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The permeability of the coal reservoir is affected by the stress caused by water production and matrix shrinkage
caused by methane desorption, and its change rate is mainly affected by the elastic parameters of coal, namely
Young’s modulus (E) and Poisson’s ratio (v). E and v will change with the change of coal water saturation, which
will affect the reservoir permeability, but there is little research on it. Therefore, in this study, triaxial
compression experiments were carried out on high volatility bituminous coal samples with different water
saturation to obtain the variation law of E and v with water saturation. Combined with gas permeability ex-
periments of coal samples with different water saturation and finite element method, the influence of E and v on
permeability change were analyzed based on the P&M permeability evolution model. The results showed that E
decreases linearly with the increase of water saturation, while v increases linearly, and the change rate was
affected by the fracture of coal and stress. The existence of fractures makes the mechanical properties of coal
show great heterogeneity, resulting in the reduction of water action, and the stress will close the fractures to be as
a whole, more prone to elastic deformation and greater deformation. The change of E and v will lead to a
decrease of permeability faster or slower, which depends on the initial E and v and their change rate. Because the
effects of E and v on permeability are different and nonlinear, the control effects of E and v on permeability are
also different, depending on the E and v value. The quantitative numerical analysis showed that the variation of E
can increase permeability change range by at least 32%. When the E is less than 3000 MPa and greater than 4000
MPa, the influence degree is greater, more than 60%, which means that the change of E has a significant control
effect on permeability change. The change of v has little effect on the permeability change range with the
maximum permeability change range is only 31%. The permeability of coal reservoir generally exceeds 3000
MPa, which means that more attention should be paid to the influence of E and v change with water production
on permeability, especially the change of E.

1. Introduction

Coalbed methane is an important unconventional energy source.
Many countries with rich coalbed methane (CBM) resources around the
world have carried out a lot of research on CBM development, including
China (Qin et al., 2018), India (Chatterjee and Pal, 2010; Chatterjee and
Paul, 2013; Ali et al., 2017), Canada (Gunter et al., 1997; Beaton et al.,
2006), the United States (Green et al., 2008), Australia (Li et al., 2008)
and Poland (Kedzior, 2009). Due to the differences of reservoirs in

different regions, predecessors have conducted a lot of fine research on
the production process of CBM is conductive to the effective develop-
ment (Kedzior, 2009; Qin et al., 2018; Sinha and Gupta, 2021). CBM
production involves methane desorption and migration driven by
depressurization, in which dewatering plays a key role (Sun et al., 2017;
Qin et al., 2018; Karthikeyan et al., 2020; Banerjee and Chatterjee,
2021). Water production not only affects the depressurization efficiency
(Hamawand et al., 2013), but also causes a change in the elastic pa-
rameters of the coal, and change permeaiblity (Perera et al., 2011;
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Vishal et al., 2015; Yao et al., 2015, 2016). Any resulting change of
permeability greatly affects the efficiency of CBM production. In most
current evolution models of permeability, E and v are necessary pa-
rameters (Gray, 1987; Palmer and Mansoori, 1996; Shi and Durucan,
2004, 2005; Connell et al., 2010; Chatterjee et al., 2019). The perme-
ability change in CBM production is mainly caused by the elastic
deformation of the coal caused by stress and methane desorption (Sun
et al., 2017). E and v significantly affect the amplitude of deformation.
Therefore, knowledge of the dynamic evolution of these parameters is
necessary to accurately determine the dynamic change in permeability
and in turn to define CBM production.

The influence of water on the mechanical parameters of various
rocks (Yu et al., 1993; Vasarhelyi and Van, 2006; Lai et al., 2016; Roy
et al., 2017) and of coal (Perera et al., 2011; Vishal et al., 2015; Yao
et al., 2015, 2016; Chen et al., 2017, 2019; Sampath et al., 2018; Gu
et al., 2019) has been a topic of some interest. An increase in water
saturation can reduce the compressive strength and Young’s modulus
(E) of Australian coals (Perera et al., 2011) on the order of 10-20%. The
uniaxial compressive strengths of Indian coking coal (Vishal et al., 2015)
reduce by 7-25% and E by 32-38% as the sample is wetted to a 100%
water saturation. The degree of fracture development is the main reason
for the impact of water saturation. Uniaxial compressive strength (Yao
et al., 2015, 2016) of Chinese long flame coal and fat coal show that an
amplified plastic deformation appeared in the stress-strain curve with
increasing water saturation. Compressive strength is linearly
inversely-proportional to water saturation and E is exponentially
inversely-proportional to water saturation. Compared to 0% saturation,
compressive strength at 100% water saturation decreased by ~60%, and
E decreases by ~50%. Saltwater decreases compressive strength by
~40% (Sampath et al., 2018). Tri-axial strength of anthracite under
different confining pressures shows a reduction of ~40% with water
saturation (Wang et al., 2018) at all confining pressures. Previous
studies have shown that the water in coal significantly affects the me-
chanical properties, like reducing the fracture strength and Young’s
modulus and increase Poisson’s ratio; in general, water will reduce the
coal strength and make the coal more prone to deformation and fracture
because water can dissolve some organic matter and clay minerals in the
coal, resulting in the softening of coal bonding structure (Yu et al., 1993;
Vasarhelyi and Van, 2006). For example, after the material in coal
dissolve in water, corrosion cavities will be formed, resulting in easier
compression of coal under stress to reduce the strength of coal. More-
over, water will adsorb the surface of the coal matrix, resulting in the
reduction of the surface energy of the coal matrix. The reduction of the
surface energy will reduce the stress required for the fracture of the coal
reservoir, resulting in the reduction of the connection strength of matrix
(Griffith, 1921).

