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A B S T R A C T

Diffusion and seepage control coalbed methane (CBM) production jointly, and their controlling roles differ
significantly in different stages of extraction. Although many CBM models have well been established, but these
models cannot better quantify the controlling degree of diffusion and seepage on CBM production at a certain
moment and determine when the master role between them happens to convert. In this paper, the conversion
between different forms of methane and the underlying controlling mechanisms were analyzed firstly. According
to contributions of different forms of methane to total production, a theoretical master role conversion model
between diffusion and seepage on CBM production was established. And the theoretical model can better dis-
tribute the contribution degree of in-situ adsorbed methane to the total CBM production. The model was em-
ployed to analyze the time nodes when master role conversion occurs with different initial permeabilities and
diffusion coefficients. Results show that higher coal permeability/diffusion coefficient results in earlier the
conversion time node. The same conclusion also applies to the time node when the diffusion effect almost
completely controls the CBM production. Besides, the change curves of daily methane production indicate that
the production is primarily controlled by seepage in early stage of extraction, while controlled by diffusion in
later stage. Methane extraction efficiency and concentration are closely related to drainage pressure. For en-
suring underground mining safety, constant low-pressure extraction strategy is employed frequently to insure
the extraction efficiency, which, however, leads to low methane concentration and utilization rate. This paper
proposes a new extraction pressure regulating method, namely, time-based pressure regulating method that
selected time node in accordance with the master role conversion theory. The simulation results prove that the
new method can not only ensure extraction efficiency, but also guarantee extraction concentration as well as
utilization, thus reducing the natural emissions of methane and amount of greenhouse gas.

1. Introduction

Coalbed methane (CBM), an efficient clean energy, is produced
during the continuous evolution of coal [1–3]. However, methane,
which accounts for 14.3% of total amount of greenhouse gases, has
become the second major global anthropogenic greenhouse gas emitted
currently, ranking only second to CO2 [4]. According to statistics, a
total of 793 MtCO2e of methane produced by mining will be emitted
into the atmosphere by 2020, which is expected to account for
8.9%–12.8% of the entire anthropogenic methane emissions [5].

The development of CBM resources can not only cut the natural

emissions of greenhouse gases to ensure full utilization of energy, but
also promote safe coal exploitation for reducing natural disasters, such
as outburst and spontaneous combustion [6–10]. However, of the CBM
resources, most can only be extracted by underground boreholes
whereas merely a small part via surface wells owing to inherent geo-
logical characteristics (such as large burial depth and low permeability)
of Chinese coal seams [11,12]. Therefore, the mechanism of methane
migration during underground borehole extraction and the improve-
ment of efficiency and concentration for underground CBM extraction
have also become research hotspots for many scholars [13,14].

Two modes of methane migration: seepage and diffusion are mainly
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involved in the process of CBM extraction [15]. The methane within
fractures basically exists in a free state whose migration law is widely
believed to meet Darcy’s law with permeability as an important para-
meter describing the difficulty degree of its flow. In recent years,
models of coal permeability evolution have been established from dif-
ferent perspectives and applied to the study of variation of coal para-
meters during the extraction. For example, Perera et al. [16] developed
a new permeability model based on gas-injecting pressure, gas ad-
sorption and confining pressure. Pan and Connell [17] put forward a
revised SD model that considered the effect of coal anisotropy. In
consideration of the effect of matrix bridge, Liu and Rutqvist [18] de-
veloped a new matchstick model. Besides, the methane within the coal
matrix is basically in an adsorbed state. It is generally believed that the
methane flows from the matrix into the fracture due to concentration
gradient in accordance with Fick’s second law of diffusion. At present,
major attention is paid on coal diffusion characteristics. According to
the uni-pore diffusion theory and Fick’s law, Pillalamarry et al. [14]
estimated the diffusion coefficient based on modeling experimental
data with results revealing a negative correlation between diffusion
coefficient and gas pressure. Wang and Liu [19] proposed a new con-
cept of diffusive permeability that could can better describe the laws of
methane migration. To investigate the effect of moisture on gas diffu-
sion characteristics, Pan et al. [20] conducted an experimental study
with some coal samples selected.

Different scholars hold varied views on the master role of diffusion
and seepage on CBM production during CBM extraction. Reid et al. [21]
argued that permeability was one of the most important factors af-
fecting CBM production in addition to initial desorption pressure and
drainage area, while parameters such as adsorption constant, adsorp-
tion time and extraction time have comparatively less important effects
on CBM production. As the first to propose the relationship between
measured in-situ stress value range and permeability, Sparks et al. [22]
further studied the impact of in-situ stress on coal permeability and
production, drawing a conclusion that for conventional reservoirs, gas-
in-place and permeability are two factors of most importance control-
ling CBM production. Based on the comprehensive analyses of the ex-
isting classical permeability model and re-verified assumptions of them,
Palmer [13] also deemed that permeability had a crucial influence on
CBM production, which was verified by the comparison between the
permeability value measured in the in-situ CBM extraction process and
that generated by the model. Nevertheless, some scholars held opposite
opinions. For example, Pillalamarry [14] experimentally studied the
relationship between diffusion coefficient and methane gas pressure in
the coal reservoir and estimated the long-term CBM production using
the variable diffusion coefficient. The results manifested that for a high-
permeability reservoir, the variable diffusion coefficient could function
as the principle factor in CBM production, which was verified by the
variation law of CBM production of San Juan Basin. Hence, he argued
that the view of permeability-controlled CBM production should be re-
evaluated. Besides, similar views were also presented in other scholars’
studies [23,24]. Wang and Liu [19] established a pressure-dependent
diffusive permeability model whose accuracy was validated through
experimental data. They considered that diffusion acted as the domi-
nant airflow during the extraction of mature CBM mature wells and its
dominance strengthened with the decrease of reservoir pressure. Re-
garding CBM production as a complex process, Pan et al. [20] believed
that the methane production rate was simultaneously controlled by
both matrix diffusion and fracture seepage. Based on comprehensive
analyses of the above viewpoints, the authors agree with the view that
diffusion and seepage simultaneously control the methane production
rate during the whole CBM extraction, yet their master roles on CBM-
production differ in different extraction stages, which change con-
stantly with the passage of extraction time. Currently, little research has
been performed on the master roles of diffusion and seepage on CBM
production in different extraction stages. Thus, it is of certain sig-
nificance for methane production prediction to establish a quantitative

model of master roles of diffusion and seepage on CBM production by
using the CBM flow theory. Meanwhile, this quantitative model can be
applied to determine the time node of master role conversion of dif-
fusion and seepage on CBM production.

