
Apparent Permeability Model of Coalbed Methane in Moist Coal:
Coupling Gas Adsorption and Moisture Adsorption
Zhigao Peng,* Shenggui Liu, Zongwei Deng, Haoxiong Feng, and Ming Xiao

Cite This: ACS Omega 2023, 8, 21677−21688 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Under specific conditions, moisture in natural coal seams can be adsorbed in the
pores of the coal matrix, reducing the amount of methane adsorption sites and the effective area
of the transport channels. This makes the prediction and evaluation of permeability in CBM
exploitation more challenging. In this paper, we developed an apparent permeability model of
coalbed methane coupling viscous flow, Knudsen diffusion, and surface diffusion which considers
the effects of adsorbed gas and moisture in the pores of the coal matrix on the permeability
evolution. The predicted data of the present model are compared with those of other models,
and the results show good agreement, verifying the accuracy of the model. The model was
employed to study the apparent permeability evolution characteristics of coalbed methane under
different pressure and pore size distribution conditions. The main findings are as follows: (1)
moisture content increases with saturation, with a slower increase for smaller porosities and an
accelerated non-linear increase for porosities greater than 0.1. (2) Gas adsorption in pores
decreases permeability, further weakened by moisture adsorption under high pressure but
negligible at pressures below 1 MPa. (3) Higher water saturation weakens gas transport capacity, especially with pore sizes smaller
than 10 nm. (4) The non-Darcy effect weakens with higher initial porosity, and neglecting moisture adsorption may significantly
deviate from actual values in modeling methane transport in coal seams. The present permeability model can capture the transport
characteristics of CBM in moist coal seams more realistically and is more applicable for predicting and evaluating the gas transport
performance under dynamic variations of pressure, pore size, and moisture. The results in this paper can explain the transport
behavior of gas in moist, tight, porous media and also provide a foundation for coalbed methane permeability evaluation.

1. INTRODUCTION
Coalbed methane (CBM) is a typical unconventional natural gas
with the primary component of methane, which is confined in
the reservoir under specific temperatures and pressures. The
exploitation and utilization of CBM can simultaneously achieve
the triple aims of energy utilization, low-carbon environmental
protection, and coal mine safety; therefore, it has received wide
attention in recent years. Different from conventional natural
gas, CBM is stored in coal seams in many ways, such as
adsorption, free-flow, dissolution, etc. The transport of CBM
during exploitation is a complicated process governed by
multiple factors, and understanding the permeability of CBM in
coal seams is a crucial issue in the study of CBM migration
performance, which is also of great significance for the accurate
prediction and evaluation of CBM transport properties and
production capacity.

Coal is a type of tight porous medium with the pore size
distribution in the range of 1 to 100 nm, making the traditional
Darcy’s law no longer available for fluid flow in it. There have
been many related studies on the non-Darcy effect for gas
migration in nanopores. Beskok and Karniadakis1 proposed a
unified model based on the Hagen−Poiseuille equation for
describing the gas flow in a single capillary which considers the
essential flow regimes in tight porous media, involving

continuous, slip, transition, and free molecular flows. However,
it is only applicable to the case where the Knudsen number is less
than or equal to 1. Xiong2 further investigated the impact of gas
adsorption and surface diffusion on the evolution of apparent
permeability by considering the mass transfer process of
adsorbed gas. Freeman3 employed a dusty gas model (DGM)
to explain the Knudsen diffusion of gas in the reservoir. Kang4

adopted different weighting factors or linear summation to
introduce the combined effect of gas slippage and Knudsen
diffusion. These weighting factors were further developed by
Wu5,6 and took into account the impact of surface diffusion in
addition to viscous flow and Knudsen diffusion. The layer of gas
molecules adsorbed on the surface within the pores in the coal
matrix, which has several nanopores, lowers the real extent of the
transport channel. Thus, when predicting the apparent
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permeability of CBM, the impact of the adsorbed layer of gas
molecules should be taken into account.7−11

