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ARTICLE INFO ABSTRACT

The sensitivity of shale permeability to effective stress has been reported widely in the literature but the relation
between them is not always consistent with the principle of effective stress. This knowledge gap defines our
specific research goals: (1) to resolve the inconsistency between the evolution of shale permeability and the
effective stress principle, and (2) to incorporate the evolution of shale permeability into the evaluation of shale
gas production rate. In this study, we define shale blocks bounded by artificially introduced hydraulic fractures.
At block scale the system comprises two components represented by inorganic and organic components. Unlike
previous studies, we assume that the organic system is embedded within the inorganic system and both systems
are dual porosity media. We define the shale permeability as a function of strains representing the stress transfer
between fractures and matrix. These permeability-strain relations (shale permeability models) are then used to
couple the governing equations of shale deformation and gas flow. The composite suite of equations are then
solved by a commercial PDE solver. We use the coupled model to generate typical evolution profiles of shale
permeability under stress-controlled conditions for the cases of both gas injection and gas desorption. These
profiles are consistent with experimental observations as reported widely in the literature. We also use the
coupled model to examine how the shale permeability evolves during the extraction of shale gas. Model results
show that the evolutions of both shale permeability and gas production rate at field scale are primarily con-
trolled by the contrasts in both the transport and deformation properties of the reservoir and the interfacial
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dynamics of mass and effective stress transfer between matrix and fractures.

1. Introduction

Shale gas has become an important component in the world energy
mix due to its abundance, utility and corresponding reduced carbon in-
tensity over other fossil fuels (Saghafi et al., 2007; Bai et al., 2013; Vafaie
et al., 2015). Although a number of studies have been conducted to in-
vestigate the key processes of shale gas extraction, from nano-scale to
field-scale, two major questions remain unresolved. At experimental
scales, it has been observed that shale permeability is extremely sensitive
to effective stress. However, the relation between shale permeability and
effective stress is not well understood. At field scales, sharp decreases in
gas production rate are normally observed following initial production,
and these observations have led to uncertainties in the gas production
forecast. However, the relation between the evolution of shale perme-
ability and the sharp decrease of shale gas production rate has not been
fully addressed.

At experimental scales, previous studies have demonstrated that
shale permeability is extremely sensitive to effective stress. Kumar et al.

(2015) conducted a series of experiments on intact and fractured shale
samples to investigate permeability evolution and found that the per-
meability exhibited a two-stage evolution with gas pressure during the
injection process of CO,. Permeability first decreased as gas pressure
was increased, reached a minimum close to double the Langmuir
pressure (at 3.5 MPa), and then rebounded as the gas pressure was
further increased. A stress-based permeability model (Kumar et al.,
2012) was used to explain the observations. However, the model could
not fully explain the observations. Similar experiments examined des-
orption (Jin et al., 2015) showed that the permeability would increase
during desorption of N, under a constant confining stress and decreased
pore pressure. In this work, the permeability increase was attributed to
the Klinkenberg effect or slip-flow effect at low pore pressures. In both
studies, the effective stress decreases as the gas pressure increases. This
reduction in effective stress would increase the permeability based on
the effective stress principle. Apparently, this theoretical conclusion is
inconsistent with both experimental observations. In both studies, the
strain caused by adsorption and the interaction between different
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process components were not considered. Chen et al. (2015c¢) studied
the strain behavior due to two gases (helium and methane) and de-
monstrated the significance of the adsorption-induced strain in shale.
Heller and Zoback (2014) measured methane and carbon dioxide ad-
sorption isotherms at 40 °C on gas shale samples and showed that the
adsorption swelling was approximately linearly proportional to the
adsorption mass. These studies may suggest that the inconsistency be-
tween the experimental permeability and the effective stress principle
may be related to the gas sorption-induced strain.

At field scales, a number of studies have been conducted to investigate
the impact of shale structures on gas production. A mathematical model
was developed by Akkutlu and Fathi (2012) to analyze multi-scale gas
flow in organic-rich shale with three different components: organic matrix,
inorganic matrix and natural fractures. Gas transport followed a sequential
approach in which the organic matrix (kerogen) communicated the nat-
ural fractures with the inorganic matrix. Hudson et al. (2012) introduced
multiple porosity systems including systems in series with cross-flow or
exchange and in parallel. Haghshenas et al. (2013) investigated gas flow in
shales under three conditions: (i) including organic matrix and fractures
only, inorganic/organic matter contributing to the fractures both (ii) si-
multaneously and (iii) in sequence. These studies have focused on the
heterogeneous structure of the inorganic system, however, the organic
system also exhibits a heterogeneous structure (Ambrose et al., 2010;
Naraghi and Javadpour, 2015) but the impacts of this have been only
sparingly explored. Some studies have shown that the inorganic system
primarily determines the shale flow behavior while the organic system
determines the gas storage (Ho et al., 2016; Lee et al., 2016). In fact, the
organic system is embedded in the inorganic system and the organic
system communicates with the hydraulic fracture only via the inorganic
system, both through mass exchange and stress transfer. The nature of the
high physical property contrasts between the two systems determines that
both the mass transfer and the stress transfer between the two systems are
the limiting processes for shale gas production. The process of mass
transfer is well studied while stress transfer, and the coupling behavior
between these two, are seldom the focus of study. From this brief review, it
can be concluded that the structural characteristics of shale exert a sig-
nificant impact on gas production processes at field scales.

However, the relation between the evolution of shale permeability
at experimental scales and the sharp decrease of shale gas production
rate at field scales has also not been fully addressed. As pore diameters
in shale reservoirs are much smaller than those in conventional re-
servoirs, the concept of continuum flow theory may no longer hold
(Sherman, 1969) and the concept of intrinsic permeability may not
directly apply. Alternatively, the concept of apparent permeability has
been used (Javadpour, 2009). The apparent permeability is written as
the product of a correction factor and intrinsic permeability, commonly
shown as: k = f(Kn)k.. (Civan, 2009). f(Kn) represents the correction
factor which is often related to the Knudsen number (Kn), and k.. re-
presents the intrinsic permeability which depends on the pore structure.

The correction factor f(Kn) (shown in Table 1) has been extensively
studied in porous media while the intrinsic permeability variation with
mass transfer and stress transfer during gas production is rarely studied.
Throughout production, the gas pressure in both the inorganic and
organic systems changes and a contrast in pressures between fractures
and matrix is created. As production progresses, the matrix pressure
decreases while the effective stress in the matrix increases. The zone of
stress influence expands from the fracture wall into the matrix. The
impact of stress transfer in the expansion zone on the evolution of shale
permeability is reflected in the intrinsic permeability (k..) model.
Bustin et al. (2008) illustrated the relationship of shale permeability
with effective stress and found that permeability varied by several or-
ders of magnitude with effective stress. Chen et al. (2015a) established
a theoretical model describing the relationship between fracture per-
meability and effective stress, and showed that fracture permeability
would decrease significantly with gas depletion. These models were
developed either for artificial fractures or artificially separated natural
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fractures (Carey et al., 2015) and the impact of stress transfer was ig-
nored. Liu et al. (2011) proposed a mechanistic model in which the
permeability was controlled by the switching of processes between
local-swelling and macro-swelling. The incorporation of such processes
in the evolution of shale permeability, and their impact on shale gas
production, have been only sparingly reported in the literature. Peng
et al. (2014) presented a new permeability model to explain such ex-
perimental observations of permeability evolution, and extended this to
shale gas reservoirs (Peng et al., 2015). These previous studies focused
exclusively on the dependence of shale permeability on effective stress,
not on the effective stress transfer between organic and inorganic
components within a single shale block.

