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Abstract

This work presents a hybrid discrete fracture-dual porosity model of compressible fluid flow, adsorption and
geomechanics during CO; sequestration in coal seams. An application of the model considers the influence of
hydraulic fractures on CO- transport and the stress field of the coal. The low initial permeability of coal is
compounded by the injectivity loss associated with adsorption-induced coal swelling, which is recognised as the
major challenge limiting CO; sequestration in coal seams. In this model, the natural fracture network and coal
matrix are described by a dual porosity model, and a discrete fracture model with lower-dimensional interface
elements explicitly represents any hydraulic fractures. The two models are coupled using the principle of
superposition for fluid continuity with a local enrichment approximation for displacement discontinuity occurring
at the surface of hydraulic fractures. The Galerkin finite element method is used to solve the coupled governing
equations, with the model being verified against analytical solutions and validated against experimental data.
Simulation results show that the presence of a hydraulic fracture influences the distribution of gas pressure and
improves the gas flow rate, as expected. The stress field of a coal seam is disturbed by CO; injection, especially
the vertical stress, and the presence of a hydraulic fracture leads to a reduction in stress with permeability recovery

starting earlier.
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1. Introduction

Coal seams are considered viable formations for CO, sequestration, having gained increasing attention since the
early 1990s by association with enhanced coal bed methane (ECBM) recovery. A number of field demonstration
projects of CO; sequestration in coal have been conducted, including in China, USA, Canada, Japan, and Poland,
as presented by Pan and Connell (2012) and Pan et al. (2018). These pilot tests have indicated that the decrease
of coal seam permeability due to coal swelling is a key challenge limiting the future prospects of this sequestration

option.

Successful injection of CO; into a coal seam requires an effective permeability to be sustained, which can often
necessitate some form of permeability enhancement. A gas mixture may be injected instead of pure CO,, however,
N flooding in the Ishikari Coal Basin, Japan, showed that the CO; injection rate was only temporarily boosted.
Moreover, the permeability did not return to its initial value after CO, and N, were repeatedly injected, implying
some degree of hysteresis (Fujioka et al., 2010). Instead, the stimulation of coal permeability by hydraulic
fracturing has otherwise proven to be an effective way of improving CO- injection rates (e.g. van Bergen et al.,
2009). Considering the aforementioned interactions between fluid flow, stress, temperature, and gas sorption, it
remains important to improve our understanding of how exactly the induced fractures affect coal permeability

evolution during CO; sequestration.

A pilot test indicated that swelling of coal upon CO; sorption may create a high stress zone, which forces the
injection rates to drop significantly near the injection well (Fujioka et al., 2010). Clear bottomhole pressure build-
up can also be observed, especially in low-permeability coal seams. These observations imply that gas flow in
coal is highly coupled to the geomechanical behaviour. In order to understand the permeability evolution, it is

necessary to account for the altered stress state of the coal, especially in the vicinity of injection wells.

Coupled stress and fluid flow in fractured porous media has been studied in depth in recent decades based on the
fundamental work of Biot (1972) on the general theory of consolidation. The presence of a discrete fracture leads
to a discontinuous displacement field, where displacement at one side of the fracture is not identical to that of the
other side. As a result, continuum-based numerical methods, including the standard finite element method, the
finite difference method, and the boundary element method, are not able to describe such discontinuous problems
explicitly (Jing, 2003). Nevertheless, explicit representation of discontinuities with continuum-based numerical
methods has been pursued. Some studies adopted the finite element method with interface elements to describe

hydro-mechanical behaviour in deformable fractured porous media, whereby the fracture is treated as a zero-
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thickness element, or Goodman’s joint element (Goodman et al., 1968; Ng and Small, 1997). However, this
approach requires the finite element mesh to coincide with fractures and complicates the meshing task, such as
through the generation of zero-thickness interface elements with double nodes, which also has an adverse impact
on computational efficiency. In recent decades, numerical methods that combine continuum-based and dis-
continuum-based numerical methods have been developed, such as the combined finite-discrete element method
(Munjiza, 2004; Mahabadi et al, 2012; Lisjak and Grasselli, 2014), which is used to simulate the process of

transition from continua to dis-continua, although the computational cost is relatively high.

Another numerical method used to capture the effect of deformation across a fracture on fluid flow is an
enrichment approximation, such as the extended finite element method. Unlike the standard finite element method,
the extended finite element method is able to deal with discontinuities with the jump function independent of the
mesh. This method has received much attention in recent years in simulating discontinuities (Mohammadnejad
and Khoei, 2013; Réthoré et al., 2007; Salimzadeh and Khalili, 2015). Watanabe et al. (2012) presented a
numerical method with a partial, modified adaptation of the extended finite element method to incorporate pre-
existing fractures. Lower-dimensional interface elements represent the fractures and the local finite element
enrichment approximation is adopted for a fracture relative displacement function. This method requires less
dependencies of the mesh on finite element approximations for the displacement function compared with the
conventional interface element method. In particular, the method allows for the use of a single mesh for both

mechanical and other related processes such as fluid flow.

