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An understanding of the relative permeability of gas and water in coal reservoirs is vital for coalbed methane
(CBM) development. In this work, a prediction model for gas–water effective permeability is established to de-
scribe the permeability variationwithin coal reservoirs during production. The effective stress andmatrix shrink-
age effects are taken into account by introducing the Palmer and Mansoori (PM) absolute permeability model.
The endpoint relative permeability is calibrated through experimentation instead of through the conventional
Corey relative permeability model, which is traditionally employed for the simulation of petroleum reservoirs.
In this framework, the absolute permeability model and the relative permeability model are comprehensively
coupled under the same reservoir pressure and water saturation conditions through the material balance equa-
tion. Using the Qinshui Basin as an example, the differences between the actual curve that is measured with the
steady-state method and the simulation curve are compared. Themodel indicates that the effective permeability
is expressed as a function of reservoir pressure and that the curve shape is controlled by the production data. The
results illustrate that the PM–Corey dynamic prediction model can accurately reflect the positive and negative
effects of coal reservoirs. In particular, themodel predicts thematrix shrinkage effect, which is important because
it can improve the effective permeability of gas production and render the process more economically feasible.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

At present, China is the largest consumer and producer of coal in the
world (Dai et al., 2012). According to the World Energy Council, as of
2009, China contained an estimated 103.87 Gt of recoverable coal
reserves, comprising 14% of the world's total reserves. This is the third
largest coal reserve, behind those of the United States and Russia. Coal
comprised approximately 74% of China's total primary energy con-
sumption, and approximately 60% of chemical materials are derived
from coal products (Dai et al., 2012).

In recent years, the commercial development of coalbed methane
(CBM) in high-rank coal reservoirs of the Qinshui basin in China has
achieved significant success (Cai et al., 2011; Lv et al., 2012; Xu et al.,
2012). However, the breakthroughs in the coalbed methane industry
have been accompanied by a number of difficulties. The permeability of
coal reservoirs and the associated implications are a concern in the eval-
uation of coalbed methane development (Palmer, 2009; Pan and
Connell, 2012; Sparks et al., 1995; Xu et al., 2005). Coalbed methane de-
velopment usually occurs in three stages: water single-phase flow, gas
and water two-phase flow, and gas single-phase flow (Ates and Barron,
1998; Chen et al., 2009). The gas production rate strongly depends on
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the relative permeabilities of gas and water (Ham and Kantzas, 2008).
Relative permeability is an indispensable parameter in simulations of
CBM production (Shi et al., 2008).

During the CBM production process, the physical parameters of the
coal reservoir change dynamically due to effective stress and matrix
shrinkage effects (Pan et al., 2010). As the reservoir pressure decreases,
the effective stress increases, and the porosity and absolute permeabil-
ity decrease; however, these impacts are often counterbalanced by the
coal matrix shrinkage effect, which increases the porosity and absolute
permeability from the critical desorption pressure to the abandonment
pressure (Chen et al., 2013). If the critical desorption pressure is higher,
then thewells aremore economical (Bustin, 1997; Cui and Bustin, 2005;
McKee et al., 1988; Moore, 2012; Tao et al., 2012; Wang, 2006; Wang
and Ward, 2009). The variations of matrix porosity can induce changes
in the irreduciblewater saturation and affect not only the range ofwater
saturation variation (Chen et al., 2013) but also the relative permeabil-
ity. Therefore, these positive (coal matrix shrinkage) and negative
(effective stress) effects are the key factors underlying the relative per-
meability curve during production. Considering these contrasting
effects, an effective permeability model should couple the absolute
permeability with the relative permeability under the same reservoir
conditions. Such a model is important for the accurate quantification
of the permeability variation in coal reservoirs during CBM production.