The specific goals of this study are (1) to address the inconsistency
between the evolution of shale permeability and the effective stress
principle, and (2) to investigate the relation between the evolution of
shale permeability and the sharp decrease of shale gas production rate.
In order to achieve these goals, we define the shale permeability as a
function of strains representing the stress transfer between fractures
and matrix instead of the effective stress itself. These permeability-
strain relations (shale permeability models) are then used to couple the
governing equations of shale deformation and gas flow. The composite
suite of equations are solved by a commercial PDE solver. The model is
used to generate a typical four-stage evolution of shale permeability
under conditions of stress-control. The model is also applied to explore
why shale gas production rate decreases sharply after a relatively short
period of high production. This approach and results are reported in the
following sections.

2. Conceptual model
2.1. Two component systems

The hydraulic fracture is the essential step to the exploration of
shale reservoir due to its ultra-low permeability, typically six orders of
magnitude below that of conventional reservoir. A mount of hydraulic
fluid, opponents and activators are injected into shale reservoir along
well hole. Once the fracturing pressure large than formation strength,
the hydraulic fracture appears along the direction of maximum prin-
cipal stress. The exploration process of shale gas are seen in Fig. 1 (a). In
this study, we define shale blocks bounded by artificially introduced
hydraulic fractures. At block scale, the system comprises two compo-
nents represented by inorganic and organic systems. Unlike previous
studies, we assume that the organic system is embedded within the
inorganic system and both systems are dual media. For these dual
systems, there exist two boundaries: one is the interface between the
two components, defined as the inner boundary, and the other is the
shale block boundary called the outer boundary. The shale block ex-
hibits highly heterogeneous properties of the mineral constituents, pore
structure and gas storage, as observed in field emission scanning elec-
tron microscopy (FESEM) (Chen et al., 2013a; Mehmani et al., 2013).
Fig. 1 (a) presents a typical high resolution SEM image of shale
(Ambrose et al., 2010; Akkutlu and Fathi, 2012; Wasaki and Akkutlu,
2014). The organic (kerogen) and inorganic components are well re-
solved as dark- and light-grey regions, respectively. Laminar slit-shaped
pores are also apparent in the inorganic system. In addition, a collection
of organic inclusions are distributed in the shale with the existence of a
sponge-like structures and with well-developed complex and inter-
connected nanopores (Ambrose et al., 2010; Curtis et al., 2012; Yang
et al., 2016). As the majority of the gas is stored in the organic system,
which is characterized within the heterogeneous structure (including
organic pores and kerogen matrix), it is necessary to further subdivide
the organic system, as shown in Fig. 1 (b) (Shi et al., 2015). The red,
dark grey and light grey (Fig. 1(b)) represent the organic systems pores,
kerogen and inorganic minerals, respectively. Note that the slit-shaped
pores in the inorganic matrix may not even be appear in these small-
scale images because of their large size. For further simplification, the
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Table 1
The summary of f(Kn) expressions.
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f(Kn) expression Author(s)

f(Kn) expression Author(s)

Klinkenberg correction

- (1+5)

br = 11.419(koo) 030

Klinkenberg (1941)

Heid et al. (1950)

b = 12.639(koo) 033 Jones and Owens (1980)

Slip flow correction

4Kn
fKn)=1+ T3k

Zhang et al. (2014)

f(Kn) =1 + 4.89Kn Chen et al. (2015b)
Transition correction
f(Kn) = 0.8453 + 5.4576Kn + 0.1633Kn?

Slip flow and Knudsen diffusion correction

Sakhaee-pour and Bryant (2011)

f(Kn) =

—0.53 Sampath and Keighin (1982)
k p 8
br = 13.951 790]
k |:¢

Ki K Li et al. (2014
bk:p1ily<ln +pa(Kn)(1+ li;n) ietal. ( )
[#RT: Guo et al. (2015)
b= 4MEU\/ ZM:
2 Sakhaee-pour and Bryant (2011)

fKn) =1+ 4(%5“%

f(Kn) =1+ 4Kn Florence et al. (2007)

f(En) =1 + 6.85Kn + 3.39Kn? Kazemi and Takbiri-Borujeni (2015)

Chen et al. (2015b)

2, 82 =
1+ 4.89Kn 1280°ug8” [7Rg | ( 0.0006eKNKn
1+ 0.0006eKn 3kp N MT )\ 1+ 0.0006eKn

(ki) =
)j (Kn) 1+0.0024Kn* 3xp
Slip flow and Transition flow correction

f&n) =1+ a(Kn)Kn][l +

]a (Kn) = 115% tan~1[4Kn04]

1+4.89Kn 128287 [7Rg
N mr

0.0024Kn*
1+ 0.0024Kn>

Florence et al. (2007)

organic system pores are treated as a connected domain combining the
surrounding solid components and the kerogen is isolated by organic
system pores as shown in Fig. 1 (b). It is assumed that the kerogen
communicates with the inorganic component through organic pores in
both gas flow and mechanical deformation behaviors.

2.2. Gas flow behavior

In this study, the gas in the organic/inorganic pores is treated as free
gas while the gas on the organic pore surface and in the kerogen is treated
as adsorbed gas, as shown in Fig. 1 (b). For free gas, the flow regimes are
distinguished by the Knudsen number. The Knudsen number, Kn, defined
as the ratio of the molecular mean free path to the pore diameter (Mulder,
1996), is a widely recognized dimensionless parameter determining the
degree of appropriateness of the continuum flow model.

The variations of the Knudsen number and flow regime with pore
diameter are presented in Fig. 2 (Javadpour et al., 2007). For the free
gas in the inorganic pores, whose diameter ranges from several hundred
nanometers (nanopores) to several micrometers (natural fractures), the
flow regimes are mainly slip flow (seldom continuum flow). For the free
gas in the organic pores, whose diameter is ~ 10 nm, the flow regime is
also one of slip flow. The absorbed gases are transported due to the
concentration gradient. A Langmuir model (Bumb and McKee, 1988) is
used to define the adsorption process while the gas flow in the kerogen
and on the organic pore surface is defined by diffusion.