The purpose of this study is to investigate variations in the stress field of coal seams during CO; injection and
determine the influence of hydraulic fractures. In order to accurately describe flow behaviour and the related
mechanical processes, a hybrid model of fully coupled compressible fluid flow, adsorption and geomechanics is
proposed as a combination of the dual porosity and discrete fracture models. The natural fracture network and
porous coal matrix are described together by a dual porosity model, and the effect of hydraulic fractures is
represented explicitly by a discrete fracture model with lower-dimensional interface elements. The interaction of
the two models is solved by assuming flow continuity over the fracture continuum and hydraulic fractures, and
by using the principle of superposition. The discontinuity in displacement across a discrete fracture is considered
simultaneously with the local enrichment approximation at the fracture elements for a discontinuous displacement
function. The numerical model is implemented in an existing coupled thermal, hydraulic, chemical, and
mechanical (THCM) model, COMPASS, developed by Thomas and co-workers (Chen et al., 2019; Hosking et

al., 2017; Masum and Thomas, 2018; Thomas and He, 1998). The developed numerical model is verified by using
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analytical solutions as benchmarks. Finally, the model is applied to investigate the effects of a hydraulic fracture

on the flow behaviour and stress field within a coal seam during CO; sequestration.

2. Mathematical model

Coal reservoirs have multi-scale fractures, including a uniformly distributed network of natural fractures, also
called cleats, and sparse large-scale fractures. The cleat system consists of face cleats and butt cleats. The former
are continuous throughout the reservoir and the latter are shorter and disconnected, normally being perpendicular
to face cleats. Large-scale fractures may form naturally as faults or artificially as hydraulic fractures. In this work,
a discrete fracture model is employed to describe the effect of large-scale fractures. The uniformly distributed
fracture networks (composed of micro-fractures) and the coal matrix are modelled using a dual porosity approach.
Fig. 1 shows the development process of the integrated dual continuum and discrete fracture model. This new
numerical model comprises three different media: the matrix continuum (m), the fracture continuum (f), and the
hydraulic fractures (F). Fig. 2 shows the transport regime in the different domains, whereby fluid firstly flows
into hydraulic fractures from the wellbore and then spreads to the natural fracture network, subsequently leaking

into the coal matrix.

In this section, a set of governing equations describing compressible fluid flow and mechanical behaviour is
presented for flow in a fractured coal seam. The superscripts m, f and F denote the matrix, natural fractures and
hydraulic fractures. The coupled model is constructed from four sub-models; two fluid flow models for the natural
fracture and rock matrix continua, respectively, one fluid flow model for hydraulic fractures, and a poroelastic
deformation model. There are three primary flow variables, namely, the gas concentrations in the fracture
continuum (cy), porous matrix continuum (cm), and hydraulic fractures (ce). The displacement vector (u) is the
primary variable for mechanical behaviour. The model is developed based on the following assumptions: (1) gas
is free phase in both natural and hydraulic fractures; only gas in matrix pores may be adsorbed; (2) the rock matrix
is homogenous and isotropic and deformation is linear elastic; (3) flows in the natural fracture continuum and
hydraulic fractures obey Darcy’s law and the cubic law, respectively; (4) coal is dry and isothermal; (5) hydraulic
fractures are embedded in the fracture continuum and the gas concentration of a hydraulic fracture is equal to the

concentration that the fracture system has on the two surfaces of the hydraulic fracture.
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2.1 Gas storage in the matrix continuum
The governing equation for gas storage in the matrix continuum considers mass conservation with pseudo-steady

state leakage, which is defined as a diffusive process and expressed as

0
a [nmcm + Cs] =qsm + Arm €Y

where n,, is the matrix continuum porosity, c,,, is the concentration of free gas in the matrix, ¢, is the adsorbed
mass per unit volume, g, is the sink-source term in the matrix, and q, represents the leak-off flow between the

fractures and matrix, written as
Arm = D'}’(Cf - m) (2)
where ¢, is the concentration of free gas in the fracture continuum, ¥ is a shape factor dependent on the coal

matrix block geometry, and D is the gas diffusion coefficient. Generally, a diffusion time, T = i is introduced

to approximate diffusivity within the coal matrix (Peng et al., 2014).
The gas adsorption behaviour can generally be described by a Langmuir isotherm, as

VL Um

Cs=p 3)

Uy +uy

where p; is the coal density, V; is the Langmuir volume, u, is the Langmuir pressure, and u,, is the matrix gas

pressure, expressed as
Uy = Z,RTcy, 4)

where R is the universal gas constant, T is the temperature, and Z,, is the compressibility factor in the matrix,

which is calculated in this work using the Peng-Raobinson equation of state (Peng and Robinson, 1976).

Substitution of equations (2)-(4) into the mass balance equation (1) yields

dc,\ dc,y, on,, 1
(mm+ 5o ) 5+ en = e = )+ dom ®

2.2 Gas flow in the fracture continuum
The governing equation for gas flow in the natural fracture network can be obtained by combining mass balance
with Darcy’s law, written as

d

ET: (npcr) = =V (cpv) = Gpm + dpr + a5y (6)
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where n; is the fracture continuum porosity, g, is the sink-source term in the fracture continuum, g is the leak-
off flow between the hydraulic and natural fractures, and vy is the advective flow velocity. Ignoring gravity, v,

can be given as

ve=——"-Vu 7
it ()

where k; is the intrinsic permeability of the fracture continuum, u,, is the gas viscosity, and u, = Z,,RTc; is the

gas pressure in the fracture continuum.

Combining equations (2), (6) and (7) and rearranging yields the final form of the governing equation for gas flow

in the fracture continuum

acs ong ke 1
nfﬁ+cf—= V- cfEZmRTch —;(Cf—cm)+qsf+qu (8)

2.3 Gas flow in hydraulic fractures
A separate flow model is developed for discontinuities using the discrete fracture approach. Discrete fractures are
treated as lower dimensional objects, as shown in Fig. 3, implying that only longitudinal flow is considered and

that the correlative physical quantities are constant in the direction of the fracture aperture. The mass balance

equation for gas transport in hydraulic fractures can be written in local coordinates as (Watanabe et al., 2012)

0 0
7t (cpw) = _a(cFVFW) + qsr — q5F €)

where w is the fracture aperture, ¢y is the concentration of gas in the hydraulic fracture, [ is the dimension along
the fracture, vy is the average velocity in the fracture, g, is the sink-source term, and q . is the leakage flux from

the fracture surface to the surrounding natural fracture network.

