2ecreep (£) — h]Z{ [P (2 - 1) + 1}

Frep(t) = (26)

where Frep(t) is the fracture conductivity at time (f), um?-cm; and 7y is the initial pore-throat
radius, um.

Equations (18) and (19) calculate proppant deformation and embedment, respectively,
whereas Equations (20) and (21) determine the real-time fracture aperture and total aperture
loss. Subsequently, Equations (22)—(24) transmit aperture changes to porosity, pore-throat
radius, and tortuosity, and Equations (25) and (26) finally yield time-dependent fracture
permeability and conductivity. In the numerical solution, k(t) obtained from Equation (25) is
updated as the dynamic fracture permeability Kg(f) in the hydraulic fracture flow equation
and wellbore productivity coefficient, thereby feeding conductivity degradation back into
gas-rate calculation.

4. Numerical Model, Solution Procedure, and Grid-Convergence Assessment

To numerically solve the proposed productivity-prediction model for hydraulically
fractured deep CBM wells that couples coal-matrix gas storage, dynamic natural-cleat
permeability, and dynamic hydraulic-fracture conductivity, a fully implicit finite-difference
method was employed to discretize the governing equations for storage, fluid flow, inter-
medium mass exchange, wellbore production, and hydraulic-fracture conductivity evo-
lution. At each time step, the effective stress, natural-cleat permeability, and hydraulic-
fracture conductivity were updated according to the current pressure, followed by iterative
solution of the pressure field and calculation of daily gas production and cumulative gas
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production. The physical roles and variable-transfer relationships of the equation groups
are summarized as follows. Equations (1) and (2) describe free- and adsorbed-gas storage
and desorption supply in the coal matrix. Equations (3)—(14) convert reservoir-pressure
depletion into effective-stress variation, desorption shrinkage, creep strain, cleat-aperture
change, and dynamic natural-cleat permeability. Equations (15)—(17) describe gas transfer
through hydraulic fractures and production into the wellbore, whereas Equations (18)—(26)
convert closure stress and time-dependent coal deformation into fracture-aperture loss
and dynamic fracture conductivity. Reservoir pressure is the principal coupling variable.
At each time step, the matrix and fracture pressures are used to update effective stress,
natural-cleat permeability, adsorbed-gas content, and hydraulic-fracture conductivity. The
pressure difference between the reservoir and hydraulic fractures determines W,,r, while
the difference between fracture pressure and bottomhole flowing pressure determines Qyj;-

4.1. Computational Geometry and Boundary Conditions

A two-dimensional planar model was developed to describe the production process
of hydraulically fractured deep CBM wells. The computational geometry, horizontal-
well/hydraulic-fracture configuration, and boundary conditions are illustrated in Figure 2.
The coal matrix mainly accounts for free-gas and adsorbed-gas storage and desorption
supply. The natural-cleat system is represented using dynamic equivalent permeabilities
in the x and y directions, whereas hydraulic fractures are explicitly represented in the
numerical model and assigned dynamic conductivity that evolves with pressure and

production time.

y
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Figure 2. Computational geometry and boundary conditions of the productivity-prediction model
for a hydraulically fractured deep CBM well.

The computational domain is a two-dimensional rectangular region with dimensions
of 600 m x 500 m, and the effective coal-seam thickness is 8 m. A horizontal well is
located along the centerline of the computational domain, with a well length of 400 m. Five
hydraulic fractures approximately perpendicular to the horizontal well are included, with
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a fracture half length of 150 m and a fracture spacing of 80 m. The initial pressures of both
the coal reservoir and hydraulic fractures are set to 20 MPa. The maximum and minimum
horizontal principal stresses are 45 MPa and 40 MPa, respectively. The outer boundaries of
the computational domain are specified as no-flow boundaries, and the horizontal well is
produced under a constant bottomhole flowing pressure of 2 MPa. The base spatial grid
size is 2 m X 2 m, and the time step is 1 d.

4.2. Field Production Data

The field dataset consists of daily production records from six CBM wells. The dataset
mainly includes daily gas production, cumulative gas production, daily water production,
bottomhole flowing pressure, dynamic fluid level, and production schedules. The six-well
dataset is used only to constrain physically reasonable ranges of field parameters and to
provide reference production characteristics.

4.3. Grid-Independence Analysis

To evaluate the influence of spatial discretization on the simulation results, a grid-
independence analysis was conducted based on the baseline case. Three uniform grid sizes
of 4, 2, and 1 m were adopted, while the time step was fixed at 1 d for all cases. Except
for the grid size, all simulations employed identical computational domains, fracture
geometries, physical parameters, initial conditions, boundary conditions, and production
schedules. The evaluation metrics included cumulative gas production at 180, 720, and
1800 d, as well as the average natural-cleat permeability and average hydraulic-fracture
conductivity at 1800 d. The results obtained using the refined 1 m grid were used as the
reference.

The results indicate that all evaluation metrics gradually converge as the grid size
decreases from 4 m to 2 m and 1 m. Compared with the 1 m grid, the relative differences
in cumulative gas production using the 2 m grid are 1.52%, 0.60%, and 0.14% at 180, 720,
and 1800 d, respectively. The relative differences in the average natural-cleat permeability
and average hydraulic-fracture conductivity at the end of the simulation are 0.12% and
0.14%, respectively. The maximum relative difference among all evaluation metrics is 1.52%,
indicating that further refinement of the grid size from 2 m to 1 m results in limited changes
in the major simulation outputs. Considering both computational accuracy and efficiency,
the 2 m grid was adopted for subsequent simulations.

4.4. Governing Equations

The governing equations established in Sections 2 and 3 are directly used in the
numerical model. Specifically, Equation (1) describes mass conservation in the coal matrix—
natural cleat system, Equation (2) describes adsorbed-gas storage, Equation (15) governs
hydraulic-fracture flow, and Equation (16) defines wellbore production. To facilitate the
subsequent finite-difference discretization, the wellbore productivity coefficient and the
matrix—fracture mass-transfer term are introduced below.

The wellbore productivity coefficient is defined as:

2o KW
= _ ST R (27)
HeVyIn(re/1y)
where [, is the wellbore productivity coefficient, kg/ (m3 -d-MPa).
Therefore, the well production term can be simplified as:
Quent=Jio (Pf— Pa) 28)
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The mass-transfer term between the matrix and fracture is expressed as:
Wmf:/\mf(mepf) (29)

where A, is the matrix-fracture interporosity flow coefficient, kg/ (m3.d-MPa).