2.3. Mechanical deformation behavior

In this section, we use gas injection as an example to illustrate the
relation between effective stress and permeability evolution. Before in-
jection, the sample is at an equilibrium state and the gas pressure is ev-
erywhere uniform. The injection process can be summarized in three
stages: (1) Filling up the Inorganic System. As the gas is injected into the
shale sample, the inorganic system fills with gas near-instantaneously
because of its high permeability. The inorganic system would swell,
leading to a larger pore aperture while the pore in the organic system
would shrink. The permeabilities in these two systems exhibit opposite
behaviors because of the heterogeneous distribution of local stress. The
interface between these two systems during this stage (Bp) is shown in
Fig. 3 (I); (2) Filling up the Organic Pores. As the injection continues, the
gas flows into the organic pores. This situation is more complex than be-
fore as the organic pore not only stores free gas but also adsorbs gas. The
adsorption-induced strain and the increased gas pressure in the organic
system resists the compressive stress applied by the inorganic system. In
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this stage, the inorganic system shrinks and the location of the new in-
terface (By) is determined by the interactions between the organic pore
pressure, adsorption-induced stress and compressive stress applied by the
inorganic system as shown in Fig. 3 (I); (3) Reaching a New Equilibrium
State. In the final stage, the gas diffuses into the solid component of the
organic system (kerogen). Similarly, the organic pores are compressed and
the kerogen swells due to the gas adsorption onto the kerogen. Also, the
inorganic system is compressed because of the stress transfer during this
stage. At the end of this process, the gas capacity is reached and the in-
terface between the two systems is determined by the outer boundary.
Two end-member boundary conditions are discussed here. If the control
volume is retained at constant volume, the permeabilities of the inorganic
and organic systems would decrease due to the swelling of the kerogen
matrix as shown in Fig. 3 (IIL,a). If the unit is constrained at constant
pressure/stress, P, the control volume would swell as shown in Fig. 3
(IIL,b). In this situation, the permeabilities of the inorganic and organic
systems are determined by the evolution of the global swelling strain and
the local compressive strain.

There are two boundaries present in the shale block: one is the inter-
face between the inorganic and organic systems (inner boundary) and the
other is the shale block boundary (outer boundary). Three special me-
chanical situations are discussed as follows: (1) when the modulus of the
inorganic system is infinite and the embedded organic component is de-
formable, then the strain for the inorganic system is zero while the organic
system conforms to the constant volume condition. In this situation, the
matrix behavior is mainly controlled by the internal boundary. Clearly, as
gas is released the kerogen shrinks and the organic pores swell while the
inorganic pores remain unchanged; (2) when the modulus of the inorganic
system approaches zero, the inorganic component is free to deform while
the organic component is elastic. Both the porosity and permeability be-
haviors are controlled by the outer boundary; (3) when the moduli of the
two systems are equal, the inorganic system can be seen as the extension of
the organic system in mechanical behavior. In this situation, the porosity
and permeability behaviors are controlled by both inner and outer
boundaries. For the field situation, the modulus of the inorganic system is
typically larger than that of the organic system. Thus, the porosity and
permeability behaviors are closer to the constant volume response. The
three special conditions are illustrated in Fig. 4.

3. Model formulations

In this section, the conceptual model discussed above is formulated
and the equations governing the mechanical deformation of shale, gas
flow in both components, mass transfer and the evolution of
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(a) Exploration process for shale gas recovery and SEM image of shale matrix (Ambrose et al., 2010; Akkutlu
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(b) The heterogeneous of shale matrix (Shi et al., 2015)

Fig. 1. Illustration of shale matrix system.

permeability are established. The global strain and local strain defined
in Peng's work (2014) are referenced. In our work, the subscript e re-
presents the effective strain, subscript g represents the global strain and
local strain is represented by subscript L

3.1. Governing equation of the mechanical process

Similar to the mechanical relations for dual porosity media (Zhang
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et al., 2008; Wu et al., 2011), considering the influences of pore pres-
sure and adsorption-induced strain, the constitutive deformation for the

shale reservoir becomes:

U ki =flj + QinDipi t XorPyr; T AkePgei T KEs,i(por)

Gu,-,kk +

+ K&, (Py.) 1)

where u is the displacement, p is the gas pressure, ¢ is the sorption
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Fig. 2. Relationship between the Knudsen number and gas pressure for different pore
diameters, where kj, is the Boltzmann constant, T is the temperature in shale reservoir, s is
the collision diameter for molecules (Javadpour et al., 2007).

strain, a is the Biot coefficient, K is the bulk modulus and G is the shear
modulus. The subscripts in, or and ke represent the inorganic system,
organic pore and kerogen matrix, respectively. The subscripts i and k
represent the directional component of the variable in whichi, k = 1,2,3,
the subscript kk is the Einstein summation convention and the subscript
comma represents the derivative of a variable.

The gas adsorption-induced strain is obtained from the Langmuir
equation:

&Lp
& =
P+p 2

where ¢; is the Langmuir strain constant and Py is the Langmuir pres-
sure constant.

Bo Bo

<« X
B BB

(1) filling-up inorganic pores

BoBm

(Il filling-up organic pores
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3.2. Governing equations of the flow processes

3.2.1. Flow in inorganic system

As mentioned above, the flow regime in the inorganic system can be
described by slip flow and the correction factorf, (Kn) =1 + liK;Z’m, is
selected in this work. The mass conservation law for flow in the in-
organic system is defined as:

6mm
N 4 VT = Quor +

5t n an or QS (3)
where J;, is the mass flux of gas transport in the inorganic minerals, Qg
is the mass source term and Q;, o is the mass transfer between inorganic
pores and organic pores. m;, represents the gas mass in the inorganic
system and only free gas exits:

mi, = pin¢in (4)

whereg;, is the inorganic porosity and p;, is the gas density in the in-
organic system. The J;, is the mass flux in the form of a pressure gra-
dient defined as a modified Darcy equation:

kapin
Jin == P Pin VPin

()

where p is the dynamic viscosity of gas and kg, is the apparent per-
meability of the inorganic system which can be expressed as:

4Kn;
kapin = (1 + 71")]{1'7100

1+ Kl’lm (6)

in which k;,.. is the intrinsic permeability of the inorganic system.

3.2.2. Flow in organic system
The mass conservation law for the organic pore is defined as:
amor
— + VJor = —Qin—or
at or Qlﬂ or (7)
The gas mass content m,, contains free-phase gas and absorbed gas
in the organic pore as well as the mass source term from the kerogen,
and is defined as:

Fig. 3. Illustration of gas injection processes, B presents the
internal boundary between inorganic and organic systems,

subscripts O,LILIII represent the location at the initial stage,
Q O ) .
o the first stage, the second stage and the third stage, and the
arrow represents the displacement direction of the
& boundary during this stage.
@
®
o @

(1l1,2) diffusing into kerogen under constant volume condition

condition

(11,b) diffusing into kerogen under constant stress
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whereq,, is the organic pore porosity,¢y is the kerogen proportion, Py,
is the Langmuir pressure constant in the organic pore, Vi, is the
Langmuir volume constant in the organic pore, pg, is the gas density at
standard atmospheric pressure, p, is the density of the organic pore
surface, p,, is the gas density in the organic pore and py is the density of
kerogen.