As a crucial factor influencing methane extraction efficiency and
concentration [25,26], theoretically speaking, the lower the borehole
extraction pressure, the more the methane extracted from the fracture
per unit time. However, in actual underground methane extraction
project, the lower the pressure, the lower the concentration of methane
extracted in the later stage, which results from the air entering the
extraction borehole through primary fractures and secondary fractures
formed in the drilling process during the extraction since greater
amount of air will enter the borehole per unit time when the pressure is
lower, causing the decrease in the concentration of methane extracted
[27]. At present, for rapid extraction of a large amount of methane to
ensure the safety and speed of coal mining, the extraction pressure is
commonly set to a relatively small constant value, which contributes to
the quick reduction of the methane concentration to an unserviceable
concentration limit in the later extraction stage. Generally, the methane
extraction system will stop working when methane concentration
reaches this limit. Since then, CBM will be emitted directly into the
atmosphere, causing serious environmental problems. Therefore, it is a
subject worthy of study to put forward a reasonable extraction pressure
regulating method which can guarantee both long-term high-con-
centration methane extraction and its efficiency.

In this study, the methane migration control equation was first
proposed, covering the methane diffusion control equation of variable
diffusion coefficient and the dynamic permeability evolution model,
based on which the theoretical master role conversion model of diffu-
sion and seepage on CBM production was established then and adopted
to analyze the time nodes for the master role conversion in coals with
different initial permeabilities as well as diffusion coefficients and for
diffusion to almost completely master the CBM production. Finally,
with the theoretical model taken as a reference, the time-based pressure
regulating method was put forward to regulate borehole extraction
pressure, ensuring both extraction efficiency and long-term high-con-
centration methane extraction.

2. Theory

Complex as the structure of natural coal, it is usually simplified as a
dual poroelastic medium composed of fractures and matrixes in order to
facilitate the study on the migration law of methane within natural coal
[28]. During CBM extraction, the adsorbed methane from the matrix
diffuses into the fracture at first before transforming into free methane
and migrating into the borehole by means of seepage driven by the
pressure difference between the fracture system and the extraction
borehole. Therefore, all the methane entering the borehole (including
both the in-situ free methane and in-situ adsorbed methane) is in a free
state, as shown in Fig. 1. The methane migration characteristics are
controlled by two key parameters, namely, permeability and diffusion
coefficient, of which both change with reservoir methane pressure in
the extraction process.

2.1. Assumptions of theory

The methane migration theory and master role conversion model
are established on the basis of the following assumptions:

(1) The coal seam is dry, i.e. The effect of water on methane migration
is ignored;

(2) The CBM reservoir system is isothermal and methane behaves as an
ideal gas;

(3) The CBM reservoir can be regarded as an isotropic, homogeneous
and dual poroelastic medium;

(4) The skeleton of coal is incompressible and the strain is infinitesimal;
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(5) The adsorbed methane in the matrix all transformed into free me-
thane in the fracture system, and then it flows into the extraction
borehole.

As we all know, water in coal plays an important role in CBM
production, and moreover, it is uniquely physical phenomena, espe-
cially in the matrix of coal [29]. However, due to the underground
borehole extraction, rather than drainage wells, adopted for the CBM
extraction in this paper, only the suction pressure need to be adjusted
(with no need for draining water). Besides, the coal seam was com-
monly assumed to be dry in order to simplify the establishment of the
methane migration model [27,30]. The above reasons prove the rea-
sonability of Assumption (1). In addition, some macro physical para-
meters of gas, such as gas compressibility factor, MFP and viscosity, are
different under the conditions of real and ideal gas [31]. The differences
in physical parameters also exert influence on the gas migration model.
However, for simplifying the methane migration model, the gas is as-
sumed to be an ideal gas in the CBM reservoir in the establishment of
models [32,33].

Assumptions (3) and (4) are common assumptions for establishing a
methane migration model. Assumption (5) is specially proposed for the
master role conversion model of diffusion and seepage on CBM pro-
duction. Due to the limited contact area between the extraction bore-
hole and coal, only a trace amount of adsorbed methane within the
matrix can directly diffuse into the borehole, which is negligible.

2.2. Evolution of coal permeability and diffusion coefficient

2.2.1. Relationship between fracture aperture and coal permeability
As the main factor affecting the methane seepage capability, coal

fracture aperture distributes in a very complicated pattern with various
distribution regularities in different coals. Some statistical data of coal
fracture aperture distribution extracted from a case study was presented
in Fig. 2 [34]. However, factors influencing the fracture aperture are
the same during CBM extraction. The fracture aperture is mainly af-
fected by changes of methane pressures within the fracture and within
the matrix. On the one hand, the lowering of CBM pressure contributes

to the increase in effective stress of coal, causing the compression of
coal structure and then the reduction of fracture aperture; on the other
hand, it results in coal matrix desorption and shrinkage deformation
that are responsible for the enlargement of fracture aperture. The
fracture aperture changes as a result of the two effects [3,35].

The deformation quantity is relatively small for most areas of coal,
in the process of effective stress change, while it is huge for a small part
of pores or fractures even directly resulting in the fully-closed pores and
fractures. In order to deal with the two different deformation condi-
tions, the fracture system of coal is abstracted into two parts for solving
the problem of different deformation quantities under the same stress
condition [3,36]. Specifically, a part of the fracture system is regarded
as the soft part, and the other as the hard part. Different parts follow
different Hooke’s laws. That is, the hard part meets the engineering
strain, while the soft part meets the natural strain.

