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Abstract The stress and temperature sensitivities of coal
reservoirs are critical geological factors affecting coalbed
methane (CBM) well exploitation; in particular it is
important to reduce or eliminate their influence on coal
reservoir permeability. To investigate coal permeability
behavior at various effective stresses and temperatures,
CH, permeability tests were conducted on raw coal
samples under a varying effective stress of 2.0-8.0 MPa
under five different temperatures (25°C—65°C) in the
laboratory. The results show that the permeability of the
coal samples exponentially decreases with increasing
effective stress or temperature, which indicates obvious
stress and temperature sensitivity. Through a dimension-
less treatment of coal permeability, effective stress, and
temperature, a new stress sensitivity index S and tempera-
ture index S; are proposed to evaluate coal stress and
temperature sensitivity evaluation parameters. These new
parameters exhibit integrality and uniqueness, and, in
combination with stress sensitivity coefficient o, tempe-
rature sensitivity coefficient ap, and the permeability
damage rate PDR, the sensitivities of coal permeability to
stress and temperature are evaluated. The results indicate
that coal sample stress sensitivity decreases with increasing
effective stress, while it first decreases and then increases
with increasing temperature. Additionally, coal sample
temperature sensitivity shows a downward trend when
temperature increases and fluctuates when effective stress
increases. Finally, a coupled coal permeability model
considering the impacts of effective stress and temperature
is established, and the main factors affecting coal reservoir
permeability and their control mechanism are explored.
These results can provide some theoretical guidance for the
further development of deep CBM.
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1 Introduction

Coal reservoirs, as well as the stored and transported
coalbed methane (CBM) produced therein, are subjected
to a variety of energy fields, such as in situ stress fields,
groundwater pressure fields, and geothermal fields.
Changes in the conditions of these energy fields, such as
the stress, pressure, and temperature of coal reservoirs,
lead to transformations between gas adsorption and de-
sorption, with a significant influence on CBM production.
Therefore, to efficiently exploit CBM resources, it is
important to explore dynamic changes to coal permea-
bility under the coupled effect of temperature and stress.
Research on coal reservoir permeability under tempera-
ture and stress-coupled actions began with Terzaghi’s
study of land subsidence. Terzaghi (1943) proposed a
formula for calculating effective stress and established a
one-dimensional consolidation model that remains one of
the basic methods for studying the interaction between
rock and fluid. Based on Terzaghi’s work, Biot (1954)
extended the one-dimensional consolidation model to a
three-dimensional, elastic consolidation analysis. Since
the 1980s, a series of investigations based on seepage
theory and both physical and numerical simulations of
multifield coupling in porous media have been carried
out, and governing equations have been established for
the relevant solid mechanics, fluid seepage, and thermal
fields (Ohnishi et al., 1982; Oda, 1985; Norishad, 1989;
Pan and Connell, 2012; Liu and Liu, 2014; Liu et al.,
2017; Gao etal., 2021). For example, Liuetal. (2017)
considered the interaction between coal and CBM,
establishing a mathematical model of solid—gas coupling
that was able to reveal the migration law of coalbed gas.
Gao et al. (2021) considered the impact of temperature on
coal matrix adsorption deformation, improving the
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seepage model of coupling among stress fields, flow
fields, and temperature fields; thus, the coupling model
can be used to represent CBM migration under the action
of multiple fields.

Coal reservoirs represent a type of dual-porosity
medium with a special pore-fracture structure, which
makes coal reservoir permeability change more signifi-
cantly with stress than conventional oil and gas reser-
voirs. Somerton et al. (1975) were the first to establish a
coal permeability calculation equation for a system under
effective stress. On this basis, Durucan and Edwards
(1986) carried out seepage experiments, believing that
with rising effective stress, coal permeability would
exponentially decline. Meng and Li (2013) conducted
laboratory tests to characterize coal permeability variation
under different stresses, in which they analyzed the
effects of fractures, maceral content, and moisture on coal
reservoir permeability.

At first, determinations of the impact of stress on coal
reservoir permeability were mostly based on experimental
research. With the development of CBM wells, abundant
data from field production have been introduced. Sparks
et al. (1995) studied the relationship between coal reser-
voir permeability and in situ stress using field-scale mea-
surements for the first time. McKee et al. (1998) obtained
permeability variation with burial depth data of coal
reservoirs in the Black Warrio, San Juan, and Piceance
Basins, finding that with increasing depth, coal pores and
fracture apertures decreased, and permeability decreased
exponentially. Meng et al. (2014), taking the Southern
Qinshui Basin as a research subject, analyzed CBM well
test data from coal reservoirs, proposed a prediction
model of geo-stress and pore pressure, and established a
function to describe reservoir permeability variation with
geo-stress. In addition, computational models have been
proposed to quantitatively determine the impact of stress
on coal reservoir permeability (Shi and Durucan, 2005;
Meng et al., 2018; Karthikeyan et al., 2020) and thereby
theoretically explain the phenomena observed in the field
and in experiments.