Due to their high aspect ratio, whereby fracture length is much larger than the aperture, discrete fractures can be
idealised as lower dimensional objects. This implies that each physical field is uniform across the fracture width.
Fracture flow is considered as a uniform parallel plate, so that v, can be described by the well-known cubic law

function of the fracture aperture and fluid viscosity (Pouya, 2015; Watanabe et al., 2012), giving

WZ
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where up = ZpRTcg is the gas pressure in the hydraulic fracture and Z is the compressibility factor of fluid in

the fracture.

Substituting equation (10) into equation (9) and expanding the term on the left-hand side gives

acF+ ow a [ w? 7 RTaCF N "
w at Cr at - al 12#9 Crip al qSF qu ( )

It can be seen that the second term on the left-hand side of equation (11) shows an explicit full coupling between
fracture flow and the deformation field. The fracture aperture has an impact not only on the hydraulic conductivity
but also on the volumetric change of space, the latter usually being omitted in models in the literature (e.g. Moradi
et al., 2017; Chen et al, 2019b). When the variation of fracture aperture is not negligible, the flow equation is

nonlinear (Watanabe et al., 2012). The change of aperture is described in the following section.

2.4 Coal deformation

2.4.1 Mechanical behaviour of the fracture and matrix continua

The deformation of fractured porous media with a slow-moving fluid is considered as a quasi-static stress
equilibrium problem. Different from the mechanical model presented previously (Chen et al., 2019a), the
influence of adsorption-induced swelling on coal deformation is represented by modifying the strain field in this
work. Considering local stress equilibrium, the changes in total stress within the overlapping continua are identical
and the relationship between changes in total stress and the effective stress can be written in incremental form as

(Lewis and Pao, 2002; Pao and Lewis, 2002)

do® = do + aldu, + Bldu,, (12)

where o is the total stress tensor, o€ is the effective stress tensor, a =1 —Ki and g = Ki—

- Kﬁs are Biot
coefficients of the fracture and matrix, where K = E/3(1 — 2v) is the bulk modulus with E being Young’s
modulus and v being Possion’s ratio. K, = E,,/3(1 — 2v) is the modulus of the coal matrix with E,,, being the
coal matrix Young’s modulus, which can be obtained from samples an order of magnitude larger than the spacing

of the matrix pores but devoid of fractures. K, is the modulus of the solid constituent and usually cannot be

measured directly, however, it can be determined through matching experimental measurements.
The linear elastic stress-strain relationship is defined as

do® =D,g, (13)
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where D, is the elastic stiffness tensor evaluated from lumping deformations in both the matrix and fractures.

The deformation of coal exposed to CO; is generally divided into elastic deformation and sorption-induced

swelling. The total strain can be given in incremental form as
1
de = de, + §Ides (14)

where de is the total strain vector, de,is the elastic strain vector, &, is the adsorption-induced swelling strain, I is

a vector, and I" = (1,1,1,0,0,0) and (1,1,0) in three- and two-dimensions, respectively.

Coal swelling can occur locally or globally at different stages of CO; injection. Swelling is localised within the
vicinity of the fracture compartment at the initial stage of gas injection, which is known as local swelling. As the
injection continues, gas diffuses into the coal matrix far from the fracture and the swelling zone extends further
into the matrix, with the swelling ultimately switching from local to global. According to Liu etal. (2011) and Qu
et al. (2014), the combined influence of both local and global adsorption-induced swelling may be represented

using a typical Langmuir-type equation, which is the approach taken in this work, giving

= (15)
where g, is the Langmuir volumetric strain constant.
The strain is related to displacement, expressed as
de = Pdu (16)

where P is the strain-displacement matrix and du is a vector of the incremental displacement. The stress

equilibrium equation without considering body forces is given as
P'do+ F =0 a7

where F is the body force vector.

2.4.2 Mechanical behaviour of the hydraulic fracture

Natural fractures are represented by the fracture continuum and the deformation of natural fractures is assumed to
be continuous and lumped with that of the coal matrix in equation (13). The role of deformation of the fracture
continuum is represented by the elastic parameter. The displacement field through the fracture surfaces is
discontinuous because of intrinsic mechanical properties of the domain occupied by the hydraulic fractures. The

deformation of hydraulic fractures therefore needs to be accounted for explicitly in this section. Following the

8



Chen et al. (2020) Rock Mechanics and Rock Engineering doi.org/10.1007/s00603-020-02088-1

work of Watanabe et al. (2012), a discrete fracture is treated as a pair of parallel surfaces between which normal
and shear displacements can occur, as shown in Fig. 4. Local fracture relative displacement, defined as the
displacement difference between two surfaces of a fracture, is introduced to describe displacement discontinuity
along the fracture. Local relative displacements in a local coordinate system (X', y’) (Fig. 4) are described as

w=lnd={k o) o)

U, — Uy

where w is the local relative displacement vector, the subscripts t and n denote the tangential and normal directions
to the fracture plane, respectively, u, and u,, are the tangential and normal displacements in the local coordinate
system, and the superscripts + and — represent the two surfaces of a fracture. Local relative displacements can also
be described in terms of global relative displacements in the global coordinate system. Toward this end, the

transformation relation between the two coordinate systems is defined as (Fig. 4)

(x:>= cosf  sinf (;C]) (19)

y —sinf cos6

where 6 is the angle between the positive x-axis in the global coordinate system and the x’-axis in the local

coordinate system.