Presently, the most widely used methods for measuring the relative
permeabilities of gas and water in the laboratory are the steady-state
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(Hyman et al., 1992; Jones et al., 1988; Shen et al., 2011) and the
unsteady-state (Paterson et al., 1992; Puri et al., 1991) methods, both
of which are conventional methods for testing oil and gas. However,
the theoretical basis of these testing methods may be unsuitable for
the particular characteristics of coal reservoirs (Moore, 2012). Several
indirect methods are available to assess the relative permeability
curve, such as the use of production data (Clarkson et al., 2007, 2011)
or log data (Conway et al., 1995) and the calculation of the capillary
pressure curve (Brooks and Corey, 1966; Corey, 1954; Corey and
Rathgens, 1956; Li, 2010; Pirson, 1958; Wyllie and Gardner, 1958;
Zhou et al., 2007). However, these methods are primarily developed
for conventional oil and gas reservoirs and result in significant errors
when applied to coal reservoirs (Chen et al., 2013).

Here, the key factors that influence the effective permeability of gas
and water are analyzed by considering the absolute permeability and
relative permeability characteristics of coal reservoirs. Then, an average
gas and water effective permeability dynamic prediction model is
established using CBM production data and is compared to related ex-
perimental results for the Qinshui Basin.
2. Geological setting

The Qinshui Basin is situated in southeastern Shanxi province,
China, with an area of 23.5 × 103 km2 (Fig. 1). The basin is a large
synclinorium with a bilateral symmetry. The main coal-bearing
sequences occur in the Taiyuan and Shanxi Formations (Fig. 2). The
total coal thickness of these formations is approximately 15 m. The
Taiyuan Formation is approximately 50 to 135 m thick (generally less
than 90 m) and consists of limestone, sandstone, siltstone, mudstone,
and 14 coal seams. No. 15 coal is the main mineable coal seam, which
has a thickness of 1 to 6 m over the entire area. The Shanxi Formation
is 20 to 86 m thick and consists of sandstone, siltstone, mudstone, and
2 to 7 coal seams. The No. 3 seam is the main mineable coal seam,
which has a thickness of 4 to 7 m over the entire area; it is themain tar-
get seam for CBM development in the southern Qinshui Basin (Lv et al.,
2012).
Fig. 1. Location of the Qin
3. Methods and experiments

To analyze the key factors that influence coal reservoir gas andwater
relative permeability, an absolute permeability model, which accounts
for the positive and negative effects during production, and a relative
permeability model, which is traditionally employed in numerical sim-
ulations, are coupled under the same reservoir pressure and water sat-
uration conditions by applying the material balance equation with the
production data. After calibrating the endpoint relative permeability,
an average gas and water effective permeability dynamic prediction
model is established to reflect the CBM development. Using the Qinshui
Basin as an example, the differences between the experimentally mea-
sured curve and those curves estimated by the steady-state method
and the simulation are compared.

3.1. Methods

In constructing the model, the following assumptions about the
system are implemented: 1) the boundary is closed, and the radial
flow of gas and water through the fracture system obeys Darcy's law;
2) the reservoir and the fluids are homogeneous, isotropic and
homothermal during production; 3) primitive gas is adsorbed onto the
inner surface of pores in the coalmatrix; and 4) the gas is instantaneous-
ly desorbed from the matrix and immediately diffused to the fracture
system at the critical desorption pressure.

The procedure to derive the relative permeability curves (i.e., the
production data) in this work (Fig. 3) is detailed below:

1) The cumulative gas and water production data are obtained from
actual production wells, and then the values for cumulative produc-
tion are obtained at the two-phase seepage stage;

2) The reservoir pressure changes during the production process and
estimated water saturation are simulated by the use of the material
balance equations;

3) The absolute permeability changes are calculated by substituting the
reservoir pressure into the absolute permeability model, and the
shui basin in China.



Fig. 2. Stratigraphic column showing coal-bearing formations in the Qinshui Basin.
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relative permeability changes are computed by substituting the
water saturation. The endpoint relative permeability is calibrated;

4) The calibrated relative permeability is coupled with the absolute
permeability to obtain the effective permeability under the same
reservoir conditions;

5) The curves of the gas and water effective permeabilities are plotted
with effective permeability as the vertical coordinate and water sat-
uration as the horizontal coordinate;

6) The efficiency of the dynamic predictionmodel is evaluated by com-
paring the simulated curve with the measured curve.