The total mass flux in the organic pores is the combination of the
slip flow term and surface diffusion term, and is defined as:

9

Jor = orstip + Jorsur

where the first term represents the mass flux from slip flow and the
second term represents the mass flux from surface diffusion. The slip
flow term is written as a modified Darcy flow:

— pOr ko""o (1 4Knor

1+ Kn,,,.) Bor

Jorslip = 10)
where k.. is the intrinsic permeability of the organic system. And the
surface diffusion term is defined as:

= —Dor VCo 1D

JOYSLU‘

where D, is the surface diffusivity in the organic system and C,, is the
gas concentration in the organic system. The Langmuir equation is
applied to obtain the concentration as:

VLorPor

Cor = .
or Pgapms by + Pror

12)

The total mass flux can also be written in the form of apparent
permeability:

kapor

I.l porvpor

Jor =—
13

where kgpor is the apparent permeability of organic pore and can be
expressed as:

4Kn,,
1 + Kn,,

VLW pLor M

kapor = koreo| 1 + — =
e 0" ( (poy' + PLar)2 Por

) + DorPgaPk a4

3.2.3. Mass transfer term

The gas mass transfer between the inorganic and organic systems is
determined by the gas content difference. The mass transfer is pro-
portional to the gas pressure (Lim and Aziz, 1995):

Oor kapur

Qin—or = por(par - pin)

(15)
where o, is the shape factor in the organic system.
The mass transfer rate between kerogen and the organic system
pores (prpgaPriMi.) is defined by the diffusion time in the kerogen (Wang
et al., 2012):

dmke
dt

1
= ——[mge — Me(Pya)]
Tio e e (Pyall (1 6)
where m.(p,q) is the gas concentration in equilibrium with interface
pressure p,q;. In this equation, the diffusion time in the kerogen is
expressed as:
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where Dy (m?/s) is the diffusion coefficient in the kerogen and ay, is a
shape factor in the kerogen matrix. In our work, the assumption of
pseudo-steady state is made and the interface pressure p,,qy is equal to
the organic pore pressure p,,. The absorbed gas content at equilibrium
me(pwan) is calculated by the Langmuir isotherm:

VLorpor

Me(Dya) = .
e \Pwall PLor +p0r

(18)

In summary, the gas flow equations in shale are defined as:

(a) Gas flow in inorganic pores,

a(pin¢in) + V. _@
ot 7

Oor kapor

kapin Vpin) = Lor (por - pin) + QS

(19)

(b) Gas flow in organic pores,

VLorPor

Por + PL r) L.
: + V'(_f aporvpor)

1
por(por - pin) + ¢kpgapk; [mkf - me(pwall)]
e

a(por ¢or + ¢orpgapurs
ot

_ O'ﬂrkapor
- (20)
(c) Gas diffusion in kerogen,

VLorpor
P, Lor T Por

dmke
dt

= _akeDke[mke - @1

3.3. Permeability models

3.3.1. The intrinsic permeability model of the inorganic system
The porosity of the inorganic system is related to the effective strain
(Peng et al., 2014) and defined as:

¢in
¢in0
Where ¢ is the initial porosity of inorganic matrix, the subscript, 0,
denotes the initial value of the variable and ¢;,, represents the effective

strain in the inorganic system. The effective strain is the sum of the
global strain and local strain of the inorganic system:

Xin

=1+

AEine

in0 22)

Agipe = AEing + Ay (23)

where the ;,, represents the global strain in the inorganic system and
&y represents the local strain in the inorganic system. The global strain
of the inorganic matrix is the resultant of the global strain of the shale
block and the compressive strain applied by gas pressure and gas ad-
sorption in organic system:

(por - pin)

inm

Agipg = Agy, —

— Jor2in (Agg (Por)) - ﬁchin (A (pk)) (24)
where Kj,, is the bulk modulus of the inorganic system The first term
on the right represents the global strain of the shale reservoir, the
second term represents the compressive strain applied by the organic
system, and the last two terms represent the compressive strain applied
by the adsorptive behavior of the organic pore and kerogen matrix,
respectively. The local strain of the inorganic matter is applied by the
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gas pressure in itself:

Apin

ins

Agiy =

(25)

where Kjp; is the bulk modulus of the inorganic skeleton. A typical re-
lationship between porosity and permeability is the cubic law (Zhang
et al., 2008) and defined as:

QXin

3 3
(8]
¢in0 ¢

3.3.2. The intrinsic permeability model of organic system
Similarly, the porosity of the organic system is related to the ef-
fective strain:

¢

_r=1+aor

¢0r0 ¢0r0

where ¢, represents the effective strain of the organic pore. The ef-
fective strain ¢, also includes the global strain and local strain of the
organic system:

kineo

kinon

(26)

in0

Ag,
ore (27)

Agore = AEDrg + Agon (28)

where the first term ;,, represents the global strain of the organic pore
and the second term represents the local strain of the organic pore. The
global strain of the organic matter is the combination of the global
strain of the shale reservoir and the compressive strain applied by the
inorganic matter and kerogen:

ﬁceZor (AES (pk)) (29)
where Kjen, is the bulk modulus of the kerogen matrix. The first term on
the right represents the global strain of shale reservior, the second and
third terms represent the compressional strain applied by the organic
system and the kerogen matrix, respectively, and the last term re-
presents the adsorption effect applied by kerogen matrix.

The local strain of the organic matter only contains the adsorption
strain in itself:

Agon = _f;)ﬂor (Agg (pgr)) (30)

Also the cubic law describes the relationship between permeability
and porosity of the organic pores:

e (2] (11 20, )
k0r°°0 ¢or0 ¢or0

As discussed above, the adsorption-induced stress occurs in the or-
ganic system and is transferred to the inorganic system. Thus the ad-
sorption stress in the kerogen not only compresses the pores in the
organic matter but also compresses the pores in the inorganic system
(Wang et al., 2014). Here vy, a distribution coefficient depending on
the modulus of the two systems and the boundary condition, is in-
troduced. Thus for fiezo(Ag(p,)), We obtain:

(€19)

€LkePie

Ae, =1 - _—
fkeZor( S(pk)) ( yke) PLke + pke

(32)

in which Py, is the Langmuir pressure constant of the kerogen matrix
and egy. is the Langmuir strain constant of the kerogen matrix. And for
Jrezin(A&s (py)), we have:

ELkePe

- (Aeg, = —_ -
f;ce2m( b(pk)) Yee P + Die

33)

Similarly the pores in the organic and inorganic systems are both
affected by the adsorption strain in the organic pore, and vy, is in-
troduced here. In our work, the f,20(Ag;(p,)) is written as:

100
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ELor D,y

f(‘)rZor (AES(por)) = (1 - yor) PLor + D

(B34
In which ¢, is the Langmuir strain constant of the organic pore. For
forZin(Ass (pk)), we have:

ELorpor

f;;r2in (AE (ng)) = Yor PLor + Dy

(35)
If the inorganic modulus is infinite, then yx, = Yo = O and the
matrix has to swell inside, compressing the pore.
In summary, the permeability models for both inorganic and organic
systems are defined as:

3
Kinso _ 14 %infag _ @or —Pi) €LorBor ELkePre Apy,
- v
kinoo() ¢in0 Kinm o PLor + Dor ke PLke + Dre Kins
(36)
Koreo =11+ Xor Aey — Pin — Por D — Py 1 —%e _ ELkePre
korooO ¢or0 Kirm Korm PLkL’ + Pre
3
B R 7.
B Lor + por
37)