The local relative displacement is written in terms of the corresponding global relative displacement as

w = R[u] (20)
_[cosf sinf
R= —sinf cos6 1)

where [u] is defined as the global relative displacement vector across the two faces of the discontinuity. The

symbol [] denotes the jump across the discontinuity.

In the fractures, the relationship between incremental stress, including mechanical stress and fluid pressure, and

the local relative displacement is given as (Deb and Das, 2010; Watanabe et al., 2012)

dop = Tdw (22)
k k

T = [ tt tn] 23

e Foun @3

o, = op + mfy, (24)

where a7}, is the effective stress for the fracture, o is the total stress vector applied on the fracture plane, uy is the
liquid pressure in the fracture, and mf = {0, 1} is the mapping vector. k,, and k,,,, are the shear and normal

9



Chen et al. (2020) Rock Mechanics and Rock Engineering doi.org/10.1007/s00603-020-02088-1

stiffness, respectively. k,,, is the slope of the normal stress-shear displacement curve and k., is the slope of the
shear stress-normal displacement curve. However, here we restrict our discussion to the normal stiffness and shear

stiffness and assume that k., = k,,; = 0.

The local relative normal displacement at two sides of the fracture could induce a change of fracture aperture,

which can be expressed with either w or [u] as

w =mf w=mf R[u] (25)

2.5 Linking deformation with gas flow

In equations (5) and (8), the porosities of the matrix and fracture continua, n,,, and n, and the permeability of the
fracture continuum, k,, vary with the stress field. In this section, the relationships between these parameters and

variable stress fields are derived.

2.5.1 Matrix continuum porosity

The matrix porosity change is related to the effective volumetric strain, ,,., as (Liu et al., 2011)
Ny = Mg + BAER, (26)
where n,,, is the initial fracture porosity and n,,, is the current matrix porosity.

The effective strain of the matrix block, Ae,,., is the resultant of the effective stress and the sorption-induced

swelling strain, given as (Zhang et al., 2008)

Au,,
K

Ay = Ag, — Agg + 27)

The first term in equation (27) represents the global strain, which can be obtained from the governing equation of
mechanical deformation, the second term represents the sorption-induced strain of the matrix, and the last term

demonstrates the compressive strain of coal grains.

2.5.2 Fracture continuum porosity and permeability

As shown in Fig. 1a, coal matrix blocks are intersected by sets of cleats or fractures, i.e. face cleats and butt cleats.
Under the isotropic conditions, the fracture continuum porosity is therefore

_(a+b)®’—a® _3b

ng = (a +b)3 = (28)

a

10
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where a is the spacing of natural fractures and b is the aperture of natural fractures.
Similarly, the permeability can be written as (Pan and Connell, 2012)

a

The permeability change with respect to a reference state is expressed as

k a3 [ne\°
X _ <_> <_f) (30)
ko Ao/ \Nyo

where the subscript 0 refers to the conditions at the reference state. Considering the matrix size change is negligible

compared to the porosity change, i.e. a = a,, equation (30) can be reduced as

3
K _ ("_f) G31)

ka Nso
Combined with equation (28), the fracture continuum porosity change with respect to a reference state is obtained

ny  by+Ab 1 Ab 32)
Ngo b, b,
where Ab is the change of cleat aperture and b, is the initial cleat aperture.

The cleat aperture closure induced by the total effective stress change can be given as (Liu et al., 2010)

Ao, Ao,
E YE,

Ab = (a+b) (33)

Dividing equation (33) by the fracture aperture b and rearranging gives

Ab 3 (1 E>A0'er+A0'er 34
b ng E,) E E (34)

Due to nsy < 1, the last term of equation (34) can be omitted. Assuming that Poisson’s ratio is the same for the
bulk and matrix, replacing 1 — E/E,,, with the Biot coefficient, a, and using the total effective strain change, Ae,,,

to represent Ao, /E yields

ne 3a
—=1+4+—A¢,; (35
nfo nfo

The total effective strain change Ae,, is defined as (Liu et al., 2010)
1
Agye = 3 (Ae, — Ag) (36)

11
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Substitution of equations (35) and (36) into equation (31) allows the fracture permeability to be expressed as

K1+ (e, — ae) 3 (37)
— = —(Ae, — As
ka o v s

3. Finite element formulation

In this study, a numerical solution for the coupled hydro-mechanical behaviour of a fractured porous system is
achieved using the finite element method. This section describes the weak formulation of the equilibrium and flow

continuity equations as well as the Galerkin finite element method used for discretisation.

3.1 Weak form

The weak formulation of the stress equilibrium and flow continuity equations can be obtained by integrating the
product of the equilibrium and mass transfer equations multiplied by admissible test functions over the domain,
satisfying the boundary conditions. The weak form of the continuity equations for flow in the porous matrix and
fracture are obtained after multiplying the test shape function and integration by parts, giving the following for

the porous matrix continuum
dcy, Jdu
6CmCmm?dQ + 6CmCmuEdQ — | ScmKmm rcrdQ— | 8¢nKpm mCm
Q Q Q Q

= [ nauman (38)
Q

and for the fracture continuum
dcy dcy, ou
Q Q Q Q Q

Q Q Iy I'r

and for the discrete fractures

5coC achr+f ScoC a[[U']]dr+f 08¢k o 9
e PP Bt LT R TR T
— (L
= 6CFqSFd1—'_ (SCquFdI—' +6quF|L2 (40)
I'r I'r 1

12
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where §¢,,, §¢; and g are the test functions, ﬁf and g, are the gas flux through the boundary surface, I, is the
flux boundary, L, and L, denote the endpoints of the line element, and C and K are the lumped coefficients

presented in Appendix A.