3.2. Experiments

Ten coal samples are collected directly from the working faces of
underground mines in Qinshui Basin and are cut into 50 mm × 50
mm × 100 mm samples. Mean vitrinite reflectance (%Ro) measure-
ments and maceral analyses (500 points) were performed on the
same polished section of the coal samples using a Leitz MPV-3 pho-
tometer microscope, according to ISO 7404.3-1994 (1994) and ISO
7404.5-1994 (1994), respectively. Samples were analyzed for proxi-
mate analysis, including ash yield, moisture content and volatile
matter, following Chinese national standard GB/T 212–2008 (2008)
(Xu et al., 2012).

The gas–water relative permeability of each sample is then mea-
sured using the steady-state method. This experiment is based on the
theory of one-dimensional Darcy flow and ignores the interactions of
gravity and capillary pressure; it also assumes that the fluids are immis-
cible and incompressible. The gas and water effective permeability and
relative permeability are calculated using Darcy's law. The endpoint
relative permeability is also obtained through the experiments. The
Palmer–Mansoori model and the material balance equation, which
will be discussed later, mainly consider the cleat porosity. Therefore,
this study uses the mercury injection method to obtain the fractal
dimension of the coal samples and determine the relationship between
irreducible water saturation and porosity. The mercury porosimetry
experiments are performed using an Autopore III9420 instrument,
which automatically registers pressure, pore radius, injection volume,
and surface area. Volume injection curves are obtained for each sample
at a pressure interval of 0.0074–7.35 MPa, corresponding to a pore radi-
us range of 100 to 0.1 mm. Fractals and fractal geometry were used to
describe highly disordered systems that are characterized by invariabil-
itywith scale. Fractal systems are characterized by the fractal dimension.

image of Fig.�2
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The fractals of coals can be obtained from themercury porosimetry anal-
ysis data (Friesen and Ogunsola, 1995; Fu et al., 2005; Mahamud et al.,
2003). Mathematical models for fractal dimension analysis are provided
by Friesen and Mikula (1987) and Yao et al. (2009).

Isothermal adsorption experiments are performed to obtain associ-
ated parameters, such as the Langmuir volume and Langmuir pressure
at the Gas Research Center, Langfang Branch of Research Institute of
Petroleum Exploration and Development. All of the coal samples are
prepared by crushing and sieving them to a size of 0.18–0.25 mm
(60–80 mesh), and then 100–125 g samples are weighed for the mois-
ture equilibrium treatment. The moisture-equilibrium treatment for
each sample is processed for at least four days. After these pretreat-
ments, the coals are inserted into the sample cell of the IS-100 for the
adsorption isotherm experiment. The experimental temperature and
equilibrium pressure are 30 °C and up to 10 MPa, respectively.
4. Effective permeability model development for coal

4.1. Theoretical basis

Effective permeability, which is the ability of each phase to pass
through a coal reservoir that is saturated by multiphase fluids, is the
most directly relevant permeability parameter related to well produc-
tion because it determines the final rate of gas production. Absolute per-
meability and irreducible water saturation change dynamically as a
result of the positive and negative effects of CBM production. The
experimental limitations and the characteristics of low permeability
systems make it very difficult to measure the effective permeability of
gas and water in coal.

Presently, the most common relative permeability models include
the Corey (1954) model, the Corey and Rathgens (1956) model, the
Pirson (1958) model, the Brooks and Corey (1966) model, and the frac-
talmodel (He et al., 2000; Li, 2004; Zhou et al., 2007). Because the Corey
model is themost prevalent in coal reservoir simulation software (such
as FAST, CBM, and COMET3), and the fractal theory is most successfully
applied in coal pore structure analysis (Yao et al., 2009), we chose the
Coreymodel as the basic model and the fractal model as the contrastive
model for our analysis. The Palmer andMansoori (1996, 1998), which is
widely used to reflect the positive and negative effects during CBM pro-
duction, is chosen as the foundation model for the simulation of abso-
lute permeability.