In summary, it can be seen that the existing permeability
models are mainly superimposed by considering the contribu-
tions of viscous flow, Knudsen diffusion, transition flow, free
molecular flow, and surface diffusion to the total flux through the
Knudsen number. However, many studies have shown that the
presence of inherent moisture in in situ reservoirs can affect the
adsorption and transport ability of CH4. In 1936, when Coppens
studied the adsorption characteristics of Belgian coal, he
discovered that the potential of coal to adsorb methane
decreases when moisture is present. Several academics have
studied the properties of moist coal for gas adsorption since the
1970s.12 It is commonly accepted that coal’s ability to absorb
gases declines as moisture content rises. However, the gas
adsorption capacity does not change when the moisture content
surpasses a threshold level.13 Joubert14 further revealed that the
oxygen content in coal regulates the moisture content’s critical
value. Wang15 reported that the presence of moisture occupies a
portion of the pore space and diminishes the gas adsorption sites
of coal, which lowers the amount of gas adsorption. Recent
studies16−20 have shown that the Langmuir volume drops with
increasing intrinsic moisture content, and the exponential
equation may be used to describe the relationship between the
amount of methane adsorption and intrinsic moisture content.

The impact of moisture on the gas adsorption capacity of coal
is related to the coal rank. Laxminarayana21 showed that the
maximum gas adsorption capacity of dry coal changed in a U-
shape with increasing coal rank, while the maximum gas
adsorption capacity of moist coal increased slightly. According
to Day,22 low-rank coals are more sensitive to moisture than
high-rank coals. GUO23 found experimentally that moisture
would dramatically reduce the gas adsorption capacity of low-
rank coals. The amount of inhibition increases as moisture
content rises, but the increment of inhibition gradually
decreases, and the exponential formula can better fit the data
on the gas adsorption capacity of low-rank coals with the
variation of moisture content.

In summary, most previous permeability models have
predicted and evaluated the transport performance of gases in
tight coal seams with extensive pore size coverage by coupling
viscous flow (considering gas slip effects) and Knudsen diffusion
to the total flow flux. Some researchers have further considered
the contribution of surface diffusion of adsorbed molecules to
the flow flux, or the decay in transport performance caused by
gases adsorbing in the pore. However, natural coal seams are rich
in moisture, the accompanying variation in moisture content
during CBM development further complicates the transport
behavior of CBM, and the impact of the presence of moisture on
gas transport capacity is not considered in all these models.

To more realistically capture the transport behavior of CBM
in moist coal seams, this paper further develops an apparent
permeability prediction model for CBM transport in naturally
moist coal, based on the model developed by the previous
authors. The model couples the contributions of viscous flow
(considering the gas slip effect), Knudsen diffusion, and surface
diffusion to the total flow flux, considering the effects of gas and
moisture adsorption on the transport capacity, and further
introduces an exponential formula based on the findings of
previous isothermal adsorption experiments to describe the
decay of gas adsorption and adsorption capacity with changes in
the moisture content of the coal matrix, which can be more
applicable for predicting and evaluating the gas transport

performance with dynamically variable pressure, pore size, and
moisture content.

2. APPARENT PERMEABILITY MODEL FOR GAS
TRANSPORT IN MOISTURE-POROUS MEDIA

Pores in typical coal have a large amount of gas adsorbed on the
surface and are generally less than 100 nm in diameter.24−28 In
nanoscale pores, the probability that the gas molecules collide
with the wall of the pore is significantly increased, providing a
non-negligible source of momentum for gas transfer near the
pore wall, which deviates markedly from the results calculated
based on Darcy’s law.10,29 These will bring two new challenges
to modeling. On the one hand, gas slip provides an additional
contribution to the total flow, and on the other hand, the
importance of gas Kundsen diffusion becomes prominent as one
of the main flow regimes. What is more, the adsorption of gas
molecules and moisture in nanopores adds more complexity to
the exploration of methane migration characteristics. First, gas
molecules adsorbed on the pore surface are driven by the
concentration difference to pass along the adsorption layer;
second, the layer of molecules adsorbed on the pore wall will
occupy the volume of the pore space and reduce the effective
area of the migration channel. Furthermore, the inherent
moisture present in the natural coal seam will also adsorb onto
the pore surface, and the adsorbed moisture will occupy the
adsorption sites, leading to the decay of the real adsorption
capacity of the coal matrix and the schematic illustration of the
mode of gas and moisture transfer in the moist coal, as shown in
Figure 1. All of the above factors are pressure-dependent, and

therefore, neglecting these aspects when modeling the
permeability of methane migration in natural coal seams can
result in systematic errors that vary with gas pressure.
2.1. Flux Contributed by Viscous Flow in a Moist

Porous Media. For fluid flow in a capillary with a radius r, the
intrinsic permeability K∞ can be obtained based on Poiseuille’s
law

=K r
8

2

(1)

The corresponding total volumetric flux Q∞ is

=Q r
K

p2

(2)

Figure 1. Schematic illustration of the mode of gas and moisture
transfer in moist coal.
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where p is the pressure, and μ is the gas dynamic viscosity
coefficient.