The main research point of predecessors are the change in mechan-
ical parameters between the extreme of 0-100% saturation (Perera
et al., 2011; Vishal et al., 2015; Wang et al., 2018) relevant to coal
mining (Yao et al., 2015; Wang et al., 2018) and gas storage in reservoirs
(Perera et al., 2011; Vishal et al., 2015) but ignored intermediate satu-
rations. However, water saturations decrease continuously in CBM
production (Sun et al., 2017; Kang et al., 2018) requiring knowledge of
behavior at intermediate saturations - that may endure for long periods.
Thus, it is important to characterize the evolution of elastic parameters
under different water saturation. However, there are relatively few
studies (Perera et al., 2011; Yao et al., 2015, 2016) at intermediate
saturations, especially for the Poisson’s ratio (v). Compared with other
rocks, coal reservoirs develop natural fractures with specific form and
shape (Laubach et al., 1998; Dawson and Esterle, 2010) and that exert a
important influence on the mechanical properties of coal (Jaeger et al.,
2009), requiring that their impact on mechanical response is
accommodated.

We examined the response of two high volatility bituminous coals
with different fracture development. The samples are from Xinjiang,
China’s largest deposits of low-strength and low-rank coals (Qin et al.,
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2018), which are also a focus for CBM development (Kang et al., 2018;
Fuetal., 2016). The E and v of six groups (36 samples) were determined
by triaxial compression experiments at different confining pressures and
supplemented by four groups (16 samples) of gas permeability experi-
ments, all at different water saturation. Relationships between water
saturation, E and v were established, and the influence of water satu-
ration on permeability was analyzed qualitatively and quantitatively
according to the P&M permeability evolution model (Palmer and
Mansoori, 1996).

2. Samples and experiments

High volatility bituminous coals from two mining areas were used for
triaxial compression and gas permeability experiments at different
water saturation to explore the influence of water saturations on E and v
and to link this change in mechanical characteristics on permeability
evolution.

2.1. Samples preparation

The coal samples of the research from Fukang mine (FK) and Tongtai
mine (TT) in China Xinjiang were used in this study (Cheng et al., 2020).
All samples were collected from a fresh coal face. 50 x 100 mm cores
were drilled along the bedding direction for the triaxial compression
experiments (Ulusay, 2014) and 25 x 50 mm cylinders were used for the
permeability measurements. Separate samples are recovered for the
triaxial compression experiments from a single 300 mm x 300 mm X
200 mm block sample - avoiding large variation in properties.

Analyses of samples were based on ISO-17-246-2005 for maximum
vitrinite reflectance and ISO-7404-5-2009 for macerals. Both coals are
high volatility bituminous coals with TT comprising principally iner-
tinite and FK principally vitrinite (Table 1). Compared with the two
samples, the TT contains more fractures than FK samples (Fig. 1a and b),
which can be used to study the mechanical characteristics of coal sam-
ples with different fracture development degrees.

2.2. Water saturation treatment and experiment
1) Sample water saturation treatment

The initial moisture of the samples were removed by drying at 60 °C
for 24 h and then weighed (Liu et al., 2020). After weighing, the samples
were saturated with 48 h of 10 MPa in distilled water then reweighed.
The purpose of this is to obtain the sample mass after water saturation
and to control water saturation. The weight of the target water satura-
tion is defined as:

mg = (my —mg) x S, + my (€9)]

where my is the sample mass in the target water saturation, g; m is the
sample mass in 100% water saturation (sample saturated for 48 h), g; my
is the dry sample mass, g; S, is the target water saturation. According to
the weight desired for the target water saturation, the samples were
naturally dried at room temperature (approximately 25 °C) and the
weight monitored in real-time to define water saturation. The natural
drying time of each sample is less than 24 h, so the influence of the
drying process on the sample can be ignored.

Table 1
Analysis of macerals and R, max of samples FK and TT.
No.  Proximate analysis Maceral R,,
%
Mad/ Ad/ Vdaf/ Vitrinite Inertinite Liptinite max?”
% % % % % %
TT 3.12 4.95 31.42 18.58 79.78 1.64 0.34
FK 1.56 4.55 23.84 79.80 18.70 0.60 0.64
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(2)

Fig. 1. Cross-sectional view of fractures in the undeveloped and fracture-
developed samples. (a): Sample FK with a continuous smooth section. (b):
Sample TT with clear fractures. Fractures include natural fractures and water-
loss-generated shrinkage fractures.

2) Triaxial compression experiments

Triaxial compression tests were carried out immediately after water
treatment on an MTS-815 high-pressure tri-axial test rig (Fig. 2). The
sample was wrapped with rubber tape then sealed with thermoplastic
tape against the confining fluid (oil). A 1 KN seating force was applied to
the seat of the sample, then attached a radial strain gauge. After prep-
aration, the confining vessel is applied and the confining pressure slowly
increased to the target pressure. Then axial stress is applied to a constant
axial displacement rate of 0.1 mm/min until the sample ruptures. A total
of 36 samples of 6 groups were tested (Table 2). Using the stress-strain
curve, E and v of each sample can be calculated (Liu et al., 2020).

3) Gas permeability experiments

Four samples (FK-1, FK-2, TT-1, TT-2) were selected for permeability
experiments. Each sample was elevated to four different water satura-
tions for a total of 16 gas permeability tests (Table 3). The permeability
is significantly reduced by the water so these are limited to a maximum
saturation of <70%. Because the initial permeability of each sample is
different, the permeability of some samples is very low in high water
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Table 2
Tri-axial compression experiment parameters for coal samples at different water
saturations.