The definitions in Equations (27)-(29), together with the governing equations in
Equations (1), (2), (15), and (16), complete the coupled productivity formulation for the
coal matrix and hydraulic fractures. In the matrix equation, W, represents a mass outflow
term, whereas in the hydraulic-fracture equation, it represents a mass inflow term. Q.
denotes the mass output from the hydraulic fracture to the wellbore. These equations are
discretized in the following subsection.

4.5. Finite-Difference Discretization

The computational domain is divided into Ny X Ny, rectangular grids, with grid sizes
Ax and Ay. The time levels are denoted by 1 and n + 1, and the time step is At. The flow
coefficients of the matrix and fracture systems are defined as:

K
My, = 3 (30)
Mg
where M, is the matrix flow coefficient, kg/(m-d-MPa).
K
Mf _ fPg (31)
Hg
where M is the fracture flow coefficient, kg/(m-d-MPa).
The transmissibility coefficients of the matrix system are defined as:
Mii1/2, Miyi—1/2,f
T = T A2 mW — N (32)

where T}, g and T,, i are the transmissibility coefficients of the matrix system in the east
and west directions, respectively, kg/ (m3-d-MPa); My iv172,j and My, ;1,2 ; are the matrix
flow coefficients at the east and west interfaces of grid i, respectively, kg/(m-d-MPa); and
Ax is the grid spacing in the x direction.

Myij-1/2

s s = Tyz (33)

My ijv1/2

Tm,N = Ay2

where T, y and T}, s are the transmissibility coefficients of the matrix system in the north
and south directions, respectively kg/ (m3-d-MPa); M,y iji12 and My, ;172 are the matrix
flow coefficients at the north and south interfaces of grid i,j, respectively, kg/(m-d-MPa);
and Ay is the grid spacing in the y direction.

The accumulation term of the matrix system is linearized as:

A, ="
"L

(34)

where Ay, is the accumulation coefficient of the matrix system, kg/ (m3-d-MPa); C,,, is the
storage coefficient of the matrix system.kg/(m3-MPa); and At is the time step, d.

d
Cy = @ [(Pmpg + (1 - (Pm)lh] (35)
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If the matrix porosity is approximated as constant, then:
dpg dqa
C = Pugps + (1= gu) 31" (36)
where g, is the adsorbed-gas content, kg/m3.
From the Langmuir equation:
d M VP
d Py Vstd (PL + Py)
The accumulation term of the fracture system is linearized as:
A= 38
fF= At (38)

(An+Y_ Tuf+ A,nf)P;;} — Ty pPt] Tm,wpg;j}l,j — Ty NPt prl o Amfpﬂj]l = A, D"

(A + Ty + Awg + )

where Aris the accumulation coefficient of the fracture system, kg/ (m3-d-MPa); and Cris

the storage coefficient of the fracture system, kg/(m3-MPa).

3¢
Cr= (azfvfg)

(39)

where Cs is the storage coefficient of the fracture system, kg/ (m3-MPa).

Compared with the matrix system, the hydraulic fracture storage term does not include

an adsorbed-gas accumulation contribution. Its effect on productivity is mainly reflected in

pressure-transfer capacity and the dynamic conductivity variation controlled by Kg).

4.6. Numerical Model

Using a fully implicit finite-difference scheme, the discrete equation for the matrix

system in grid i,j is:

mit+lj mij+1 " mSty i1

o (40)

fi,

where XT}, is the sum of the transmissibility coefficients in all directions of the matrix system,
kg/(m3-d-MPa); P:ijl is the matrix pressure in grid i at time level 1 + 1, MPa; P**1.  prtl

Pi’l+1

m,i,j+1 m,i,j

mi+1,7 Lmi—1,j7

and P"H.i1 at n + 1 are the matrix pressures in the adjacent grids at time level n + 1,

MPa; Ty g, Trnws TN, and Ty, s are the matrix transmissibility coefficients in the east, west,

north, and south directions, kg/ (m3~d-MPa) ; P}“i*jl is the fracture pressure in grid i, at time

level n + 1, MPa; and PZ ;18 the matrix pressure in grid i,/ at time level n, MPa.

Where the sum of the transmissibility coefficients in all directions of the matrix system

is given by:

2 Tm = Tm,E + Tm,W + Tm,N + Tm,S

The discrete equation for the hydraulic fracture system is:

J fitLj Fij+1

(41)

PEH = Ty ePPfl = Tpw PP = TenPE Ly = Trs PRl — APttt = AgP} + JuPit! (42)

wf

where 2Ty is the sum of the fracture-system transmissibility coefficients in all directions,

kg/ (m3.d-MPa); Pﬁ'jl is the fracture pressure in grid i,j at time level n + 1, MPa; prfl

n+1 n+1 n+1
e i1y Pijpr and P

fit1j

1 atn + 1 are the fracture pressures in adjacent grids at time level

n+1, MPa; Trg, Trw, Tin, and Ty are the fracture transmissibility coefficients in the east,

west, north, and south directions, kg/(m3-d-MPa); P;Zf} is the matrix pressure in grid 7,j at
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time level n + 1, MPa; P}, i is the fracture pressure in grid i,j at time level n, MPa; and P;}Jfl

is the bottomhole flowing pressure at time level n + 1, MPa.
Where the sum of the transmissibility coefficients in all directions of the fracture
system is given by:
2 Tf = Tf,E + Tf,W + Tf,N + Tf,S (43)

Equations (40) and (42) provide the fully implicit finite-difference discretization of the
governing equations for the coal matrix and hydraulic fracture systems. Gas exchange between
the matrix and fracture is represented by the interporosity-flow term A, (P, — Pp), whereas
well production is controlled by the wellbore productivity coefficient [, and the pressure
difference between fracture pressure and bottomhole flowing pressure.