When the adsorption between gases and the wall of capillaries
within porous media occurs, the reduction of the effective area
for free gas transfer may be enlarged.2 Assuming that the gas
adsorption is following the Langmuir adsorption theory, the
amount of gas adsorbed will be a function of pressure. The
coverage of the adsorbed gas molecules on the capillary surface
under pressure p is

= =
+

V
V

p
p P

s

L L (3)

where Vs is the adsorption amount, VL is the Langmuir volume,
and PL is the Langmuir pressure.

After deducting the space occupied by the adsorbed gas
molecules with a diameter dm, the effective radius of the capillary
re,0 for the free gas flow can be obtained

=r r de,0 m (4)

When taking into account the adsorption of capillaries with
moisture, the effective radius re should be rewritten as

=r r d rme w (5)

where rw is the equivalent radius of the adsorption layer of water.
Considering the gas adsorption layer, the relationship

between the effective radius and the initial radius is

=
r

r0
e,0
2

2 (6)

After further consideration of moisture adsorption, the
relationship can be modified as

= =r
r

e
2

2
e

0 (7)

As shown in Figure 1, the water saturation Sw can be written
as30

=S
r d r d r

r
( ) ( )

w
m

2
m w

2

2 (8)

Moisture adsorption occupies adsorption sites on the capillary
surface, resulting in the decay of gas adsorption capacity. The
exponential decay equation can be employed to describe the
effect of moisture on gas adsorption capacity20

= + < <V V V exp( ), 0L Lg Lw c (9)

where φ is the decay coefficient of Langmuir volume, the value of
which is related to the composition of the coal and can be
obtained from the experiment, ω is the mass moisture content,
which is the ratio of the total mass of water to the total mass of
the dried material, ωc is the threshold of moisture content,
beyond which the maximum adsorption capacity is not affected
by the further growth of moisture, and VLg and VLw are the
maximum adsorption capacities of unique adsorption sites for
gases and gas adsorption sites with moisture adsorption
potential, respectively.

By analyzing the volume relationship among solids, pores, and
water in moist coal, the mass moisture content can be obtained

=
S

S
w w

s w w (10)

where ρs and ρw are the densities of the moist coal and the water
adsorption layer, respectively.

Chen16 found experimentally that the Langmuir pressure is
related to the moisture content. Day22 and Ozdemir31 showed
that moisture can change the heat of adsorption. Based on the
exponential decay equation, Chen19 further proposed a
relationship between the Langmuir pressure and the moisture
content

= +P P P exp( )L Lg Lw (11)

where PLg is the pressure constant unaffected by moisture, PLw is
the fraction that can be affected by moisture adsorption, and ξ is
a weighting factor representing the role of moisture in gas
adsorption.

The volumetric flux contributed by the viscous flow of gas can
be expressed as

= =Q r
r

p r
r

p
8 8a e

e e
,

2
2

2
2

(12)

Permeability becomes a pressure-dependent function

=K p
r p

( )
( )
8a

e
,

2

(13)

2.2. Flux Contribution by the Knudsen Diffusion in a
Moist Porous Media. Due to the extreme confinement of the
pore space, methane flows in the coal matrix in a transitional or
slip flow regime. The Navier−Stokes (N−S) equation with
appropriate slip boundary conditions is sufficient for mathe-
matical modeling in the slip flow regime. However, in transition
flows, where the mean free path of the gas molecules is
comparable to the pore diameter, the momentum transfer
between the gas molecules and between the gas molecules and
the pore wall is equally important. Therefore, in the case of
transition flow, the combined effect of viscous flow and Knudsen
diffusion must be taken into account.6,32

When the Knudsen number is 10−3 < Kn < 10−1, the gas
intermolecular collision is dominant, the collision probability
between the gas molecules, the wall is small but cannot be
neglected, the velocity of the gas molecules near the wall is non-
zero, the slip effect will occur, and the gas transfer at that
moment is the slip flow, which can be described by the ideal gas
slip flow equation.32 At present, most of the studies in the
relevant aspects employ the Klinkenberg equation for
modification.33

i
k
jjjjj

y
{
zzzzz= = +K K f Kn K

b
p

( ) 1 k

(14)

where f(Kn) is Klinkenberg’s correction factor, which is a first-
order correction, Beskok and Karniadakis1 gave a second-order
correction applicable to describe four flow regimes (viscous
flow, slip flow, transition flow, and free molecular flow)

i
k
jjj y

{
zzz= + +f Kn Kn Kn

bKn
( ) (1 ) 1

4
1 (15)

where b is the coefficient for gas slippage, generally taken as b =
−1; α(Kn) is the rarefaction coefficient, given by Civan34