No. Water saturation/% Confining pressure/MPa Fractures

FK 0, 20, 40, 60, 80, 100 10
15
20
TT 10
15
20

Undeveloped fracture

Developed fracture

Table 3
Permeability test parameters for coal samples.

No. Water saturation/% Effective pressure/MPa
FK-1 0, 35, 41, 66 2,4,6,8,10

FK-2 0, 21, 35, 45

TT-1 0, 32, 53, 68

TT-2 0, 22, 48, 59

saturation, so it is hard to accurately measure the permeability. There-
fore, the water saturation set by each sample was different to ensure the
accurate measurement of permeability. Permeability was measured in a
PDP-200 pulse unsteady state permeability apparatus from Core Labs Inc
(Kang et al., 2018). The unsteady-state method effectively prevents
changes in water saturation during permeability measurements (Zhang
et al., 2019).

The permeability test experimental conditions are that the pore ni-
trogen pressure is 2 MPa with less than 0.1 MPa error. The confining
pressure is 4-12 MPa with less than 0.1 MPa error (5 pressure points,
each pressure interval is 2 MPa) (Table 3). After putting the sample into
the core holder, input the confining pressure and pore nitrogen pressure
set in Table 3 into the computer. A 20psi (0.14 MPa) gas pulse will be
applied to one end of the core holder when the air pressure is stable.
Under the action of pulse, the calculated permeability value will
continue to drop to a stable value, which is the permeability at this
pressure point (Jones, 1972; Freeman and Bush, 1983). The criterion of
stable permeability value is the ratio of the difference between real-time

Fig. 2. Tri-axial mechanical experimental system (Wu et al., 2018).
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permeability and average permeability within 1 min. If the average
permeability is less than 1%, the permeability is considered to be stable.
When the first pressure point is tested, the confining pressure will in-
crease automatically according to the setting of the next pressure point.

3. Results and discusses

In the following, the elastic deformation of the coals at different
water saturations were characterized by triaxial compression and gas
permeability experiments. The triaxial compression experiments
directly measure the change in E and v with water saturation, while the
gas permeability experiment indirectly reflects elastic deformation
through the observed changes in permeability with water saturation.
Based on the results, the influence of dynamic changes in E and v on
permeability were analyzed qualitatively and quantitatively based on
the P&M permeability model and finite element method.

3.1. The E and v changes with water saturation

The E and v reflect the elastic deformational properties of the coal
(Jaeger et al., 2009), which are also involved in CBM production. From
the experimental results, E decreased linearly with increase of water
saturation, while the v was the opposite (Figs. 3 and 4). Water in coal
will dissolve organic matter and clay minerals, and reduce the surface
chemistry potential energy of the coal, making the coal bond structure to
soften (Yu et al., 1993; Vasarhelyi and Van, 2006), which leads to larger
deformation under the given stress (Vutukuri et al., 1974). As a result,
larger deformation occurs with increasing water saturation (Yao et al.,
2015, 2016), representing a reduction in E (Fig. 3). The v is a combined
reflection of circumferential strain relative to axial strain. Because the
strain of elastic deformation is far less than the sample size, the change
amplitude of axial strain is lower than that of radial strain in little vol-
ume change (Vutukuri et al., 1974; Jaeger et al., 2009). Therefore, when
the softening of water leads to the increase of axial strain, the increase of
radial expansion is greater, so v increases with the increasing water
saturation.

The linear relationship of E and v with water saturation were fitted
(Figs. 3 and 4). The linear correlation coefficient (Rz) of TT samples with
more fractures were slightly lower than that of the FK sample with fewer
fractures (Figs. 3 and 4). Because of the fractures, E and v of different
samples are different under dry conditions, so E and v of saturated water
are difficult to match the results of other samples, so the R? was lower
than that of samples with fewer fractures. There were few significantly
abnormal data in FK and TT samples. This is because the influence of
some fractures on E and v is greater than that of water, which leads to
significant anomalies in the data, and these abnormal data were not used
for linear fitting.
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The change rate of E and v with water saturation can be obtained
from the fitting equation (Fig. 5). The change rate is the ratio of the
constant term to the coefficient of variation of the fitted linear equation,
which represents the decrease of E or v after 100% water saturation. The
change rate of E ranged from 10% to 38%, with an average of 25.5%.
The change rate of v ranged from 50% to 113.3%, with an average of
72.6%. This indicates that E of dry samples will decrease by 25.5% and v
will increase by 72.6% after saturated by water. For CBM production,
the changes in E and v in the water production (water saturation con-
tinues to decline) will significantly affect the change of reservoir
permeability, which will be discussed in the next section. There was no
significant difference between the change rate of E of the FK samples and
that of the TT samples, which is 22.1% and 30.0% respectively. How-
ever, the change rate of v was significantly higher in FK samples than TT
samples (Fig. 5). The average change rate of v of FK sample is 92.2%, and
that of TT sample is 52.9%. This is because the fractures are compressed
during axial deformation, which makes the axial strain decrease (Jaeger
et al., 2009). Comparing the change rates of E and v under different
confining pressures, it was found that the change rates of E and v in-
crease with the increase of confining pressure (Fig. 5). With the increase
of confining pressure, coal will transform from brittle deformation to
ductile deformation (Jaeger et al., 2009). The increase of confining
pressure will increase the elastic strain process, and the softening of coal
caused by moisture will get more extension, that is, greater deformation.
This suggested that water has a greater influence on the elastic defor-
mation of coal in high-stress areas.

