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ARTICLE INFO ABSTRACT

Reactive flow through fractures results in dissolution/precipitation of minerals and thus alteration in fracture
apertures/opening, affecting the flow paths in the fracture. Backed by laboratory experiments, the openings in
fracture due to dissolution are most likely not stable under confining stresses, resulting in closure of fractures. In
this research, a novel method to couple Thermal-Hydraulic-Mechanical (THM) with Chemical (C) processes is
presented, capable of capturing the aperture closure under in situ stresses during heat withdrawal from an
Enhanced Geothermal System (EGS). The dissolution process of silica is considered, resulting in a relatively
uniform aperture increase in the fracture prior to applying the in situ stresses. Then, the mechanical equilibrium
is solved and the final apertures are computed from the updated contact stresses on fracture surfaces. Due to the
matrix compliance, in most cases the closure of the apertures induced by the uniform dissolution of silica has
been observed. The results are compared against a case where the mechanical equilibrium after the dissolution
process is not considered (i.e. one-way coupling of THM and C). Without mechanical feedback on the dissolution
apertures, the flow in the fracture is dominated by dissolution apertures, also affecting the heat production from
EGS. However, after applying in situ stresses, the effect of dissolution apertures on the heat production is di-
minished. Depending on the compliance of the matrix, the size of the fracture and the size of dissolution opening,
the stresses are redistributed to satisfy the mechanical equilibrium, affecting the aperture distribution over the
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fracture.

1. Introduction

Fractures play a crucial role in energy extraction from fractured
reservoirs. In geothermal reservoirs, a cold fluid is circulated through
the hot, normally low-permeability rock, either by means of natural or
engineered fractures. In this process, the in situ state variables including
the stress, fluid pressure, temperature and chemical equilibrium of
minerals are altered. Such coupled, multi-physics processes are en-
countered in other subsurface activities including CO, sequestration,
nuclear waste disposal, acid fracturing, and secondary oil recovery. Due
to the complexity of the problem and the number of parameters in-
volved, modelling of these processes is viable primarily through nu-
merical methods (McDermott et al., 2006). While coupling between
thermal (T), hydraulic (H), and mechanical (M) processes are relatively
straightforward, the feedback of chemical (C) reactions i.e. dissolution
and precipitation of minerals, on the mechanical deformation is not
well-understood. However, in a fractured reservoir, the mechanical
deformation of fracture and matrix controls the fracture aperture and

hydraulic conductivity.

Several coupled THM models have been proposed for fractured
porous media (Ghassemi and Zhou, 2011; Guo et al., 2016; Pandey
et al., 2017; Salimzadeh et al., 2016; Vik et al., 2018; Salimzadeh et al.,
2018a). Fractures are the main flow paths in low-permeability rocks as
normally encountered in Enhanced Geothermal Systems (EGS). The
hydraulic conductivity of fractures strongly depends on the aperture.
The flow through fractures is commonly expressed by the cubic law
which is derived from the general Navier-Stokes equation for flow of a
fluid between two parallel plates (Zimmerman and Bodvarsson, 1996).
Any change in the in situ stresses acting on the fracture planes due to
change in the fluid pressure and/or the rock matrix temperature can
strongly affect the fracture apertures. Other coupled models have been
proposed for fracturing media in which the fractures geometry alter due
to the tensile or shear propagation of fractures (Norbeck et al., 2016;
Salimzadeh et al., 2018b; Fu et al., 2011). Alteration of in situ pressure
and temperature changes the equilibrium concentration of minerals in
the fluid within fracture and that triggers dissolution/precipitation of
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reactive minerals. Thus, the fracture aperture (i.e. conductivity) can be
further affected by the chemical reactions between the rock matrix and
the fluid in the fracture. The effect of reactive flow on porosity/per-
meability of the rock through precipitation/dissolution of minerals is
well understood in the literature (Babaei and Sedighi, 2018; Walsh
et al., 2017).