4.1.1. Corey model
Corey (1954) calculated relative permeability using the capillary pres-

sure curve. The relative permeability of gas/water at saturation Sw is:

krg ¼ 1− Sw−Swr

1−Swr−Sgr

 !" #2
1− Sw−Swr

1−Swr

� �2� �
ð1Þ

krw ¼ Sw−Swr

1−Swr

� �4
ð2Þ
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Table 2
Data of mercury injection experiments of cleats of coal samples (S1–S9) in the Qinshui
basin.

Sample number S1 S2 S3 S4 S5

Fractal dimension D 2.8893 2.8730 2.4298 2.8736 2.7524
Sample number S6 S7 S8 S9 Average
Fractal dimension D 2.7382 2.9905 2.9290 2.8971 2.8190
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where krg is the relative permeability of gas (dimensionless); krw is the
relative permeability of water (dimensionless); Sw is thewater saturation
fraction (dimensionless); Sw is the irreducible water saturation fraction
(dimensionless); and Sgr is the residual gas saturation fraction
(dimensionless).

4.1.2. The fractal model
Using the capillary pressure curve of rock, the fractal model for pore

structure is established. Thismodel calculates the gas andwater relative
permeabilities (He et al., 2000; Li, 2004; Zhou et al., 2007) using Eqs. (3)
and (4):

krg ¼ 1−
Sw−Swr−Sgr
1−Swr−Sgr

 !2

1− Sw−Swr

1−Swr

� �5−D
3−D

 !
ð3Þ

krw ¼ Sw−Swr

1−Swr

� �11−3D
3−D ð4Þ

where D is the dimensionless fractal of seepage pores (pore radii larger
than 100 nm).

Themain lithotypes are semi-bright coals in study areas. The vitrinite
reflectance ranges from1.89% to 3.43%. Coal composition analysis shows
that coals in this area are dominated by amaceral assemblage of vitrinite
and subordinate inertinite. Proximate analysis indicates that the coals
contain 0.09–0.40% moisture and 5.83–13.43% ash (Table 1).

In coal reservoirs, the fractal dimension of the seepage pores, which
have the greatest contribution to the relative permeability, is usually
calculated by mercury injection experiments (Pfeifer and Avnir, 1983).
Our mercury injection experiments indicate that the average fractal di-
mension of the pore is 2.82 in Qinshui Basin (Table 2).

4.1.3. Palmer–Mansoori model
Palmer and Mansoori (1996, 1998) introduced a Levine (1996)

adsorption model from the perspective of the strain effect. These
authors regarded the matrix shrinkage effect as a function of pressure
and proposed a permeability prediction model (PM model) in which
uniaxial strain and constant vertical stress are assumed. The PM model
is calculated by:

Cm ¼ 1þ vð Þ 1−2vð Þ
E 1−vð Þ − 1þ v

3 1−vð Þ þ f−1
� �

β ð5Þ

k
k0

¼ 1þ Cm
p−pð Þ
ϕfi

þ 1
3
Smax

ϕfi

1þ v
1−v

−3
� �

P
PL−P

− Pi

PL þ Pi

� �" #3
ð6Þ

where E is Young's modulus (MPa);v is Poisson's ratio; β is the matrix
compressibility (MPa−1); f is a fraction (0–1); Cm is the coal compress-
ibility (MPa−1); Smax is the maximum Langmuir volumetric strain; PL is
the Langmuir pressure (MPa); Pi is the original reservoir pressure
(MPa); P is the current reservoir pressure (MPa); k0 is the original
Table 1
Proximate and petrographic analysis of coal samples (S1–S9) in the Qinshui basin.

Sample number Coal mine Coal seam Coal lithotype Ro,ran (%)

S1 Sihe 3 Bright 3.43
S2 Sihe 3 Semi-bright 3.41
S3 Sihe 3 Bright 3.20
S4 Sihe 3 Semi-bright 2.84
S5 Jingfang 3 Semi-bright 1.89
S6 Jingfang 3 Semi-bright 1.93
S7 Jingfang 3 Semi-bright 1.95
S8 Changcun 3 Semi-bright 2.16
S9 Changcun 3 Semi-bright 2.08

Mad = Moisture content (wt.%, air dry basis), Aad = Ash yield (wt.%, air dry basis),Vad = Vola
reservoir permeability (mD); k is the current reservoir permeability
(mD); and ϕfi is the original reservoir porosity (dimensionless).