Temperature is another crucial factor influencing CBM
seepage flow. There have been many studies of the
relationship between coal permeability and temperature,
with remarkable progress being achieved. It has been
found that coal permeability generally decreases with
increasing temperature under a given effective stress
condition (Bear and Corapcioglu, 1981; Yin et al., 2013;
Chu et al., 2016; Wang et al., 2019). Perera (2017) propo-
sed that the influence of temperature on permeability is
dependent on effective stress degree; conversely, the
effect of temperature on permeability is different under
different stress states. An increase in temperature would
induce coal matrix expansion deformation, with an
expanding coal matrix squeezing CBM seepage channels
and thereby reducing coal permeability (Li et al., 2009).
Moreover, an increase in temperature will promote the
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desorption of CBM, inducing coal matrix shrinkage and
subsequently increasing coal permeability (Sakurovs
et al., 2008). As temperature increases further, at a certain
value, the weakest parts of the coal matrix will reach a
critical state and become activation sites, developing into
new cracks (Akbarzadeh and Chalaturnyk, 2014), which
increases the number of CBM seepage flow channels and
results in a sharp increase in coal reservoir permeability.
Combined with previous research results, coal permea-
bility evolution with temperature can be summarized by a
U-shaped curve with four stages: rapid decline,
stabilization, slow rise, and sharp rise (Teng et al., 2016;
Shang et al., 2019). These correspond to four effects,
respectively: thermal expansion, desorption-induced ma-
trix shrinkage, thermal cracking, and fracture penetration.

However, previous studies have not sufficiently
considered stress and temperature coupling impacts on
coal reservoir permeability, which has resulted in a poor
understanding of how to control drainage in CBM wells.
Therefore, in this paper, based on geo-stress and geother-
mal field conditions in the Qinshui Basin, a triaxial
seepage test system is used to simulate and analyze the
seepage law and control mechanism of methane in coal at
different effective stresses and temperatures. The permea-
bility damage rate (PDR), stress sensitivity coefficient a,
temperature sensitivity coefficient a, and a new stress
sensitivity index S and temperature index S; have been
introduced to quantitatively evaluate the variation law of
permeability in CBM production under different tempera-
tures. Finally, a coupling control model of temperature
and effective stress on medium-rank coal permeability is
established, which would provide theoretical guidance for
CBM development in deep coal reservoirs.

2 Experimental conditions and procedures

Each coal sample for the seepage experiment was
cylindrical with a length and diameter of 50 mm and
25 mm, respectively, sampled from coal reservoir No. 3
at the Changzhi Coal Mine, Qinshui Basin, Shanxi,
China. The coal reservoir average thickness of coal
reservoir No. 3 was 5.71 m, distributed in thin strips in
the lower part of the Permian Shanxi Formation with a
glassy luster. The coal lithotype belonged mainly to
bright coal, followed by vitrinite (Meng and Liu, 2018).
The maximum vitrinite reflectance (R)) of the coal
samples was 1.71%, in the low-volatile bituminous coal
range. According to an approximate analysis on an air-
dried basis, the moisture content (M,,), ash yield (4,,),
and volatile matter content (V,,) of the samples were
1.22%, 10.99%, and 11.53%, respectively.

As mentioned, the occurrence and production of CBM
are controlled by multiple fields, including in situ stress,
groundwater pressure, as well as geothermal fields (Fig. 1).
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To analyze coal reservoir permeability evolution under
geothermal field and effective stress coupled effects, we
simulate the environmental conditions of the reservoir
using different axial pressures, confining pressures, and
temperatures, and measure the variations in the coal
permeability. Table 1 provides the experimental tempera-
ture and stress conditions.

As shown in Fig. 2, the experimental apparatus is an
improved CBM seepage simulation apparatus (CBM-DR-
1A); its principal parts include a high-pressure advection
pump, a triaxial core holder, two thermostats, inlet and
outlet pressure regulators, flowmeters, a data processing
system, and other auxiliary equipment. Coal permeability
evolution under different in situ stresses, reservoir pre-
ssures, and temperatures could be simulated by adjusting
the axial and confining pressure, temperature, and inlet
and outlet gas pressures.