Experimental investigations of reactive flow through fractures have
confirmed increases in fracture transmissivity due to dissolution of
minerals when samples were subjected to flow of under-saturated fluid
with respect to the predominant minerals of the fracture surfaces (Dijk
et al., 2002; Leprovost et al., 2003; Deng et al., 2016). The magnitude
and distribution of chemically-induced apertures are controlled by
chemical reaction rates and convective mass transport rate of dissolved
minerals, quantified mainly by Damkohler number (i.e. reaction rate
divided by the convective mass transport rate). Higher Damkohler
number results in rapid saturation of the fluid with respect to the pre-
dominant mineral, creation of instabilities in the reaction front and
formation of dissolution channels (Hanna and Rajaram, 1998; Detwiler
et al., 2003; Szymczak and Ladd, 2006). On the other hand, in small
Damkohler numbers the fluid remains under-saturated, and the dis-
solution becomes uniform across the fracture. For instance, in carbo-
nate rocks with calcite as the primary mineral, the reaction rates are
much higher, and creation of dissolution channels is more likely,
whereas in silica-rich rocks, the solution of silica is relatively slow, and
uniform dissolution is more likely. Although, the experimental studies
have shown that even for silica-dominated rocks with less than 5%
calcite, the calcite is responsible for porosity changes due to dissolution
(André et al., 2006; Bachler and Kohl, 2005; Taron et al., 2009). It is
worth mentioning that the mineral heterogeneity can also affect the
formation of dissolution channels.

Fractures in deep reservoirs are under compression and a change in
fracture apertures due to the chemical reaction affects the stress dis-
tribution over the contacting asperities. Dissolution of the contacting
asperities can lead to the fracture closure as shown experimentally by
Detwiler (2008). Although, dissolution of open regions may increase
apertures locally, but dissolution of contacting asperities often reduce
the overall transmissivity of the fracture (Lin and Daily, 1990; Moore
et al., 1994). This aspect has not been accounted for in the current
models dealing with coupled THM and C processes in the literature.
Commonly, the dissolution aperture has been linearly combined with
the aperture from THM processes i.e. the loosely or one-way coupled
model (c¢f. Pandey et al., 2014, 2015; Rawal and Ghassemi, 2014). In
this research, a novel two-way coupling method is presented for
Thermal-Hydraulic-Mechanical-Chemical (THMC) processes, in which
the remaining aperture due to mineral dissolution is computed after
satisfying the mechanical equilibrium. The dissolution apertures have
been introduced as gaps (openings) into the contact model, the me-
chanical equilibrium is satisfied, then the remaining apertures are
computed from either the updated contact stresses (if two surfaces of
the fracture are in contact) or the differential displacement of the two
surfaces (if the fracture is in opening mode). Both approaches are im-
plemented into a robust finite element discrete fracture-matrix (DFM)
model (Salimzadeh et al., 2018a). The results for both one-way and
two-way coupling are presented and compared.

2. Computational Model
2.1. Governing Equations

In the present study, fractures are modelled as discrete surfaces in
the three-dimensional matrix (Paluszny and Zimmerman, 2011). The
single-phase flow through fractures is defined using lubrication equa-
tion, while the matrix is assumed impermeable. Hydraulic loading, as
well as the tractions due to the contact between fracture surfaces, are
applied on the fracture walls. The elastic deformation model is ex-
pressed satisfying the condition of equilibrium on a representative
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elementary volume (REV) of the porous medium as

div(De — BK (T, — T)I) + F + (o, — pfnc)é(x —-%X)=0 6

where, D is the drained stiffness matrix, ¢ = (Vu + Vu’)/2 is the strain,
u is the displacement vector, K is bulk modulus of rock, g is the vo-
lumetric thermal expansion coefficient of the rock matrix, T, is the
matrix temperature, Ty is the initial temperature, I is the second-order
identity tensor, F is the body force per unit volume, p, is the fluid
pressure in fracture, n. is the outward unit normal to the fracture
surface (on both sides of the fracture), o, is the contact traction on the
fracture surface, 8(x — x.) is Dirac delta function, and x. represents the
position of the fracture.