3.2. Qualitative and quantitative analysis of the influence of E and v on
permeability during CBM production

3.2.1. Qualitative analysis of the influence of E and v on permeability based
on P&M permeability model

CBM production is a process of water production and pressure
reduction (Zhou et al., 2020). The water production efficiency greatly
affects the decline rate of reservoir pressure, and then affects the CBM
production. However, water production will also lead to changes in
reservoir mechanical properties, such as Young’s modulus and Poisson’s
ratio (Figs. 3 and 4). The changes of Young’s modulus and Poisson’s
ratio will significantly affect the deformation of coal, and then affect the
permeability. Permeability is an important parameter for CBM produc-
tion. Predecessors have also established a dozen numerical models (Pan
and Connell, 2012). It is particularly important to select an appropriate
model to qualitatively or quantitatively analyze the impact of aquatic
products on permeability. In these permeability models, the P&M
permeability model is one of the most widely used in field production
and also in commercial oil and gas production software (Eclipse, 2018;
CMG, 2019). Therefore, P&M model is used for the following qualitative
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analysis, but this does not mean that the research results are only
applicable to the P&M model. Permeability model comparison will be
carried out in the next section to obtain more comprehensive results.

Based on the P&M permeability evolution model (Palmer and Man-
soori, 1996):

@ ®

decrease of reservoir pressure, and 3 represents the increase of
permeability caused by methane desorption. Because water production
mainly occurs in the early stage of CBM production and methane pro-
duction is very small (Kang et al., 2018, 2019; Zhou et al., 2020), then
the permeability change caused by methane desorption strain may be

K=K,

where K is the permeability; Ky is the initial permeability; p is the
reservoir pressure; pg is the initial reservoir pressure; ¢ and j are the
deformation parameters caused by methane desorption. The P&M
equation is derived based on the uniaxial strain assumption (Palmer and
Mansoori, 1996). Eq. (2) includes three items, in which (D represents the
initial value, @ represents the decrease of permeability caused by the

@
~~ (I=2v)(1+v) 1 [1/1+v epp efpo
l +{ E(1—v)p, ](P_pO)+¢To{§(1—V>_lKl+/)’p_l+/ipo)

(2)

ignored, that is @ in Eq. (2) is ignored. Thus, Eq. (2) can be rewritten as:
(1—=2v)(1 +v) ’
B —v) 7P

Eq. (3) only includes the decrease of permeability caused by the
decrease of reservoir pressure. The experimental data above showed that
E decreases linearly and that v increases linearly with increase of water

k=ko {1 + 3



J. Kang et al.

saturation, as:

v =as, + b(a > 0)

E=cs, +d(c<0) “
Thus let f(v,E) be:
(1 =2v)(1+v)
So f(sw):
f(v,E):(l_2(a5”'+b))(l+as'”+b) ®)

(esy +d)(1 —as,, — b)

From Eq. (3), representing the early stages of CBM production,
reservoir permeability gradually decreases with decreasing reservoir
pressure, while f(v,E) controls the decreased amplitude of permeability.
According to Eq. (4) and (5), 1/E decreases monotonically with
increasing water saturation, and (1-2v)(1+v)/(1-v) increases mono-
tonically in the range [0,0.5] of v, thus the changing trend of f(v,E)
cannot be seen with increasing water saturation decreases. The
assumption of Eq. (3) is based on the initial stage of coalbed methane
production, ignoring the permeability change caused by methane
desorption. Although there is a large amount of water production at this
stage, not all water is produced. From the on-site CBM production data,
water production is approximately 60% of the total water production in
the initial production stage (without a large amount of gas production)
(Kang et al., 2018, 2019). Therefore, when the water saturation is
greater than 40%, it is acceptable to ignore the change of permeability
caused by methane desorption, and the minimum value of S,, in the
below analysis is set to 40%. For on-site CBM production, the water
production of different production areas at the initial stage is signifi-
cantly different, so we only choose a general value here, not for a specific
area. Because the purpose is to explore the general law of the influence
of E and v on permeability caused by water change, and different water
saturation range will not affect the permeability change trend, so we do
not do in-depth consideration here.

The trend of f(v,E) with water saturation was obtained by
substituting Figs. 3 and 4 into Eq. (6) (Fig. 6). It can be seen that f(v,E)
differs between different samples (Fig. 6). It showed that with the
decrease of water saturation, there are four figures showed that a
decrease (Fig. 6b,d,e,f), one showed that an increase (Fig. 6a), and one
showed that an increase first and then a decrease (Fig. 6¢). If f(v,E) in-
creases with decreasing water saturation, the permeability will also
decrease more slowly than that of permeability under E and v measured
in dry condition (f(0)). Conversely, if f(v,E) decreases with decreasing
water saturation, the permeability decreases faster. The six distribution
maps were projected into a three-dimensional distribution map of f(v,E)
(Fig. 7). This showed that v is small for the f(v,E) decrease with
decreasing water saturation (Fig. 7a). The lower v weakens the influence
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of v on the f(v,E), while the change in E had a greater influence on f(v,E).
For f(v,E) increase with decreasing water saturation (Fig. 7b), thevhad a
greater change with decreasing water saturation, and the change of E is
smaller (Fig. 7b-af). This makes the change in v the dominant control. In
Fig. 6¢, the increase and then decrease of f(v,E) is due to the change of
the two parameters at their intersection, from v dominated to E
dominated.