4.7. Matrix Solution and Production Calculation

Taking the matrix and fracture pressures in all grid blocks as unknowns, the discrete
equation system can be written in matrix form as:

AP = b (44)

where A is the coefficient matrix; P"*1 is the pressure vector at time level n + 1; and b is the

n+1
Pl = le ] (45)

right-hand-side vector.
n+1
Py

where P"*1 is the pressure vector at time level 1 + 1; P/,"! is the matrix pressure vector at
time level n + 1; and P;ﬁ“ is the fracture pressure vector at time level n + 1.

n+1| = (46)
Py bf

where Ay, is the matrix-system coefficient submatrix; A, is the coupling submatrix

Amm Amf
Apm Agf

representing the effect of fracture pressure on the matrix equation; Ag, is the coupling
submatrix representing the effect of matrix pressure on the fracture equation; Ag is the
fracture-system coefficient submatrix; P/,"! is the matrix pressure vector; P?! is the
fracture pressure vector; by, is the right-hand-side vector of the matrix system; and by is the
right-hand-side vector of the fracture system.

Because gas density, gas viscosity, and adsorbed-gas content are all pressure dependent,
the model is nonlinear. Therefore, at each time step, the fluid and rock properties are
updated iteratively, and the pressure field is solved. The convergence criterion is:

Pl+l _ Pl

maxXx W

< €401 (47)

where P'*1 is the pressure at iteration / + 1, Plis the pressure at iteration /, and g is the
convergence tolerance.
After the fracture pressure is obtained, the instantaneous wellbore gas production rate is:

Q™ = (P = 23" (49

where Qg” is the gas production rate at time level n + 1; [, is the wellbore productivity
coefficient; P}’j\én is the fracture pressure in the grid containing the well at time level n + 1;

and Pg}}fl is the bottomhole flowing pressure at time level n + 1.
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The cumulative gas production is:
Gyl =Gy + QA (49)

where GZH is the cumulative gas production at time level n + 1, m3; G;j is the cumulative
gas production at time level n, m3; Qg“ is the gas production rate at time level n + 1, m3/d;
and At is the time step.

In summary, Equations (40) and (42) constitute the core discrete formulation for
coupled flow in the coal matrix and hydraulic fracture systems, whereas Equation (26)
dynamically feeds hydraulic fracture conductivity degradation back into fracture flow
coefficients and well production calculation. This numerical framework can be used to
analyze the effects of coal creep, matrix desorption shrinkage, and stress sensitivity on

long-term gas-production behavior.

5. Results and Discussion

Table 2 summarizes the fixed values and parameter ranges used in the coupled coal
matrix-natural cleat-hydraulic fracture model. The parameters include reservoir properties,
natural-cleat properties, hydraulic-fracture properties, proppant-related parameters, and
numerical settings for the finite-difference simulation.

Table 2. Basic parameters for calculation.

Parameter Symbol Range Unit Reference or Basis

Simulation time t 0-1800 d —

Initial cleat aperture Weo 100 um [32,33]
Initial cleat permeability keo 1.15 mD [26]

Proppant diameter Dy 0.6 mm [38,41]
Initial fracture conductivity Frepo 74 pum?2-cm [13]

Matrix porosity Pm 0.01-0.09 — [19,22]
Langmuir volume Vi 0.025 m3/ kg [20]
Langmuir pressure Pr 2 MPa [20]

Fractional creep order 0% 0.1-0.9 — [46,47]

Viscoelastic modulus Eve 0.5-2 GPa [46,47]

Viscosity parameter e 1-10 MPa.d™y [46,47]

Elastic modulus E 2 GPa [35,37]

Poisson’s ratio v 0.2-0.35 — [35,37]
Hydpraulic fracture width Wy 0.003 m —
Bottomhole flowing pressure Py 2 MPa —
Grid spacing Ax,Ay 2 m —
Time step At 1 d —
Nonlinear iteration tolerance Etol 1x107° — —

Coal density 0s 1400 kg/m3 [19,20]
The initial reservoir pore pressure Puo 20 MPa —

Maximum horizontal principal . 45 MPa [4,34]

stress
Minimum horizontal principal o 40 MPa [4,34]
stress

Proppant elastic modulus E 50 GPa [38,41]
Gas viscosity He 0.02 mPa-s [22]

Initial pore tortuosity T0 1.2-3.0 — [38,41]
Wellbore radius Tw 0.1 m —

Initial porosity of propped fracture $o 0.25-0.45 — [38,41]

Initial pore-throat radius 70 30-100 pum [38,41]
Initial fracture aperture D 3 mm —
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Based on the coupled coal matrix-natural cleat-hydraulic fracture model developed
above, this section presents numerical analyses of porosity-permeability evolution, hy-
draulic fracture conductivity degradation, and cumulative gas production during long-term
production from a hydraulically fractured deep CBM well. In the natural cleat system,
the model simultaneously considers stress sensitivity caused by increasing effective stress,
matrix shrinkage induced by methane desorption, and creep deformation under long-term
loading. In the hydraulic fracture system, the model further incorporates conductivity
degradation caused by fracture compaction, proppant embedment, and creep-induced
closure of coal. Comparisons between single-mechanism cases and the fully coupled case
are used to identify the direction, stage dependence, and relative importance of different
mechanisms in long-term productivity response.

The simulated production period is set to 1800 d. The initial natural cleat aperture,
initial cleat permeability, and initial hydraulic fracture conductivity are 100 pm, 1.15 mD,
and 7.4 um?-cm, respectively. Four cases are considered for natural cleat evolution: coal
creep only, matrix desorption shrinkage only, stress sensitivity only, and triple coupling.
Five cases are considered for hydraulic fracture conductivity: an ideal no-degradation case,
fracture compaction only, proppant embedment only, coal creep only, and three-mechanism
coupling. For cumulative gas production, the fully coupled model is used as the base case
and is compared with simplified cases that neglect coal creep, matrix desorption shrinkage,
and stress sensitivity, respectively. These simulations are mainly used to reveal long-term
response patterns under multimechanism coupling; the field-prediction capability of the
model should be further assessed by history matching against actual production data.

5.1. Dynamic Evolution of Natural Cleat Aperture

Natural cleats constitute the principal internal flow pathways through which gas
released from the coal matrix is transported toward hydraulic fractures. Changes in
cleat aperture alter the available flow space and therefore affect the gas-supply capacity
of the coal reservoir. Figure 3 compares the evolution of natural-cleat aperture under
coal creep, matrix desorption shrinkage, stress sensitivity, and their coupled effects. The
initial cleat aperture is set to 100 pm in all cases. In this study, stress sensitivity denotes
the instantaneous or quasi-instantaneous elastic response of natural cleats to changes in
effective stress, coal creep denotes delayed and loading-history-dependent deformation
under sustained stress, and matrix desorption shrinkage denotes contraction of the coal
matrix caused by methane desorption. Because these mechanisms act in different directions
and over different characteristic time scales, they produce distinct aperture-evolution paths.