Assuming a high aspect ratio fracture that has a lateral extent much
larger than its aperture, the fluid flow through deformable fracture can
be written as

(i)
div| —Vp,

1y @
where, a; is the fracture aperture, Ky is the fluid viscosity, Ty is the fluid
temperature in the fracture, and, ¢; and ﬁf are coefficients of the fluid
compressibility and volumetric thermal expansion, respectively. The
governing equation for heat transfer through the fluid in the fracture
can be obtained by combining Fourier’s law with an energy balance for
the fluid. The advective heat transfer through the fluid in the fracture
can be written as

Baf apf an
=1 4 = _ it
a Tuag Tk,

. oTy py oT
le(afﬂ.fva) = afpfchf? — afﬁfo? + ar Py Chf Vf- VTf - )\.na—

ne

dr

3

where, A; is the thermal conductivity tensor of the fluid, oy is the fluid
density, ¢ is the fluid heat capacity, v; is the fluid velocity in fracture,
and A, is the average thermal conductivity of the rock matrix along the
direction normal to the fracture (in the direction of n.). The governing
equation for heat conduction through the rock matrix can be obtained
by combining Fourier’s law with an energy balance for saturated rock as

T,

S BT, odivw) 5, T sx — x,)

div(A,VTn) = P Chm at on

4
where, X, = (1 — ¢)As + ¢A; is the average thermal conductivity tensor
of the matrix, A; is the thermal conductivity tensor of the rock,
P Chm = (1 — P)pscns + P0rChfs £ is the rock density, and ¢y is the rock
heat capacity. More details on the governing equations for non-iso-
thermal flow through fractures in deformable, low-permeability matrix
(THM model) can be found in (Vik et al., 2018; Salimzadeh et al.,
2018a, b).

The governing equation for the reactive transport through the
fracture can be written as

d(afpf Cf)
t

le[afoV@fo)] = 3

+ asvy. V(prf) + R, (5)
where, Dy is the dispersion coefficient, p; is the density of the fluid, Cy is
the concentration of dissolving mineral in the fracture fluid (mol/kg),
and R, is the reaction (dissolution/precipitation) rate of the mineral
(mol/m?s). Dissolution or precipitation of the mineral occurs when the
local concentration of the mineral deviates from the equilibrium con-
centration (C,y). When the fluid is oversaturated with respect to the
predominant mineral (C; > C,), precipitation occurs. When the fluid is
under-saturated (C; < C,), dissolution occurs. For instance, precipita-
tion of silica within a fracture occurs when a reduction in fluid tem-
perature causes silica solubility to drop below the local concentration of
dissolved silica (Dempsey et al., 2012). The manner in which the pre-
cipitation or dissolution reactions proceed depends on reaction rate and
fluid velocity (Phillips, 1992). In this study, the reaction rate for
amorphous silica/quartz is used (Pandey et al., 2015; Rawal and
Ghassemi, 2014; Rimstidt and Barnes, 1980). However, any other



S. Salimzadeh and H.M. Nick

reaction model for any minerals can be used for the purpose of the
present study. The reaction rate is defined as

Cr )

Coq (6)
where, k, is the temperature dependent reaction rate constant (mol/
m?s). For amorphous silica k, is defined as (Rimstidt and Barnes, 1980)

R, = k+(l -

—4p._ 3438
(036978910717~ 55)

ky =10 7)

where, Ty is the fluid temperature in Kelvin. The temperature-depen-
dent equilibrium concentration of the amorphous silica is given by
(Rimstidt and Barnes, 1980)

840.1

g (8)

—4
(—0.338—7.889%10™ "Tr—
Coy =10 7

2.2. Fracture Aperture Evolution under THMC Processes

Hydraulic aperture of fractures can be divided into two parts: (i)
fracture aperture when two sides of the fracture are in contact. This
aperture is referred to as contact aperture hereinafter. (ii) Fracture
aperture when two sides of the fracture are not in contact and fracture
is in opening mode. This aperture is referred to as displacement aperture
hereinafter. Since the fractures are modelled as piecewise planer sur-
faces, in contact mode, the normal differential displacement of two
sides of fracture is zero, while in the opening mode the normal differ-
ential displacement of two sides of the fracture is not zero. When two
sides of a fracture are in contact, the fracture asperities are responsible
for carrying compression and satisfying the mechanical equilibrium.
The fracture can still be hydraulically conductive due to the roughness
of the fracture surfaces. The contact aperture of the fracture is com-
monly defined as a function of the normal contact traction

af = £ (@) ©)

where aﬁ is the contact aperture, and g, is the normal contact stress.
Both linear and nonlinear equations can be used to express the relation
between contact aperture and contact stress. In this study, the contact
aperture — contact stress relationship is defined using the classical
Barton-Bandis model (Bandis et al., 1983; Barton et al., 1985) as