The virtual work equation with body and traction forces reads

f vsauT:adn—f auT-FdQ—f sul -tdr —f (5u+T-E§+5u—T-E;)dr=0 (41)
QO Q Iy T

F
where Su is the test function of displacement Su and t is the external traction forces on the boundary I;.

The stress on the discontinuity plane is assumed to be equal but in opposite direction, which leads to
i =t (42)

By substituting equation (42), equation (41) can be rewritten as

f Vs su’: adQ —j su’-Fdo— | suT-tdlrr + | &ul”-tydlr =0 (43)
Q Q

I I'r

where §[u] = Su* — Su~ represents the test function jump across the discontinuity, I. The calculation of t,

and E; is addressed in the next section.

3.2 Discretised equations

Since we assume fluid concentrations and temperature are continuous over two distinct flow systems (dual
porosity media and discrete fractures), the weak forms of the flow continuity equations can be discretised using
the standard Galerkin finite element method. Two-node, one-dimensional interface elements are employed for
discrete fractures. The fluid concentrations in the dual porosity medium and discrete fractures are approximated

as the linear combinations of the standard shape functions as

0= ) Ny, (b, © (440)
IoEN,

GO = D N, @, ©) (44b)
IoEN,

D= D Ny (96, © (440)
IFENF

13
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where N; and N, are the standard finite element shape functions of nodes I, and I for the discretised
overlapping continua and hydraulic fracture domains, respectively. IV, and V. are the set of all nodes in the

discretised overlapping continua and hydraulic fracture domains, respectively, and the symbol " denotes the

approximate value of the primary variable.

Due to the presence of discrete fractures, the displacement function u(x) is strongly discontinuous at the
discontinuity plane, I, making it difficult to solve the discontinuous problem using continuity based numerical
methods such as the finite element method. Lower-dimensional interface elements with local enrichment
approximations were proposed by Watanabe et al. (2012) to approximate the discontinuous displacement function
and the global fracture relative displacement functions. The approximation of the displacement function is
expressed as

U= ) N, 08, O+ ) N, 0w (0a,(©) (45)

IoEN, Io€lp

where 1; are the standard displacement degrees of freedom at nodes I,,, corresponding to the standard finite
element approximation, and a; is the displacement jump function at enriched nodes I on the discontinuity Iy,
corresponding to the local enrichment approximation. ¥, is a global enrichment function, which can be described

with the Heaviside step function as

P = H(f00) =g (r X C o (46)

in which fz(x) is a signed distance function, giving positive if x is in a region Q*and negative in Q.
For a single discontinuity, the jump function is identical to the global fracture relative displacement
[u] = a (47)

And the finite element approximation of the global relative displacement function [u] is given as

[l = ) N, (9a, () = Nia (48)

IpEly

To reduce the dimension of fractures, we assume the fluid concentration and temperature should be continuous at
the matrix—fracture interface, that is ¢g;, = ¢, and the one-dimensional interface element is used for fracture

representation sharing nodes with the elements of the porous medium, as shown in Fig. 5. Coupling between the

14



Chen et al. (2020) Rock Mechanics and Rock Engineering doi.org/10.1007/s00603-020-02088-1

two flow systems is achieved through superposition. The mass exchange term between the hydraulic fracture and

natural fracture networks in equations (6) and (9), g4, balances off and no explicit calculation is required.

Substitution of the approximate values of the primary variables in equations (47), (48) and (51) into the weak
formulations (41)-(43) and (46), with integration by parts after multiplying the test shape functions, results in the

discretised form of governing equations, as

Cmm 0 Cmu 0 é’m K mm_m K mm_f 00 em me

Crm Cor+Crr Cru Craflep| | Kppm Kpp+Kpp+Kepp 00)120 | |fe,
+ - - = (49)

Cum Cuf Cuu Cua u 0 0 0 Ol u fu

0 Caf Coi Cua a 0 0 0 0 fa

These matrices are constructed according to Appendix B.

The numerical formulation has been incorporated into the numerical code, COMPASS. For temporal discretisation,

an implicit mid-interval forward difference time-stepping algorithm is employed.

4. Model verification and validation

Two verification tests are presented using known analytical solutions as benchmarks. The first test looks at the
enrichment finite element approximation by considering a single fracture under static stress. The reliability of the
developed model in coupled HM analysis is addressed by the second verification test by examining Wijesinghe’s
problem, which has been widely used to test coupled fracture codes (Noorishad et al., 1992; Watanabe et al.,
2012). After that, the model’s ability to predict gas flow and interactions in coal is examined, which is achieved

by comparing numerical results with experimental data by Pini et al. (2009).

4.1 Single fracture under static stress

This verification test considers the pure elastic response of a central discontinuity withina 2D linear, homogenous
and isotropic rock, as shown in Fig. 6a. A constant stress is applied on the top of the rock and a plane strain
condition is assumed. The applied stress is o = 5 MPa, and Young’s modulus and Poisson’s ratio are E = 25
GPa and v = 0.25, respectively. The fracture length is defined as 2L = 20 m. The analytical solution of this

purely mechanical problem is available in Garipov et al. (2016). The fracture aperture is given as
4Lop (1 — v?) x2
Aa(x) = — 1 % (50)
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Fig. 6b compares the numerical and analytical solutions for the fracture opening. There is a good agreement
between the two sets of results, which provides confidence in the accuracy of the enrichment finite element method

used in this work.