When only matrix desorption shrinkage is considered, the natural-cleat aperture
increases gradually and reaches approximately 101.94 um at 1800 d, corresponding to an
increase of approximately 1.94% relative to the initial value. As reservoir pressure decreases,
adsorbed methane is progressively released from the internal surfaces of the coal matrix.
The reduction in adsorption-induced swelling causes the matrix blocks to contract, which
tends to increase the separation between opposing cleat surfaces and enlarge the available
flow space. The aperture increase is concentrated mainly during active pressure depletion
and subsequently weakens because the Langmuir-type desorption strain approaches a finite
limiting value. Matrix desorption shrinkage therefore provides a positive but bounded
compensation for cleat closure. When only stress sensitivity is considered, the natural-cleat
aperture decreases rapidly during the early production stage and subsequently approaches
a relatively stable value. At 1800 d, the aperture is approximately 88.47 pum, representing a
reduction of approximately 11.53% relative to the initial value. Under the prescribed far-
field total stress, reservoir-pressure depletion increases the effective normal stress acting on
the cleat surfaces and causes elastic compression of the cleat system. Because the pressure
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decline is most pronounced during the early production stage, the increase in effective stress
and the associated aperture loss are concentrated in this period. As the pressure-decline
rate decreases, the additional effective-stress increment becomes smaller, which explains
the gradual stabilization of the stress-sensitivity curve. When only coal creep is considered,
the natural-cleat aperture decreases continuously throughout production and reaches
approximately 94.64 pm at 1800 d, corresponding to a reduction of approximately 5.36%.
Unlike the predominantly instantaneous elastic response represented by stress sensitivity,
coal creep is a delayed deformation process governed by both loading duration and stress
history. Under sustained effective loading, the coal skeleton continues to deform even after
the rate of reservoir-pressure decline has decreased, resulting in progressive compression
of the cleat space. The relatively rapid early change followed by a slower long-term decline
reflects the retardation and memory characteristics represented by the fractional-order
creep model. Although the creep-induced aperture loss is smaller than that caused by stress
sensitivity under the present parameter conditions, creep produces a persistent long-term
closure effect that cannot be represented by an instantaneous stress—strain relationship.
Under the triple coupling of stress sensitivity, matrix desorption shrinkage, and coal creep,
the natural-cleat aperture exhibits a rapid initial decrease followed by a slower long-term
decline. At 1800 d, the coupled aperture decreases to approximately 85.04 um, about
14.96% lower than the initial value. The rapid early-stage decline is mainly associated with
effective-stress-induced elastic closure, whereas the continued reduction during the middle
and late stages reflects the accumulation of time-dependent creep deformation. Matrix
desorption shrinkage acts in the opposite direction and partially offsets the two closure
mechanisms. However, under the present parameter conditions, the opening compensation
provided by matrix shrinkage is insufficient to counterbalance the combined effects of
stress sensitivity and coal creep. Consequently, the coupled aperture is lower than those
obtained in all three single-mechanism cases at the end of the simulation.

110
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Figure 3. Evolution of natural cleat aperture with production time under different mechanisms.

Opverall, the contrasting aperture responses reflect the different action modes and tem-
poral characteristics of the three mechanisms. Stress sensitivity is most pronounced during
the early pressure-depletion stage, when the increase in effective stress induces rapid elastic
closure of the natural cleats. Coal creep contributes a slower but cumulative reduction in
aperture under sustained loading, whereas desorption-induced matrix shrinkage acts in the
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opposite direction and partially compensates for cleat closure. The superposition of these
mechanisms results in a coupled response characterized by a rapid initial decrease followed
by a gradual long-term decline. Under the present parameter conditions, the compensating
effect of matrix shrinkage is insufficient to offset the combined closure caused by stress
sensitivity and coal creep.

5.2. Evolution of Natural Cleat Permeability and Competition Among Triple Effects

The evolution of natural cleat aperture directly affects the gas-transmission capacity of
the coal reservoir. Figure 4 shows the evolution of natural-cleat permeability under different
physical mechanisms. The initial natural-cleat permeability is set to 1.15 mD in all cases. The
same pressure path and strain responses used for Figure 3 are adopted, and permeability
is updated through the aperture—permeability relationship in Equations (10) and (11). All
other reservoirs and numerical parameters are kept unchanged to ensure comparability
among the different mechanisms. Compared with cleat aperture, permeability provides
a more direct measure of internal gas-flow capacity and is therefore a key indicator for
evaluating the long-term productivity response of deep CBM wells.
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Figure 4. Evolution of natural cleat permeability with production time under different mechanisms.

As shown in Figure 4, the effects of the different mechanisms on natural-cleat perme-
ability differ substantially in both direction and magnitude. When only matrix desorption
shrinkage is considered, permeability increases gradually and reaches approximately
1.195 mD at 1800 d, about 3.91% higher than the initial value. The corresponding aper-
ture increase is relatively small, but the aperture-permeability relationship converts this
geometric change into a measurable improvement in flow capacity. When only coal creep
is considered, permeability decreases continuously to approximately 1.030 mD at 1800 d,
corresponding to a reduction of approximately 10.43%. This decline reflects the persis-
tent compression of natural cleats caused by delayed coal deformation under sustained
loading. Stress sensitivity produces the strongest individual permeability reduction: per-
meability decreases rapidly during the initial pressure-depletion stage and then approaches
approximately 0.900 mD, about 21.74% below the initial value. The rapid early decrease
is consistent with the quasi-instantaneous increase in effective normal stress, while the
subsequent stabilization follows the reduced rate of additional pressure depletion.
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Under the triple coupling of stress sensitivity, matrix desorption shrinkage, and
coal creep, natural-cleat permeability exhibits the greatest overall decline. During early
production, rapid reservoir-pressure depletion increases effective stress and sharply reduces
permeability. During the middle and late stages, the pressure-decline rate becomes smaller,
but creep deformation continues to accumulate and maintains a slow downward trend.
At 1800 d, the coupled permeability decreases to approximately 0.832 mD, about 27.68%
below the initial value. Matrix desorption shrinkage partially compensates for permeability
reduction, but its positive contribution is insufficient to offset the combined permeability
loss caused by stress sensitivity and coal creep. Because permeability varies nonlinearly
with aperture, the relative permeability changes are greater than the corresponding aperture
changes, making permeability more sensitive to closure of the natural-cleat system.