¢ aog,

aF=Qaqy — —
=77 1 + bo, (10)

in which, ap = 0.0012 m, @ = 1.6 X 107 m/Pa and b = 1.33 x 1077 1/
Pa. If the contact stress reduces to zero, separation of two fracture
surfaces occurs, and contact aperture reaches to its maximum value of
af = ao. In the opening mode, the fracture asperities are not in contact
anymore, thus the bulk matrix is carrying the compression, satisfying
the mechanical equilibrium of the system. In subsurface activities
where the fractures are initially under compression, the separation of
fracture surfaces can occur due to fluid pressure exceeding the in situ
stress, and/or thermo-poroelastic contraction of the matrix. The clas-
sical example in which the fluid pressure exceeds the in situ stress is the
hydraulic fracturing process. When separation occurs, the displacement
aperture can be defined explicitly by the normal differential displace-
ment of two opposite surfaces of fracture as

af = (ut — u). n, an

in which, a}i is the displacement aperture, ut and u~ are the displace-
ments of the two opposing faces of the fracture, and n, is the outward
unit normal to the fracture surfaces. Thus, the total aperture of a

fracture is the sum of the contact and the displacement apertures
d
4 =aj +qf a2

In cases where a fracture is freshly created such as in hydraulic
fracturing, the contact aperture is zero, aj = 0, and the displacement
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aperture is providing the hydraulic conductivity of the fracture. On the
other hand, in natural fractures under compression, the displacement
aperture is zero, afd = 0, and the hydraulic conductivity of the fracture
results from the contact aperture. Fracture aperture variation due to
shear dilation can also be added to the contact aperture, however, such
aperture variation is not considered in this study.

In this study, the fractures are modelled as surface discontinuities in
the 3D matrix, thus the model is capable of capturing both contact and
displacement apertures. When fracture surfaces are in contact, the
differential displacement (Eq. 11) is zero, and the contact aperture is
computed from Eq. (10). If the surfaces of fracture are not in contact, a
differential displacement is computed from Eq. (11) as the displacement
aperture. When fractures are modelled as surface discontinuities, under
compressive loading the contact stresses (normal and shear) are re-
quired to be computed accurately, and applied on the fracture surfaces
in order to avoid the inter-penetration of the fracture surfaces. The
contact constraints are enforced by using a gap-based Augmented La-
grangian (AL) method (Wriggers and Zavarise, 1993; Puso and Laursen,
2004; Nejati et al., 2016). Penalties are defined at each timestep as a
function of local aperture, so that they are larger away from the fracture
edges, and reduce to zero at the fracture edges (fracture tips). The
augmentation process makes it possible to strictly penalise any viola-
tion of contact constraints by using a small penalty parameter. More
details on the contact model can be found in (Nejati et al., 2016). The
contact model has been extended to include thermal and hydraulic
loadings (Vik et al., 2018).

