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The apparent gas permeability of shale is determined by both the intrinsic permeability and the gas flow
regimes. Although a considerable amount of studies has been conducted to understand how flow re-
gimes affect the apparent permeability, the impact of the intrinsic permeability has not been understood
well. In this study, we introduced an intrinsic permeability model under variable stress conditions and
the impact of the adsorbed layer thickness into a typical apparent permeability model. Our model was
verified through comparisons of our model results with the experimental data in the literature. The new
apparent permeability model was applied to evaluate the evolution of shale permeability under a
spectrum of boundary conditions from stress-controlled to displacement-controlled conditions. Our
model results demonstrate that the evolution of gas permeability is controlled by the change in intrinsic
permeability under high pressures and by the flow regimes under low pressures. Because the change in
intrinsic permeability is dependent on the boundary conditions, the evolution of apparent gas perme-
ability is also boundary-dependent. When the shale is stress-controlled, the gas permeability increases
with pressure under the constant confining stress condition. When the shale is under displacement-
controlled, the gas permeability decreases with pressure under the constant volume condition.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Shale gas is known as unconventional gas reservoirs with low
permeability and a high contrast of transport properties between
matrix and fracture. Experimental studies of shale indicate that the
pore size is wide distributed and predominantly between 1.6 and
69.0 nm (Clarkson et al., 2012a,b; Liu et al., 2015). In addition, the
estimated pore radius distributions show that smaller pores
dominate the distribution. Pores in shale are in the range of
nanometer to micrometer scale that can be construed as nano- or
micro-channels. In shale gas systems, these pores allow gas flow
from shale to induced fractures along the flow-path network during
production.

Even though these small pores may not contribute significantly
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to porosity, they have a significant effect on permeability and
consequently on the flow of gas through tight porous media
(Rahmanian et al., 2010). In general, the conventional Darcy equa-
tion cannot fully capture the physics of flow in the nanopore
structure of shale reservoirs. This is because the increasing number
of molecular collisions with the pore walls as a source of mo-
mentum transfer diminishes the validity of the standard contin-
uum approach with no-slip boundary conditions, as the length
scale of the physical system decreases. Gas slippage occurs when
the pore size approaches the mean free path of the gas molecules
causing the gas molecules to slip on the rock surface and to
accelerate. The narrower the flow diameter and the larger mean
free path of the gas molecules, the greater the anticipated slippage
effect (Rahmanian et al., 2010). Great efforts have been devoted to
understanding and modelling of micro-scale flow considerations in
shale sediment by other researchers, both theoretically and
experimentally (Javadpour et al., 2007; Florence et al., 2007; Civan,
2010; Sakhaee-Pour and Bryant, 2012). Among the methods pro-
posed, apparent-permeability correlation is one of the most widely
rent permeability from stress-controlled to displacement-controlled
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accepted approaches, with which we can integrate the recent
achievement of nanoscale flow modelling in a permeability-
correlation term (Niu et al., 2013). Several methods were pre-
sented to determine the apparent-permeability correlation (Civan,
2010; Beskok and Karniadakis, 1999; Javadpour, 2009). In all of
these studies, the intrinsic permeability was assumed constant.

On the other hand, experimental studies have demonstrated
that the shale permeability could change by several orders of
magnitude under different geomechanical conditions (Schloemer
and Krooss, 1997; Neuzil, 1994). Several models have been pro-
posed to explain the variability of intrinsic permeability induced by
effective stress and matrix sorption deformation. The potential ef-
fect of sorption-induced swelling on the evolution of coal perme-
ability have been investigated through experimental and analytical
studies (Pan et al., 2010; Robertson and Christiansen 2005). Under
constant total stress, gas permeability decreases with the increase
in pore pressure due to coal swelling (Robertson and Christiansen
2005; Pan and Connell, 2011), and increases with the decrease in
pore pressure due to matrix shrinkage (Cui and Bustin, 2005;
Harpalani and Schraufnagel, 1990). These coal permeability
models can be divided into two important classes: those under
uniaxial strain conditions and those under triaxial stress conditions
Liu et al. (2011a,b) developed a more general approach, which
characterizes the evolution of intrinsic permeability under a full
spectrum of mechanical conditions from stress-controlled to
displacement controlled swelling/shrinkage conditions. However,
these models did not include the effect of flow regimes.