The above analysis can be further verified against gas permeability
changes recorded under different water saturation. The data showed
that permeability decreases gradually with increasing water saturation
due to water hinders the flow of gases (Fig. 8). Effective stress and
permeability are related as (Seidle et al., 1992):

k= koe 3Crte=r0) )

where k is gas permeability; ko is Klinkenberg permeability; Csis fracture
compression coefficient, p is confining pressure; py is pore pressure.
According to Eq. (2), the exponential relation between effective stress
and permeability was used to fit the corresponding value of Cs. C¢is an
index reflecting the relative change in permeability under a given stress
change (Zhang et al., 2019). The fracture compression coefficient Cy is
(Pan and Connell, 2012):

(1+v)(1—2v)

“= (1-=v)Ep ®
Combining with Eq. (5):
JV,E)=c¢r x @y X S, 9

Based on the gas permeability data, the change in permeability as f(v,
E) for four samples under different water saturation can be obtained
(Table 4, Fig. 9). It is clear that f(v,E) increases with decreasing water
saturation (Fig. 9), which is similar to Fig. 6a,c. Table 4 also showed that
f(v,E) decreased by more than 4% for every 10% change in water satu-
ration. Comparing the relationship between the amplitude of change
and the Klinkenberg permeability, it was found that the larger the
permeability, the larger the change in permeability (Fig. 10). The four
samples were from two mining areas, but each sample retained a sig-
nificant difference in permeability due to the presence of fractures.
Fractures reduce E, while the effect on v is small (Figs. 3 and 4).
Therefore, for the samples containing fractures, that is, the samples with
high permeability, the lower E makes f(v,E) change significantly under
the same change in water saturation (Zhang et al., 2019). Zhang’s
research also shows the same change trend (Zhang et al., 2019).

3.2.2. Permeability change compared among different permeability change
models

Many permeability change evolution models have been established
(Table 5; Gray, 1987; Sawyer et al., 1987; Harpalani and Chen, 1995;

___________________ CP:AsMPa  (©>% FK CP:20MPa
J0)=3.10x10* 3.3 3»55‘-
3.2 <> 3.50
2
»; 3.1
Z3.0
i G
L S il Vol SO, f(0)=3.30x10
22 R e —————————— SR D
7100 90 80 70 60 50 40 "'81 00 90 80 70 60 50 920 80 70 | 6Q 50 40
Water saturation(%) Water saturation(%) Water saturation(%)
@ *% T criompa ©°F T CRISMPa T Cp:20MPa
6.4
3.8
T T 6.0
Z 3.6 L56
£ 52
'34 f0)=3.33x10" Ny ()= K
------------------- 48 fi0)=4.55<10% i TS 5.
N e I i TR R
100 90 80 70 60 50 40 100 90 80 70 60 50 40 * ll()() 90 80 70 60 50 40

Water saturation(%)

Water saturation(%)

Water saturation(%)

Fig. 6. Variation trend of f(v,E) with water saturation_f(0) is the f(S,,) value when the water saturation is 0, in order to better compare with the dry sample.
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Fig. 7. Three spatial distributions of f(v,E) with water saturation under different E and v. The secondary number in the figure corresponds to the number in Fig. 6.
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Table 4
Change of f(v,E) under different water saturation based on gas permeability
calculation.
No.  Sw/  f0E) Af(v,E)/ No.  Sw/  f0E) Afv,E)/
% A10%S,y % A10%S,,
FK- 0 0.0048 —4.38 TT- 0 0.0065 —7.38
1 35 0.0032 1 32 0.0038
41 0.0040 53 0.0034
66 0.0034 68 0.0032
FK- 0 0.0031 —15.62 TT- 0 0.0082 —-11.92
2 21 0.0025 2 22 0.0051
35 0.0025 48 0.0041
45 0.0009 59 0.0025

Levine, 1996; Palmer and Mansoori, 1996; Gilman and Beckie, 2000; Shi
and Durucan, 2004, 2005; Cui and Bustin, 2005; Robertson and Chris-
tiansen, 2006; Liu and Rutqvist, 2010; Connell et al., 2010). The P&M
model (Palmer and Mansoori, 1996) is one broadly used model. Sum-
marizing the basic formula of the permeability models, permeability
changes due to two competing features: (i) permeability decrease caused
by the increase of effective stress due to water production and (ii)

0
70 60 50 40 30

20 10

Water saturation (%)

Fig. 9. Variation of f(v,E) for different water
permeability samples.

saturation in four different
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w

Fig. 10. Variation in the trend of f(v,E) per 10% water saturation with Klin-
kenberg permeability.Note: CP-confine pressure in triaxial mechani-
cal experiment

permeability increase caused by the methane desorption. The change in
permeability with reservoir pressure can be summarized as:

K =Ko —a(p — po) + Ae, + b]° 10)

Where Ag; is the desorption shrinkage due to methane desorption, b is
the other parameters considered specifically, such as thermal effect, and
a is the parameter related to coal mechanics. In the early stage of CBM
production, methane desorption is relatively small, so only the decrease
in permeability caused by water production is considered here. The
expression representing effective stress effects has two forms (Table 5).
The first form is (Sawyer et al., 1987; Palmer and Mansoori, 1996; Cui
and Bustin, 2005; Connell et al., 2010):

(I+v)(1—2v)

a=f(v,E) = E0—v) (€N

and the second form is (Gray, 1987; Shi and Durucan, 2004, 2005;
Gilman and Beckie, 2000; Liu and Rutqvist, 2010):

v
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Eq. (11) and Eq. (12) are based on two different stress conditions
under the uniaxial strain assumption, where Eq. (11) represents three-
dimensional stress, while Eq. (12) only horizontal stress (Pan et al.,
2010; Pan and Connell, 2012; Seidle, 2011). The most representative
permeability models, based on Eq. (11) and Eq. (12) are a P&M model
and an S&D model (Pan et al., 2010; Pan and Connell, 2012), respec-
tively. When comparing permeability models, choosing more classical
models is very helpful to obtain more reliable results. Eq. (11) and Eq.
(11) reflect the basic framework under two stress assumptions, and most
permeability models are established on this basis. Therefore, we
compare the direct differences between the two formulas, and then we
can include more core differences between many permeability models to
obtain more reliable conclusions.