These permeability-evolution trends are qualitatively consistent with previous exper-
imental and numerical studies. Experimental observations have shown that increasing
effective stress reduces coal permeability and that sorption-induced deformation modifies
the permeability response [30,31]. Studies considering coal creep and matrix—fracture
interaction have also reported progressive permeability reduction under sustained load-
ing [35-37]. Owing to differences in coal rank, moisture content, confining stress, and
boundary conditions, the comparison is limited to the governing mechanisms and normal-
ized trends rather than absolute numerical agreement.

Figure 5 compares the normalized stage-averaged aperture-effect indices of coal creep,
matrix desorption shrinkage, and stress sensitivity. For each single-mechanism case, the
absolute deviation of natural-cleat aperture from its initial value was calculated at each
time step and then averaged over the corresponding production stage (0-180 d, 181-720 d,
and 721-1800 d). The three stage-averaged values were subsequently normalized by their
sum so that the indices within each stage add up to 100%.
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Figure 5. Normalized stage-averaged aperture-effect indices of coal creep, matrix desorption shrink-
age, and stress sensitivity during different production stages.

During the early production stage of 0-180 d, stress sensitivity accounts for approxi-
mately 68.1% of the total aperture effect, whereas coal creep and matrix desorption shrink-
age account for approximately 26.4% and 5.6%, respectively. During the middle stage of
181-720 d, the corresponding indices are approximately 64.0%, 27.1%, and 8.9%. During
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the late stage of 721-1800 d, stress sensitivity remains dominant at approximately 61.7%,
while the indices of coal creep and matrix desorption shrinkage increase slightly to approx-
imately 28.0% and 10.4%, respectively. These results indicate that stress sensitivity remains
the principal mechanism controlling natural-cleat geometry throughout production. Coal
creep provides a persistent secondary contribution, whereas the compensating effect of
matrix desorption shrinkage becomes more evident with pressure depletion but remains
comparatively limited.

To avoid interpretive bias caused by the opposite directions of the positive and negative
effects, Figure 6 compares the normalized stage-averaged permeability-effect indices of
the three mechanisms. For each single-mechanism case, the absolute relative deviation
of natural-cleat permeability from its initial value was calculated at each time step and
then averaged over the corresponding production stage. The stage-averaged values of coal
creep, matrix desorption shrinkage, and stress sensitivity were subsequently normalized
by their sum so that the three indices add up to 100% within each stage. During the
0-180 d, 181-720 d, and 721-1800 d stages, the permeability-effect index of stress sensitivity
is approximately 67.4%, 63.0%, and 60.7%, respectively, and therefore remains dominant
throughout production. The corresponding index of coal creep is approximately 26.8%,
27.6%, and 28.4%, indicating a persistent and slightly increasing time-dependent influence.
The matrix-desorption-shrinkage index increases from approximately 5.8% in the early
stage to 9.4% in the middle stage and 10.9% in the late stage. These results demonstrate
that stress sensitivity is the primary mechanism causing natural-cleat permeability to
deviate from its initial state. Coal creep provides a persistent secondary contribution to
flow-capacity loss, whereas matrix desorption shrinkage provides an increasingly evident
but comparatively limited positive compensation.
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Figure 6. Normalized stage-averaged permeability-effect indices of coal creep, matrix desorption
shrinkage, and stress sensitivity during different production stages.

The integrated results in Figures 3-6 indicate that stress sensitivity is the dominant
mechanism controlling natural-cleat aperture and permeability throughout the production
period, particularly during the rapid pressure-depletion stage. Coal creep produces a
smaller but persistent time-dependent reduction in cleat aperture and permeability, and
its relative influence increases slightly with production time. Matrix desorption shrinkage
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provides an increasingly evident positive compensation, but its magnitude remains insuffi-
cient to reverse the coupled decline in natural-cleat flow capacity. The similar ordering of
the aperture- and permeability-effect indices reflects the monotonic aperture-permeability
relationship, whereas the larger relative permeability changes arise from its nonlinear de-
pendence on aperture. Therefore, the coupled effects of stress sensitivity, matrix desorption
shrinkage, and coal creep must be considered in long-term productivity evaluation for
hydraulically fractured deep CBM wells.

5.3. Time-Dependent Degradation of Hydraulic Fracture Conductivity

Hydraulic fractures are the main high-conductivity pathways connecting the reservoir
to the wellbore in fractured wells. Whether their conductivity can be maintained during
long-term production directly affects fracturing performance and ultimate productivity.
In the model developed above, hydraulic fracture conductivity evolves dynamically with
fracture compaction, proppant embedment, and creep-induced closure. Figure 7 shows
the evolution of hydraulic fracture conductivity with production time under different
degradation mechanisms.
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Figure 7. Time-dependent evolution of hydraulic-fracture conductivity under the no-degradation, fracture-
compaction-only, proppant-embedment-only, coal-creep-only, and fully coupled degradation cases.

In the ideal no-degradation case, hydraulic fracture conductivity remains approx-
imately 7.4 um?-cm throughout the production period. This case serves as a reference
for evaluating the strength of different degradation mechanisms. When only fracture
compaction is considered, conductivity decreases mainly during early production, after
which the decline rate decreases significantly; at 1800 d, the conductivity is approximately
6.9 umz-cm, about 6.8% lower than the ideal value. This result indicates that fracture
compaction is mainly affected by the rapid increase in effective closure stress during early
production, and its adverse effect is concentrated in the early stage. When only proppant
embedment is considered, hydraulic fracture conductivity also decreases rapidly at the
beginning of production and reaches approximately 6.8 pm?-cm at 1800 d, about 8% lower
than the ideal value. Proppant embedment reduces the effective fracture width; however,
under the current parameter conditions, the long-term conductivity loss caused by this
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mechanism alone is relatively limited. When only coal creep is considered, hydraulic frac-
ture conductivity decreases continuously throughout the production period and remains
in a noticeable decline in the middle and late stages. At 1800 d, the conductivity is ap-
proximately 5.6 um?-cm, about 24.3% lower than the ideal value. Compared with fracture
compaction and proppant embedment, coal creep causes substantially greater long-term
conductivity loss, indicating that time-dependent closure under deep coal confining stress
continuously compresses the propped fracture space and is an important mechanism con-
trolling long-term transmissibility in fractured wells. When fracture compaction, proppant
embedment, and coal creep act simultaneously, hydraulic fracture conductivity exhibits
the most pronounced degradation. In the three-mechanism coupled case, conductivity
decreases from approximately 7.4 pm?-cm initially to approximately 4.9 pm?-cm at 1800 d,
representing a cumulative reduction of approximately 33.8%. This result indicates that
hydraulic fracture conductivity loss is not a simple instantaneous superposition of dif-
ferent degradation mechanisms; rather, it has a clear long-term cumulative character. In
particular, during middle and late production stages, coal creep further aggravates fracture
transmissibility decline on the basis of aperture loss already caused by fracture compaction
and proppant embedment.