=
+ Kn

1.358
1 0.178 0.4348 (16)

The Knudsen number is defined as the ratio of the mean free
path of molecules to the characteristic pore size of the media
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=Kn
r (17)

where the mean free path of the gas molecule is

=
p

RT
M2 (18)

When the effect of both the gas adsorption layer and moisture
adsorption is taken into account, the effective radius re should be
adopted; then, the permeability should be corrected to

=K K p f Kn( ) ( )a a , (19)

The total mass flux is

= =m r
K

p r
K

pa
a a2 2

(20)

When Kn > 10, the collision of the gas molecules with the wall
surface of the nanopore is dominant, and the gas transport is
Knudsen diffusion, which can be described by the ideal gas
Knudsen diffusion equation.34 The flux contributed by Knudsen
diffusion can be obtained based on Fick’s law

=J D CKn Kn (21)

Roy35 gave the equivalent form of Knudsen diffusion in
nanopores

=J D
RT

p1
Kn Kn (22)

where DKn is the Knudsen diffusion coefficient, and the gas flow
through a single capillary can be defined as36

=D
r RT

M
2
3

8
Kn

e

(23)

Therefore, the mass flux contributed by Knudsen diffusion
can be expressed as

= =m r D M
RT

p r D M
RT

pKn e Kn Kn
2 2

(24)

2.3. Fluxes Contributed by Surface Diffusion in Moist
Porous Media.When the gas flows in the capillary, the free gas
and adsorbed gas exchange positions, resulting in inconsistent
concentrations in the adsorption layer of the gas, and the
adsorbed gas passes along the adsorption layer driven by the
concentration difference, which is the so-called surface diffusion.
The flux contributed by surface diffusion can be obtained based
on the Langmuir isothermal adsorption equation

= =
+

J D C D
C P

p P
p

( )s s a s
max L

L
2 (25)

The surface diffusion coefficient is a function of temperature,
surface gas concentration, and adsorbent/solid surface inter-
action.37 Based on the transition state theory, Chen38 proposed
a surface diffusion coefficient

=D D f ( )s s0 (26)

=
+ +

+
f

s

s

H
( )

1 (2 ) (1 )

(1 /2)

s s s
2

2 ( )
2

2

2

2

(27)

l
moo
noo

=
<

s
s

s
H(1 )

0, 1

1, 0 1 (28)

where Ds0 is the surface diffusion coefficient as the coverage is
zero, which depends on the temperature and gas activation
energy, H(1 − s) is a Heaviside function, and s is a quantity that
measures the degree to which the pores are clogged by adsorbed
molecules, taken as s = 0.5.

Therefore, the mass flux that surface diffusion contributes is

=
+

=
+

m D
MC P
p P

r r p

r D
MC P
p P

p

( )
( )

( )
(1 )

es s
max L

L
2

2
,0

2

2
s

max L

L
2 0 (29)

It should be noted that surface diffusion occurs only in the gas
adsorption layer; therefore, the effective radius of the considered
gas adsorption layer is employed in eq 4.
2.4. Total Flux and Apparent Permeability in Moist

PorousMedia.The total mass flux in moist porous media, after
superimposing the weights of the fluxes contributed by multiple
flow regimes and considering the effects of porosity and
tortuosity of porous media, can be expressed as

= + +m m m mKna k s

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ É

Ö

ÑÑÑÑÑÑÑÑÑÑ

=
+

+
+

+
+

r
p

Kn
K

Kn
D

M
RT

D
MC P
p P

1
1

1
1 1/

( )
(1 )

Kn

2
0

a
0

s
max L

L
2

0
0

(30)

Viscous flow and Knudsen diffusion require individual
weighting factors to determine their respective contributions
to the total flow,36,39 and from the analysis of collision
frequencies between gas molecules and between molecules
and pore walls, Wu5,6 obtained the weighting factors to
distinguish the contributions of these two flow regimes to the
total flow flux.