In the contact model, gaps can be implicitly introduced so that the
two sides of the fracture have an initial aperture prior to loading. When
the compressive load is applied, due to the initial gap at some parts of
the fracture, the area of the fracture in contact is initially less than the
total area of the fracture, therefore stress redistribution occurs and the
parts with initial gaps deform to satisfy the mechanical equilibrium.
The deformation of the matrix under compression may result in closure
of the initial gap; however, the initial contact stress distribution will be
affected by the existence of the initial gap. To demonstrate this property
of the contact model, two examples of a fracture with an initial gap are
presented in this section. A circular fracture of radius 100 m is con-
sidered within a linear elastic, homogenous, isotropic matrix with
Young’s modulus E = 50 GPa and Poisson’s ratio v = 0.25. The matrix
is under uniform compressive stress of 64 MPa. An initial gap is pre-
scribed within a circular area of radius 10 m at the centre of fracture
(gap area). Two distributions are considered for the initial gap: uniform
and linear distributions as shown in Fig. 1. In the uniform case, an in-
itial gap of 1 mm is assigned to the gap area in the centre of the fracture
as shown in Fig. 1a. After the compressive loads are applied and solved
for the equilibrium, the normal contact stress distribution is as given in
Fig. 1b. Without any gap in the fracture, a uniform stress of 64 MPa is
expected to develop everywhere in the model. But due to the existing
gap in the fracture, stress concentration as much as 125 MPa are ob-
served at the edges of the gap area, while the contact stress in the centre
of the gap area reduces to less than the applied value (64 MPa). Also,
stress relaxation is observed in a ring outside, and close to the edges of
the gap area. In the second case, the initial aperture linearly increases
from zero at the edges of the gap area towards 1 mm in the centre as
shown in Fig. 1c. The normal contact stress in this case increases to-
wards the centre of the fracture, while stress relaxation is observed at
the vicinity of the edges of the gap area. The contact stress variation in
the second case is less than the first case. The normal contact stress on
the remaining parts of fracture away from the gap area in both cases is
equal to the applied compression of 64 MPa.

When the fluid in fracture reacts with the rock matrix, the dis-
solution/precipitation of minerals also results in the aperture variation
in fracture. Assuming that the rock matrix consists of one dominant
reactive mineral, the variation in the aperture can be approximated
from the reaction rate as (Pandey et al., 2015; Rawal and Ghassemi,
2014)
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Fig. 1. Initial gap in the fracture and its effect on the contact stress distribution: (a,b) uniform initial gap, (c,d) linear initial gap distribution over an area of radius
10m in a fracture of radius 100 m. Contact stresses at the edge of fracture are zero.

da,
ot

R.
pw

13

where, p,w is the molar density, p, is the density of the solid (rock), and
w is the number of moles of the reactive mineral per kilogram of rock.
The fracture aperture induced by dissolution or precipitation processes
is referred to as chemical aperture, a., hereinafter. The dissolution pro-
cess is of particular interest in the present study. The chemical aperture
is commonly considered as an additional term to the contact aperture
(Pandey et al., 2015; Rawal and Ghassemi, 2014), thus, the total
aperture is written as
a = af + af + a 14)
which means that chemical aperture, irrespective of its value, are
considered hydraulically open and mechanically stable under in situ
stresses. In other words, the chemical aperture is treated as “contact
aperture”, in which some asperities are responsible for carrying the
compression between two surfaces of a fracture. Therefore, the che-
mical apertures directly affect the fracture conductivity, and as such,
affect flow and heat transfer in the fracture. This type of coupling
chemical reactions with thermo-poroelastic processes is referred to

“loosely” or “one-way coupling”, denoted by THM + C, hereinafter. In
THM + G, it is assumed that the chemical apertures are not affected by
the mechanical compression. However, the opening in the fracture
aperture due to dissolution may not remain open under the mechanical
compression as demonstrated earlier by two examples (shown in
Fig. 1), and backed by the experimental investigations. To remove this
deficiency, a novel approach of coupling THM and C is proposed in this
study, in which, the chemically-induced apertures are treated as a
“displacement aperture”, subject to mechanical compression. So, in
order for the chemical apertures to remain open and conductive for
flow, the rock matrix has to carry the extra load due to loss of contact
area where the dissolution occurs. In this approach, the chemical
apertures due to dissolution are introduced as initial gaps in the frac-
ture, then the mechanical compression is applied, and the remaining
aperture (gap) is determined after satisfying the mechanical equili-
brium. If the chemically-induced gap remains open in some areas, then
the contact stress in those areas will be zero and the displacement
aperture is computed from Eq. 11. If the dissolution gap is closed due to
the compliance of the rock matrix under compression, the contact
stresses are updated, and the new contact apertures are computed from
Eq. 10. Thus, depending on the compression that the fracture receives
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Fig. 2. The geometry and simulation results for the validation example.

and compliance of the rock matrix, part of or perhaps the whole new
gap from the chemical dissolution may be closed. For convenience, this
approach of coupling THM and C is referred to as THMC hereinafter. In
THMC, the coupling between THM and C is two-way as the chemical
apertures are affected by the mechanical compression, and at the same
time, the stresses are affected by the chemical apertures.