4.2 Wijesinghe’s problem

This test considers coupled one dimensional transient fluid flow and stress in a single discrete fracture with
variable aperture surrounded by an impermeable rock matrix, as shown in Fig. 7. Wijesinghe (1986) derived a
semi-analytical solution using the cubic law to model fracture permeability and constant fracture stiffness. This
same problem is solved here using COMPASS. The fracture is 25 m long with a normal stiffness of 1.0 x 101!
N/m. Flow of a single incompressible gas component is considered with a dynamic viscosity of 1.84 Pas. Initially,
the fracture aperture is uniformly 1.0 x 10~5 m with a fluid pressure of 1 MPa along the fracture. At time t = 0,
gas is injected into the fracture at a pressure of 1.9 MPa. The fracture aperture is forced to increase as the pressure

front moves along the fracture.

A comparison of the results of COMPASS with Wijesinghe’s semi-analytical solution at 500 s and 2000 s is
presented in Fig. 8. The openings are a linear function of gas pressure. When the fluid is injected, the fracture
opening is instantaneously increased to 1.9 x 10~> m at the injection position. With the movement of the pressure
front, the fracture opening gradually propagates down the fracture. Fig. 8 shows that an agreement between the

numerical and analytical solutions is achieved.

4.3 Comparison with experimental data

Pini et al. (2009) performed flow experiments on coal cores under hydrostatic confinement. A bituminous coal
sample 2.54 cm in diameter and 3.6 cm in length was obtained using coal from the Monte Sinni mine in the Sulcis
Coal Province (Sardinia, Italy). The transient method was adopted and CO, and N were used to investigate the
effects of adsorption and swelling on the flow dynamics under constant and varying confining pressure. In this
validation test, the experimental results for CO; injection are used to examine the performance of the developed
model in terms of describing the flow and deformation characteristics involved. The effects of hydraulic fractures

are neglected due to the absence of any such fractures in the coal core.

A cylindrical geometry (3.6 cm in length and 2.54 ¢cm in diameter) confined by a constant stress of 10 MPa is
selected for the numerical simulation, as shown in Fig. 9a. Due to the symmetry, the cylindrical coal sample can

be simplified as the 2D model shown in Fig. 9b. Boundary conditions corresponding to the conditions shown in
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Fig. 9b are applied. For coal deformation, a vertical constraint is applied to the inflow and outflow boundaries
while a constant confining stress is applied to the right-hand boundary. The left side of the model is fixed
horizontally. For gas flow, a zero-flux boundary is applied to the right and left boundaries. A time dependent
upstream pressure is used as the injection boundary condition. The initial pressure for both the fracture and matrix
continua is 1.0 MPa. The material parameters used in this test are from Pini et al. (2009), Guo et al. (2014), and

Zang and Wang (2016), as listed in Table 1.

Fig. 10 shows the comparison of transient steps performed with CO- under constant confining pressure; symbols
denote the experimental measurements whereas lines show the model results. There is a good agreement between
experimental measurements and numerical predictions, indicating that the proposed model can describe the

coupled behaviour of coal during CO; injection under the conditions considered.

5. Numerical simulation and discussion

5.1 Model description

A model problem of CO; injection into a coal seam is considered to study the influence on the stress field and
permeability. The simulation domain considered is shown in Fig. 11. It is a 2D plane square (x-y) domain with a
length of 300 m and a 0.1 m radius injection well located at the bottom-left corner of the model. There is a
hydraulic fracture connecting to the injection well, which has a length of 30 m with a width of 2 mm. Coal seams
are often horizontal or sub-horizontal and confined by much stronger and thicker formations at their top and base.
The horizontal deformation or strain is predominant within coal seams and vertical deformation is negligible due
to the very small vertical-horizontal ratio of the coal seam. Therefore, the simulations are conducted under plane
strain conditions (e.g. Cui et al. 2007; Saliya et al. 2015). The simulations are hypothetical but retain physical
relevance since the property values are taken from studies on the Ishikari Coal Basin of Japan (Fujioka et al., 2010;
Yamaguchi etal., 2005). The purpose of this simulation is to study the effect of a hydraulic fracture on the injection
of CO; into a coal seam. The mechanical behaviour of the fracture is not the principal focus and so it is assumed

that it does not further propagate and has constant mechanical properties.

Table 2 lists the material parameters used. The well operational conditions used during the simulation comprise
an initial period of primary production before CO; injection, leading to a residual reservoir pressure of 0.7 MPa
after the extraction of water and coalbed methane. In the simulation, this pressure is assumed to be induced by a

small quantity of the CO; injected. The coal seam is located at a depth of 930 m with an average overburden
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density of 2500 kg/m?, giving the assumed vertical boundary loading of 23 MPa. The displacements at the left
and bottom sides are constrained in the horizontal and vertical directions. An isotropic horizontal stress of 12.5
MPa is applied to the top and right sides. For fluid flow, a zero-flux boundary is used on all boundaries except on
the boundary of the well. The finite element domain is discretised using 4-noded isoparametric quadrilateral
elements with varying mesh size, as shown in Fig. 11b. The model is run for two cases, with and without a
hydraulic fracture, in which CO; is continuously injected into the coal seam at a constant injection pressure of 8

MPa in excess of the initial pressure.