To ensure stability throughout the experimental
procedure, it was necessary to continuously monitor the
gas pressure, axial pressure, confining pressure, and
temperature. The experiment process was as follows.

1) Before the seepage experiment, the air-tightness of
the seepage apparatus was checked, and vacuum
degassing was conducted for 12 h.

2) During the seepage experiment, the axial and
confining pressures were provided by injecting water into
the core holder via constant-pressure pumps. To prevent
shear failure of the sample, the experimental axial

Reservoir
temperature

Geothermal field

Fig.1 Schematic of coal reservoir seepage field under multifield
coupling.

Table 1 Specific temperatures and stress conditions for seepage
experiments

S1 2.0 2.6 2.0 25/35/45/55/65
S2 4.0 4.6 4.0 25/35/45/55/65
S3 6.0 6.6 6.0 25/35/45/55/65
S4 8.0 8.6 8.0 25/35/45/55/65

Note: Effective stress = [(Confining pressure x 2 + Axial pressure)/3] —
pore pressure.
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pressure was kept higher than experimental confining
pressure. The temperatures of the experimental fluid and
coal sample were controlled through the thermostats
outside the gas holder and core holder.

3) The axial pressure, confining pressure, and the first
temperature point (25°C) were alternately loaded to the
desired values and maintained for at least 12 h to ensure
that the coal sample deformation reached a new equili-
brium state.

4) The test gas (CH,) was injected at a constant
pressure; importantly, the state should be maintained for
more than 12 h once the pore pressure reached a
predetermined value to ensure adsorption equilibrium of
the coal sample.

5) The effective stress was kept unchanged and
temperature test condition was changed to 35°C, 45°C,
55°C, and 65°C. It was also important that, under each
new temperature test condition, the new temperature was
held constant for at least 3 h to ensure that the coal
sample achieved a new balance. After stable seepage
appeared, the gas flow was recorded.

6) The permeability was tested by a steady-state
method, and steps (2)—(5) were repeated so that, in all,
seepage tests were carried out at effective stress of 2.0,
4.0, 6.0, and 8.0 MPa.

Coal sample gas permeability k, (in units of 1073-um?)
is calculated using Darcy’s law as follows:

2PyQgLug
YFSISI M

A(P}-P3)
where P, (MPa) is the standard atmospheric pressure; O,
(mL/s) is the flow of experimental fluid under Pj; P,
(MPa) and P, (MPa) are the inlet and outlet gas pressure,
respectively; A (cm?) is the cross-sectional area of the
coal sample; L (cm) is the height of the coal sample; Mg
(uPa's) is the dynamic viscosity coefficient; u, is a
temperature-dependent parameter. For CH,, it can be
calculated as follows (Li et al., 2009):

e = 1.36x 10747077, )

where T (K) is the absolute temperature.

3 Results and analysis

3.1 Permeability variation with effective stress at different
temperatures

The effective stress impact on coal sample permeability
under different temperatures is illustrated in Fig. 3(a). At
25 °C, coal permeability decreased from 0.310 x 1073 to
0.09 x 1073 um? when the effective stress increased from
2.0 to 4.0 MPa, respectively. Coal sample permeability
further decreased to 0.013 x 1073 pm?2 when the effective
stress increased to 8.0 MPa. The permeability variation at
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Fig. 2 Schematic of the experimental apparatus.
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Fig.3 (a) Coal permeability evolution with effective stress at different temperatures. (b) Initial coal permeability evolution with

temperature.

the other experimental temperatures resembled that at
25°C. These results reveal that the permeability de-
creased sharply in the low-stress stage. With further
increases in stress, the decrease in permeability gradually
slowed down. Coal permeability curves corresponding to
different temperatures exhibited obvious differences
when the effective stress was low. With increasing effec-
tive stress, these differences became less. As effective
stress increased above 6.0 MPa, the permeability curves
under different temperatures almost coincided with each
other.

Through a regression analysis of the experimental
results, coal permeability evolution with effective stress
at different temperatures can be represented by the
following negative exponential form:

3

where k, (1073-um?) is the gas permeability, g, (MPa) is
the effective stress, k, (1073-um?) is the permeability

kg = koexp(—a1o,),

under the initial effective stress (0 MPa), and a; (MPa™1)
is the stress sensitivity regression coefficient.