3.4. Cross couplings

The deformation equation (Eq. (1)) and the gas flow equations (Eq.
(19) - Eq. (21)) describe the deformation of the shale matrix and the gas
flow in both components. The interactions between shale deformation
and gas flow are represented by the permeability models of Eq. (36) and
Eq. (37). Fig. 5 graphically represents the fully coupled processes of this
developed model. The gas flow in both components will change the
effective stress in shale matrix and the adsorption/desorption process in
organic system will also induce swelling/shrinkage of the matrix. These
effects may modify the stress field and the deformation of the shale
matrix. Conversely, the mechanical deformation will compact/dilate
the pore space and thus revise the storage and transport properties of
both components. The diffusion process in the kerogen supplies ad-
sorbed gas to the gas flow in the organic pores and the mass transfer
between the organic system and the inorganic system is controlled by
the gas pressure. During the process of mass transfer, coupled with
stress transfer, both the porosities and permeabilities in both

Gas Flow in Kerogen
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Change Effective Stress
Gas Pressure and Gas Adsorption

Shale Matrix
Deformation
Porelasticity Mechanigs

Gas Pressure
Mass Transfer
Gas Concentration Controlled
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«
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Fig. 5. Illustration of cross-couplings between variable processes within the inorganic and
organic systems.
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components are modified because of the interfacial dynamics.

4. Analysis of experimental observations
4.1. Evolution of permeability under conventional tri-axial conditions

We use this coupled model to evaluate the evolution of permeability
during the processes of gas injection and gas desorption under con-
ventional tri-axial conditions. The shale sample is cylindrical and
2.5 cm in diameter and 5 cm in length, as shown in Fig. 6. The injection
or desorption pressure, pos, is applied at the basal boundary of the
inorganic system and a no flow boundary condition is applied to the
other boundaries. The confining pressure, o, is applied on all the
boundaries and is kept constant. The initial gas pressure is py. The input
parameters for the simulation are listed in Table 2.

Fig. 7 (a) shows the evolution of permeability during the gas in-
jection process (po 1 MPa). Four distinct stages are observed: (1)
Stage of Permeability Increase. Permeability increases in the early stage
when the inorganic pores are filled with the injection gas immediately
after the injection. This increase in permeability is due to the sudden
increase in the injection pressure, concomitantly reducing effective
stresses; (2) Stage of Permeability Decrease. Permeability decreases
after the pressure in the inorganic pores reaches the injection pressure.
At this stage, gas diffuses from the inorganic system into the organic
system. Subsequently, the gas-invaded volume in the vicinity of the
organic system swells and this swelling (local deformation) reduces the
apertures of micro-fractures in the inorganic system. Therefore, the
permeability in the inorganic system decreases; (3) Stage of Perme-
ability Recovery. As the gas-invaded volume expands further into the
organic system, the controlling factor on the evolution of permeability
in the inorganic system switches gradually from the internal boundary
to the external one. Only part of the swelling deformation contributes to
the evolution of permeability; and (4) Stage of Permeability

Table 2
Input parameters for the numerical example.
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Stabilization. As the gas-invaded volume spreads throughout the or-
ganic system and a new equilibrium gas pressure between two systems
is reached, the entire sample swells uniformly. Under this condition,
permeability reaches its maximum value. This behavior is consistent
with the results from coals (Chen et al., 2013b; Peng et al., 2014).
Results of permeability evolution for the desorption case are shown
in Fig. 7 (b) (po = 9 MPa). Similar to the case for gas injection, four
distinct stages can also be observed: (1) Stage of Permeability Decrease.
Permeability decreases in the early stage when the gas in the inorganic
medium flows out immediately after the extraction. This reduction in
permeability is due to the sudden decrease in the pressure in the in-
organic system; (2) Stage of Permeability Increase. Permeability in-
creases after the pressure in the inorganic pores reaches the extraction
pressure. At this stage, gas diffuses from the organic system into the
inorganic system. Subsequently, the gas-depleted volume in the vicinity
of the organic system shrinks and this shrinkage (local deformation)
dilates the micro-fractures in the inorganic system. Correspondingly,
the permeability in the inorganic system increases; (3) Stage of Per-
meability Recovery. As the gas-depleted area expands further into the
organic system, the controlling factor on the evolution of permeability
in the inorganic system switches from the internal boundary to the
external one. Only part of the shrinkage (deformation) contributes to
the evolution of permeability; and (4) Stage of Permeability Stabiliza-
tion. As the gas-depleted volume spreads throughout the organic system
and a new equilibrium state between the inorganic system and the
organic system is reached, the entire sample shrinks uniformly.

4.2. Comparison with experimental observations of gas injection

Kumar et al. (2015) investigated the injection and adsorption of gas
(CO,) on two intact samples of Marcellus shale under conditions of
constant confining stress and variable gas pressure. The samples were
cylinders 2.5 cm in diameter and 5 cm in length collected in Pennsyl-
vania. The shale permeability evolution was investigated by injecting
CO,, into the intact core at a constant confining stress of 10 MPa and
variable gas pressure increasing from 1 MPa to 6 MPa. The transient
pulse test method was utilized to evaluate shale permeability (Brace
et al., 1968). The values of kginp were 1.09 x 107" m? and
3.16 x 10~ '* m? for samples A and B, respectively. For the simulation
model, the injection pressure, p;,, is applied at the basal boundary of the
inorganic system and no flow boundary conditions are applied on other
boundaries. The confining pressure, 10 MPa, is applied on all the
boundaries and kept constant. The input parameters for the simulation
model are listed in Table 3 (Kumar et al., 2015). As shown in Fig. 8, the
modeled results match well with the experimental observations.

4.3. Comparison with experimental observations of gas desorption

Jin et al. (2015) conducted experiments of gas desorption processes
(N5) on two intact samples under a constant confining stress. The two
samples were cylinders of 2.5 cm diameter and, 2.1 cm and 1.2 cm
length respectively, collected from North America. The gas pressure
gradually decreased from 9 MPa to 4 MPa while the confining pressure
was kept at 11 MPa. The complex pressure transient method (Boitnott,
1997; Siriwardane et al., 2009) was chosen to measure the gas shale
permeability in this experiment. The values of kgno were
14.8 x 107 ¥ m? and 3.2 x 10~ '® m? for sample BH and sample CH,
respectively. For the simulation model, the depletion pressure, pge, is

Simulation Scenario Pino Kkino Koro E £r P,
Adsorption 0.02 1 x 107** [m?] 1.5 x 107'° [m?] 5[GPa] 0.07 3[MPa]
Desorption 0.01 1.5 x 1077 [m?] 1 x 107 [m?] 40[GPa] 0.04 2[MPa]
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Fig. 7. Evolution of permeability during (a) injection and (b) desorption processes.
Table 3
Input parameters for the injection experiment conducted by Kumar et al. (2015).
Sample Gino Kapino Kkaporo Ein ELor Pror
Sample A 0.02 1 x 107 "*[m?] 1 x 107'°[m?] 5[GPa] 0.07 1.5[MPa]
Sample B 0.01 3 x 107 Y[m?] 5 x 107 ¥[m?] 30[GPa] 0.03 1[MPa]
4.4. Discussions of matching results
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Fig. 8. Comparisons of modeled permeability with experimental data.

applied at the bottom boundary of the inorganic system and no flow
boundary conditions are applied on the other boundaries. The confining
pressure, 11 MPa, is applied on all the boundaries and kept constant.
Other input parameters are listed in Table 4. As shown in Fig. 9, the
modeled results match well with the experimental observations.