4.2. Model development

4.2.1. Modeling reservoir pressure and water saturation
The production of coalbed methane is complex because a large

amount of water can initially be produced from the cleats. Only after
this phase is the pressure low enough for gas desorption to occur.
With the decrease inwater saturation, the reservoirfluid gradually tran-
sitions from a water single-phase into a gas and water two-phase.
Therefore, during production, the reservoir pressure is closely related
to the fluid saturation. The relationship between reservoir pressure
andwater saturation can be calculated using the CBM reservoirmaterial
balance equation (King, 1993).

At any time, the volume of cumulative gas production at surface con-
ditions is equal to the following: the original free gas volume in the
cleats + the original adsorption gas volume in thematrix – the residual
free gas volume in the cleats – the residual adsorption gas volume in the
matrix:

Gp ¼ Ahϕfi 1−Swið Þ
Bgi

þ ρBAhVL
Pi

Pi þ PL
−

Ahϕfi 1−Sw
� �
Bgi

−ρBAhVL
P

P þ PL
ð7Þ

where Gp is the ground volume of the cumulative gas production at
any time (m3); A is the gas supply area (m2); h is the thickness of
the coal seam (m); Swi is the initial water saturation (dimension-
less); Bgi is the original gas volume coefficient (m3/m3); ρB is the
density of coal (kg/m3); ϕf is the current porosity (dimensionless);
Sw is the average water saturation (dimensionless); and Bg is the cur-
rent gas volume coefficient (m3/m3).

Additionally, the underground volume of water = the original
water volume in the fracture + the increased water volume as a result
of elastic expansion − the cumulative water production, as described
in Eq. (8):

Ahϕ f Sw ¼ AhϕfiSwi þ AhϕfiSwiCw pi−pð Þ−WpBw ð8Þ

where Wp is the ground volume of the cumulative water production at
any time (m3); Bw is the water volume coefficient (m3/m3); and Cw is
the water compressibility (MPa−1).
Proximate analysis (%) Coal composition (%)

Mad Aad Vad Vitrinite Inertinite Mineral

0.22 10.42 20.90 87.2 7.7 5.1
0.34 5.83 26.55 96.1 2.8 1.1
0.29 13.43 6.08 90.6 1 8.4
0.22 8.16 6.04 86.3 10.3 3.4
0.16 10.31 7.67 76.8 21.5 1.7
0.40 12.87 6.74 65.7 33.6 0.7
0.13 12.43 9.68 77.4 18.2 4.4
0.13 6.58 8.58 80.5 19.2 0.3
0.09 8.04 12.40 88.2 11 0.8

tile matter (wt.%, air dry basis).



Table 4
Data of cumulative gas/water production from well1 in the Qinshui basin for material
balance equation.

Production
time t(a)

Cumulative
gas production Gp(m3)

Cumulative water
production Wp(m3)

1 11778.00 497.70
1.5 141287.00 612.80
2 237148.00 632.95
2.5 333010.00 653.10
3 491227.00 718.50
3.5 569467.00 742.90
4 647707.00 767.30
4.5 762083.00 795.90
5 877655.00 813.60
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The porosity changes under the positive and negative effects of pro-
duction can be obtained from the PM equation:

ϕ f ¼ ϕfi−Cm pi−pð Þ þ Smax

3
1þ v
1−v

−3
� �

p
pL þ p

− pi
pL þ pi

� �
ð9Þ

followed by

Sw ¼
Swi 1þ Cw pi−pð Þ½ �−WpBw

Ahϕfi

1−Cm

ϕfi
pi−pð Þ þ Smax

3ϕfi

1þ v
1−v

−3
� �

p
pL þ p

− pi
pL þ pi

� � : ð10Þ

Therefore, once a set of cumulative production values is obtained
using thematerial balance equation,we can calculate the corresponding
reservoir pressure. From the pressure, the corresponding average water
saturationSw is computed. However, because thematerial balance equa-
tion represents the gas and water two-phase seepage stage, the initial
values of the model should correspond to the critical desorption pres-
sure at the points when the production data are applied to the effective
permeability model.