The regression analysis results for coal sample
permeability and effective stresses are represented in
Table 2. The range of k, is 0.215 x 1073-1.052 x 1073 um?,
with a mean of 0.446 x 1073 um?2, showing a decreasing
trend with increasing temperature (Fig. 3(b)). Additional-
ly, a, ranges from 0.455 to 0.613 MPa!, with a mean of
0.536 MPa!, decreasing first and then increasing with
rising temperature.

3.2 Permeability variation with temperature at different
effective stresses

Coal reservoirs are always subjected to a certain
temperature field. To explore the impact of temperature
on coal reservoir permeability, stress sensitivity
experiments were conducted at different temperatures,
and coal sample permeability evolution with temperature
under various stresses was analyzed.
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Table 2 Regression coefficients between coal sample permeability
and effective stress at different temperatures.

Temperature/°C ko/(1073 pm?) a,/(MPa™) R?

25 1.052 0.613 0.999
35 0.405 0.455 0.999
45 0.322 0.518 0.996
55 0.238 0.538 0.999
65 0.215 0.557 0.999
Average 0.446 0.536 0.998
Maximum value 1.052 0.613 0.999
Minimum value 0.215 0.455 0.996

According to Fig. 4(a), coal sample permeability
decreased with increasing temperature within the
experimental range. A sharp decline was particularly
obvious when at low temperatures. With a further
increase in temperature, the overall trend in permeability
was more moderate. In addition, the permeability curves
corresponding to different effective stresses exhibited
obvious differences when the temperature was low, but
these differences became less significant with increasing
temperature.

Under different effective stresses, the relation between
coal sample permeability and temperature basically takes
the following negative exponential form:

kg = korexp(—axT), 4)

where k, (1073-um?) is the gas permeability, k,

(1073 pum?) is the permeability at the initial temperature,
the initial temperature is set to 0°C for convenience, a,
(°C™1) is the temperature sensitivity regression coeffi-
cient, and T (°C) is the coal temperature. Eq. (4) is
applied to the data from seepage experiments under
varying temperatures at various effective stresses,
showing a good fit with the measured permeability data
(>96%). The fitting result indicates that coal permeability
would exponentially decrease with increasing temperature
when the pore pressure is constant. According to Table 3,
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the range of &, is 0.034 x 1073-0.934 x 1073 um?, with a
mean of 0.393 x 1073 um?, and k, decreases as a negative
exponential function with increasing effective stress
(Fig. 4(b)). In addition, a, ranges from 0.029°C7! to
0.066°C!, with an average of 0.045°C™!; with increasing
effective stress, it first increases, then decreases, and then
increases again.

4 Discussion

4.1 Evaluation parameters of stress and temperature
sensitivity

In this study, to quantify the impact degree of effective
stress and temperature on coal sample permeability, the
industry standard No. SY/T5336, 5358, 6385 is re-
ferenced. The permeability damage rate PDR, stress sensi-
tivity coefficient o, temperature sensitivity coefficient
ar, stress sensitivity index S, and temperature sensitivity
index S; are introduced to evaluate coal permeability
stress sensitivity and temperature sensitivity.

1) The PDR: the PDR caused by stress or temperature
sensitivity is defined as follows:

PDR =

x 100%,

ki —k;
- ®)

1

where k; (1073 um?) is the measured permeability after
changing the stress or temperature conditions, and £,
(1073 um?) is the permeability at the initial temperature or
stress point.

2) The ay: the sensitivity coefficient of permeability to
effective stress is defined as follows:

1 Akg
k() AO’e ’

= (6)
where &, (1073 um?) is the coal sample permeability at the
initial stress, Ak, (1073 um?) is the change in coal sample
permeability, and Ao, (MPa) is the change in effective
stress. From Eq. (6), at greater a, values, coal

12 -
N\ y=3.7531e 000
R*=09187

< 08
=
=
304

0.0 b . .
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Fig. 4 (a) Coal permeability evolution with temperature at various effective stresses. (b) Initial coal permeability evolution with

effective stress.
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Table 3 Regression coefficients between coal sample permeability
and temperature at different effective stresses.

Effective stress/MPa ko /(1073 pm?) a,/(°Ch) R?

2.0 0.934 0.046 0.96
4.0 0.549 0.066 0.97
6.0 0.054 0.029 0.98
8.0 0.034 0.037 0.99
Avg. 0.393 0.045 0.98
Max. value 0.934 0.066 0.99
Min. value 0.034 0.029 0.96

permeability shows more sensitivity to changes in
effective stress, that is, for a similar range of change in
effective stress, coal sample permeability will be changed
more. Conversely, at smaller a; values, coal permeability
shows weaker sensitivity to changes in effective stress,
where under similar stress changes, coal sample permea-
bility would change less.