Quantification of the apparent gas permeability can be accom-
plished by correction of the relevant prevailing flow regimes as
characterized by their Knudsen number, which is the ratio of the
mean free path of the gas under in-situ conditions to pore diameter.
Normally, the pore radius is assumed invariant in most previous
permeability models. However, the volume of the adsorbed layer is
sufficiently large to affect the pore radius, because the radius is at
nanoscale. Xiong et al. (2012) indicated that correction of perme-
ability may, however, be insufficient in the presence of adsorption,
where the decrease of pore diameter occupied by adsorbed gas
molecules may be significant with high TOC and large hydrocarbon
contents in place. In the presence of adsorption, there is a pore
pressure dependent loss of porosity and cross-sectional area of pore
channels. Cui and Bustin (2009) considered the influence of the
adsorbed layer on the void space and the adsorbed porosity. In
addition, the volume of adsorbed gas was estimated using reservoir
simulation (Cipolla et al., 2010). Jin et al. (2015) measured the shale
permeability with three different gases (argon, nitrogen, and car-
bon dioxide) as the permeating fluid. Generally, samples have
higher measured permeabilities when using nitrogen as the pore
fluid rather than using argon, even at high pressure to render
slippage effects negligible. Argon has a similar sorption potential to
methane while that nitrogen is relatively weak. Sakhaee-Pour and
Bryant (2012) analyzed the effects of adsorbed layers on the
apparent permeability under different reservoir conditions for a
simple pore network based on experimental data and showed that
permeability is overestimated at high pressures. Ambrose et al.
(2010) indicated that the volume of the adsorbed layer, which oc-
cupies the pore volume available for free gas storage, is a function of
gas species, temperature and pressure. Xiong et al. (2012) modified
the transport equation to account for volume lost due to the volume
occupied by the adsorbed gas based on an assumption of mono-
layer adsorption. Althoughmany previous studies have contributed
to improvements in understanding of the effect of adsorbed layers
on apparent permeability, permeability models considering this
effect have not been well developed.

In this study, we introduced an intrinsic permeability model
under variable stress conditions and the effect of the adsorbed layer
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thickness into the typical apparent permeability model. The new
apparent permeability model was applied to evaluate the evolution
of shale permeability under a spectrum of boundary conditions
ranging from stress-controlled to displacement-controlled
conditions.

2. Nanopore space evolution with gas adsorption

In this section, we first discuss introduce a gas adsorption model
based on pore volume filling/potential theory and then establish an
equation to quantify the decrease in pore radius induced by the
adsorption layer.

2.1. Gas adsorption model

The monolayer Langmuir isotherm is generally applied to
describe the gas adsorption behavior in shale gas reservoirs.
However, it has been noted recently that the Langmuir isotherm
may give poor results when used to estimate the amount of gas
adsorbed in shale that is rich in organic carbon (Clarkson et al.,
1997). This assumption of monolayer adsorption leads to neglect
of the effect of adsorbed layer thickness. Actually, natural gas
adsorbed on organic carbon surfaces forms a multi-molecular layer
at high reservoir pressures. Previous molecular dynamics calcula-
tions showed that the Langmuir isotherm could not adequately
describe methane adsorption to the nanopores in the organic ma-
terial of the shale (Sigal et al., 2013; Yu et al., 2014). Some re-
searchers have suggested that equations based on pore volume
filling/potential theory may provide better results than the Lang-
muir equation for both high-pressure (up to 10 MPa) and low-
pressure (<0.127 MPa) (Clarkson et al., 1997). Sakurovs et al.
(2007) suggested that gas sorption mechanism was more like a
pore-filling type than monolayer coverage. Accordingly, using the
Dubinin-Radushkevich (D-R) equation (Sakurovs et al., 2008, 2010)
to model the shale adsorption isotherm then yields:

Wads ¼ W0exp
�
� D

�
ln
�
ra
rG

��2�
(1)

where Wads is absolute adsorption of the shale gas, W0 is the
maximum sorption capacity of the shale, rG is the density of the gas
at the temperature and pressure, ra is the gas density of adsorbed
phase (generally assumed to be the van derWaals density of the gas
(Sakurovs et al., 2010) and is 370 kg/m3 for CH4 typically through
MD simulation (Ambrose et al., 2010), and D is a constant (Sakurovs
et al., 2009). The term D can be further expressed as: D¼ (RT/bE)2,
where R is the ideal gas constant, T is the absolute thermodynamic
temperature, E is the heat of adsorption and b is the affinity coef-
ficient of the gas to the substrate (White et al., 2005). The D-R
equation is established according to the fact that the surface to be
covered by potential adsorption sites on average has a constant
areal density.

2.2. Model of adsorption-induced change in pore radius

Microstructural investigation of nanopore geometries based on
backscattered electron (BSE) images indicates that nanopores are
typically round in cross-section (Curtis et al., 2012). Thus, it is
reasonable to consider all nanopores in cross-section as spheres
with an average pore radius r, as shown in Fig. 1. Since the exposed
surface area is larger in nanopores than in micropores, these
nanopores are an ideal place for trapping gas (molecule size
0.38 nm) in the adsorbed state. The thickness of the adsorbed layer
becomes comparable to the nano pore radius because the adsorbed
rent permeability from stress-controlled to displacement-controlled
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Fig. 1. (a) A SEM image of shale surface revealing existence of pores in kerogenic materials from Etminan et al. (2014). (b) A zoomed-in schematic diagram of the pore inside
kerogenic material. Free state gas molecules (green dots) can flow through pore space. Adsorbed gas (blue dots) exists as compressed gas layer on the pore surface. (c) A diagram of
idealized nano pore with an initial radius of 2r0. The radius is reduced to 2r by adsorbed layer after gas adsorption. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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gas is present in abundance (Sigal et al., 2013). By accounting for the
volume consumed by the adsorbed gas on the pore surface, the
space available for the free gas is naturally reduced.

It is evident that the thickness of adsorbed layer affects the
nanopore radius. The nanopore radius can be obtained as:

r ¼ r0 � Dr (2)

where r is the average nanopore radius, r0 is the initial nanopore
radius, Dr is the thickness of adsorbed layer.

Assuming that shale gas is adsorbed evenly on the pore surface,
the average thickness of the adsorbed layer then depends on the
sorption capacity Wads and the specific surface area S. The specific
surface area of the shale sample is a parameter that can be easily
obtained from the adsorption isotherms. The average thickness of
the adsorbed layer can be expressed as:

Dr ¼ Wads

raS
¼ W0

Sra
exp

�
� D

�
ln
�
ra
rG

��2�

¼ taexp
�
� D

�
ln
�
ra
rG

��2�
(3)

where S is specific surface area, and ta is the thickness of the
adsorbed layer at extremely high pressure.

Substituting Eq. (3) into Eq. (2) yields:

r ¼ r0 � taexp
�
� D

�
ln
�
ra
rG

��2�
(4)

Eq. (4) expresses the relationship between pore radius and gas
density, that indicates the nanopore radius decreases exponentially
along with growing thickness of the adsorbed layer.
3. An apparent permeability model for the shale matrix

Unconventional shale gas sediments are characterized by their
rich abundance of nanopores. Consequently, the microstructural
features of the shale affect the capacities of the sediments in
generating, storing, and producing gas. A widely recognised
Please cite this article in press as: Wei, M., et al., Evolution of shale appa
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dimensionless parameter that determines the degree of appropri-
ateness of the continuum model is the Knudsen number (Kn). For
Knudsen numbers less than 0.01, the use of the ideal gas constant in
Darcy’s law and the assumption of continuum flow remain valid.
For Knudsen numbers greater than 0.01, an effective permeability
must be computed to compensate for Knudsen diffusion and/or
slippage flow. Beskok and Karniadakis (1999) developed a unified
model for gas flow in micro-tubes that is valid over the entire range
of flow regimes. Florence et al. (2007) derived the following model,
which relates the apparent permeability ka to the intrinsic
permeability k∞:

ka ¼ k∞ð1þ bknÞ
�
1þ 4Kn

1þ Kn

�
(5)