Table 4
Input parameters for experiment conducted by Jin et al. (2015).

When the confining stress is kept constant, the assumed effective
stress in the samples decreases as the gas pressure increases for the case
of injection while the assumed effective stress increases as the gas
pressure decreases for the case of gas desorption. Therefore, the per-
meability should increase for the case of gas injection while the per-
meability should decrease for the case of gas desorption according to
the effective stress principle. Based on this theoretical conclusion, only
the experimental data of Sample CH (gas desorption) are consistent
with the principle of effective stress - while the other three experiments
contradict this principle. Conversely, our analysis matches all four of
these cases. This superior match demonstrates that our coupled model
has resolved the inconsistency between experimental observations and
the effective stress principle. In our approach, both the contrast in
permeability between different components and the swelling char-
acteristics are important. The Langmuir strain constants for these cases
are 0.07, 0.03, 0.002, and 0.0005, respectively. The case with the
minimum Langmuir strain constant of 0.0005 (Sample CH, as shown in
Fig. 9) is the only one case where the experimental data are consistent
with the principle of effective stress. All others with larger Langmuir
strain constants of 0.07, 0.03, and 0.002 contradict the principle. This
indicates that the sorption-induced local strains control the perme-
ability behavior. If local swelling is significant, the shale permeability is
controlled primarily by the internal boundaries between the inorganic
and organic systems; if the local swelling is less significant, the per-
meability is controlled primarily by the external boundaries. These four

Sample Pino Kapino Kaporo En er P
Sample BH 0.02 15 x 10~ *¥[m?] 1 x 107 *°[m?] 40[GPa] 0.002 2[MPa]
Sample CH 0.005 3 x 107 ¥[m? 1 x 1072°[m?] 20[GPa] 0.0005 4[MPa]
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Fig. 9. Comparisons of reproduced result with experimental result for gas desorption
processes.

examples represent two end-member behaviors, alternately accent-
uating local effects or muting local effects. For most cases in reality, the
controlling factor may switch gradually from the internal boundaries to
the external boundaries.

5. Analysis of field observations
5.1. Model establishment and history matching

In this section, production data from two production wells from
both Barnett Shale and Marcellus Shale reservoirs are used for history
matching (Al-Ahmadi and Wattenbarger, 2011; Yu and Sepehrnoori,
2014; Yu et al,, 2015; Cao et al., 2016). A horizontal well with hy-
draulic fractures is simulated by a number of shale blocks, which are
defined as the shale matrix between hydraulic fractures. Because of the
symmetry, one half of the shale block, as illustrated by the red rectangle
in Fig. 10, is used for the simulation model. The height of the simulation
model is the half-length of the hydraulic fractures and the width is half
of the hydraulic fracture spacing (Peng et al., 2015). For the mechanical
model, a uniaxial strain condition is assumed: a constant formation
pressure is applied on the upper boundary while a roller boundary is set
on the other sides. For gas flow in the inorganic system, the extraction
pressure is applied on the right side to simulate the pressure change in
the hydraulic fracture and no flow boundary conditions are applied on
the other boundaries. For the gas flow in the organic pore and kerogen
system, no flow boundary conditions are applied as they do not com-
municate with the hydraulic fractures directly.

Barnett Shale is the main source rock for the Paleozoic petroleum

POV_Z"

Fig. 10. Illustration of the field simulation model: The purple line represents the hor-
izontal well while the blue lines represent hydraulic fractures. (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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Table 5
Properties of the Barnett shale.

‘Known’ Parameters Value ‘Assumed’ Parameters  Value

Initial reservoir pressure  20.3 Young's modulus of 40
MPy) Shale(GP,)

Bottom hole pressure 3.45 Initial organic 1.5 x 10722
(MPy) permeability(m?)

Fracture space(m) 30.5 Initial organic 0.04

porosity

Fracture half-length(m) 47.2 Kerogen ratio 0.3

Reservoir temperature 65.6 Kerogen diffusion 1 x 10°
Q) time(s)

Initial inorganic 1.5 x 107'°  Poisson's ratio 0.2
permeability (m?)

Inorganic matrix porosity ~ 0.06 Langmuir pressure 4.48

constant (MP,)

system in the Fort Worth Basin and is currently one of the most prolific
gas reservoirs in the United States (Martineau, 2007). Well 314 was a
horizontal well with multi-stage fracturing and with a single, perforated
interval for each stage producing at a constant bottom-hole pressure.
The hydraulic fracture spacing and half-length were set at 30.5 m and
47.2 m, respectively, and the number of fractures was 28 (Al-Ahmadi
and Wattenbarger, 2011; Yu and Sepehrnoori, 2014). More than 1600
days of production data were collected for the history match. The initial
gas rate reached ~2.1 x 10° m>/day but decreased to 1.6 x 10* m®/
day 4.5 years later. Specifically, the average reservoir parameters of the
Barnett Shale, collected from the literature (Al-Ahmadi and
Wattenbarger, 2011; Yu and Sepehrnoori, 2014), are used for history
matching as shown in Table 5. Note that the ‘Known’ Parameters re-
present parameter collected from the reservoir or literature and ‘As-
sumed’ Parameters represents parameter used for history matching.

Marcellus Shale is a black, middle-Devonian-age sedimentary rock
from the Appalachian Basin with very low permeability, typically be-
tween 0.1 and 0.00001 mD (Lee et al., 2011). The reservoir comprises
two different shale layers with high TOC. The well used for history
matching was drilled in the lower section of the Marcellus formation
and was hydraulically fractured with a high rate slickwater treatment in
7 stages. Each stage comprises four perforation clusters with a total of
28 hydraulic fractures. The hydraulic fracture spacing and half-length
were set at 15.2 m and 121.9 m, respectively (Yu et al., 2015). The
bottom hole pressure was calculated based on the work of Yeager and
Meyer (2010). Only 250 days of production data are available for the
history match. The gas rate ultimately decreased to only 25% of that
recorded during the first few days by ~250 days. The reservoir para-
meters for history matching of the Marcellus Shale are obtained from
the literature (Yeager and Meyer, 2010; Yu et al., 2015; Cao et al.,
2016) as shown in Table 6.

The comparisons of modeled gas production rate and the accumu-
lative gas production with the field data are shown in Fig. 11. For both
cases, the initial gas production rate from the simulation results is
larger than the actual field data. This may be due to water flow back
reducing the gas production rate (Cao et al., 2016) while the gas will
dominate the gas production over the later period of the depletion. Also
the skin effect is ignored in our work which results in a lower perme-
ability for the hydraulic fractures. For the case of Barnett Shale, the
cumulative gas production obtained from the simulation model is lower
than that calculated from field data as shown in Fig. 11 (a). For the case
of Marcellus Shale, the gas rate and cumulative gas production obtained
from simulation results are in good agreements with those from field
data as shown in Fig. 11(b).