3) A new stress sensitivity index S: based on a number
of previous studies on stress sensitivity in oil and gas
reservoirs, the following stress sensitivity coefficient has
been proposed (Jones and Owens, 1980):

K\
'(Fi)
K000

Pk ’
27000
where S is the dimensionless stress sensitivity coefficient,
K (1073 um?) is the coal permeability at net confining
pressure p,, and K, (1073 pm?) is the coal permeability
at a net confining pressure of 1000 psi. As seen in Eq. (7),
the stress sensitivity evaluation method must set a fixed
net confining pressure value (1000 psi, approximately
7 MPa), which is difficult to control in experiments. If a
fitting method is used to obtain the permeability at a net
confining pressure of 1000 psi, this will lead to a loss of
accuracy. Therefore, this paper introduces a new stress
sensitivity index to assess coal sample permeability stress
sensitivity by improving Eq. (7). The stress sensitivity
index S is defined as follows:

S = —log(ﬁ)/log(i),
ko o)

where k, (1073 pm?) and k (1073 um?) are the coal sample
permeabilities under the initial stress o, and stress o,
respectively. Thus, S is obtained by putting the coal
permeability and effective stress into dimensionless forms
and taking their logarithms to base 10. The results are
fitted, and the slope of the resulting line is S.

The stress sensitivity index S exhibits both integrality
and uniqueness. First, the total number measured
permeability and effective stress points have meet the
statistical requirements of data processing, so the fitting

S = @)

®)

Front. Earth Sci. 2022, 16(4): 963—974

results would provide an accurate reflection of coal
sample stress sensitivity. Second, the stress sensitivity
index S has the advantage as an evaluation parameter that
its value is not affected by the number of measurement
points or by temperature and stress conditions. Each
given experimental condition corresponds to a unique
value of S.

4) The a;: the sensitivity coefficient of permeability to
temperature is defined as follows:

1 Ak
ar=- ot ©)

kot AT’
where k,, (103 um?) is the coal sample permeability at
the initial temperature, Ak, (1073 pm?) is the change in
coal sample permeability, and AT (°C) is the change in
temperature.

5) A new temperature sensitivity index S;: similar to
Eq. (8), a new temperature sensitivity index Sy is
proposed as an evaluation parameter for temperature
influence on coal permeability, which is defined as
follows:

k T
ST log(kOt)/log(TO), (10)
where k,, (1073 um?) is the coal sample permeability at
the initial temperature 7,, and k (1073 pm?) is the coal
permeability at temperature 7. The use of S; avoids the
influences of the initial value of the temperature and the
number of permeability measuring points.

4.2 Evaluation of stress and temperature sensitivity of coal
samples

4.2.1 Analysis of coal permeability stress sensitivity

By inserting the corresponding effective stress and coal
permeability values into Egs. (5) and (6), coal PDR and
a, at different temperatures are calculated, as illustrated in
Fig. 5. With increasing effective stress, PDR increases,
but @, decreases. When the range of effective stress is
2.0-4.0 MPa, PDR increases rapidly, and a, decreases
sharply. After coal sample effective stress increases to
more than 4.0 MPa, the overall trends of increasing PDR
and decreasing a, become more moderate. Table 4 repre-
sents the specific stress sensitivity evaluation parameters
of the coal samples under different temperatures.

According to Table 4, under five temperatures, when
effective stress increases from 2.0 to 4.0 MPa, the PDR
range is 93.87%-96.77%, with a mean of 95.18%. The
range of average a; is 0.1223-0.1238 MPa ™!, with a mean
of 0.1229 MPa™!. With increasing temperature, PDR and
average o, first decrease and then increase, with the
minimum value at a temperature of 45°C.

The dimensionless effective stress and permeability are
fitted by Eq. (8), which are represented in Table 5. The
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Fig. 5 Relationship between permeability damage rate (PDR), stress sensitivity coefficient (SSC) o, and effective stress at different

temperatures.

Table 4 Stress sensitivity evaluation parameters at different
temperatures

o /(MPa™!)

Temperature/°C PDR/%

Maximum Minimum Average
25 96.771 0.353 0.008 0.1238
35 94.450 0.302 0.015 0.1223
45 93.871 0.322 0.011 0.1223
55 95.072 0.331 0.013 0.1229
65 95.751 0.332 0.014 0.1232
Average 95.183 0.328 0.012 0.1229
Maximum 96.771 0.353 0.015 0.1238
Minimum 93.871 0.302 0.008 0.1223

Table 5 Statistic results for the new stress sensitivity index S of coal
samples

Temperature/°C Fitting formula S R?