For the two parts, the strain of fracture aperture can be defined by
the engineering-strain and the natural-strain, respectively [37]. The
following relations are used:

= −dε da
aa e

e

e
,

0, (1)

= −dε da
aa n

n

n
,

0, (2)

where a e0, and a n0, are the unstressed fracture aperture for the hard part
and the soft part, respectively; ae and an are the fracture aperture for
hard part and soft part under current stress state, respectively. Using the
conditions =a ae e0, and =a an n0, for =σ 0, the engineering strain and
natural strain can be obtained:
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where ke and kn are the bulk moduli of the hard part and the soft part of
fracture system, respectively.

The above analyses indicate that the change of fracture aperture

Fig. 1. Coalbed methane migration process of the dual-porosity model.
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equals the sum of natural strain and engineering strain. Moreover, as ke
is several orders of magnitude larger than kn, the change of fracture
aperture under the action of stress is as follow:

= + − −a a a a σc( )exp( Δ )m e e f0, 0 0, (5)

where am is the fracture aperture change induced by effective stress; a0
is the initial unstressed fracture aperture; cf is defined as =c k1/f n.

During methane extraction, the coal can be assumed to always
maintain a constant load and in a uniaxial strain state [2,13]. Thus, the
effective stress change of coal approximately equals the methane
pressure change in the reservoir. The fracture aperture change can be
expressed as:

= + − − + −a a a a c β c β( )exp[ (p p ) (p p )]m e e f f f f m m0, 0 0, 0 0 (6)

where pf and pm are the methane pressures within the fracture and
matrix, MPa; p0 is the initial methane pressure of coal seam, MPa; βf
and βm are the effective stress coefficients for the fracture and matrix,
respectively.

As the CBM pressure falls below the desorption pressure, the ad-
sorbed methane within the matrix is desorbed and then diffuses into the
fracture, with the shrinkage and deformation of coal matrix as a result,
thus influencing the size of fracture aperture. The coal temperature is
generally assumed to be constant in the process of methane adsorption
and desorption, so the volumetric strain induced by the adsorption
deformation of coal can be calculated by using the Langmuir isothermal
adsorption model [33,38,39]:

=
+

ε
ε p
p pa s

L
,

max

(7)

where εa s, is the sorption-induced volume strain; εmax is the Langmuir
volumetric strain constant; pL is the Langmuir pressure constant, MPa.

With the assumption that the coal is perfectly elastic and isotropic
and the set of setting the fracture spacing as b, when methane pressure
within the coal matrix drops from p0 to pm, the change of fracture
aperture caused by adsorption swelling deformation is:

⎜ ⎟= − ⎛
⎝ +

−
+

⎞
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1
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m

m L L
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where as is the fracture aperture change induced by the swelling stain.
Combining Eqs. (6) and (8), the fracture aperture can be expressed

as:

⎜ ⎟

= + − − + −
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where a is the fracture aperture.
In fact, the engineering strain of coal is inconsiderable in

comparison with the fracture aperture, so its value almost approximates
0 (a0,e≪ a0, a0,e≈ 0). Therefore, Eq. (9) can be simplified as:
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Since the coal is simplified as a dual poroelastic cube model whose
fracture aperture is far smaller than its fracture spacing, Eq. (11) can be
obtained according to the definition of initial porosity of coal:
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+
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0
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0
3
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where ϕf 0 is the initial fracture porosity, %.
Combining Eqs. (10) and (11), the expression of fracture aperture is

given below:

⎜ ⎟= − + − − ⎛
⎝ +

−
+

⎞
⎠

a a c β c β a
ϕ

ε p
p p

ε p
p p

exp[ (p p ) (p p )]f f f f m m
f

m

m L L
0 0 0

0

0

max max 0

0

(12)

According to cubic law, the permeability of coal can be expressed as
[40]:

⎜ ⎟= ⎡
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(13)

where k0 is the initial permeability of coal, mD; k is the coal perme-
ability, mD.

2.2.2. Empirical equation for dynamic diffusion coefficient
With close relation to pore structure characteristics of coal, the

diffusion coefficient is an important parameter reflecting methane dif-
fusion performance. At present, coal particle method is the most widely
adopted to test the diffusion coefficient together with the uni-pore
model to obtain that under corresponding conditions. Of the most
fundamental assumptions of the uni-pore model, one is a constant dif-
fusion coefficient. In fact, the uni-pore model with the assumption of
constant diffusion coefficient cannot yield accurate results because the
diffusion mode of methane molecules will change inevitably due to the
change of methane pressure in the process, and methane adsorption/
desorption on coal also has a certain impact on the pore structure. This
paper holds that in the study of the process of gas diffusion in the coal
matrix, the gas pressure (concentration) within the matrix and gas
pressure (concentration) gradients in the fracture system will change
with the passage of extraction time, so it is of great significance to es-
tablish a Fick’s law of variable diffusion coefficient that takes pressure
into account. Although the temperature is another important factor that
affects the diffusion coefficient [41], its effect on diffusion model can be
ignored due to the big size of coal seam and the basically unchanged

Fig. 2. Distribution of the fracture aperture in coal [34]
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coal temperature during the underground extraction boreholes are
working [27,32,42].