= + = + + =Kn Kn1/(1 ), 1/(1 1/ ), 1k k
(31)

Therefore, the apparent permeability of coalbed methane
migration in moist coal can be expressed as

=
+

+
+

+
+

K
Kn

K
Kn

D
M

RT

D
MC P
p P

1
1

1
1 1/

( )
(1 )

Knapp,om
0

a
0

s
max L

L
2

0
0 (32)

The present permeability model can capture the transport
characteristics of CBM in moist coal seams more realistically and
is more applicable for predicting and evaluating the gas transport
performance under dynamic variations of pressure, pore size,
and moisture. However, the permeability model does not
include the effects of adsorption hysteresis and stress changes in
the process of adsorption and desorption, which will be
considered in our future study.

3. RESULTS AND DISCUSSION
3.1. Relationship Between the Characteristic Param-

eters of Moisture Coal. The porosity, water content,
Langmuir volume, and Langmuir pressure of coal seams vary
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widely depending on the type, location, and maturation of the
coal, etc. Some studies have shown that the inherent moisture
content of coal varies with different magnitudes of maturation.
Generally, the moisture range of lignite is 10−28%, that of long-
flame coal is 3−12%, and that of anthracite is lower.40,41 It is
essential to analyze the relationship between porosity,
saturation, moisture content, Langmuir volume, and Langmuir
pressure to explain the evolution of apparent permeability.

From Figure 2a, it can be found that the moisture content ω
grows with the increase of saturation Sw, and when the porosity is
small, the growth rate of ω is slow, and when ε > 0.1, the growth
rate of ω is greatly accelerated, and the growth trend begins to
show nonlinear characteristics. The porosity of a typical coal

seam is usually less than 0.1, and the moisture content is
generally positively related to the saturation, as shown in Figure
2b, and the moisture content is maintained at a low level, e.g.,
0.69% at a porosity of 0.1 and a saturation of 20%.

Figure 3a shows the results at φ = 20 and an initial Langmuir
volume VL = 0.03 m3/kg. It can be found that VL is constant for
VLg = 0.03 m3/kg andVLw = 0 m3/kg. WhenVLw is greater than 0,
the Langmuir volume VL of moist coal decays with the growth of
ω. The larger the VLw, the more the number of adsorption sites
affected by moisture adsorption and the more rapidly it decays,
and in the limit case, the VL decay can reach 86.5%. For each of
the coal samples, the two parameters, VLg and VLw, are different,
and the exact values can be obtained by fitting the experimental

Figure 2. Relationship between moisture content and saturation under different initial porosity. (a) Porosity of the coal seam with a wide extent and
(b) porosity of the typical coal seam.

Figure 3. Relationship between Langmuir volume and moisture content. (a) Under different VLg and VLw and (b) under different φ.
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data. Figure 3b shows the results for VLg = VLw = 0.015 m3/kg,
which reflect the effect of the parameter φ on the decay of VL for
moist coal. With φ = 0,VL is independent of moisture adsorption
and remains constant at its initial value; for φ greater than 0, VL
decays with increasing ω, and the decay rate becomes greater
with increasing φ. The value of φ is the key parameter that
determines the critical value of VL decay, and the larger the value
of φ, the higher the critical value.

Figure 4a,b show the results for ξ = 20, at an initial Langmuir
pressure of PL = 2 MPa and PLg = PLw = 1 MPa, respectively,
which present a trend similar to that ofVL in Figure 3. For PLg = 2
MPa and PLw = 0 MPa, PL does not vary with moisture content;
when PLw is greater than 0, PL decays with the growth of ω, and
the larger PLw is, the faster the decay rate of PL. At ξ = 0, PL is
independent of moisture adsorption and does not change with
ω; as ξ is greater than 0, PL decays with the growth of ω, and the
larger ξ is, the faster the decay rate is, and the decay increment
gradually decreases. The decay of PL also has a critical value,
which is governed by the value of ξ.

In engineering, the values of VLg, VLw, φ, PLg, PLw, and ξ can be
obtained by fitting to experimental data, and for specific coal, the
combination and superposition of the characteristic effects
presented by the above parameters can lead to a complex
permeability evolution behavior.
3.2. Comparison of the Apparent Permeability Model

with Previous Research. Previous studies have proposed
numerous apparent permeability equations to describe the gas
transport behavior with the coupling of viscous flow, Knudsen
diffusion, and surface diffusion in tight porous media, e.g., the
model of Wang7 considers the contribution of viscous flow and
Knudsen diffusion to the total flow in tight porous media, and
the models of Ning8 and Sun9 both consider the contribution of
adsorbed layers of gas molecules to the pore space blockage
effect. The apparent permeability model developed in this paper
is compared with the mentioned models to illustrate its validity,
and the parameters of coal and methane in the comparison are
shown in Table 1. It should be noted that the gas density and
viscosity under different pressures are obtained from an online
calculation software (www.peacesoftware.de/).