As discussed above, the gas flow state in nanopores is deter-
mined by not only the gas pressure but also by the nanopore radius.
The Knudsen number is defined as the ratio of the gas mean-free-
path l and the pore diameter 2r. According to Eq. (4), the Knudsen
number is defined as:

Kn ¼ l

2r
¼ l

2
�
r0 � taexp

�
� D

�
ln
�

ra
rG

��2�� (6)

where the mean free path of the gas l is defined as:

l ¼ BkTffiffiffi
2

p
pd2gP

(7)

in which Bk is the Boltzmann constant; dg is the effective molecular
diameter and P is the gas pressure. The parameter b is a dimen-
sionless rarefaction coefficient. The variation of the b-parameter as
a function of Kn is represented thus (Beskok and Karniadakis,1999):

b ¼ 128
15p2tan

�1
�
4K0:4

n

�
(8)

When gas produced in shale reservoirs, the drop in gas pressure
then alters the correlation coefficient of the gas flow state, through
rent permeability from stress-controlled to displacement-controlled
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both desorption-induced radius increase and pressure-induced
mean free path increase, as defined in Eqs. (6) and (7) respec-
tively. Eq. (5) is able to capture continuum, transition, and Knudsen
flow in shale matrix. Note that the Knudsen flow relies only on the
Knudsen number and the intrinsic permeability of the porous
medium. It means that the permeability evolution affected by
effective stress is not included in the apparent permeability model.
4. Evolution of permeability from stress-controlled to
displacement-controlled conditions

4.1. A multi-scale model for the shale matrix

The change in effective stress varies the porosity and perme-
ability of the shale sediments. Therefore, the intrinsic permeability
does not remain constant during shale gas extraction. To investi-
gate the effective stress effect, we consider intrinsic permeability as
the absolute permeability instead. According to our previous work
on the effective strain-based absolute permeability model (Liu
et al., 2011a,b), the intrinsic permeability can be described as:

k∞
k0

¼
�
1þ a

40
Dεe

�3

(9)

where the effective strain increment is calculated by:

Dεe ¼ Dεv � DP
Ks

þ Dεs (10)

where 40 and k0 are the initial porosity and permeability of the
matrix, Dεe is defined as the total effective volumetric strain
increment, Dεv is total volumetric strain increment, DP/Ks is the
change in compressive strain, a is the Biot coefficient, Dεs is the gas
sorption-induced volumetric strain increment and Ks represents
the bulk modulus of the shale grains. Eq. (9) is the shale perme-
ability model derived from the fundamental principles of poroe-
lasticity, and it is applicable to the evolution of permeability under
different boundary conditions at a macroscopic scale. However, this
model did not include the effect of flow regimes.

In order to combine the apparent permeability model and
effective stress based permeability model, the following basic as-
sumptions are made:

(1) The effect of effective stress on the change in nanopore
diameter is negligible.

(2) Shale is a homogeneous, isotropic, dual poroelastic contin-
uum without fractures, and the system is isothermal.

(3) Shale is an idealized porous medium composed of identical,
homogeneous distributed, nanopores.

Substituting Eq. (9) into Eq. (5), the multi-scale permeability
model for shale matrix is defined as:

ka ¼ k0

�
1þ a

40
Dεe

�3
ð1þ bKnÞ

�
1þ 4Kn

1þ Kn

�
(11)

This newmodel fully considers the both effect of effective stress
under macroscopic scale and flow regimes at the microscopic scale.
This newmodel of apparent permeability based onmulti-physics at
different scales can be applied to reservoir evaluation and pro-
duction optimization. Note that both the apparent and perme-
ability absolute permeability are discussed for single phase flow in
this work. In the following sections, this new model is applied to a
series of cases commonly used in laboratory tests and theoretical
analyses to generate typical response curves.
Please cite this article in press as: Wei, M., et al., Evolution of shale appa
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4.2. Constant volume tests