Figure 8 shows the contribution shares of the degradation mechanisms of hydraulic
fracture conductivity at different production stages. In the 0-180 d stage, fracture com-
paction contributes approximately 63%, coal creep approximately 34%, and proppant
embedment approximately 4%. Fracture compaction dominates during this stage, indi-
cating that rapid effective-closure-stress increase during early production is the primary
cause of conductivity loss. In the 181-7720 d stage, the contribution of coal creep increases
to approximately 69%, whereas that of fracture compaction decreases to approximately
29% and that of proppant embedment is approximately 2%. In the 72-11,800 d stage, the
contribution of coal creep further increases to approximately 83%, whereas the contribu-
tions of fracture compaction and proppant embedment decrease to approximately 16% and
1%, respectively.

100
e 34%
S 80 ’
%
2
z 69%
Z 60
k31 83%
5
o
=)
15}
51
o
N 40
.2 63%
=
=
=
g 20
O 29%
16%
0 4% 2 1576
0-180 181-720 721-1800
] Coal creep[__] Fracture compaction] | Proppant embedment‘

Production stage (d)

Figure 8. Contribution shares of hydraulic fracture conductivity degradation mechanisms at different
production stages.
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These results reveal a clear stage-dependent transition in hydraulic fracture conduc-
tivity degradation. The early stage is mainly controlled by fracture compaction, whereas
the middle and late stages gradually become dominated by coal creep. This pattern is
consistent with the time-dependent degradation observed in the natural cleat system: coal
creep continuously weakens both natural flow pathways in the reservoir and artificial
high-conductivity pathways created by fracturing. Therefore, treating hydraulic fracture
conductivity as constant, or considering only early-stage closure-related loss, may lead to
overprediction of middle aand late-stage productivity in hydraulically fractured deep CBM
wells. Published laboratory studies on propped coal fractures have shown that fracture
conductivity generally decreases with increasing effective closure stress because fracture
compaction, proppant deformation and embedment, and the resulting reduction in effective
fracture aperture weaken the fracture flow capacity [36-39]. These experimental observa-
tions are qualitatively consistent with the present simulation, which shows a relatively
rapid conductivity decline during early production, followed by continued degradation
during the middle and late stages. In the fully coupled case, hydraulic fracture conductivity
decreases from approximately 7.4 um?-cm to 4.9 pum?-cm over 1800 d, corresponding to a
reduction of approximately 33.8%. The simulated early-stage decline is mainly controlled
by fracture compaction, while proppant embedment makes a comparatively limited contri-
bution under the present parameter conditions. Creep-induced fracture closure becomes
increasingly important during prolonged production.

To further evaluate the influence of different physical mechanisms on long-term
productivity prediction, Figure 9 compares cumulative gas production curves for the
fully coupled model and simplified models that neglect coal creep, matrix desorption
shrinkage, and stress sensitivity, respectively. Overall, the differences among the cases are
relatively small in the early production stage, but prediction deviations caused by model
simplification gradually increase with production time, indicating that multimechanism
effects have a strong cumulative influence on long-term productivity.
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Figure 9. Evolution of cumulative gas production with production time under simplified mechanism
cases.
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Under the fully coupled model, the cumulative gas production at 1800 d is approxi-
mately 1010 x 10* m3. When coal creep is neglected, cumulative gas production increases
to approximately 1070 x 10* m3, which is about 5.9% higher than that of the fully coupled
model. This deviation indicates that coal creep suppresses long-term gas productivity by
reducing natural cleat aperture and by accelerating the time-dependent degradation of
hydraulic fracture conductivity. Therefore, neglecting coal creep leads to overestimation of
middle- and late-stage gas transmissibility and cumulative production.

When matrix desorption shrinkage is neglected, cumulative gas production decreases
to approximately 975 x 10* m3, about 3.5% lower than that of the fully coupled model.
This result indicates that matrix desorption shrinkage provides a positive compensation
effect during pressure depletion. As adsorbed gas is gradually desorbed, matrix shrinkage
partly enlarges natural cleat space and offsets a portion of the closure caused by stress
sensitivity and coal creep. In contrast, when stress sensitivity is neglected, cumulative gas
production reaches approximately 1220 x 10* m3, about 20.8% higher than that of the fully
coupled model. This is the largest deviation among the simplified cases, indicating that
early effective-stress-induced closure has a persistent influence on long-term production.

Overall, neglecting coal creep or stress sensitivity results in overprediction of cumulative
gas production, whereas neglecting matrix desorption shrinkage results in underprediction.
These opposite deviation directions reflect the competing effects of different mechanisms: stress
sensitivity and coal creep reduce reservoir-fracture transmissibility, while matrix desorption
shrinkage partially improves natural cleat flow capacity. Therefore, long-term productivity of
hydraulically fractured deep CBM wells cannot be represented by a constant-permeability model
or by a single stress-sensitivity relationship. Instead, it should be evaluated by simultaneously
considering dynamic natural-cleat permeability, time-dependent hydraulic-fracture conductivity
degradation, and matrix desorption gas supply.

5.4. Input-Parameter Uncertainty and Model Limitations

Input-parameter uncertainty should be carefully considered when interpreting the
long-term productivity predictions. Reservoir and mechanical parameters, including the
initial natural-cleat permeability, Langmuir pressure, fractional-order creep parameters,
in situ stresses, and initial hydraulic-fracture conductivity, may vary because of reservoir
heterogeneity, measurement errors, scale effects, and differences between laboratory and
field conditions. Uncertainty in the fractional-order creep parameters primarily affects the
magnitude and accumulation rate of time-dependent closure of natural cleats and hydraulic
fractures. Uncertainty in the Langmuir pressure mainly influences gas desorption and
the compensating effect of matrix shrinkage on cleat closure. The initial natural-cleat
permeability and initial hydraulic-fracture conductivity primarily control gas transport
from the coal reservoir to the hydraulic fractures and from the hydraulic fractures to the
wellbore, respectively. Therefore, the results presented in this study should be interpreted
as deterministic predictions for the specified parameter set rather than as probabilistic
confidence intervals. Future studies should combine field-production history matching with
Monte Carlo or Bayesian methods to quantify joint parameter uncertainty and productivity-
prediction intervals.