The original definition of diffusion coefficient states that diffusion
coefficient refers to the amount of gas diffusing through a unit area per
unit time when the concentration gradient is a unit. Crank [43] re-
garded it as a variable that changed with multiple parameters, pri-
marily including time, concentration and position. At present, some
scholars have carried out a certain research on the effect of time on the
diffusion coefficient. However, this paper thinks that the it is not ap-
propriate to express the diffusion coefficient as a function of time under
the pseudo-steady-state conditions of CBM extraction because diffusion
coefficient should essentially result from the interaction between the
methane molecular diffusion mode and the pore structure. Therefore,
effects of the other two factors on the diffusion coefficient should be
taken inti consideration, and based on simple analyses, their impacts on
the diffusion coefficient of methane are essentially caused by the
change of methane pressure in coal reservoir. There have been many
studies on the relationship between the reservoir pressure change and
the diffusion coefficient. For example, Harpalani [44] concluded from a
methane-helium diffusion experiment using a cylindrical coal sample
that the change of diffusion coefficient can be described by a simple
function with the pressure as a variable. Cui et al. [45] calculated gas
diffusion coefficients under different adsorption gas pressure conditions
using a bi-disperse diffusion model, finding that diffusivities of gases in
the coal matrix decrease significantly with the rise of gas pressure, and
the two are negatively correlated. Researches of other scholars also
yield similar results [46,47].

Actually, many researchers have estimated the diffusion coefficient
by modeling experimental data [14,48,49], as presented in Fig. 3. The
diffusion coefficient can be expressed as:

= −D p D λp( ) exp( )m m0 (14)

where D is the diffusion coefficient, m2/s; D0 is the diffusion coefficient
when the methane pressure of coal seam is 0, m2/s; λ is attenuation
index of diffusion coefficient.

Eq. (14) indicates that the relationship between the diffusion coef-
ficient and the methane pressure in the matrix agrees with the ex-
ponential function. For expressions of diffusion coefficients of different
coals, the only difference lies in is the attenuation coefficient which is
related to pore characteristics of coal. In addition, it is known that
methane exists simultaneously in the coal matrix in a free state and an
adsorbed state, corresponding to Fick diffusion and surface diffusion,
respectively [50,51]; meanwhile, Eq. (14) is an empirical formula ob-
tained by fitting experimental data, so it covers the effect of both Fick
diffusion and surface diffusion.

2.3. Interpretation of master role conversion

2.3.1. Methane diffusion in coal matrix
The pore of coal, the major site for methane adsorption, storage and

diffusion migration, is one of the main factors affecting methane

diffusion. For different-sized pores, methane diffusion can be classified
into three types: molecular diffusion, Knudsen diffusion and surface
diffusion [52,53]. In the coal matrix system, when the pore size is
considerably larger than or close to the mean free path of gas molecules
or smaller than 2 nm, the gas diffusion belongs to molecular diffusion,
Knudsen diffusion or surface diffusion, respectively [51]. All types of
diffusion are driven by the concentration difference despite the differ-
ence in them. For the coal of cube model structure, the rate of methane
exchange between matrix and fracture can be expressed as:

⎜ ⎟= − ⎛
⎝

− ⎞
⎠

Q D λp π
b

M p
RT

M p
RT

exp( ) 3
s m

c m c f
0

2

2 (15)

where Qs is the methane gas source or sink, that is, the methane ex-
change rate per volume of matrix blocks, kg/(m3·s); Mc is the molar
mass of methane, g/mol; R is the universal gas constant, J/(mol·k); T is
the coal seam temperature, K.

Then, the mass conservation equation for methane diffusion in coal
matrix can be given:

⎜ ⎟
∂
∂

⎛
⎝ +

+ ⎞
⎠

= −
t

V p
p p

M
V

ρ ϕ M
RT

p QL m

m L

c

M
c m

c
m s

(16)

where VL is the Langmuir volume constant, m3/t; ρc is the coal density,
kg/m3; ϕm is the porosity of coal matrix, %.

2.3.2. Methane seepage law in coal fracture
The magnitude differences of scales of fracture and pore contribute

to the huge discrepancy of methane storage and migration. With pres-
sure gradient between external environment and fracture system, me-
thane in the fracture generally migrates in the form of Darcy seepage.
Assuming effects of gas gravity to be negligible, the volumetric flow in
coal fractures can be defined as:

= − ∇V k
μ

pf (17)

where V is the gas velocity in the fracture, m/s; and μ is the methane
viscosity, Pa·s.

For free-phase methane seepage in the coal fracture, the variation of
free-phase methane can be expressed by the mass conservation equa-
tion for the per unit volume of coal in the unit time [11,42].

∂
∂

= −∇ + −
t

ρ ϕ ρ V Q ϕ( ) ( ) (1 )g f g s f (18)

where t is the time; ϕf is the porosity of the fracture, %; and ρg is the
methane density, kg/m3.

According to the ideal gas law, the relation between methane den-
sity and pressure of fracture is described as,

=ρ M
RT

pg
c

f (19)

Fig. 3. Variation law of diffusion coefficient with methane pressure [14,48,49].

Z. Liu et al. Fuel 223 (2018) 373–384

377



2.3.3. Description of conversion threshold
Of adsorbed methane, only a trace amount can be directly desorbed

before diffusing into the borehole due to the limited contact area be-
tween the extraction borehole and coal seam, while the majority
transforms into free methane and seeps into the borehole after diffusing
from the matrix into the fracture. Therefore, all the methane entering
the borehole is in a free state, including not only in-situ free methane,
but also free methane converted from in-situ adsorbed methane through
desorption and diffusion into the fracture system.