In this section, the new multi-scale permeability model will be
developed for constant volume condition and constant stress
condition. In constant volume tests (or displacement-controlled
tests), the boundary deformation is held at zero to maintain a
constant total volume. When a shale sample is completely con-
strained, a force and its associated strain then develop within the
shale matrix, which is induced by gas sorption (Liu et al., 2011a,b).
In this case, Eq. (11) can be written as:

ka ¼ k0

�
1� a

40
εs

�3

ð1þ bKnÞ
�
1þ 4Kn

1þ Kn

�
(12)

εs ¼ εLexp
�
� D

�
ln
�
ra
rG

��2�
(13)

where εs is the gas sorption-induced strain, and is linearly pro-
portional to the amount of gas adsorption, and εL is the matrix
swelling/shrinkage constant that represents the maximum
swelling capacity.
4.3. Stress-controlled tests

Stress-controlled tests are widely used for triaxial or hydrostatic
tests. When the response is controlled completely by stress alone,
no additional force or associated strain develops within the shale.
Defining the initial permeability as the permeability subject to an
initial confining stress under extremely low gas pressure, Eq. (11)
can be simplified to:

ka ¼ k0

�
1þ a

40

DP
K

�3

ð1þ bKnÞ
�
1þ 4Kn

1þ Kn

�
(14)

The effect of stress on permeability is ignored because the
effective stress induced by the confining pressure under changing
gas pressure is invariant. In addition, the effective stress directly
induced by pore pressure determines the permeability evolution in
stress-controlled tests. It also shows that the strain induced by
matrix swelling/shrinkage has no influence on permeability.
5. Model validation

5.1. Model validation under constant stress conditions

This multi-scale permeability model is validated by using the
experimental data from Sinha et al. (2013) and Letham (2011) as
shown in Figs. 2 and 3, respectively. The ratios of apparent
permeability to the permeability at infinite pressure were
measured by Sinha et al. (2013) and Letham (2011) at different
pressures using helium andmethane, respectively. The Klinkenberg
model used in previous studies adequately described the deviation
from Darcy’s law for permeability values in the case of helium, but
failed to account accurately for the deviation when using methane,
which is a sorbing gas. Our new permeability model, which
comprising nanopore flow mechanics and adsorbed layer effects, is
validated with the experimental data below. Note that experiments
were conducted under constant stress conditions inwhich effective
stress was directly affected by the pore pressure.

Sample 1 from Sinha et al. (2013) was found to have a TOC
content of 8.52% by mass respectively. The positive correlation
between the sorbed gas capacity and the TOC concentration is
widely used as an indicator of gas quality. Comparison of the TOC
content of this sample to other rocks with known Langmuir
rent permeability from stress-controlled to displacement-controlled
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Fig. 2. Adsorption on samples from Letham (2011) with DR equation and Langmuir
equation. The Langmuir parameters are estimated by comparison with samples from
same reservoir.
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Fig. 3. Fitting results of the permeability model to experimental data under constant
stress condition. Experimental data in (a) is from Sinha et al. (2013), and in (b) from
Letham (2011).
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parameters led to an estimated Langmuir pressure of 1.82 MPa and
a Langmuir volume of 2.49 cm3/g. The fitting curves to the
experimental data using the D-R equation and the Langmuir
equation are plotted in Fig. 2, and the parameters used for Sample
1 in the fitting are listed in Table 1. The Langmuir parameters are
estimated by comparison with samples from same reservoir due to
Please cite this article in press as: Wei, M., et al., Evolution of shale appa
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the lack of experimental data from the original reference. It shows
that the D-R equation gives a better fits to the data than the
Langmuir equation, which indicated that the D-R equation was
more suitable for use when describing the adsorption in shale
materials.

Fig. 3 shows satisfactory agreement between results calculated
from Eq. (14) and the experimental data. It can be seen that the
differing permeability to helium and methane was due to the
change in pore radius. Specifically, the pore radius remained con-
stant during helium desorption but increased during methane
desorption, hence leading to the deviating permeability curves of
helium and methane when the gas pressure decreased. Thus,
permeability measurements at the lower pressures that are typical
in the later stages of shale gas production must be conducted to
detect the differences in permeability due to desorption. Other-
wise, an overestimated of the permeability would occur because
the influence of adsorbed gas layer was neglected.