In addition, the present model assumes isothermal single-phase gas flow and repre-
sents the coal reservoir using an equivalent-continuum approach. Gas—-water two-phase
flow, coal-fines migration, non-Darcy flow, thermo-chemical effects, complex fracture
networks, and complete spatial stress redistribution are not explicitly considered. The
fractional-order creep parameters are also assumed to remain constant throughout the
simulation period. Future studies should incorporate long-term production data from
multiple wells, coal-creep experiments, and propped-fracture conductivity tests to further
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constrain the key model parameters and evaluate the applicability of the model under
different geological conditions and in different development blocks.

6. Conclusions

To characterize time-dependent porosity—permeability evolution, hydraulic fracture
conductivity degradation, and coal creep in long-term productivity prediction for hy-
draulically fractured deep CBM wells, this study developed a coupled single-phase gas
flow-deformation model for the coal matrix, natural cleats, and hydraulic fractures. The
model does not consider water flow or gas-water two-phase flow; instead, it focuses on the
effects of adsorbed-gas desorption, free-gas transport, dynamic natural-cleat permeability
evolution, and hydraulic fracture conductivity degradation on long-term productivity. The
following conclusions are obtained by comparing the fully coupled model with simplified
models representing different physical mechanisms.

(1) The long-term productivity of hydraulically fractured deep CBM wells is jointly con-
trolled by natural cleats, the coal matrix, and hydraulic fractures, and it cannot be explained
solely by initial permeability or constant fracture conductivity. During production-induced
pressure drawdown, gas supply from matrix desorption, natural-cleat permeability evolu-
tion, and hydraulic fracture conductivity degradation occur simultaneously, resulting in
stage-dependent production behavior. Therefore, treating reservoir permeability or fracture
conductivity as constant reduces the ability of the model to explain middle- and late-stage
production decline.

(2) Natural-cleat aperture and permeability evolution are governed by the competition
among effective-stress sensitivity, coal creep, and matrix desorption shrinkage. Effective-
stress sensitivity induces rapid elastic closure of the natural cleats during the early pressure-
depletion stage and exerts the largest individual effect on natural-cleat flow capacity under
the present parameter conditions. Coal creep produces a smaller but persistent and history-
dependent closure that accumulates throughout production, whereas desorption-induced
matrix shrinkage acts in the opposite direction and partially compensates for cleat closure.
Under the fully coupled condition, the natural-cleat aperture and permeability exhibit a
rapid initial decrease followed by a slower long-term decline, because the compensating
effect of matrix shrinkage is insufficient to offset the combined closure caused by effective-
stress sensitivity and coal creep.

(3) Hydraulic fracture conductivity exhibits significant time-dependent degradation.
During early production, fracture compaction and proppant embedment are the primary
causes of rapid conductivity loss. During the middle and late production stages, creep-
induced continuous fracture closure further reduces fracture transmissibility. This indicates
that hydraulic fracture conductivity does not remain constant after fracturing but pro-
gressively degrades with the stress state and time-dependent deformation. Neglecting
this process in productivity prediction may overestimate the stable-production capacity of
fractured wells during the middle and late stages.

(4) Simplifying different mechanisms affects cumulative gas production in distinct direc-
tions. Neglecting effective stress sensitivity or coal creep leads to overprediction of cumulative
gas production, whereas neglecting matrix desorption shrinkage leads to underestimation of
gas supply from the coal matrix to the cleat system. The fully coupled model simultaneously
represents early-stage stress-sensitive response, middle- and late-stage creep-related decline, and
desorption shrinkage compensation, and it is therefore more suitable for long-term productivity
prediction of hydraulically fractured deep CBM wells.

(5) From an engineering perspective, the model can distinguish between flow-path
closure caused by the rapid increase in effective stress during the early production stage
and the sustained productivity loss associated with coal creep and fracture-conductivity
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degradation during the middle and late production stages. For strongly stress-sensitive
reservoirs, excessively rapid pressure drawdown should be avoided because it may induce
excessive closure of both natural cleats and hydraulic fractures. For deep coal reservoirs
with pronounced creep behavior, long-term fracture-conductivity retention should be
considered a key criterion for evaluating proppant selection and hydraulic-fracturing
design. The proposed model can provide a basis for comparing production strategies, but
it cannot yet replace field-scale optimization tests.

(6) Although the present model was developed primarily for hydraulically fractured
deep CBM reservoirs with high in situ stress, pronounced stress sensitivity, and significant
coal-creep effects, its governing equations and coupling framework are not strictly limited
by burial depth. By recalibrating the initial pressure and stress conditions, adsorption
parameters, natural-cleat properties, creep parameters, and hydraulic-fracture parameters,
the model can, in principle, be extended to shallow CBM reservoirs. However, water flow
and gas-water two-phase transport may be more significant in shallow water-bearing
reservoirs. Therefore, these processes should be incorporated into the model, and the
extended model should be validated against corresponding field-production data.

These conclusions are primarily applicable to isothermal, gas-dominated production
conditions within the equivalent-continuum framework adopted in this study, whereas the
effects of gas—water two-phase flow, coal-fines migration, complex fracture networks, and
spatial stress redistribution require further investigation.

Author Contributions: Conceptualization, Z.L. and L.L.; Methodology, Z.L. and L.L.; Software, Z.L.
and L.L.; Validation, L.W., R.Z., and W.W.; Formal analysis, Z.L. and L.L.; Investigation, Z.L., L.L., Y.P,
and R.Z.; Resources, L.L. and W.W.; Data curation, Z.L. and R.Z.; Writing—original draft preparation,
Z.L.; Writing—review and editing, L.L., LW., and W.W.,; Visualization, Y.P. and R.Z.; Funding
acquisition, Z.L. All authors have read and agreed to the published version of the manuscript.