In the following sections, the verified model, presented above, is
used as a base case model to conduct a series of sensitivity studies.
Parameters used for the base case are listed in Table 7. Boundary
conditions for the deformation model and the flow model remain un-
changed. In addition, a time-dependent pressure (Cao et al., 2016) is
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Table 6
Properties of the Marcellus shale.

‘Known’ Parameter Value ‘Assumed’ Parameter Value
Initial reservoir pressure 34.6 Young's modulus of 50
(MP,) Shale(GP,)
Bottom hole pressure(MP,)  3.69 Initial organic 2 x 1072
permeability(mz)
Fracture space(m) 15.2 Initial organic porosity 0.045
Fracture half-length(m) 121.9 Kerogen diffusion time 1 x 107
(s)
Reservoir temperature(°C) 76.1 Kerogen ratio 0.3
Initial inorganic 1 x 107"  Poisson's ratio 0.2
permeability m?
Inorganic matrix porosity 0.046 Langmuir pressure 3.45

constant(MP,)

applied to simulate the pressure change in the hydraulic fracture during
the production process. We assume that the gas in the inorganic system
exists as free gas, the gas in the organic pores is a mixture of free and
adsorbed gas, and the gas in the kerogen exists only as an adsorbed gas.
The proportions of these four components are assumed as 15%, 15%,
5% and 65% in the base model.

5.2. Investigation of interactions between shale components

A shale block sandwiched between hydraulic fractures consists of
two systems (organic system and inorganic system) and three gas-
bearing components (kerogen, organic pores and inorganic pores). In
this section, we change the transport property of one component while
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the other two remain unchanged. This allows a study of key sensitiv-
ities.

5.2.1. Impact of the inorganic system

The inorganic system stores free gas and acts as a bridge connecting
the organic system to the hydraulic fracture. We increase the permeability
of the inorganic system from 1 x 107! to 5 x 107! m? to investigate
how the gas recovery rate changes with results shown in Fig. 12.

As shown in Fig. 12, the recovery rate increases with the perme-
ability of the inorganic system. The gas recovery rate after 30 years for
the case of the lowest inorganic permeability (5 x 10~2! m?) is about
40% of that for the case of the highest permeability (5 x 10~ '° m?).
However the incremental increase of recovery rate is not directly pro-
portional to the permeability increase when the permeability is high, as
shown in Fig. 12 (b). The recovery rate increases linearly as the per-
meability increases from 1 X 107! m? to 1 x 10~ '° m? but remains
almost flat when the inorganic permeability is larger than
5 x 107'° m? This result implies that the gas recovery rate is not
controlled by the flow capability of the inorganic system, but rather by
the mass supply of gas from the organic system and that the limiting
process can switch from gas flow in the inorganic system to gas diffu-
sion in the organic system.

Fig. 13 shows the evolution of gas production rate for different
permeabilities. In general, the initial high gas production rates decrease
rapidly in the first years and then remain flat. For an inorganic per-
meability of 5 X 107 '° m?, the flow rate reaches ~5 x 10° m®/day
initially then drops to 0.1 m>/day in five years. This is because (1) at
early time the flow rate is determined by the permeability of the in-
organic system; (2) as the initial high flow rate diminishes, the flow rate
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Fig. 11. History matching for two field cases.
Table 7
Parameters of the base model.
Parameter Value Parameter Value
Gas density(kg/m®) 0.714 Organic Pores intrinsic permeability(m?) 1.25 x 102!
Dynamic viscosity(P,s) 2x10°° Kerogen ratio 0.25
Langmuir pressure constant(MP,) 10 Diffusion time in kerogen (s) 2.5 x 10°
Langmuir volume constant(m®/kg) 0.0022 Atmosphere pressure(MP,) 0.1
Temperature(°C) 50 Initial pressure(MP,) 40
Shale gas molecule diameter (nm) 0.38 Biot's coefficient of kerogen 0.4
Inorganic system intrinsic permeability(m?) 1.5 x 1071 Biot's coefficient of pores in organic matter 0.4
Radius of inorganic pores(nm) 100 Young's modulus of shale(GP,) 20
Langmuir strain constant 0.024 Poisson's ratio of shale 0.2
Shale density(kg/m®) 2500 Biot's coefficient of inorganic system 0.4
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Fig. 12. (a) Evolution of gas recovery rates under different magnitudes of permeability in the inorganic system; (b) Impact of permeability magnitudes on the recovery rate.
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is then controlled by the gas supply from the organic system.

5.2.2. Impact of organic pores

We now change the permeability of the organic pores and see how
this change affects the gas recovery rate. Fig. 14 (a) represents the
evolution of gas recovery rate under different magnitudes of organic
pore permeability. Fig. 14 (b) shows that the recovery rate increases
with the permeability and the recovery rate also increases with the
organic pore permeability. This increase exhibits three stages: (1) The
increased permeability has little impact on the recovery rate when the
permeability is lower than ~1 x 10~ 2° m2 Under this situation, the
gas production process is limited by gas diffusion from the organic
system to the inorganic system not by the flow process in the inorganic
system; (2) The gas recovery rate increases linearly with the organic
pore permeability when the permeability ranges from 1 x 10~2° to
2.5 x 107 '° m? In this situation, the gas production is limited by the
flow process in the inorganic system; and finally, (3) The gas produc-
tion becomes stable when the organic pore permeability continues to
increase and becomes larger than the inorganic system (unrealistic in
reality) as shown by the black dashed line in Fig. 14. Under this si-
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tuation, the gas production process is limited either by the gas diffusion
in the kerogen or by the low permeability in the inorganic system.

Fig. 15 shows the evolution of gas production rate under different
magnitudes of organic pore permeability. It can be seen that the mag-
nitudes of organic pore permeability have almost no impact on the
initial gas production rate. As shown in Fig. 15, the initial flow rates
under different magnitudes of permeability are about 1.5 x 10° m®/
day. This is because the initial high flow rate is determined primarily by
the permeability of the inorganic system.

5.2.3. Impact of kerogen

In this part, we change the diffusion time for the kerogen compo-
nent. Fig. 16 shows the evolution of gas recovery rate under different
magnitudes of diffusion time. As shown in Fig. 16 (a), the impact of
diffusion time on the gas recovery rate diminishes as it decreases. This
result implies that when the diffusion time is larger, the gas production
process is diffusion limited; when the diffusion time is smaller, the
limiting process switches from diffusion in the kerogen to the flow
processes in the inorganic system. As shown in Fig. 16 (b), the gas re-
covery rate increases significantly when the diffusion time is larger. In
this situation, gas production is limited by the diffusion process in the
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Fig. 17. Evolution of gas production rate under different magnitudes of diffusion time.

kerogen. The gas recovery rate becomes near constant at small diffusion
times. In this situation, the rate limiting process switches from diffusion
in the kerogen to flow processes in the inorganic system.

Fig. 17 shows the evolution of gas production rate under different
magnitudes of diffusion time. The diffusion time has almost no impact
on the initial gas production rate because the initial rate is primarily
determined by the permeability of the inorganic system. The enhanced
diffusion rate in the kerogen increases the gas rate at late time and
smooths the decline curve of gas rate. As the diffusion time decreases,
its impact on the gas production rate also diminishes.