Figure 5 shows the variation of Kapp with pressure under
different average pore sizes. Among them, Wang’s model
considers the effect of surface diffusion of adsorbed gas but does
not include the decay of transport capacity when the pore space
adsorbs gas; Sun’s and Ning’s models simultaneously consider
the effect of surface diffusion and the effect of the adsorption
layer, and only the contributions of surface diffusion are
calculated by different coefficients for these two models. It can
be seen that all of the models show a tendency for the apparent
permeability to decrease with higher pressure. As the average
pore size increases, the magnitude of apparent permeability rises.
The apparent permeability of all these models is close to 1 ×
10−12 m2 with an average pore size of 1 μm, while the apparent
permeability of all models is concentrated in the range of 1 ×
10−18−1 × 10−20 m2 when the average pore size is 1 nm. The
results of the present paper are consistent with other models
under different pressure conditions, indicating the validity of the
developed apparent permeability models. However, since our
model takes into account moisture adsorption, the apparent
permeability of the coal matrix with inherent moisture is
weakened to some extent, especially under high-pressure

Figure 4. Relationship between Langmuir pressure and moisture content. (a) Under different PLg and PLw and (b) under different ξ.

Table 1. Parameters of Coal and Methane for Comparison

parameters of coal and methane value

initial porosity, ε0 0.1
tortuosity, τ 2
temperature, T (K) 303.15
gas molar mass, M (kg/mol) 0.016
water saturation, Sw 0.2
Langmuir volume, VLg (m3/kg) 0.005
Langmuir volume, VLw (m3/kg) 0.015
Langmuir pressure, PLg (MPa) 0.5
Langmuir pressure, PLw (MPa) 1.5
decay coefficient of Langmuir volume, φ 40
decay coefficient of Langmuir pressure, ξ 30
coal density, ρs (kg/m3) 1450
surface diffusion coefficient at zero coverage, Ds0 (m2/s) 1 × 10−7

pore radius, r (nm) 2
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conditions and small-size pores. As a result, the permeability of
our model is slightly lower than that of the other models, while
the model of Wang,7 without considering the effect of adsorbed
layers of gas molecules, gives a larger permeability than the other
models.
3.3. Variation Trend of Apparent Permeability under

Different Conditions. The wide distribution of pore size
inside coal leads to a significant non-Darcy effect in the process
of coalbed methane transport. Previous studies have gradually
developed from considering only the viscous flow of gas to a
comprehensive coupled model which takes into account viscous
flow, Knudsen diffusion, and surface diffusion. In this paper, on
these foundations, the effects of gas molecular adsorption and
moisture adsorption on the evolution of permeability are
considered. Figure 6 shows the trends of Kapp/K0 calculated by
various models under different pressure conditions, where K0 =
ε/τK∞, and the value of Kapp/K0 can be used to indicate the

magnitude of the non-Darcy effect. Since the pore radius,
porosity, and tortuosity of all models in this part are uniform and
the calculated values of K0 are the same, Kapp/K0 can also
represent the variation of Kapp. It can be shown that when
considering only viscous flow and Knudsen diffusion, Kapp/K0 is
maintained at a relatively high magnitude for low-pressure
conditions, and non-Darcy effects are significant. Kapp/K0 drops
rapidly with increasing pressure, and at p = 10 MPa,Kapp/K0 is as
low as 0.01 times that for low-pressure conditions. The model
including surface diffusion provided a larger Kapp/K0 than the
other models, indicating that the contribution of surface
diffusion to the total flow cannot be ignored, which is in
agreement with the findings of Wang.7 When considering the
blocking effect of adsorbed gas molecules on the transport
channels, the Kapp/K0 values are severely weakened, and
compared to the model considering only viscous flow and
Knudsen diffusion of gas, the Kapp/K0 values are slightly larger at
lower pressure and gradually decrease with increasing p. It is
because the contribution of surface diffusion to the total gas flow
is more significant when the pressure is small, and at higher
pressure conditions, the adsorption rate of methane molecules is
higher and the channel blockage is more severe, resulting in a
smaller Kapp/K0. When moisture adsorption is further
considered, this trend is more obvious at high pressures,
which almost overlap as p < 1 MPa, indicating that the effect of
moisture adsorption at low pressures is negligible. The above
results suggest that surface adsorption increases the magnitude
of apparent permeability and enhances the non-Darcy effect,
while the adsorption of gas and moisture in the pores decreases
the permeability and weakens the non-Darcy effect.