Using Eq. (12), the change of g(v,E) with water saturation was ob-
tained (Fig. 11). The g(v,E) of the six groups samples gradually decreases
as water saturation decreases, thus considering the changes in E and v,
the permeability will drop faster than expected. This is not the same as
the change of f(v,E) with water saturation (Fig. 6). Plot f(v,E) and g(v,E)
in the three-dimensional spatial distribution where E is [1000 6000] and
v is [0.1 0.5]. The distribution trends of f(v,E) and g(v,E) are opposite
(Fig. 12). The gas permeability result was consistent with the trend of f
(v,E) (Fig. 6), which showed that if considering the change of E and v
with water saturation, the f(v,E) model considering three-dimensional
stress provides a better fit to observations. This is one of the reasons
why the P&M model is widely embedded in commercial reservoir
simulation software (Eclipse, 2018; CMG, 2019).

3.2.3. Quantitative analysis of the influence of E and v on permeability

Water saturation and permeability are linked in nonlinear two-way
coupling feedback (Liu et al., 2011; Ma et al., 2017) requiring that nu-
merical models were used to follow CBM production. We explored the
impact of water production on reservoir permeability using finite
element methods. Basic models of gas-water flow are available (Liu
etal., 2011; Fan et al., 2019a, 2019b) that include three continuity flow
equations, for methane flow in the matrix, methane flow in the fracture
network, and water flow in the fracture network, together with the
volume strain caused by the stress change. These relations are:

1) Methane flow in matrix

a=g(nE) = i 2
Methane in coal matrix includes free methane in matrix pores and
Table 5
Summary of permeability models during coalbed methane production.
Author(s) Expressions Stress environment
Gray (1987) e e 1 Agg Horizontal stress
_ = A
1 T e dimensons
Sawyer et al., 1987 - 1-2v)(1+v Apg Three-dimensional average
¢ = {1 + W(P —PO)] - Cm(l — %) [(C = Co) + c(Ce = C)] stress
Harpalani and Chen, 1995 k ZLIX"A 3 o Horizontal stress
p Bpo Bp 1-v
~ =1 1-LAp),LAp = — 1+ /1 - ==
e (14 (1~ L,ap). [ ap +¢ m( )+ g o po)
Levine, 1996 1 0138109 Bb b 1-2v Horizontal stress
ki%‘;:;‘)*— - P0)+(p n )Z(P Po)
0
Palmer and Mansoori, 1996 1-2v)(1+v) 1 (1+v 5 1[1/1+v efip Three-dimensional average
o =gof 1+t (— +f=1)r|e-po) +— |5 (1) — 1 -
E(1 —v)pq 3pp \1 — @ [3\1 -V 1+/4p stress
£fpo )}
1+ fipo .
Gilman and Beckie, 2000 k 3Ac% e E Horizontal stress
o =l - JAct = I )+ i vozsAS
o — —
Shi and Durucan, 2004, 2005 Ee, Horizontal stress
O — Ohg = — 7V(P P0)+3(1iv)
Cui and Bustin, 2005 -~ (I-2v)(1+v) 2(1-2v A Three-dimensional average
? =00t E(1—v)g, (b= Po)— 3\1 & stress
Robertson and Christiansen, k 9 [1-2v EmaxDL pL+p ) —a(o-00) Three-dimensional average
2006 EiexP<3Cf<p7p°> +q;70[ E (pipo)ip,_eroln L + Do ’Cfia(zrfzr L-e ] stress
iu vist, : E 1 i
Liu and Rutqvist, 2010 Ao — — v(p —po)+ ; _V(Aé‘s ~ dep), ey = 5(/'0(1 _ eho) Horizontal stress

Connell et al., 2010
v

K=k exp( o[ (Gew p - ) - (- e )

Three-dimensional average
stress
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Fig. 12. The three-dimensional spatial distribution of f(v,E) and g(v,E). When v = 0.37, f(v,E) and g(v,E) are equal.

adsorbed methane on the matrix surface (Fan et al., 2019a, 2019b).
According to the ideal gas equation and Langmuir adsorption theory, the
methane density in the matrix is:

® @

Vibpm
T PP
1+ prmg

® ©) i
/pm\ + 7,; = OuorPme T 13)
Where p,, is free methane density in matrix, kg/m3; Pad is absorbed
methane density in the matrix, kg/ms; ¢m is matrix porosity; M is molar
mass of methane, g/mol; R is the ideal gas constant, J/(mol-K), and; T is
temperature, K. In Eq. (13), according to the law of mass conservation,
methane in coal matrix can be divided into free methane in matrix pores
and adsorbed methane, in which free methane @ in the matrix can be
calculated based on ideal gas state equation ® and adsorbed methane 2
can be calculated based on Langmuir adsorption equation. Since the
volume is constant, the law of mass conservation can be written in the
form of density conservation.