The contributions of in-situ adsorbed methane and in-situ free me-
thane to CBM production are controlled by matrix diffusion and frac-
ture seepage, respectively, which can be analyzed to study the master
role of diffusion and seepage on CBM production. The contribution of
in-situ adsorbed methane to CBM production can be expressed as:

=
+

η m
m m

a

a f (20)

where η represents the proportion of in-situ adsorbed methane mass to
the CBM production in time tΔ , %; ma and mf stand for the mass of
extracted in-situ adsorbed methane and in-situ free methane in time tΔ .
When <η 50%, the CBM production can be defined as mainly controlled
by seepage; =η 50%, it is equally controlled by seepage and diffusion;

>η 50%, it is mainly controlled by diffusion.
CBM can migrate in the form of seepage and diffusion primarily

because of the exertion of extraction pressure on borehole. After ex-
traction pressure is exerted on borehole, the pressure difference be-
tween fracture system and borehole is formed in a short time, driving
the free methane in the fracture to quickly migrate into borehole. For
the matrix system, the methane concentration difference between
fracture and matrix systems is formed during the reduction of free
methane, which is relatively slower than the process of forming a
pressure difference in the fracture system. In the case of small con-
centration difference, due to the existence of pore throat, the shrinkage
channel will function as an energy barrier impeding fluid molecules
from diffusing out of the matrix pores, which, however, will be failed if
the concentration difference between the matrix inside and outside is
too high or if the energy reaches a certain scale [54,55]. Before the
concentration difference in the matrix system reaches the diffusion
threshold, all the extracted methane is provided by the in-situ free
methane in matrix system, that is, =m 0a , then =η 0. At this time, the
CBM production is completely controlled by seepage and, in other
words, the seepage capability of coal determines CBM production.

The diffusion of adsorbed methane into the fracture system occurs
when the diffusion threshold is reached, making the extracted methane
a mixture of in-situ free methane and in-situ adsorbed methane, both of
which jointly affect the CBM production. Eq. (20) can be re-expressed
as:

⎧
⎨
⎩

= <
= ⩾+

η c c
η c c

0,
,

d c
m

m m d c
a

a f (21)

where cd is the methane concentration difference between fracture and
matrix systems; cc is that in the matrix when the diffusion threshold is
reached.

It can be known from Eq. (16) that at extraction times t and +t tΔ ,
the masses of methane in the coal matrix per unit volume can be ex-
pressed as:
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where mat and +ma t t( Δ ) represent the mass of methane in the matrix per
unit volume when the extraction time is t and +t tΔ , respectively.

Based on Eqs. (22) and (23), the mass of in-situ adsorbed methane

during the whole CBM extraction can be calculated as follow:

∫ ∫ ∫= − +m m m dv( )a at a t tΩ ( Δ ) (24)

According to Assumption (5), the extracted methane maf consists of
the mass of in-situ adsorbed methane ma and the mass of in-situ free
methane mf :

= +m m maf a f (25)

where maf represents the mass of extracted methane in time tΔ .
As can be known from Eq. (18), the masses of methane in the coal

fracture system per unit volume at extraction times t and +t tΔ can be
respectively expressed as:

=m M
RT

p ϕ(t) (t)ft
c

f f (26)

= + ++m M
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p ϕ( t Δt) ( t Δt)f
c

f f(t Δt) (27)

where mft and +mf (t Δt) represent the masses of methane in the fracture
per unit volume at extraction times t and +t tΔ , respectively.

From Eqs. (26) and (27), the mass of methane in tΔ can be obtained:

∫ ∫ ∫= − + − ++m m m m m t t dv( ) ( Δ ))af ft f at aΩ (t Δt) (28)

Combining Eqs. (21), (24) and (28), the proportion η of the mass of
in-situ adsorbed methane to the total production in time tΔ is can be
solved:

∫ ∫ ∫
∫ ∫ ∫
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− + −
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+ +
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m m m m dv
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ft f at a t t
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Ω (t Δt) ( Δ ) (29)

2.4. Methane migration theory verification

Many methane migration theories have been put forward by scho-
lars from different perspectives, which can be used to analyze the
evolution laws of pressure and coal permeability. The accuracy of the
proposed methane migration theory should be verified before its ap-
plication. Model results in this paper were compared with some ex-
perimental data of coal permeability extracted from core NO. 1 con-
sidering only the effect of sorption-induced strain with the impact of
effective stress on coal permeability change ignored [3]. The Langmuir
volumetric strain constant and the Langmuir pressure constant were set
to =ε 0.052max and =p 5.2 MPaL , respectively. The fitting results of
coal permeability for coal with different initial porosities are shown in
Fig. 4(a) where curves exhibit a high fitting degree.

In the above comparison, the effect of effective stress on the change
of coal permeability was ignored. To make up this defect, another set of
simulation results from Liu [30] were adopted to verify our model. The
new methane migration theory was applied to his geometric model with
coal parameters from his paper. The pressure monitoring line (y= 2.5,
x∈ [20.2 m, 40m]) was set to monitor the change in gas pressure at
different drainage times (1 d, 100 d and 500 d). From comparative plots
in Fig. 4(b), our results well agree with his.

3. Results and discussion

3.1. Model description and input parameters

Some numerical simulation models were created to study the master
role conversion of diffusion and seepage on CBM production as well as
the influence of the initial permeability and diffusion coefficient on the
time node for master role conversion. From the simplified physical
model of coal seam borehole extraction n in Fig. 5, thicknesses of the
coal seam, the overlying stratum and the underlying stratum were 5m,
10m and 10m, respectively; three extraction boreholes with a radius of
0.1 m were evenly distributed in the coal. To obtain the evolution law
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of each parameter during CBM extraction using COMSOL software,
boundary conditions of the physical model were set as follows. Left and
right sides of the whole model were rollered with the top exposed to
constant stress and a fixed-end boundary given to the bottom. More-
over, flow conditions were applied to none of the sides of coal seam.
Parameters selected in the numerical simulation are listed in Table 1.

3.2. Master role conversion analyses

The coal seam with evenly distributed methane is extracted under a
constant extraction pressure for 500 d, and the production of different
forms of methane with varying time is given in Fig. 6. The daily ex-
traction amount of in-situ adsorbed methane is presented in Fig. 6(a).
From the variation tendency of the curve in Fig. 6(a), with the passing
of time, the methane production soars from the initial low level to a
maximum of 2.6 kg/d in a short time. In the initial stage, only a trace
amount of in-situ adsorbed methane entering the borehole through the
fracture because of the large quantity of in-situ free methane whose
rapid reduction contributes to the concentration gradient of methane
between fracture and matrix running up quickly. Therefore, more in-
situ adsorbed methane is desorbed and diffuses into the fracture and
then into the borehole. From the second half of the curve in Fig. 6(a), it
can be noticed that the curve exhibits a gradual downward trend after
the maximum value is reached and keeps for a while. Owing to the fixed
total amount of in-situ adsorbed methane in coal matrix, the con-
centration gradient of methane between fracture and matrix falls gra-
dually with the influx of a portion of the in-situ adsorbed methane into
the borehole, causing the gradual reduction of methane diffusion power
in the matrix, as well as the decrease of diffusion amount.