2.3. Finite Element Model

The governing equations are solved numerically using the finite
element method. Spatial and temporal discretisation are realised using

92

Galerkin method and finite difference techniques, respectively. The
displacement vector u, the fluid pressure in fracture p;, fluid tem-
perature Ty, rock matrix temperature T,,, and mineral concentration in
fracture C; are taken as primary variables. Using the standard Galerkin
method, the primary variable X = {u, p,,, Prs T Ty, Cy} within an
element is approximated from its nodal values as

X = NX (15)

where N is the vector of shape functions and X is the vector of nodal
values. Using the finite difference technique, the time derivative of X is
defined as
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Table 1

Input properties used in the validation example.
Property Value Unit
Initial fracture aperture 0.5 mm
Fluid heat capacity (Cp 4180 J/kg °C
Fluid thermal conductivity (A5 0.6 W/m °C
Rock density (p;) 2500 kg/m?
Rock heat capacity (C,) 1000 J/kg °C
Mass flow rate 40 kg/s
Injection temperature 100, 160 °’C
Injection concentration 0 mol/kg
Rock thermal conductivity (As) 2.5 W/m °C
Dispersion coefficient (Dy) 1x10°° m?/s

X X t+dt _ X!

o dt 16)

where X‘*¢ and X' are the values of X at time t + dt and t, respec-
tively. The set of discretised equations can be written in matrix form as
SX =F, in which § is the element’s general stiffness matrix, and F is
the vector of right-hand-side loadings. Following the approach ex-
plained in (Vik et al., 2018), the mechanical deformation-contact (M)
and the thermal-hydraulic-chemical models (THC) are solved sequen-
tially. However, the implemented model is also capable of solving the
two models simultaneously. The components of the stiffness matrix are
dependent upon the primary unknown variables, i.e. conductance, ca-
pacitance and coupling coefficients of the fracture are all dependent on
the fracture aperture; therefore, a Picard iteration procedure is adopted
to reach the correct solution within acceptable tolerance. For current
iteration s + 1 in current step n + 1, the solution-dependent coefficient
matrices in the stiffness matrix S are updated using weighted average

solution vector X3*¢ defined as
X3t = (1 - X33 + 60Xy an

where X3! and X}, are the solution vectors of the two most recent
iterations in the current timestep n + 1, and 6 = 2/3 is the weighting
coefficient. For the first iteration s = 1, the previous timestep solution is
used as
0 1

Xn+1 = Xn+1 = Xn (18)
where X, is the solution vector from previous timestep n. The iterations
are repeated until consecutive normalised values of X;,, agree to
within a specified tolerance ¢

IXGEL = Xl
IXSH I 19)

The tolerance is set to 1%. The discretised equations are im-
plemented in the Complex Systems Modelling Platform (CSMP, also
known as CSP), an object-oriented application programme interface
(API), for the simulation of complex geological processes and their in-
teractions (formerly CSP, cf. Matthdi et al., 2007). Quadratic un-
structured elements are used for spatial discretisation of surfaces
(quadratic triangles) and volumes (quadratic tetrahedra). The triangles
on two opposite faces of a fracture are matched with each other, but do
not share nodes, and duplicate nodes are defined for two sides of a
fracture. The triangles are faces of the tetrahedra connected to the
fractures, and they share nodes. Fracture flow, heat and mass transfers
equations are accumulated over triangular elements (on one side of the
fracture i.e. master side), whereas, matrix deformation and heat transfer
equations are accumulated over the volume elements. The ensuing set
of linear algebraic equations is solved using the algebraic multigrid
method, SAMG (Stiiben, 2001).
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2.4. Model Verification

The THM part of the present model has been validated extensively
against several analytical, experimental and numerical results pub-
lished in the literature. More details can be found in (Vik et al., 2018;
Usui et al., 2017; Salimzadeh et al., 2019; Peters et al., 2018). In this
study, the THC part of the model is validated against the results given
by Pandey et al., 2015 for the dissolution of amorphous silica in a silica-
rich geothermal reservoir.