The flow of methane from the matrix to fracture follows Fick’s law
(Ren et al., 2017), and the gas flow diffusion rate Q is:

1M
0= _;ﬁ(pmg_pfg) (14)

where the desorption time 7 is the time required when 63.2% of the total
gas is desorbed, d; pmg is methane pressure in matrix, MPa; pgy is
methane pressure in coal fracture, MPa. In Eq. (14), according to the law
of mass conservation, the diffusion rate Q from coal matrix to fracture is
equal to the change of methane in coal matrix in unit time. The Q de-
pends on the concentration difference between matrix and fracture on
the premise of constant desorption time. According to the ideal gas
equation, the concentration difference is the internal and external
pressure difference between the matrix and the fracture.

According to the mass conservation equation, the change rate of unit
mass of methane in matrix is equal to the diffusion rate of methane,
namely:

0 Mg VLprmg 1 Mé’
N @rimg + P ) = == (g — i) 1
b (% RIP"  T pypePes — 7 (Pre = Pg) 15)

In Eq (15), the left side of the equal sign is the change of methane in
the coal matrix in unit time, and the right side of the equal sign is the
methane diffused from the matrix to the fracture in unit time. Thus,
according to the conservation of mass, the mass change in unit space
equals the mass difference between entering and leaving the space in
unit time, and formula 15 can be obtained.
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2) Methane and water flow in fracture

The fractures porosity is occupied by free methane and water. The
change rate of free methane in the coal fractures in unit volume is equal
to the difference of inflow from the matrix to fracture and outflow from
fracture to wellbore (Fan et al., 2019a), defined as:

@ ® @

Prkkie M by
- =1+ |Vp
U, RT\ ' p) "
16)

) M 1M
(Sg%'ﬁﬁmg) =TRT (Pmg = Pre) — V(

ot

where s, is gas saturation and s,, is water saturation, s; = 1-sy; py is free
gas density in the fracture, kg/mg; k is fracture permeability, mDj kg is
gas relative permeability; u, is viscosity of methane, Pa-s, and; by is
Klinkenberg coefficient, MPa. In Eq. (16), @ is the free gas content
change in unit time in the fracture, which can be calculated by the ideal
gas equation, @ is the diffusion in unit time from the matrix to the
fracture, and @) is the quality of the gas production in unit time from the
fracture to the wellbore, which is derived quantitatively based on Darcy
law.

The change rate of water in the fracture is equal to the outflow mass
rate of water (Fan et al., 2019a):

9, _ _ Pukki,
L= 5(-n)

w

@7)

where p,, is density of water in the fracture, kg/m3; kyg is water relative
permeability; u,is viscosity of water, Pa-s, and; py, is the fracture water
pressure, psw—pfg, MPa. In Eq. (17), the left side of the equal sign is the
change of water in the fracture in unit time, and the right side of the
equal sign is the water production from the fracture to the wellbore in
unit time, which is also derived based on Darcy law.

The relative permeability of gas and water is based on the Corey
equation (Fan et al., 2019a):

n
i Sw = Swr S
rg — Krgo - 1- 1
1- Swr — Sgr
w  Swr

— Swr
n+1+2
Y (A
krw = ker 17
= Swr — Sgr

where kygo is the endpoint relative permeability to gas; kwwo is the
endpoint relative permeability to water; sy, is the irreducible water

w — Swr

1+3
- s[s’")

(18)

Table 6
Related parameters for the simulation (Fan et al., 2019a).

Parameter Value Parameter Value

Initial pressure in fracture 5.24 Adsorption time (z,d) 4.34
(pfg0, MPa)

Initial pressure in matrix 5.24 Initial water saturation 0.82
(pmgo, MPa) (Sw)

Langmuir volume of CH4 (Vy, 0.0196 Irreducible water 0.32
m3/kg) saturation (S,,)

Langmuir strain constant (er) 0.005 Residual gas saturation 0.15

(Sgr)

Langmuir strain constant (b, 0.5 Klinkenberg factor (by, 0.36
MPa 1) MPa)

Dynamic viscosity of CHy (i, 1.03*10"°  Entry capillary pressure 0.1
Pa-s) (pc, MPa)

Dynamic viscosity of water 1.01¥10~%  Cleat size distribution 1.2
(uyw, Pa-s) index (1)

Initial permeability of fracture 1.0 Tortuosity coefficient (i) 1
(ko, mD)

Porosity of matrix (¢n,) 0.001 Fracture stiffness (K, 2800

MPa)
Porosity of fracture (¢5) 0.0423 Coal density (p,, kg/m®) 1350
Langmuir pressure of CH, (Py, 1.32

MPa)

10
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saturation; s is the residual gas saturation; A is the cleat size distribu-
tion index; 7 is the tortuosity coefficient for the relative permeability.

3) Governing equations for coal deformation

In CBM production the change in effective stress and the matrix
shrinkage stress in methane desorption will cause the reservoir occurred
deformation (Corey, 1954):

1—-2v a9

Guyy + Luuk -K (%) +i=0
where G is the shear modulus, Pa; v is the v; K is the bulk modulus, Pa; fi
is the body force.

The purpose of the simulation is to explore the influence of changes
in E and v caused by water production on permeability. Simulation pa-
rameters are referenced from Fan et al. (2019a) (Table 6), except for E
and v. The evolution of E and v with water saturation follow Figs. 3 and
4. The evolution equation for permeability is Eq. (2). A geometric model
400 x 400 x 1m was established (Fig. 13), with the simulation pa-
rameters given in Table 6. The PDE and solid mechanics module in
Comsol multiphysics were used in the simulation.

One point, 50 m away from the well, was used as fiducial points
where permeability is monitored (Fig. 13). Since water production
predominates in the early stages, the permeability change we follow is
that caused exclusively by the change in effective stress - we ignore the
effect of methane desorption on permeability evolution, and only
simulate the first 600 days (water saturation is ~50% in 600th day) of
CBM production as the water production stage (Kang et al., 2019; Fan
etal., 2019a). The permeability increase caused by gas production is still
considered in the simulation, not only the permeability decrease caused
by water production.