The time-varying daily extraction of free methane is shown in

Fig. 4. Comparison of results of different models: (a) coal permeability; (b) methane pressure.

Fig. 5. Physical models and solution boundary conditions of coal seam and rock formation.

Table 1
Property parameters used in the numerical simulation model.

Parameter Value Reference

Young's modulus of coal, E 2713MPa Zhang et al. [33]
Thermodynamic temperature, T 305.15 K Chen et al. [39]
Young's modulus of coal matrix,

Em
8139MPa Zhang et al. [33]

Young's modulus of rock, Er 24500MPa Liu et al. [30]
Density of coal, ρc 1250 kg/m3 Zhang et al. [33]
Density of rock, ρr 2500 kg/m3 An et al. [56]
Methane density at standard

conditions, ρga
0.717 kg/m3 Zhang et al. [33]

Universal gas constant, R 8.314 J/(mol*K) Liu et al. [30]
Langmuir volume constant, VL 0.027m3/kg Chen et al. [39]
Langmuir pressure constant, PL 2.96MPa Chen et al. [39]
Langmuir volumetric strain

constant, εmax

0.01266 Chen et al. [39]

Initial pressure of coal seam, p0 3MPa Self-defining value
Initial pressure of extraction

boreholes, pn
88 kPa Dong et al. [27]

Passion's ratio of coal, ν 0.35 Chen et al. [39]
Initial fracture porosity of

fractures, Φf

0.012 An et al. [56]

Initial porosity of coal matrix, Φm 0.06 An et al. [56]
Initial gas permeability, k0 0.02mD Dong et al. [27]
Diffusion coefficient, D0 5.89 * 10−13 m2/s Mallikarjun

Pillalamarry [14]
Attenuation index of diffusion

coefficient, λ
0.689 Mallikarjun

Pillalamarry [14]
Molar mass of methane, Mc 0.016 kg/mol An et al. [56]
Dynamic viscosity of methane, μ 1.84 * 10−5 Pa*s Chen et al. [39]
In situ stress, F 6MPa Liu et al. [30]
Coal cleat compressibility, cf 0.29MPa−1 Chen et al. [39]
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Fig. 6(b). It is noteworthy that the production of free methane is the
sum of in-situ adsorbed methane and in-situ free methane extracted
because all the extracted methane is free due to the transformation of
the in-situ adsorbed methane into the free state in the process of dif-
fusing into fractures and then passing into the borehole via fractures.
The variation tendency of methane production curve in Fig. 6(b) re-
flects that the free methane production has reached a maximum of
10.12 kg/d in the initial stage but slumps with the passage of time and
ultimately stabilizes at about 2 kg/d. The analyses reveals that the
variation tendency of methane production curve is mainly caused by
the large yet limited amount of initial in-situ free methane in the
fracture, of which most can seep into the borehole in a short time,
leading to a rapidly declining curve, and the relatively stable methane
diffusion in the matrix contributing to the stable methane production in
middle and late stages.

The time-varying productions of different forms of methane have
been elaborated in the above part. To analyze master role conversion of
diffusion and seepage on CBM production, the master role conversion
theory was applied to productions of different forms of methane. The
time-varying proportion of in-situ adsorbed methane production to the
total production is shown in Fig. 7, from which it can be known that the
production of in-situ adsorbed methane amounts to 50% of total pro-
duction after 3 day’s CBM extraction, that is, methane production is
primarily controlled by seepage in the first 3 d and by diffusion in the
later period, according to the master role conversion theory. The curve
in Fig. 7 also illustrates that the production of in-situ adsorbed methane
reaches 99% of total yield and stabilizes at this amount when the ex-
traction time reaches 30 d, indicating that methane production is al-
most completely controlled by diffusion in middle and late stages and

the contribution of in-situ free methane to the total yield is negligible.

3.3. Effect of initial coal permeability on conversion node

In the process of methane extraction, the initial permeability of coal
exerts significant influence on the dynamic variation of permeability
that affects both methane seepage migration in the fracture and me-
thane diffusion in the matrix, thus having impact on the time node for
master role conversion of seepage and diffusion on methane produc-
tion. To study the effect of initial permeability on conversion node,
numerical models of different initial permeability were established.
According to the master role conversion theory of diffusion and seepage
on methane production, the conversion nodes for different initial per-
meability models were calculated (the initial permeability from
0.002mD to 1mD), for example, the time node when the production of
in-situ adsorbed methane accumulates to 50% of the total production,
as shown in Fig. 8. From the variation tendency of conversion node
curve, the larger the initial permeability, the earlier the time node for
diffusion to hold dominant position. Meanwhile, Fig. 8 also indicates
that the time periods for seepage to play the master role are 1.5 d and
4.6 d corresponding to the initial coal permeability of 1mD and
0.002mD, respectively. The comparison of the time for master role
conversion with the whole extraction period suggests the brief time for
seepage to control the methane production during the extraction of
coals with different initial permeabilities. This primarily results from
the smaller amount of in-situ free methane compared with that of total
CBM production, and the quick migration of large quantities of in-situ
free methane into the borehole in the early extraction stage.

Fig. 6. Productions of different forms of methane at different moments.

Fig. 7. Proportion of in-situ adsorbed methane production to total production at different
moments.