25 y=1.0039x"1976 1.976 £0. 175 0.995
35 y=1.0134x71346 1.546 +0.267 0.972
45 y=1.0057x"1714 1.714 £ 0.156 0.993
55 y=1.0049x1.769 1.769 £ 0.150 0.994
65 y=1.0037x"1821 1.821 +0.131 0.996

Notes: x = o/a,; y = kik,,.

fitted results show a high correlation (>0.99). From Table 5,
under different temperature conditions, the range of stress
sensitivity index S is 1.546—1.976, with a mean of 1.765.
The § variation trend with increasing temperature is
similar to PDR and average a.

4.2.2  Analysis of coal permeability temperature sensitivity

Based on Egs. (5) and (9), it is possible to calculate PDR
and a; under different effective stresses (see Fig. 6). As

can be seen, with increasing temperature, PDR increases,
but a; decreases and exhibits fluctuations. The low-
volatile bituminous coal becomes significantly sensitive
to temperature at a range of 25°C—45°C; further, its a;
decreases sharply, and its PDR increases rapidly. The
temperature sensitivity becomes weaker when the tempe-
rature exceeds 45°C, and the overall trends of a decreas-
ing a; and increasing PDR become more moderate. The
temperature sensitivity evaluation parameters of the
coal samples under different stresses are represented in
Table 6.

From Table 6, when the sample temperature increases
from 25°C to 65°C, the range of PDR is 66.667%—
89.873%, with a mean of 77.833%, and the range of
average ap is 0.017°C7'-0.020°C”!, with a mean of
0.018°C~!. With increasing effective stress, PDR and
average o first increase, then decrease, and then increase
again, reaching maxima at an effective stress of 4.0 MPa.

Equation (10) is used to fit the dimensionless
permeability and temperature, which are represented in
Table 7. Under different effective stress conditions, the
range of temperature sensitivity index S is 1.155-2.314,
with a mean value of 1.165; the maximum is reached
when the effective stress is 4.0 MPa.

The relationship between the stress sensitivity and
temperature sensitivity evaluation parameters is shown in
Fig. 7. The new sensitivity parameters (S and S;) strongly
linearly correlate to the sensitivity regression coefficient
(a, and a,) and correlate relatively weakly to PDR and
the average sensitivity coefficient (o, and ar). This is
because PDR, o, and o reflect the sensitivity of the coal
reservoir to stress and temperature over different ranges.
The § and S; parameters can provide equivalent
information to a, and a, which can be fitted by
experimental results. As evaluation parameters, S, Sy, a,,
and a, have the advantage that they are unaffected by the
number of experimental data points or the temperature
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Fig. 6 Relationship between permeability damage rate (PDR), temperature sensitivity coefficient (TSC) a;, and temperature under

different effective stresses.

Table 6 Temperature sensitivity evaluation parameters at different
effective stresses

a/°C1
Effective stress/MPa PDR/%
Maximum  Minimum  Average

2.0 77.163 0.067 0.001 0.018
4.0 89.873 0.080 0.001 0.020
6.0 66.667 0.050 0.002 0.017
8.0 77.627 0.061 0.003 0.018
Average 77.833 0.065 0.002 0.018
Maximum 89.873 0.080 0.003 0.020
Minimum 66.667 0.050 0.001 0.017

and stress conditions. They exhibit both integrality and
uniqueness, which can be used to represent the sensitivity
of coal reservoir permeability to stress and temperature
under certain conditions.

4.3 Coupled influences of stress and temperature on coal
permeability

According to experimental results, the permeability
variation of the coal samples under the coupled impact of
effective stress and temperature is shown in Fig. 8(a). The
correlation between the three variables is revealed
through the Pearson correlation coefficient method
(Fig. 8(b)). The effective stress and temperature together
make coal sample permeability decrease in a complex, non-
linear manner (Fig. 8(a)). In addition, the calculated
degree of correlation coefficient between effective stress
and permeability is —0.70, while that between tempera-
ture and permeability is —0.22. These results indicate that
the impact of effective stress would be more significant
than that of temperature on coal permeability.

According to the least square method, the seepage
experimental results are regressed. A regression model

Table 7 Statistical results for the new temperature sensitivity index
St of coal samples

Effective stress/MPa Fitting formula St R?