In this example, a geothermal doublet including an injection well
and a production well is connected to a horizontal rectangular fracture
of size 1250 x 1250 m. The reservoir layer has a thickness of 1000 m
with a temperature gradient of 200 °C/km, with temperature at top of
the reservoir is set to 100 °C, and at the bottom to 300 °C. The fracture is
located at depth of 800 m in the layer (Fig. 2) corresponding to an in-
itial temperature of 260 °C. The injection well intersects the centre of
the fracture, and the production well is located 500 m away from the
injection well. The properties of the problem are given in Table 1. The
matrix is considered permeable in the original example with a perme-
ability of 10~ *® m?, but since this permeability is very low compared to
that of the fracture, it is ignored in this study. Two different cases are
considered in which the injection temperature is set to 100 and 160 °C,
and the concentration of amorphous silica at the injected water is set to
zero, i.e. clean water. For each case both TH and THC results in terms of
the production temperature is recorded and compared with the results
published by Pandey et al. (2015). As there is no mechanics included in
this example, the chemical apertures are simply added to that of TH (i.e.
uniform initial aperture). As shown in Fig. 2, a good match is observed
between two simulations, for both TH and THC processes, confirming
the accuracy of the THC module of the present model. Included in
Fig. 2, are the temperature and aperture distribution after 20 years for
both cases. The injection of clean water results in dissolution of
amorphous silica, while the in situ concentration of amorphous silica is
0.022 mol/kg of water. The reaction rate is higher where the tem-
perature is higher, away from the injection well. Thus, the aperture
increases up to 1.3 mm due to dissolution of minerals along a strip lo-
cated away from the injection well. The dissolution process creates a
channel for flow towards the bigger area of the fracture and away from
the production well, delaying the temperature drop at the production
by providing longer paths for the cold fluid to flow before reaching the
production well.

3. Simulation Results and Discussion
3.1. Simulation Cases

A conceptual EGS consisting of a geothermal doublet intersecting a
horizontal circular fracture in a homogenous isotropic elastic rock, as
shown in Fig. 3, is considered for simulations. The geometry of the
model roughly resembles the Habanero project in the Cooper Basin,
Australia (Llanos et al., 2015). The material properties, adopted from
Guo et al. (2016), are given in Table 2. The chemical reactions are
considered for the dissolution of a mineral (amorphous silica) based on
the properties used in the validation example (Pandey et al., 2015).
Four different cases are considered for simulations as summarized in
Table 3.

- In case I, a horizontal circular fracture of radius 500 m is considered
with injection and production wells intersecting the fracture sym-
metrically at 500 m spacing. The far-field stress is set to 64 MPa,
while the initial pressure and temperature are set to 34 MPa and
200 °C, respectively. Water is injected at a flow rate of Q = 0.0125
m?3/s, at a temperature of 50 °C, while the production is configured
through constant pressure of 34 MPa. In this case, it is assumed that
the rock has 15 mol of silica per kg, w = 15 mol/kg.

- In case II, the chemical apertures are magnified artificially by
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Fig. 3. The geometry of the model and the fracture used in the simulations.
Three cases are: (i) X = 3km, R =500m, (ii) X = 1.5km, R = 250 m, (iii)
X =600m, R = 100m.