At the stage of high gas pressure, the apparent permeability
increased with increasing gas pressure, because the effective stress
decreased with gas pressure, as shown by Eq. (14). Fig. 3 shows
that the new model adequately represents experimental obser-
vations by considering the effect of the adsorbed layer on
permeability.

5.2. Model validation under uniaxial stress conditions

In order to validate the new model under uniaxial stress con-
ditions, a triaxial holder was utilized for measuring coal perme-
ability. The axial direction of the cylindrical samplewas constrained
by a fixed displacement boundary, and the circumferential
boundary was purely stresscontrolled by use of a pump. The initial
stress on each coal sample was set to 9 MPa and 12 MPa before the
experiment began, respectively. The helium was used for mea-
surements as a test gas instead of an adsorptive ga (sorption-
induced strain thus be ignored). Note that coal samples were
continuous, intact, and without visible fractures.

The comparison between filed data and the simulation results
is shown in Fig. 4. It was noticeable that the simulation results
were all in good agreements with the experimental data. Shale
permeability increased with decreasing gas pressure due to the
effects of the prevailing flow regimes. However, this effect on shale
permeability diminishes at high gas pressure. The evolution of
shale permeability was dominated by effective stress as the gas
pressure increased. By combining the effect of slippage flow and
effective stress, matrix permeability revealed complex behavior.

6. Permeability evolution under different boundary
conditions

In this section, we use our newly developed model to derive
permeability evolution for shale under different boundary condi-
tions ranging from stress-controlled to displacement-controlled
states.

6.1. Permeability evolution under constant stress condition

The apparent permeability, intrinsic permeability and initial
permeability reveal shale characteristics from different perspec-
tives. The apparent permeability is defined in Eq. (11), which
compounds the intrinsic permeability with the complexity of flow
in nanopores. Intrinsic permeability is related to the macroscopic-
scale properties determined by the effective stress, and the initial
permeability considers the initial status. The relationship be-
tween these three values during gas production was plotted in
Fig. 5. The ratio of apparent permeability to initial permeability
rent permeability from stress-controlled to displacement-controlled
/dx.doi.org/10.1016/j.jngse.2016.07.012



Table 1
Fitted parameters for shale samples.

Identity Values

Sample 1 (Sinha et al., 2013) Sample 2 (Letham, 2011) Sample 3 (coal)

Max sorption capacity W0 3.0 kg/ton 3.0 kg/ton e

Parameter D 0.07 0.09 e

Specific surface area S 2 m2/g 8 m2/g e

Gas density of adsorbed phase ra 370 kg/m3 370 kg/m3 e

Initial nanopore radius r0 16 nm 19.5 nm 40 nm
Bulk modulus Ks 25 GPa 15 GPa 4 GPa
Initial porosity 5% 5% 5%
Biot coefficient a 1 e e

Volumetric strain coefficient εL 0.01 e e
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Fig. 4. Fitting results of the permeability model to experimental data under constant
displacement condition.
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exhibited a non-monotonic variation with gas pressure draw-
down. For further analysis, the ratio of apparent permeability to
intrinsic permeability and the ratio of intrinsic permeability to
initial permeability are plotted using different line types. Upon gas
pressure drawdown, the ratio of apparent permeability to
intrinsic permeability increased due to the presence of stronger
slippage flow, but the ratio of intrinsic permeability to initial
permeability decreased since the effective stress increased due to
decreasing pore pressure. These two curves exhibited opposite
trends and thus, the apparent permeability was significantly
affected by macroscopic-scale stress under high pressure, but
primarily by the influence of slippage flow when the gas pressure
was relatively low.
Please cite this article in press as: Wei, M., et al., Evolution of shale appa
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6.2. Permeability evolution under constant volume conditions

Similar to the constant stress case, the apparent permeability is
under the combined influence of macroscopic-scale stress and
slippage flow. In contrast to the constant stress condition, the
macroscopic-scale stress has a reversed impact on the apparent
permeability under constant volume conditions, as seen in Fig. 6.
This is because the desorption-induced increase in pore volume
resulted in a significant increase in cross-section in the flow
pathways, in turn causing a significant increase in the permeability
ratio. In particular, the apparent permeability increases signifi-
cantly under high pressure. By combining the effect of
macroscopic-scale stress and slippage flow, the apparent perme-
ability increases continuously with gas pressure drawdown under
constant volume conditions. It can therefore be inferred that the
rate of production of shale gas is mainly related to macroscopic-
scale geomechanics during the primary recovery stage, whereas
shale productivity significantly depends on nano-scale flow at low
pore pressure.
7. Influence of adsorbed layer at different initial nanopore
radius

This section investigates the parameter sensitivities of the pro-
posed apparent permeability model under constant stress
conditions.