5.2 Numerical results and discussion

Fig. 12 shows the distribution of gas pressure in the fracture continuum at 10 days, 30 days, and 90 days for the
simulations with and without the hydraulic fracture. The injected gas flows radially outward from the wellbore
into the coal seam when the hydraulic fracture is absent, which produces a uniform pressure distribution around
the wellbore, as shown in Fig. 12a. For the simulation with the hydraulic fracture, the gas prefers to flow within
the hydraulic fracture due to its higher permeability, thereby penetrating the domain surrounding the fracture. The
gas pressure in the hydraulic fracture is almost identical to the injection pressure and so its presence both
influences the distribution of gas pressure and improves the gas flow rate. As expected, the CO, advances more
rapidly into the coal seam. This is because the hydraulic fracture forms a larger area of elevated fluid pressure,
resulting in a higher flow rate into the coal seam. The higher gas pressure in the fracture continuum accelerates
the penetration of gas into the coal matrix; hence, gas pressure in the matrix continuum displays a similar

distribution and the contour plots of matrix pressure distribution are not shown.

The evolution of pore pressure at coordinate locations (expressed in meters) in the vicinity of the wellbore are
shown in Fig. 13. These points are located at horizontal distances of 1 m, 3 m and 10 m from the wellbore. Both
simulation cases show that gas pressure in the fracture continuum is quicker to reach steady state than in the matrix
continuum at the three monitored points. Gas pressure in the matrix continuum at locations further from the
wellbore catches up to the pressure in the fracture continuum before reaching the steady state. The further the
location is away from the wellbore, the lower this pressure is, especially for the simulation with no hydraulic
fracture, as shown in Fig. 13a. The time for gas pressure in the matrix continuum to reach the pressure of the
fracture continuum is different in the scenarios with and without the hydraulic fracture. With the hydraulic fracture,
the time for the matrix gas pressure to reach the fracture pressure is shorter, as shown in Fig. 13b. In other words,

the presence of the hydraulic fracture reduces the equilibrium time of the matrix pressure. This can be explained
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by the fact that an area with higher gas pressure is formed around the hydraulic fracture, within which the mass
exchange rate is increased due to the higher pressure (i.e. concentration) difference between the matrix and

fracture continua.

Coupled to the gas flow, CO; injection disturbs the in-situ stress field of the coal seam. Accordingly, the changes
in stress state at horizontal distances of 1 m, 3 m and 10 m from the injection well for the two simulation scenarios
are shown in Fig. 14. The evolution of stress in both simulation scenarios shows a similar trend. Overall, both
horizontal stress and vertical stress increase at first, as observed in field tests, and then decrease gradually after
reaching a maximum value. There is a slight decrease in both horizontal stress (o, 0y,) and vertical stress (o)
at all locations in the simulation scenario with the hydraulic fracture and at the far field of the simulation case
without a hydraulic fracture in the early stages, as show in Fig. 14c-f. Compared with the change in horizontal
stress, CO; injection leads to a larger increase in vertical stress for both simulations, which implies the effect of
adsorption-induced swelling on vertical stress is stronger than on the horizontal stress. Furthermore, the increase
of stress is postponed and the starting time for this reduction is earlier at locations further from the wellbore,
especially for the simulation without the hydraulic fracture. It can be seen that the presence of the hydraulic
fracture has a negligible effect on the maximum stress induced by coal swelling, however, it can make the
reduction in stress start earlier and produces a larger decline in both horizontal and vertical stress; the horizontal
stress at the later stage is even lower than the initial stress, as shown in Fig.14d-f. It is worth noting that CO;

injection has a negligible effect on the change in tangential stress (ay,), as shown in Fig. 15.

Fig. 16 shows the variation of fracture continuum permeability with time at horizontal distances of 1 m, 3 m and
10 m from the injection well for the two simulation scenarios. By comparing the changes in permeability and the
stress field, permeability varies in a consistent manner with stress, as expected because it is controlled by the
stress field. For the simulation without the hydraulic fracture, the permeability near the injection well decreases,
in contrast to the permeability variation in the far-field, which shows a slight increase driven by the increase of
fracture pressure. Because the pressure difference between the two continua near the injection well is larger, more
gas penetrates the coal matrix and causes swelling, thereby restraining the effect of the elevated fracture pressure.
After decreasing to a minimum, permeability starts to recover as injection continues, as shown in Fig. 16a. Even
though the permeability in the simulation with the hydraulic fracture displays a similar pattern, the differences
between the two simulation cases are worth noting. Due to the higher permeability of the hydraulic fracture, the

time taken for permeability to reach the minimum is reduced, which in turn leads to the permeability recovery
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starting earlier compared to when the hydraulic fracture is not present. Therefore, the permeability increase in the

simulation with the hydraulic fracture is larger.

Fig. 17 presents a comparison of the cumulative amount of CO; injected to illustrate the influence of the hydraulic
fracture. The presence of the hydraulic fracture results in a significant increase in the CO, injectivity; the
cumulative injection with the hydraulic fracture is double that without the hydraulic fracture. The hydraulic
fracture provides a preferential flow pathway for CO, transport and produces a large contact area with a higher

fluid pressure within the coal seam, meaning that more CO, penetrates the coal matrix and becomes adsorbed.

The new capability of the numerical model to simulate the behaviour described above is highly significant for the
study of CO- sequestration in coal seams, since hydraulic fracture stimulation has been successfully applied in

several field experiments (Fujioka et al., 2010; van Bergen et al., 2009).