Usingwell1with the data in Tables 3 and 4 as an example, a series of
pressure and corresponding saturation values are computed by thema-
terial balance equation. Based on Fig. 4, the water saturation reductions
under different initial water saturations are similar during the reservoir
pressure decrease. A difference is that the lower the initialwater satura-
tion becomes, the lower the irreducible water saturation becomes.

4.2.2. Modeling of porosity and irreducible water saturation
The porosity changes caused by the positive and negative effects of

production could lead to changes in the irreducible water saturation.
The mercury injection experiments for 9 coal samples from the Qinshui
Basin indicate that the porosity of the samples is low while the irreduc-
iblewater saturation is high (Table 5). The relationship betweenmercu-
ry injection porosity and irreducible water saturation (Fig. 5) can be
expressed as:

y ¼ 93:291e−0:065x
: ð11Þ

This equation can be used to predict the differences in irreducible
water saturation associated with porosity changes.

4.2.3. Endpoint relative permeability calibration
In contrast to a conventional petroleum reservoir, the endpoint rel-

ative permeability of a coal reservoir usually changes as a result of the
positive and negative effects of production. Therefore, it is necessary
to calibrate the endpoint relative permeability of coal reservoirs. We
Table 3
Input data of well1 for material balance equation.

Coal property Acquisition approach Value Remark

A(m2) Estimation 31,400 The experience
value

h(m) Field data 5
ϕfi Experimental measurement 0.03
Swi Estimation 1/0.9/0.8
Cw(MPa−1) References 0.000464 Seidle, 1999
Cm(MPa−1) Experimental measurement 0.000359
Bgi(m3/m3) Field data 0.01
ρB(kg/m3) Experimental measurement 1600
VL(m3/t) Experimental measurement 35 Adsorption

isothermal curve
pi(MPa) Formula computation 4.5
pL(MPa) Experimental measurement 3.2 Adsorption

isothermal curve
Bw(m3/m3) References 1.0 Qin and Li, 2006
ν Experimental measurement 0.25
Smax Experimental measurement 0.012
chose thewater relative permeability at themaximumwater saturation
(100%) and the gas relative permeability at the irreduciblewater satura-
tion, asmeasured by the steady-statemethod, as the endpoint values for
calibration. This allows us to determine the flow law of gas andwater in
the coal reservoirs.

4.2.4. Effective permeability dynamic prediction model
Effective permeability is the most significant parameter for coalbed

methane development. We considered the absolute permeability and
relative permeability characteristics of the reservoirs and coupled
these dynamic parameters with the material balance equation. After
calibrating the endpoint relative permeability, an average gas and
water effective permeability dynamic prediction model is established
on the basis of the production data:

kg ¼ kkrg0krg ð14Þ

kw ¼ kkrw0krw ð15Þ

where krg0 is the endpoint relative permeability of gas (dimensionless);
krw0 is the endpoint relative permeability of water (dimensionless); kg is
the effective permeability of gas (mD); and kw is the effective perme-
ability of water (mD).

5. Simulation results

5.1. Input parameters

Using the series of experiments described in Section 2 with the
Qinshui coal samples, the partial parameters for the material balance
equation and the permeability model are obtained. We collected pro-
duction data for a typical production well in the Fanzhuang Block of
the Qinshui Basin. The input parameters and production data are pro-
vided in Tables 6 and 7, respectively.
Fig. 4. The relationships between reservoir pressure (p) and water saturation (Sw) under
different initial water saturation (Swi).



Table 6
Input data for the gas and water effective permeability dynamic prediction model.