As shown above, the rate limiting process for gas production may
switch between gas supply processes and gas flow processes when we
change the transport properties of one of three gas-bearing components
(kerogen, organic pores and inorganic pores). This is because this
change enhances the contrast in transport properties between compo-
nents. In this situation, the time to reach an equilibrium pressure be-
tween components would be extended. We retain the contrast un-
changed and introduce a ratio, 5, to represent the enhancement of the
shale block transport properties as defined as = K.4/K;,, where K, is
the new transport property and Kj, is the initial property. Fig. 18 shows
the evolution of gas recovery rate under different magnitudes of . The
model results show that the gas recovery rate increases with the mag-
nitude of ». This implies that there would be no switch of the limiting
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Fig. 16. (a) Evolution of gas recovery rate under different magnitudes of diffusion time; (b) Relation between gas recovery rate and diffusion time for a specific production time.
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process between gas supply and gas flow if the contrast of the transport

3
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5.3. Impact of initial gas distribution 1.1x10% 4

If we now change the ratio of gas in the inorganic system, f3;,, to gas
in the organic system, f3,,, to investigate how this ratio affects the gas
recovery rate. The summation of these two components are unity,
Bin+Bor = 1. As shown in Fig. 19 (a), the gas recovery rate increases
almost linearly with the ratio of initial gas in the inorganic system. The
recovery rate is only 35% over 30 years when 5% gas is in the inorganic
system while this recovery becomes 65% when the gas in the inorganic
system changes from 5% to 50%. Fig. 19 (b) also shows that the gas
recovery rate increases almost linearly with the magnitudes of the gas 1.1x10"
ratio in the inorganic system. Fig. 20 shows the gas rates with different
magnitude of gas ratio in the inorganic system. It shows that the decline Time(Year)
is smoother when more gas is stored in the inorganic system. To the
contrary, the larger gas ratio in the organic system leads to a sharper
decline in the gas rate. These characteristics are due to the fact that the
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Fig. 21. Evolution of intrinsic permeability, apparent permeability, and correlation factor
of inorganic system and organic system.

contrasts in storage properties of the two systems become larger and the
inorganic system connects to the hydraulic fractures directly which is
characterized by a high flow rate.

5.4. Evolution of permeability

We now investigate how the intrinsic permeability and the apparent
permeability evolve during the gas production process. Fig. 21 illus-
trates the evolution of the apparent permeability, the intrinsic perme-
ability and the correction factors for both systems. For the inorganic
system, four distinctive stages of permeability evolution are observed: A
Decreasing Stage (the first 100 days), An Increasing Stage (from 100
days to 30 years), A Recovery Stage (from 30 years to 300 years) and A
Stable Stage. For the organic system, the four stages can also be seen:
An Increasing Stage (the first 3 days), A Decreasing Stage (from 3 days
to 3 years), A Recovery Stage (from 3 years to 300 years) and A Stable
Stage. In the first three years, the permeability of the inorganic system
decreases slightly then rebounds to the initial value while the perme-
ability of the organic system increases slightly then decreases to a
minimum value. During this process, the production rate experiences a
sharp decrease as the contrasts in transport properties of the two sys-
tems become accentuated. Congruent with the discussion above, an
increased contrast in the transport and gas storage properties of the two
systems results in a faster recovery decline of a shale well.

We use the evolution of permeability in the inorganic system as an
example to illustrate why these four stages result. Prior to gas pro-
duction, the shale is at equilibrium state. As the gas production pro-
ceeds, a series of processes take place. The gas in the micro-fractures
flows out first because of the relatively high permeability. As a result of
this process, the gas pressure in the micro-fractures decreases and a
pressure difference between the inorganic system and the organic
system is created. Under this situation, the micro-fractures are com-
pressed. Because this happens only locally, in the vicinity of micro-
fractures, this compression reduces the permeability. This is why we see
an initial stage of permeability decrease at early time. Because of the
pressure difference between the micro-fractures in the inorganic and
organic systems, the gas in the organic system diffuses into the micro-
fractures. Under this condition, the organic system shrinks while the
micro-fractures swell. Because this also happens locally in the vicinity
of the micro-fractures, the shrinking volume of the organic system may
be equal to the swelling volume of the micro-fracture. This is why we
see the second stage of permeability increase. As the gas pressure dif-
ference extends further into the organic system, the gas pressure de-
creases in the whole organic system until a new equilibrium state is
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Fig. 22. Evolution of intrinsic permeability of inorganic system and organic system.

reached between the two systems. Because this happens globally
throughout the system, the whole matrix system shrinks as do the
micro-fractures. This is why we see the third stage of permeability re-
covery (before the new equilibrium state) and the fourth stage of per-
meability stabilization (after the new equilibrium state).

5.5. Impact of shale deformability

In this part, we change the magnitude of the Young's modulus of the
inorganic system to investigate how the permeability evolves. We
change the magnitude of the modulus from the 5 GPa to an un-
realistically high 1000 GPa. The evolutions of the intrinsic perme-
abilities of the two systems are shown in Fig. 22. When the inorganic
system is rigid (E;; = 1000 GPa), the permeability of the inorganic
system remains unchanged while the permeability of the organic system
changes the most. When the inorganic system is deformable
(E;, = 5 GPa), the permeabilities of both systems decrease.

6. Conclusions

In this study, the inconsistency between the observed evolution of
shale permeability and the effective stress principle is resolved through
incorporating matrix-fracture interactions into both matrix and fracture
permeability models. These models are the key cross-relations that
couple the shale deformation and gas flow, and define the interfacial
dynamics between two distributed components (inorganic and organic
systems). The coupled model follows how the interfacial dynamics af-
fects the evolution of shale permeability and gas production rate. Based
on model results, the following conclusions are drawn:

(1) The evolution of shale permeability is controlled by the interfacial
dynamics between the inorganic and organic components. The
impact of the interfacial dynamics is determined by contrasts in the
transport and deformation properties between these two compo-
nents. If the contrasts are significant, the interfacial dynamics
dominate the evolution of shale permeability while the outer
boundaries have less impact. If the contrasts are less significant, the
outer boundaries determine the evolution of shale permeability
while the inner boundaries have less impact. The early evolution of
permeability is primarily due to internal behavior in the gas in-
vaded-region within the inorganic system while the later evolution
is due to the global deformation as the gas pressure or the effective
stress propagates further into the organic component.

(2) The shale gas production rate is also controlled by the interfacial
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dynamics between the inorganic and organic components. The impact
of the interfacial dynamics is determined by contrasts in transport, gas
storage and deformation properties between these two components. If
the contrasts are significant, the interfacial dynamics dominate the
evolution of shale gas production rate while the outer boundaries have
less impact. If the contrasts are less significant, the outer boundaries
determine the evolution of gas production rate while the inner
boundaries have less impact. The pore network in the inorganic
system significantly impacts the early productivity of the shale re-
servoir while the diffusion in the organic component (kerogen) plays a
decisive role in the long-term production.
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