6. Conclusions

Among the options for CO, capture, utilisation and sequestration, the potential for sequestration in coal is
presently restricted by its naturally low permeability and the injectivity loss caused by CO; adsorption-induced
coal swelling. Hydraulic fracturing is considered a feasible way to improve CO injectivity, however the coupled
flow and geomechanical effects on CO, sequestration are not clear. This work has presented a hybrid model of
coupled compressible fluid flow, adsorption and geomechanics to investigate the impacts of hydraulic fractures
on the stress field of coal and CO: injectivity. The natural fracture network and porous coal matrix have been
described using a dual porosity model with the hydraulic fractures represented explicitly using lower-dimensional
interface elements. The coupling between the two different models has been achieved using the principle of
superposition for fluid continuity and the local enrichment approximation for displacement discontinuity at the
surface of a hydraulic fracture. The Galerkin finite element method has been used to numerically solve the
governing equations with verification provided by comparing numerical results with known analytical solutions.
An application of the model has been presented to study the effects of a hydraulic fracture on the flow behaviour

and stress field within a coal seam during CO; sequestration.

Simulation results show that the presence of a hydraulic fracture influences the distribution of gas pressure and
improves the gas flow rate, as expected. CO; injection disturbs the stress field of a coal seam, causing an increase
in horizontal and vertical stresses, especially the latter. Compared to the variation of stress with no hydraulic
fracture, the reduction in stress with a hydraulic fracture starts earlier, which causes a larger decline in both

horizontal and vertical stress after reaching a maximum value. Permeability is controlled by the stress; hence, the
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time taken for permeability to reach a minimum is reduced when the hydraulic fracture is present and permeability
recovery starts earlier, thereby showing a larger increase during the same period. The work presented in this paper
provides important insights into the behaviour governing CO; flow and stress field changes in the presence of a
hydraulic fracture, which is particularly relevant considering the current reliance of the technology on this

technique based on the majority of field trials.
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Table 1 Parameters used for the validation test.

Parameter Value Unit
Young's modulus of coal, E 1.12 GPa
Biot coefficient, a 0.075 -

Biot coefficient, g 0.925 -
Poisson's ratio, v 0.26 -
Initial permeability, k¢, 1.1e-19 m?
Initial matrix porosity n,,, 2 %
Initial fracture porosity ng 0.42 %
Density of coal, p, 1356.6 kg/m?®
Viscosity of gas, u 1.6e-5 Pa-s
Langmuir volume constant, V;, 2.49 mol/kg
Langmuir pressure, u;, 2.63 MPa
Langmuir volumetric constant, &, | 4.9 %
Sorption time, T 2.58e5 S
Formation temperature, T 318.15 K

Gas constant, R 8.314 J/mol/K

Table 2 Material parameters used for the numerical simulations.

Parameter Value Unit
Young's modulus of coal, E 2.92 GPa
Biot coefficient, a 0.27 -

Biot coefficient, 8 0.73 -
Poisson's ratio, v 0.35 -

Initial permeability, kgq 1.0 mD
Initial matrix porosity 1n,,, 55 %
Initial fracture porosity ng 1 %
Density of coal, p, 1337 kg/m?3
Viscosity of gas, 14 1.84e-5 Pas
COz Langmuir volume constant, V;, 1.97 mol/kg
COz2 Langmuir pressure, u;, 0.97 MPa
COz2 Langmuir volumetric constant, g, | 1.23 %
Sorption time, T 25 days
Formation temperature, T 303 K

Gas constant, R 8.314 Jimol/K
Normal stiffness, K, 100 GPa/m
Shear stiffness, K, 100 GPa/m
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Fig. 2 Schematic illustration of transport between different media.
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Fig. 3 Schematic representation of the discrete fracture matrix approach.
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Fig. 4 Transformation between x -y’ local coordinate system (dash) and x-y global coordinate system (solid).

O { O
[ 2D matrix element
G O
l 1D fracture element
O O O O O

Fig. 5 Mesh for the discrete fractured model: the matrix is discretised using 2D elements and the fracture is

discretised using a line element.
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Fig. 10 Comparison of numerical results (lines) and experimental results (symbols) for the upstream pressure and

downstream pressure under a constant confining pressure.
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Fig. 11 (a) Problem domain embedded with a single fracture, showing the assigned boundary conditions, and (b)

computational domain showing the mesh geometry.

30



Chen et al. (2020) Rock Mechanics and Rock Engineering doi.org/10.1007/s00603-020-02088-1

8.70 870
6.92 6.92
L 6.03 -6.03
5.14 514
4.25 - 4.25
336 -3.36
247 2.47
1.58 1.58
07 07
(@) (b)
8.70 870
7.81 7.81
6.92 6.92
-6.03 -6.03
- 5.14 514
- 4.25 - 4.25
-3.36 -3.36
2.47 247
1.58 1.58
0.7 07
(d)
8.70 870
7.81 7.81
6.92 6.92
-6.03 L 6.03
514 514
-4.25 425
-3.36 336
247 247
1.58 1.58
07 07

(e) ()

Fig. 12 Distribution of gas pressure outward from the wellbore at different times of 10 days (a, b), 30 days (c, d)

and 90 days (e. ), for cases without a hydraulic fracture (a, ¢, ) and with a hydraulic fracture (b, d, f).
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Fig. 13 Evolution of gas pressure with time at specified points, (a) without the hydraulic fracture and (b) with the

hydraulic fracture.
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Fig. 14 Changes in horizontal stresses (ayy, oyy) and vertical stress (a,,) with time at the specified points adjacent
to the injection well; (a-c) without the hydraulic fracture, and (d-f) with the hydraulic fracture (black and red

dashed lines denote the initial horizontal and vertical stress, respectively).
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Fig. 15 The evolution of tangential stress (a,) with time at specified points adjacent to injection well (a) without

hydraulic fracture and (b) with hydraulic fracture.
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Fig. 16 Evolution of the permeability ratio with time at specified points adjacent to the injection well (a) without

the hydraulic fracture, and (b) with the hydraulic fracture.
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Fig. 17 Comparison of cumulative CO injection between the two simulation scenarios.
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