2.0 y=0.9874x"1-686  1686+0.09  0.991
4.0 y=09897x72314  2314£0.19 0984
6.0 y=1.0307x"1155  1155+£0.12  0.962
8.0 y=0.9999x71457  1457+0.10  0.986

Note: x = T/T; y = kik,.

among coal permeability k, temperature 7, and effective
stress o, is established:

k =exp(1.0489 -0.032T —0.61607). (11)

To wvalidate this coupled model applicability, a
correlation analysis between the measured permeability
and its predicted value is carried out, and the square of
the correlation coefficient is found to be 0.916, as shown
in Fig. 9. In addition, the F' function is used to test the
effectiveness of the established linear regression equation.
The confidence level is taken as a = 0.01, the number of
independent variables is n = 2, and the number of samples
is 25. The critical value of the F function under the above
conditions, F, (2, 25), can be obtained by consulting the
F function distribution table, which is found to be 5.719.
The F statistic of Eq. (11) is 224.93, which is far more
than the critical value, and the significance level of the
linear regression data are 2 x 10715 (<0.01). Therefore,
Eq. (11) can be used to predict the permeability evolution
of medium-rank coal seams at different burial depths.

4.4 Mechanism of coupled effect of temperature and stress
on coal reservoir permeability

Coal is composed of natural fractures (cleats) as well as
matrix pores. Coal matrix would generally be separated
by natural fracture networks, providing migration
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Fig.9 Comparison between measured and predicted permeability.

channels for free gas and controlling coal permeability
(Zhang et al., 2009; Shi et al., 2014). Generally, there is a
high density of fractures in coal reservoirs, which is very
important for CBM production because not only do the
fractures provide storage space, but they are also stagger-
ed to form a network system, which connects matrix

pores and provides flow channels for the free gas.

As illustrated schematically in Fig. 10, coal reservoirs
are generally separated by two groups of mutually
perpendicular cleats (Meng et al., 2021). Coal permea-
bility variation with changes in aperture for two such
orthogonal sets of fractures can be calculated by the
following equation (Zhang et al., 2007):

3 3
Abx) +k0y(1 — %) ,
bOx bOy
where k, is the variation in coal permeability in the z
direction due to aperture increments in the x direction
(Ab,) and y direction (Ab)), with compressive displace-
ments being positive and tensile displacements being
negative; k, and k, are the original permeabilities in the
x and y directions at initial state, respectively; and b, and
b,,, are the average initial normal apertures of fractures in
the x and y directions, respectively. From Eq. (12), the
permeability of a coal reservoir would be affected by a
change in fracture aperture, Ab, which is equal to the
initial fracture aperture, b;,, minus the deformed fracture

k= kOX(l _ (12)
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Fig. 10 Simplified multiple fracture system of two groups of
orthogonal fracture systems parallel to the z direction.

aperture, b. The main factors affecting the aperture of
coal reservoir fractures are the effective stress and tempera-
ture.

The variation in fracture aperture, Ab (mm), can be
decomposed as follows:

Ab = Aby + Aby, (13)

where Ab, (mm) is the variation in aperture induced by
changes in effective stress, and Ab, is the variation
induced by changes in temperature.

In Eq. (12), the aperture changes of the two groups of
fractures in the x and y directions are Ab, = b, — b, =
Aby, + Ab,, and Ab, = by, — b, = Aby, + Ab,,. The coal
reservoir permeability of the two fracture groups can be
calculated by substituting Ab, and Ab, into Eq. (12).

Our results indicate that coal permeability exhibits signi-
ficant temperature sensitivity, with increasing tempera-
ture, coal reservoir permeability decreases. Generally, the
impact of temperature on coal reservoir permeability is
manifested in both inhibition and enhancement. It has
been shown that the weight-loss rates of coal change
notably when the temperature is approximately 100°C or
470°C (Akbarzadeh and Chalaturnyk, 2014). When the
temperature exceeds a certain critical temperature, the
internal structure of coal changes significantly, and
thermal cracking may occur (Niu et al., 2014). Increasing
temperature causes coal permeability to decrease continu-
ously below the critical temperature, owing to thermal
expansion of the coal matrix. A rising temperature would
cause coal reservoir permeability to increase sharply
above the critical temperature, which can be attributed to
thermal cracking of the coal (Shang et al., 2019). In the
Qinshui Basin, the coal reservoir buried depth is mainly
above 2000 m, and the temperature is generally lower
than 70°C. Within the experimental temperature range,
the effect of thermal cracking of the coal on its
permeability can be ignored. Therefore, the main cause of
the continuous decrease in coal permeability is that
temperature rise induces coal matrix expansion induced
by the increasing temperature, which would reduce the

Front. Earth Sci. 2022, 16(4): 963—974

aperture of coal fractures. Coal matrix thermal expansion
strain can be obtained by the following equation:

AET = aTAT, (14)

where Ae; is the volumetric strain produced by tempera-
ture change, a; is the thermal expansion coefficient, and
AT (°C) is the variation in temperature. For the same
temperature increment, the greater the value of o, the
larger the coal matrix expansion strain will be.