Fig. 8. Time for in-situ adsorbed methane production to reach 50% and 95% of total
production of coal with different initial permeabilities.
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To further illustrate the effect of diffusion on CBM production in the
CBM extraction period, it is defined that CBM production is almost
completely controlled by diffusion when the in-situ adsorbed methane
production excesses 95% of total production. Fig. 8 shows the time
when the methane production of coals with different initial perme-
abilities are completely controlled by diffusion. As shown in Fig. 8,
methane productions are fully under the control of diffusion on 2.7 d
and 33.5 d, corresponding to initial permeabilities of 1mD and
0.002mD, respectively. Compared with the whole extraction period,
methane production is completely subjected to the control of diffusion
for a long term.

Apart from the quantitative description of effects of diffusion and
seepage on methane production in the above part by using master role
conversion theory, master role conversion can also be explained qua-
litatively through changes of daily methane production of coals with
different initial permeabilities. From the time-varying curve of daily
methane production in Fig. 9, it is evident that the higher the initial
permeability, the greater the daily production in the initial stage. For
the coal of initial permeability of 1mD and 0.005mD, the maximum
methane production is 44.5 kg/d and 3.6 kg/d, respectively, which
mainly results from different initial permeabilities. Methane production
is primarily controlled by seepage in the early extraction stage, and
higher initial permeability is conducive to the extraction of more
abundant in-situ free methane and thus the greater methane production
at the preliminary stage. However, Fig. 9 suggests that the daily me-
thane production of coals with different initial permeabilities are close
to reach the same level in the later stage, basically maintaining
1–1.5 kg/d, which is mainly ascribed to the same diffusion coefficient
D0 in models of different initial permeabilities. Due to the little differ-
ence in diffusion coefficient in the later extraction stage, there are slight
discrepancies between amounts of methane diffusion in the matrix in
the same time, proving that CBM production is mainly controlled by
diffusion in the later extraction stage.

3.4. Effect of diffusion coefficient on conversion node

Just as permeability, the dynamic change of diffusion coefficient
also has an impact on methane seepage migration in the fracture and
methane diffusion in the matrix, thus affecting the time node for master
role conversion of seepage and diffusion on methane production. The
conversion node for models of different D0 (diffusion coefficient from
1 * 10−13 m2/s to 5 * 10−9 m2/s) is solved in accordance with the
master role conversion theory to study the effect of D0 on the node, as
exhibited in Fig. 10. It can be observed from Fig. 10 that the larger the
D0, the earlier the conversion node when diffusion plays the master role
in methane production. When D0 is 1 * 10−13 m2/s and 5 * 10−9 m2/s,
the corresponding conversion node is 10.85 d and 0.46 d, respectively.

The higher the D0 is, the larger the amount of in-situ adsorbed methane
that is desorbed and diffuses into the fracture per unit time, thus the
earlier the time node for diffusion to play the master role due to the
same amount of in-situ free methane in the fracture.

Similarly, the CBM production is defined as almost completely
subjected to diffusion when the production of in-situ adsorbed methane
excesses 95% of the total yield in order to analyze the effect of diffusion
on methane production in the whole extraction process. Fig. 10 presents
the time node for diffusion fully masters the methane production cor-
responding to models of different D0. Based on Fig. 10, the larger the
D0, the earlier the conversion time node for diffusion to play the master
role on CBM production. For example, the methane production is totally
controlled by diffusion on 28.2 d and 0.96 d corresponding to the D0 of
1 * 10−13 m2/s and 5 * 10−9 m2/s, respectively. In comparison with the
whole extraction cycle, diffusion has long control of methane produc-
tion.

To further illustrate different roles that diffusion and seepage play in
controlling CBM production in various time during the whole extraction
period, the time-varying curve of daily methane production is plotted
by solving different models of D0, as shown in Fig. 11. From Fig. 11,
when D0 is 5 * 10−9 m2/s and 1 * 10−10 m2/s, the initial methane pro-
duction is large with a maximum of 20.91 kg/d and 14.99 kg/d, re-
spectively, because a great amount of in-situ adsorbed methane gets
desorbed and diffuses into the fracture and then into the borehole due
to the extremely large D0 in the early stage. The aforementioned ana-
lyses suggest that under such diffusion coefficient condition, diffusion
exerts a major influence on methane production in a short time.

Fig. 9. Daily CBM production of coal with different initial permeabilities.
Fig. 10. Time for in-situ adsorbed methane production to reach 50% and 95% of total
production of coal with different D0.

Fig. 11. Daily methane production of coal with different D0.
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However, when D0 is given other hugely varied values, the initial daily
methane production basically maintains about 10 kg/d without any
significant difference. As the methane production is mainly controlled
by seepage in the early stage, the initial methane production is basically
consistent because of the same amount of in-situ free methane due to
the identical initial permeabilities of models with different D0. How-
ever, obvious differences can be observed in Fig. 11 in methane pro-
duction of coals with different D0 in the later stage. The greater the D0,
the larger the daily methane production in the later stable stage, in-
dicating that the methane production is mainly controlled by diffusion
in this stage.

3.5. Implication for adjusting suction pressure

Because of the difficulty to extract CBM by surface boreholes caused
by the deep location and low permeability of the majority of China’s
coal seams in addition to the failure of daily production of most ex-
traction boreholes to reach the standard of industrial production, at
present, China’s CBM recovery primarily depends on underground
boreholes where the exertion of extraction pressure through the bore-
holes is an important procedure. The values of pressure are generally
set within the range of 0–101 kPa which is below atmospheric pressure,
so as to ensure continuous entrance of methane into borehole, which is
driven by the pressure difference between extraction pressure and
methane gas pressure in the fracture. The continuous seepage of me-
thane into the borehole results in the pressure difference between the
fracture and the matrix, driving diffusion of methane from the matrix
into the fracture. This is a complete process of methane migration.