The simulation result showed that As with the qualitative analysis
(Fig. 14), considering the change of E and v with water production, the
decrease in permeability with time is different from the permeability
change under constant E and v under dry sample condition (EO and v0)
(Fig. 14). The reservoirs permeability with varying E and v decreases
more rapidly than that with constant E and v (Fig. 14b-f), because the

400 m
Model size(m)

400 m
Model size(m)

Fig. 13. Geometry and boundary conditions for model validation. The simu-
lated boundary conditions are dpg/dx = 0, 9S,,/0x = 0, dpg/dy = 0, dS,,/dy = 0.
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Fig. 14. Permeability comparison of E and v change and unchange during CBM production.
change of E and v leads to a greater decrease in permeability caused by
water production (Fig. 6b—f). The FK-10MPa results showed that the Poisson's ratio
permeability decreases more slowly with varying E and v, although the 140 0.15 0.21 0.27 0.33 0.39
difference was very small (Fig. 14a). This is because, for Fk-10MPa, the 131
e I Young's modulus
change of E and v leads to less decrease of permeability caused by water 120+ [ Poisson's ratio

production (Fig. 14a). The difference is very small because the E of FK-
10MPa varies little with water saturation (Fig. 3a). This suggested that
the change of E and v caused by water production has a important in-
fluence on the change of permeability, and the influence trend depends
on the size and change rate of E and v.

Although the change of E and v has an impact on the change of
permeability, if the impact is small, it can be ignored without further
analysis. Therefore, we need to quickly judge whether the change of E
and v on the change of permeability is worth further study. Triaxial
compression tests on dry samples are the most common. We chose the
variation data of E and v of FK-15MPa as the data basis (the changes of E
and v of FK-15MPa are consistent with the overall change), and the
changing trend of permeability under an EO of 1000, 2000, 3000, 4000,
5000 MPa and the v0 of 0.15, 0.20, 0.25, 0.30, 0.35 were simulated. The
influence of E and v on permeability is determined by comparing the
ratio of permeability difference and total permeability decline under
dynamic and constant E and v after 600 days. The difference of perme-
ability is expressed as follows:

AK=K,; — K. (20)
The influence degree is expressed as follows:
K;— K.
= 1 21
=g, g X100 @21

Where AK is permeability difference between dynamic and constant E
and v after 600 days, mD; Ky is the permeability under the dynamic
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Fig. 15. Influence of different initial E and v on permeability.

dynamic E and v after 600 days, mD; K. is the permeability under the
constant E and v after 600 days, mD; Ky is the initial permeability, mD; 5
is the influence of dynamic E and v on permeability change. If this value
is small, it means that the change of E and v has little influence on
permeability.

The results showed that the variation of E can increase permeability
change range by at least 32% and the maximum was more than 130%
(Fig. 15), which indicates that if the change of E is taken into account,
the permeability decrease will be 32% higher than the predicted
permeability reduction, and the maximum will be more than 131%. This
showed that the change of E in the process of water production has a
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significant effect on permeability. It can also be seen that the influence
degree of different initial E is different (Fig. 15). When the E is less than
3000 MPa and greater than 4000 MPa, the influence degree is greater,
but when the E is 3000-4000 MPa, the influence of E change on
permeability is small. The influence of v change on permeability is
smaller than that of E, which is no more than 31%, and gradually de-
creases with the increase of v (Fig. 15). It can be concluded that the
change of E change in CBM production significantly affects the change
range of reservoir permeability, which needs to be considered. The
change of v also has an effect on the variation range of permeability, but
the influence degree is lower than that E. The E of high volatility bitu-
minous coal is generally less than 3 GPa (Perera et al., 2011; Masoudian
et al.,, 2014; Ranathunga et al., 2016a, 2016b), thus the permeability
changes caused by E in CBM production needs to be appropriately
accommodated.

4. Conclusions

In view of the fact that the changes of Young’s modulus (E) and
Poisson’s ratio (v) and their influence on permeability in the CBM water
production have been ignored by predecessors, we have carried out
triaxial compression experiments and gas permeability experiments
with different water saturation, combined with P&M permeability
model and finite element method, analyzed the changes of E and v and
their influence on permeability. The main conclusions are as follows:

1) As water saturations decrease, E and v of the coal reservoir increase
linearly and decrease linearly, respectively, with variations of the
order of ~25% and ~70%. This is because the water in the coal will
dissolve the minerals in the coal and reduce the surface energy of the
coal matrix, resulting in reservoir softening and deformation
increase.

The effect of water on coal is affected by the in situ stress (confining
pressure) and fractures. The effect of water on v is reduced by the
fractures in coal, but the effect of water on E is not significantly
different from that of samples with fewer fractures. With the increase
of confining pressure, the effect of moisture on E and v increases
gradually. This means that coal with fewer fractures and coal in high-
stress areas are more sensitive to water.

The analysis based on the P&M permeability model and finite
element method showed that there is no fixed trend in the change in
permeability with decreasing water saturations, which depends on E
and v under initial water saturation and the rate of change with water
saturation.

The variation of E can increase permeability change range by at least
32% and the maximum was more than 130%. When the E is less than
3000 MPa and greater than 4000 MPa, the influence degree is
greater, more than 60%. The change of v has less effect on the
permeability change range, and the maximum value was 31%. This
means that more attention should be focused on the influence of E
and v change with water production on permeability, especially the
change of E.
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