Funding: The authors acknowledge support from the Chongqing Natural Science Foundation
(CSTB2024NSCQ-MSX0636), the Scientific and Technological Research Program of Chongqing Mu-
nicipal Education Commission (KJQN202401515), and the Major National Science and Technology
Program for Oil and Gas (20252D1405400).

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

Table Sums up the nomenclature used in this paper:

Symbol Definition Unit
A Coefficient matrix of the coupled discrete equation system. —
Am Accumulation coefficient of the matrix system. kg/(m3-d-MPa)
Af Accumulation coefficient of the hydraulic-fracture system. kg/(m3-d-MPa)
Amm Matrix-system coefficient submatrix. —
A Coupling submatrix representing the effect of
mf fracture pressure on the matrix equation. o
Coupling submatrix representing the effect of
Afm . . _
matrix pressure on the fracture equation.
Ag Hydraulic-fracture-system coefficient submatrix. —
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Parameter associated with viscoplastic damage.
Fracture-aperture loss induced by coal creep at time t.
Right-hand-side vector of the coupled discrete equation system.

Cleat apertures in the initial, effective-stress-compressed, and desorption-shrinkage-compensated

states, respectively.

Right-hand-side vectors of the matrix and hydraulic-fracture systems, respectively.

Storage coefficient of the matrix system.

Storage coefficient of the hydraulic-fracture system.

Cleat compressibility used in the initial-aperture anisotropy model.
Initial hydraulic-fracture aperture.

Proppant diameter.

Real-time hydraulic-fracture aperture at time t.

Elastic modulus of coal/instantaneous elastic modulus.

Elastic modulus of the proppant.

Equivalent elastic modulus of coal in the proppant-embedment model.
Elastic modulus of the viscoelastic element.

Mittag-Leffler function used in the fractional viscoelastic relation.
Mittag-Leffler function used in the viscoplastic damage relation.
Hydraulic-fracture conductivity at time t.

Initial hydraulic-fracture conductivity.

Cumulative gas production at time level n.

Proppant embedment into the coal surface.

Wellbore productivity coefficient.

Proppant spacing coefficient.

Initial natural-cleat permeability.

Hydraulic-fracture permeability.

Effective permeabilities in the x and y directions, respectively.
Natural-cleat permeabilities in the x and y directions, respectively.
Time-dependent hydraulic-fracture permeability.

Gas molar mass.

Matrix-system flow coefficient.

Hydraulic-fracture-system flow coefficient.

Numbers of rectangular grid blocks in the x and y directions.
Pore pressure in the natural-cleat system.

Effective closure pressure acting on the propped fracture.

Matrix pressure/current matrix pore pressure.

Initial matrix or reservoir pore pressure.

Langmuir pressure.

Hydraulic-fracture pressure.

Bottomhole flowing pressure.

Pressure vector at time level n+1.

Matrix- and hydraulic-fracture-pressure vectors at time level n + 1.

Matrix and hydraulic-fracture pressures in grid (i j) at time level n.

Hydraulic-fracture pressure in the grid containing the well at time level n + 1.

Pressure vectors at nonlinear iterations 1 and 1 + 1.

Adsorbed-gas content per unit matrix volume.

Mass-production term from the hydraulic fracture into the wellbore.
Gas production rate at time level n + 1.

Equivalent well drainage radius.

Wellbore radius.

Time-dependent pore-throat radius of the propped fracture.
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70 Initial pore-throat radius. um
Sy Langmuir volumetric strain constant. —
t Time/loading time/production time. d

T T Matrix-system transmissibility coefficients in the east, west, north,
m,Er T, W, ystem tr y ’ kg/(m3-d-MPa)
TN, Tms  and south directions.

Tﬁ Es Tﬁ w, Hydraulic-fracture-system transmissibility coefficients in the east, west, north, kg/ (m®d-MPa)

Tens Ts and south directions.

Vi Volume of the grid block containing the well. m3

Vi Langmuir volume. m3/kg

Vstd Standard gas volume/standard molar gas volume. m?3/mol

Wy Hydraulic-fracture width. m

Wi Matrix-to-hydraulic-fracture mass-transfer term. kg/ (m3-d)

wo Cleat aperture under the reference state. mm

Weo Initial natural-cleat aperture used in the calculation-parameter table. pm

Winx, Winy Natural-cleat apertures in the x and y directions, respectively. mm

X,y Spatial coordinates. m

ap Biot coefficient. —

K¢ Cleat compressibility. MPa~!

o Cleat compressibility in direction t. MPa~!

B Elastic deformation of the proppant. mm

0% Fractional creep order. —

AD(t) Total hydraulic-fracture-aperture loss at time t. mm

Agyy Strain induced by matrix compression. —

Agr Cleat-compression-induced strain. —

Nep, Matrix-shrinkage strain induced by gas desorption. —

Aey, Agy Total strain increments in the x and y directions. —

Ao, Effective-stress increment. MPa

Ax, Ay Grid spacings in the x and y directions. m

At Time step. d

e(t) Coal creep strain at time t. —

& Langmuir volumetric strain constant used in the equivalent-strain equation. —

€10l Nonlinear iteration convergence tolerance. —

Viscosity coefficient of the fractional viscoelastic element

Mve,d . . MPa-dY
’ in the day-based time system.

Nop,d Viscosity coefficient of the viscoplastic element in the day-based time system. MPa-dY

Af Matrix-fracture interporosity flow coefficient. kg/ (m3-d-MPa)

He Gas viscosity. mPa-s

v Poisson’s ratio of coal. —

%1 Poisson’s ratio of the proppant. —

1) Poisson’s ratio of coal in the proppant-embedment model. —

Pm Matrix porosity. —

?r Hydraulic-fracture porosity. —

¢c Natural-cleat-system porosity. —

¢(t) Time-dependent porosity of the propped fracture. —

$o Initial porosity of the propped fracture. —

Og Gas density. kg/m3

0s Coal density. kg/m3

o Axial stress applied to coal. MPa

os Yield or critical stress. MPa

Omins Omax  Minimum and maximum horizontal principal stresses. MPa

ST ST Sums of transmissibility coefficients in all directions K 3.4
m =S for the matrix and hydraulic-fracture systems. g/(m”-d-MPa)

T(t) Time-dependent pore tortuosity of the propped fracture. —

To Initial pore tortuosity. —
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w Viscoplastic creep correction coefficient. —

CBM Coalbed methane —
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