Coal
property

Acquisition approach Value Remark

A(m2) Estimation 31,400 The experience value
h(m) Field data 5.14
ϕfi Experimental

measurement
0.04

Swi Experimental
measurement

1

Bgi(m3/m3) Field data 0.01
ρB(kg/m3) Experimental

measurement
1600

VL(m3/t) Experimental
measurement

38 Adsorption isothermal
curve

pi(MPa) Formula computation 3.95
pL(MPa) Experimental

measurement
3 Adsorption isothermal

curve
Bw(m3/m3) References 1.0 Qin and Li, 2006
Wp(m3) Production data Only for two-phase

seepage stage
Gp(m3) Production data Only for two-phase

seepage stage
Cw(MPa−1) References 0.000464 Seidle, 1999
ν Experimental

measurement
0.25

Smax Experimental
measurement

0.012

Cm(MPa−1) Experimental
measurement

0.000359

krg0 Experimental
measurement

0.756 Relative permeability
curve

krw0 Experimental
measurement

1 Relative permeability
curve

Swr Experimental
measurement

0.72 Relative permeability
curve

D Experimental
measurement

2.82 Mercury injection
experiment

Sgr Estimation 0.05
β (MPa−1) References 0 Palmer and Mansoori, 1998
E(MPa) Experimental

measurement
7000

k0(mD) Experimental
measurement

0.585 Measured with gas

f References 0.5 Palmer and Mansoori, 1998
ranging from 0 to 1

Table 5
Data of mercury injection experiments of cleats of coal samples (S1–S9) in the Qinshui
basin.

Sample number S1 S2 S3 S4 S5 S6 S7 S8 S9

Porosity ϕ (%) 6.1 4.6 4.5 3.2 3.1 2.7 2.3 2.0 1.7
Irreduciblewater
saturation
Swr (%)

63.73 66.12 72.60 73.40 76.91 75.06 79.30 83.20 86.8
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5.2. Sensitivity analysis

Using the data in Tables 4 and 5, we plotted the effective permeabil-
ity curves for the combination of the three basic models (Figs. 6 and 7).
Fig. 6 indicates that the dynamic change in absolute permeability has an
obvious influence on the gas effective permeability at lowwater satura-
tion.When thewater saturation is high (N80%), the effective permeabil-
ity curves are almost coincident. Once thewater saturation decreases to
less than 80%, the gas effective permeability under the dynamic perme-
ability gradually becomes higher than the constant permeability case at
the same water saturation. This result verifies that the increase in the
absolute permeability, which is caused by the positive effect, helps im-
prove the gas effective permeability.

Fig. 7 indicates that, as the irreducible water saturation decreases,
the gas effective permeability slowly increases,while thewater effective
permeability experiences little change. Eventually, the maximum gas
effective permeability approaches a value that is unaffected by the
changes in the irreducible water saturation. Thus, the positive effect
during the CBM production can transform partially irreducible water
into movable water, which contributes to water flow and limits the
increase of the gas effective permeability. Meanwhile, the decrease in
irreducible water saturation broadens the two-phase flow region and
its duration.

5.3. Application to coal samples

The experimental data obtained with the steady-state method
(Table 8) are used to plot the effective permeability curve. The compar-
isons of the experimental curve and the simulation curves (Fig. 8) indi-
cate that when the fractal model is used as the basic model for relative
permeability, the effective permeability curve for water declines faster
than the curve of the Corey model. The gas effective permeability
curve increases more slowly, and the equivalent effective permeability
point appears earlier; thus, the curves display weak correspondence.
However, when relative permeability is calculated with the Corey
model, the curves are more similar, and the gas effective permeability
eventually reaches a higher value.When thewater saturation decreases
to the irreducible water saturation, the effective permeability curves
cease to change.

The analysis indicates that the relative permeability index of the
fractal model is approximately 6–7 times larger than that of the Corey
model, which leads to a sharp decline in the water effective
Fig. 5. Relationship of mercury injection porosity (ϕ) with irreducible water saturation
(Swr) of coal samples in the Qinshui basin.
permeability and an earlier appearance of the equivalent effective per-
meability point. However, the water saturation does not decrease sud-
denly during production; therefore, the error is larger for the fractal
model. The conventional core used for the steady-state test may have
failed to account for the positive effects of production, which could im-
prove the effective permeability for gas. Therefore, the gas effective per-
meability of the actual reservoir is lower than that of the model. When
the twomodels are compared, the PM–Coreymodel appears to provide
relatively reasonable values.