The impact of moisture adsorption on apparent permeability
is essentially the dynamic adsorption−desorption process of
moisture under different physical and chemical properties of the
coal matrix and complex reservoir conditions, which lead to a
variation in the effective radius (r − rw)/r of the pore space
channels and the effective transport capacity of CBM. The
discussion of the trends of rw/r under different conditions can
provide a foundation for the analysis of the apparent
permeability evolution pattern.

Figure 5. Comparison between the present model and the previous research.

Figure 6. Comparison between the apparent permeability model with
different flow regimes.
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To further investigate the blockage effect of moisture
adsorption on the transport channel, Figure 7 shows the trend
of rw/r with p for different PL, Sw, and r conditions. From the
results in Figure 7a, it can be found that with a higher Sw, the
initial value of rw/r is greater, and the growth rate of rw/r is more
rapid, making the blockage effect more significant. For Sw = 0.6,
the effective area of the transport channel is only 48.8% of the
initial value. The results in Figure 7c,d show that with a smaller
initial equivalent pore size, when p grows, rw/r is more sensitive,
and the growth rate increases significantly. As r is less than 10
nm, the space occupied by moisture adsorption can reach 10.9%
of the total pore volume, and the blockage effect is very
significant; for r greater than 1 μm, rw/r is less sensitive and
grows less with p increase.

Figure 8 shows the evolution tendency of Kapp/K0 with
pressure for different conditions. Figure 8a shows the change of
Kapp/K0 for different initial porosities. In fact, the larger the
initial porosity, the larger Kapp is when other conditions are

constant. From Figure 8a, it can be found that the higher the
initial porosity, the smaller Kapp/K0, i.e., the weaker the non-
Darcy effect, but the decrease of Kapp/K0 becomes less.

The presence of moisture adsorption weakens the capacity of
gas transport channels, and the higher the water saturation of the
porous media, the lower the Kapp and the smaller the Kapp/K0, as
shown in Figure 8b. Figure 8c shows that under low-pressure
conditions, the larger the PL, the lower the Kapp/K0. As the
pressure grows, the effect of moisture adsorption becomes
increasingly significant, leading to the decay of PL. The greater
the value of PL, the more decay occurs, and Kapp/K0 instead
becomes greater as PL increases. However, the phenomenon is
related to the magnitude of both PLg and PLw, the smaller PLw is,
the less PL is affected by moisture adsorption, and the tendency
of Kapp/K0 with PL may not follow the same trend at high
pressure. Although VL also decays under high-pressure
conditions due to moisture adsorption, Kapp/K0 generally
maintains the tendency to grow with VL, as shown in Figure

Figure 7. Variation of rw/r with pressure. (a) Under different PL, (b) under different Sw, (c) under a wide extent of r, and (d) under conditions of large
radius magnitude.
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8d. The permeability of porous media is closely related to its
equivalent pore radius, and the effect of equivalent pore size on

Kapp is similar to that of initial porosity. There is no doubt that
the larger the equivalent pore size, the higher the Kapp, but the

Figure 8. Variation of Kapp/K0 with pressure. (a) Under different initial porosities ε0, (b) under different saturations Sw, (c) under different Langmuir
pressures PL, (d) under different Langmuir volumes VL, and (e) under different average pore radii r.
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smaller the equivalent pore size, the larger the Kapp/K0, as shown
in Figure 8e, indicating that the effect of moisture adsorption on
Kapp is greater at smaller equivalent pore sizes, and when r is
larger than 100 nm, the effect of moisture adsorption is
negligible.

The equivalent pore size of typical CBM reservoirs is generally
less than 100 nm or even less than 10 nm. Therefore, when
modeling the methane transport behavior in moist coal, the
results obtained may deviate significantly from the actual value if
the effect of moisture adsorption is ignored.