Based on elasticity theory, when an -elastomer’s
temperature changes, each part of it will tend to expand or
contract with increasing or decreasing temperature.
However, owing to external constraints and mutual
constraints between various parts of the elastomer, this
expansion or contraction cannot occur freely, and this
results in stress (i.e., thermal stress). The expression for
the thermal stress Ao (MPa) is as follows:

AO’T = EAET = Ea/TAT, (15)

where £ (MPa) is the elastic modulus of coal.

According to the negative exponential relationship
between fracture aperture and stress in coal, when there
are two groups of fractures, coal reservoir permeability
can be calculated by the following equation (Meng et al.,
2011):

3(Aoux—Ap+ AO'TX)]
K. =Kyexp|—
XEXP [ bOxKnx
3 (Aa'ny —-Ap+ Ao-Ty>
+ Koyexp |- , (16)
Y b()yKny
where Aoy = 0ny— 0, and Aoy = oy — o-gy are normal

stress variations in the x and y directions, o0 and Ugy are
the initial normal stress in the x and y directions, Ap = p —
P, 1s the pore pressure variation, p, is the initial pore
pressure, Aoy =0Ty— 0%, - o-%y are
changes in thermal stress in the x and y directions,o-%x
and o-%y are the initial thermal stress in the x and y
directions, and K, and Kny are the normal stiffnesses of
the cleats in the x and y directions.

Assuming coal matrix thermal expansion is isotropic,
the thermal stress that it causes can be expressed as

and AO'Ty =0Ty

OTx =0Ty = EQ'TAT.

amn

Combining Egs. (16) and (17), when considering the
coupled impact of temperature and stress, the coal
permeability model can be expressed as

3(Aopy— Ap+ EarAT
K. =Koxexp[— (Ao - P aT )}
Oxknx
3(Acuy — Ap+ EarAT)
+ Koyexp | — " (18)
Oy*ny

According to Eq. (18), fractured coal permeability is
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impacted by changes in temperature, in addition to being
influenced by normal stress and pore pressure. The effect
of temperature is consistent with that of the normal stress
and in contrast to that of the pore pressure. When the
normal stress or temperature increases, coal permeability
decreases as a negative exponential function.

5 Conclusions

1) The permeability of the coal samples shows significant
sensitivity to stress and temperature. At 25°C, 35°C,
45°C, 55°C, and 65°C, with increasing effective stress,
coal sample permeability declines continuously. In the
low-stress stage, this decrease is sharp. With further
increases in stress, the decrease in permeability gradually
slows down. Additionally, under effective stress condi-
tions of 2.0, 4.0, 6.0, and 8.0 MPa, an increase in tempera-
ture causes the permeability to decrease continuously,
with the rate of decrease becoming less at higher tempera-
tures.

2) A stress sensitivity index S and temperature
sensitivity index Sy have been proposed as new stress and
temperature sensitivity evaluation parameters. They
strongly linearly correlate to the sensitivity regression
coefficients (a, and a,), while they correlate relatively
weakly to PDR and the average sensitivity coefficient (o
and ap), which indicates that S, S;, @, and a, can be used
to represent the sensitivity of coal reservoir permeability
to stress and temperature under certain conditions, while
PDR, a,, and a can be used to characterize the phased
stress and temperature sensitivity in with stress and
temperature change.

3) As effective stress and temperature increase, the
PDR of a coal sample increases, while o, and a decrease.
With increasing temperature, coal stress sensitivity index
S first declines and then rises, with a minimum value at
45°C. Additionally, with increasing effective stress, coal
temperature sensitivity index S; fluctuates, reaching a
maximum under an effective stress of 4.0 MPa.

4) A correlation among coal permeability, effective
stress, and temperature is revealed through the Pearson
correlation coefficient. The correlation between effective
stress and permeability is —0.70, while correlation
between temperature and permeability is —0.22. This
implies that the impact of effective stress on coal reser-
voir permeability is more serious than temperature.

5) With increasing fracture aperture, coal reservoir
permeability increases, which obeys a cubic law. The
aperture of coal would be significantly impacted by
effective stress and temperature variation. From our
derivation, it is believed that coal permeability will
exponentially decrease as effective stress and temperature
increase.
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