Additionally, Shen et al. (2011) conducted effective permeability ex-
periments in the laboratory using Lijiacun coal samples from the
Table 7
Data of cumulative gas/water production from CBM well in the Qinshui basin.

Production time t(a) Cumulative gas production
Gp(m3)

Cumulative water
production Wp(m3)

1 144365.00 247.90
1.5 273193.00 398.20
2 497557.00 607.50
2.5 708605.00 808.00
3 926681.00 927.20
3.5 1161670.00 1010.90
4 1427170.00 1131.30
4.5 1706350.00 1284.10
5 1994120.00 1367.30

image of Fig.�5


Fig. 6. Comparison of effective permeability (ke) curves under different absolute perme-
ability (k), A is PM–fractal model and B is PM–Corey model (kg represents gas effective
permeability, kw represents water effective permeability, Sw representswater saturation).

Table 8
Data of relative permeability experiment by steady-state method.

Water
saturation

Relative
permeability
to gas

Relative
permeability
to water

Effective
permeability
to gas kg(mD)

Effective
permeability to
water kw(mD)

1 0 1 0 0.585
0.97 0.008 0.386 0.005 0.225
0.96 0.041 0.305 0.024 0.178
0.94 0.053 0.264 0.031 0.154
0.92 0.072 0.212 0.042 0.124
0.90 0.092 0.163 0.054 0.095
0.86 0.131 0.113 0.077 0.066
0.82 0.177 0.076 0.103 0.044
0.78 0.272 0.038 0.159 0.022
0.75 0.335 0.022 0.196 0.013
0.73 0.441 0.013 0.258 0.0078
0.70 0.531 0.007 0.311 0.0041
0.68 0.694 0.005 0.406 0.0028
0.67 0.756 0.001 0.442 0.00041
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Qinshui Basin. A comparison of the measured curve (Fig. 9) to the PM–

Corey model simulation curve indicates that the equivalent effective
permeability point appears earlier in the simulation, the effective per-
meability for gas increases faster and the effective permeability for
water better matches the experimental results. However, the gas effec-
tive permeability expected from the simulation eventually reaches a
higher value than the gas effective permeability actually measured
through the experiments. The discrepancy of these results, as explained
above, is caused by the inability of the experimental apparatus to simu-
late the coalmatrix shrinkage effect and by the gas–water displacement
method used to obtain the experimental data.
Fig. 7. Comparison of effective permeability (ke) curves under different irreducible water
saturation (Swr), A is PM–fractal model and B is PM–Coreymodel (kg represents gas effec-
tive permeability, kw represents water effective permeability, Sw represents water
saturation).
6. Conclusions

1) The PM–Corey dynamic prediction model accurately reflects the
positive and negative effects of coal reservoir production on the res-
ervoir deliverability, especially the matrix shrinkage effect, which
can improve the effective permeability of gas. Therefore, the model
is feasible and can provide a basis for the analysis of production.

2) The material balance method can be used to calculate the average
reservoir pressure and average water saturation. The changes in ab-
solute permeability and relative permeability are obtained using
these values. The regional average effective permeability dynamic
prediction model is established through the simultaneous joining of
the absolute permeability with the calibrated relative permeability.

3) The effective permeability is expressed as a unary function of the
reservoir pressure, and the curve shape is controlled by the produc-
tion data. Bymodifying the relative permeabilitymodels, we can cal-
culate various effective permeability curves and choose the most
appropriate one.

4) The PM–Corey dynamic prediction model more accurately reflects
the positive and negative effects of coal reservoir production, espe-
cially the matrix shrinkage effect, which can improve the effective
Fig. 8. Comparison of experimental and simulation effective permeability (ke) curves, A is
PM–fractal model and B is PM–Corey model (kg represents gas effective permeability, kw
represents water effective permeability, Sw represents water saturation).

image of Fig.�6
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Fig. 9. Comparison of experimental effective permeability (ke) curve (Shen et al., 2011) and
PM–Corey model simulative curve (kg represents gas effective permeability, kw represents
water effective permeability, Sw represents water saturation).
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permeability of gas. The dynamic changes in irreducible water ex-
tend the two-phase flow region.
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