Figure 9a shows the variations of Kapp/K0 with the equivalent
pore radius r under different pressure conditions when
considering moisture adsorption. The overall trend of Kapp/K0
decreases with the increase of pore radius under different
pressure conditions. Theoretically, Kapp grows with increasing r,
but the non-Darcy effect depends on the pore size, i.e., the
smaller the pore size, the more significant the effect resulting
from Knudsen diffusion and surface diffusion, and the higher the
proportion of adsorption layers of gas and moisture in the gas
transport channel. With higher pressure, the magnitude of the
initial value of Kapp/K0 is smaller. It means that Kapp is closer to
K0. That is because the larger p is, the smaller the Kn number is,
which makes the gas transport behavior tend to be in viscous
flow. The contribution of Knudsen diffusion and surface
diffusion to the total flux weakens, and the effect of molecular
and moisture absorption layers is stronger under high-pressure
conditions. When p > 2 MPa, if r > 100 nm, the change of Kapp/
K0 is small, and it can be negligible when the pressure changes.

Figure 9b shows the variations of Kapp/K0 with the equivalent
pore radius r for step application of the effects of surface
diffusion, the molecular adsorption layer, and the moisture
adsorption layer. The global trend shows that the initial value of
Kapp/K0 is smaller when the gas adsorption effect is considered,
and this value drops further when the effect of moisture
adsorption is considered additionally. In macropores, i.e., r >
100 nm, the tendency of Kapp/K0 when gas adsorption is
considered almost overlaps with the results when only surface
diffusion is included, while Kapp/K0 remains more decaying than
the previous two cases when moisture adsorption is further

considered. It suggests that the non-Darcy effect caused by gas
adsorption in macropores is negligible, while that of moisture
adsorption cannot be neglected.

4. CONCLUSIONS
In this paper, we developed an apparent permeability model for
coalbed methane migration in moisture coal which coupled
viscous flow, Knudsen diffusion, and surface diffusion and
considered the effects of adsorbed gas molecules and moisture
on the pore space. We have analyzed the relationship between
the characteristic parameters of moist coal and compared the
results of the present model with those of previous research to
validate its accuracy. The model was then used to study the
evolution of the apparent permeability of coalbed methane
under varying pressure conditions and pore size distributions.

The main findings are as follows:
(1) The moisture content (ω) increases with the growth of

saturation (Sw). When the porosity (ε) is small, the
increasing rate of ω is slow, while for ε > 0.1, the
increasing rate of ω is greatly accelerated and shows non-
linear features. Typical coal seams usually have a porosity
of less than 0.1, and the moisture content is linearly and
positively related to saturation.

(2) Gas adsorption in the pores drops the apparent
permeability, which can be further weakened by moisture
adsorption under high-pressure conditions, while the
effect of moisture adsorption becomes negligible at
pressures below 1 MPa.

(3) In moist coal, higher water saturation (Sw) weakens gas
transport capacity. When Sw = 0.6, the effective area of gas
transport channels is only 48.8% of the initial value. The
effect of moisture adsorption on gas transport is more
significant with smaller pore sizes (r < 10 nm), and the
pore space occupied by moisture adsorption can reach
10.9% of the total pore volume. As the initial porosity is
greater, Kapp becomes higher, but Kapp/K0 will be smaller,
indicating a weaker non-Darcy effect. The effect of
adsorbed moisture causes the Langmuir volume (VL) to

Figure 9. Variation of Kapp/K0 with average pore radius. (a) With moisture under different pressures and (b) considering different transport regimes
under p = 4 MPa.
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decay with increasing pressure, but Kapp/K0 maintains the
trend of increasing with VL. While the cases of Langmuir
pressure (PL) are more complicated. Under a low-
pressure condition, the smaller the Langmuir pressure,
the larger the non-Darcy effect. However, with the
increase of pressure, the non-Darcy effect weakens, and
under high-pressure conditions, it may even appear to
have an opposite tendency to low-pressure.

(4) The non-Darcy effect weakens with the increase of the
average pore radius, and the non-Darcy effect under the
influence of moisture adsorption is slightly smaller
compared to that without considering moisture adsorp-
tion. The average pore size of typical coalbed methane
reservoirs is mostly less than 100 nm or even less than 10
nm; therefore, the results obtained for modeling the
methane transport behavior in moist coalbeds may
deviate significantly from the actual values if the effect
of moisture adsorption is neglected.

The present permeability model can capture the transport
characteristics of CBM in moist coal seams more realistically and
is more applicable for predicting and evaluating the gas transport
performance under dynamic variations of pressure, pore size,
and moisture. The results in this paper can explain the transport
behavior of gas in moist, tight, porous media and also provide a
foundation for coalbed methane permeability evaluation.
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