For conventional rock, the effect of adsorbed gas can be ignored
in flow modelling flow because of the large total void space
compared with the volume occupied by adsorption. However, the
adsorbed volume of CH4 is crucial in shale because the pore radius
is often smaller than 5 nm and much of the void space existing in
rent permeability from stress-controlled to displacement-controlled
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organic material, for which CH4 has a large affinity (Sakhaee-Pour
and Bryant, 2012). Nanopore radius plays an important role in
shale gas production because a higher mass transfer of gas mole-
cules occurs inside the nanopores.

The micro-scale flow of shale gas through porous media in-
volves various distinct transport mechanisms according to the
Knudsen number. Fig. 7 shows the range of flow regimes in shale
gas reservoirs depending on the pore radius and the pressures of
those reservoirs. The Knudsen number mainly lies between 0.001
and 10 for all pressure from 0.1 to 100 MPa when the pore radius is
between 5 and 50 nm. For a pore radius assumed constant, the
Knudsen number is smaller due to the decreasing volume occupied
by the adsorbed layer. Moreover, the influence of the adsorbed
layer on the Knudsen number is less pronounced for larger pores.

Fig. 8 shows the ratio of apparent permeability to initial
permeability for different initial pore radius To evaluate the effect
of the adsorbed layer on the apparent permeability, comparison
curves where pore radius is assumed constant, (i.e., where the
adsorption thickness is ignored) have been added to the figure. The
differences between the solid lines and the dash lines in the figure
are noticeable when the pore radius is less than 25 nm, indicating
that the adsorbed layer has greater influence on increasing slippage
flow inside small radius nanopores thar are abundant in shale. It
can also be seen that the influence of the adsorbed layer is more
important in estimating the permeability at lower pressure. The
permeability of a shale reservoir is predicted to increase
Fig. 8. Effect of adsorbed layer on apparent permeability for different pore radius
under constant stress condition.

Please cite this article in press as: Wei, M., et al., Evolution of shale appa
conditions, Journal of Natural Gas Science and Engineering (2016), http:/
significantly over the life of a well, by a factor of ten or more, as the
production continues and the pressure decreases.

8. Conclusions

A new apparent gas permeability model for shale was presented
to provide significant improvement for studying gas transport in
multi-scale. In this model, the apparent permeability varies as a
function of the effective stress and Knudsen number, and the
impact of the adsorbed layer thickness was also included. This
multi-scale permeability model is also validated by experimental
data under constant stress condition and uniaxial stress condition.
Model results were all in good agreement with these experimental
data. We applied the model to evaluate the evolution of apparent
permeability under various boundary conditions ranging from
stress-controlled to displacement-controlled cases. Based on the
model results, the following conclusions can be drawn:

(1) The new apparent permeability model fully considers both
the influences of effective stress at the macroscopic scale and
flow regimes ar the microscopic scale. Our model also
demonstrates that the apparent permeability is significantly
affected bymacroscopic-scale stress under high pressure, but
is primarily influenced by flow regimewhen the gas pressure
is relatively low. This suggested that shale gas production is
mainly determined by the evolution of effective stress during
the primary recovery stage. The impact of flow regimes may
be important only at a late stage when the gas pressure is
very low.

(2) Gas permeability is significantly greater with higher gas
sorption capacity compared to that is without adsorption.
The permeability would be underestimated where it not for
the consideration of the influence of the gas adsorbed layer.
It also suggested that the effect of the adsorption layer on the
permeability ratio is more significant in the later stages of
gas production, especially in shale that has a smaller average
pore radius.
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