Generally, the lower the extraction pressure, the larger the methane
production per unit time, and the greater the amount of air flowing into

the borehole. The imperfectly sealed borehole, as well as some primary
fractures and construction-induced secondary fractures, allows air to
enter the borehole. The air flowing into the borehole has no decisive
effect on methane concentration in the early stage owing to the large
methane production, yet it dramatically lowers the concentration of
extracted methane in middle and late stages of extraction because its
amount remains unchanged while the methane production drops sig-
nificantly. According to general rules, CBM companies have to stop the
extraction of methane when the methane concentration drops to 6%,
because economic losses will be caused by further extraction since the
low-concentration methane is of no industrial value. If the borehole
were given high pressure in the early stage, although a high methane
concentration could be guaranteed, the efficient safe extraction would
not be ensured, if the amount of CBM could not be reduced rapidly,
which seriously delays the mining project. After weighing pros and cons
of the two, companies generally take a small constant value as the ex-
traction pressure.

This traditional method is still adopted for setting borehole ex-
traction pressure for lack of an appropriate method that can ensure both
the extraction efficiency and the methane concentration. Actually,
analyses reveal that the efficiency mainly depends on the early-stage
extraction while the concentration relies on the later-stage extraction.
Therefore, the problem can be solved by ensuring the extraction effi-
ciency in the early stage and the methane concentration in the later
stage. Both of them are closely related to extraction pressure. The
smaller the value of pressure, the higher the extraction efficiency, the
lower the methane concentration; and vice-verse [57,58]. To solve this
problem, this paper proposes a simple and effective extraction pressure
regulating method, namely, the time-based pressure regulating method
which means exerting various numerical pressures to the borehole in
different stages. The value is set to be small in the initial stage to im-
prove the extraction efficiency and large in the later stage to raise the
methane concentration by preventing air from flowing into the bore-
hole.

The key to the time-based pressure regulating method is to de-
termine the time node for pressure regulation, which can be guided by
the master role conversion theory of diffusion and seepage on methane
production. In the extraction process, there are two important conver-
sion nodes that can be applied for regulating the pressure. One is the
time node for master role conversion of seepage and diffusion
( =η 50%), and the other is the time node for diffusion to almost com-
pletely master methane production ( =η 95%). To study the effect of
time-based pressure regulating method, the model with the initial
permeability k0= 0.002mD and the diffusion coefficient
D0= 5.89 * 10−13 m2/s is chosen as the research object to be extracted
for 500 d under constant pressure (76 kPa) and time-based pressure
(76 kPa, 88 kPa and 96 kPa), respectively, and the time in accordance
with time-based pressure regulating method is: 0–5 d, 5–34 d and
34–500 d. Methane pressures of monitoring points A (33m, 12.5m)

Fig. 12. Matrix and fracture methane pressures at monitoring points corresponding to different given pressure regulating method.

Fig. 13. Comparison of methane pressure distribution using different given pressure
regulating method.

Z. Liu et al. Fuel 223 (2018) 373–384

382



and B (37m, 12.5 m) and daily methane production in different time
are extracted separately, as shown in Figs. 12 and 14. As can be ob-
served from Fig. 12, by time-based pressure regulating method, about
93% of extraction period is in the stage of high-pressure which can
guarantee higher concentration of methane production compared with
the low-pressure method [27,57,58], and thus the relatively high con-
centration of methane in middle and late stages can be ensured.

In addition, Figs. 13 and 14 also present that the pressure values of
monitoring points and the amount of daily methane production ob-
tained by time-based pressure regulating method basically agree with
those of the coal seam obtained by constant low-pressure method. Thus,
it is concluded that the time-based pressure regulating method has an
extremely slight impact on the extraction effect and CBM production.
Compared with the constant low-pressure extraction method, the time-
based pressure regulating method can not only ensure the extraction
efficiency, but also raise the concentration of extracted methane. The
above analyses prove that it is reasonable and effective to guide time-
based pressure regulation by master role conversion theory of diffusion
and seepage on methane production.

4. Conclusions

This paper obtained the migration characteristics of methane dif-
fusion and seepage based on the dynamic diffusion coefficient and
permeability model, and then it established the theoretical master role
conversion model of diffusion and seepage on CBM production ac-
cording to contributions of different forms of methane to total pro-
duction. The primary research is carried out on the master role con-
version and daily methane production of coals with different initial
permeabilities and diffusion coefficients. Besides, it also took into ac-
count the given pressure regulating method for borehole extraction.
Based on the above work, the main conclusions are drawn as follows:

(1) During CBM extraction, the diffusion coefficient and permeability
both change depending on methane pressure in the reservoir.
Specifically, the change of diffusion coefficient results from the
variations of gas concentration and position, while that of perme-
ability is mainly induced by fracture aperture. Taking dynamic
diffusion coefficient and dynamic permeability into account, the
methane migration model proposed in this paper can describe the
CBM migration law more faithfully and more effectively.

(2) The initial permeability and diffusion coefficient of coal not only
affect the methane migration law, but also influence the time nodes
for the master role conversion of diffusion or seepage on CBM
production and for diffusion to almost completely control CBM
production. Moreover, the larger the initial permeability and dif-
fusion coefficient, the earlier the master role conversion. The same

conclusion is also applicable to the time node when the production
is under the full control of diffusion. The change curves of daily
methane productions of coals with different initial permeabilities or
diffusion coefficients indicate that the production is primarily
controlled by seepage and diffusion in the early and later stage of
extraction, respectively.

(3) The value of borehole extraction pressure affects the extraction
efficiency and methane concentration. The lower the extraction
pressure, the greater the amounts of methane and air entering the
borehole per unit time. In the later extraction stage, the con-
centration of methane extracted drops sharply, because the amount
of methane entering the borehole is smaller while that of air is
unchanged. To raise the concentration of methane extracted, the
traditional constant low-pressure extraction method is replaced by
the time-based pressure regulating method to witness the coal can
stay in a low-pressure state and relatively high-pressure state in the
early and later stage of extraction, respectively. The experimental
results suggest that this new method can effectively raise the con-
centration of methane extracted without lowering the efficiency of
methane extraction.
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