Table 2
Input properties used in the simulations.
Parameter Value Unit
Matrix porosity (¢) 0.01 -
Solid density (py) 2500 kg/m®
Young’s modulus (E) 50 GPa
Poisson’s ratio () 0.25 -
Solid heat capacity (cps) 790 J/kg’C
Fluid heat capacity (cpy) 4460 J/kg’C
Volumetric thermal expansion coefficient of the solid 2.4x10°° /°C
®)
Volumetric thermal expansion coefficient of the fluid 7.66 x 1074 /’C
®Bp
Fluid dynamic viscosity (u) 1.42x 1074 Pas
Fluid compressibility (c/) 511 x107° pa~?!
Thermal conductivity of the solid (A,) 3.5 W/m’C
Thermal conductivity of the fluid (A) 0.6 W/m’C
Dispersion coefficient (Dy) 1x10°° m?/s

reducing the molar density of silica. An alternative approach to in-
crease the chemical apertures would be to increase either the si-
mulation time beyond 30 years, or the dissolution rate. The former
would result in excessive temperature drop at production, while the
latter would change the reaction type from a relatively uniform
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dissolution to wormhole dissolution. Thus, the mole per kilogram of
the rock has been reduced to w = 1 mol/kg in order to increase the
chemically-induced aperture. All other parameters and boundary
conditions are kept the same as case 1.
In case III, the size of the fracture is reduced to 250 m. The size of
the model is also reduced accordingly, as shown in Fig. 3. The size of
the fracture has been varied to investigate whether the chemical
apertures remain open under in situ stresses in smaller fractures. To
avoid the early breakthrough and rapid reduction in temperature at
the production, the injection temperature has been increased to
100 °C, and the injection flow rate is reduced to 0.003125 m>/s. All
other parameters and boundary conditions are kept the same as case
IL
- In case IV, the fracture (and model) size is further reduced. A 100 m
fracture is considered, with a flow rate of Q = 0.001 m?/s. All other
parameters and boundary conditions are kept the same as case III.

3.2. Results and Discussion

The four cases mentioned above are simulated for five sets of dif-
ferent coupled physics:

1 Thermal-hydraulic (TH): In this model, only fluid flow and heat
transfer are modelled within the EGS. Considering the initial contact
stress is 30 MPa, the contact aperture in this set, using Eq. (10) is
0.24 mm.

2 Thermal-hydraulic-chemical (THC): In this model, fluid flow, heat
transfer and chemical reactions (dissolution, precipitation) are
modelled within the EGS. The chemically induced apertures are
simply added to the initial aperture of 0.24 mm.

3 Thermal-hydraulic-mechanical (THM): In this model, fluid flow,
heat transfer and mechanical deformation are modelled within the
EGS. The apertures are computed using Eq. (10) from the updated
contact stresses. Again, the initial aperture at onset of simulation is
0.24 mm.

4 Thermal-hydraulic-chemical-mechanical (THM + C): In this model,
fluid flow, heat transfer, chemical reaction and mechanical de-
formation are modelled within the EGS. The chemically induced
apertures are simply added to the contact aperture computed from
updated contact stresses using Eq. 14.

5 Thermal-hydraulic-chemical-mechanical (THMC): In this model,
fluid flow, heat transfer, chemical reaction and mechanical de-
formation are modelled within the EGS. However, the chemically
induced apertures are introduced as gaps into the contact stress
solver, and the final apertures are computed from the updated
contact stresses using Eq. 12.

The aperture distributions over the fracture for different cases in
different models: THC, THM, THM + C and THMC are shown in Fig. 4.
In the THC model, the aperture variation is purely from the chemical
reactions. Maximum aperture increase occurs in areas with higher
temperature, thus it enhances the flow towards the remote areas of the
fracture. In the THM model, the aperture variation is caused by the
mechanical deformation of the matrix under THM loading. Therefore,
the maximum aperture increase occurs in colder areas with higher fluid
pressure, i.e. in the vicinity of the injection well. In the THM + C
model, the distribution of aperture is a combination of that in THM and
THC models. However, the aperture distribution in THMC model is very
similar to the THM model, implying that the chemically-induced gaps
in the fracture are closed under THM compression, even though the
magnitude of dissolution apertures (i.e. gaps) has been magnified in
cases II, IIT and IV. In case IV, the size of the fracture reduces, thus, the
THMC model shows slightly higher apertures than the THM model due
to the redistribution of stresses in the matrix.

The temperature distributions after 30 years of simulation for the
four cases using the results of five different models: TH, THC, THM,
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Table 3
Different cases used in simulations.
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Simulation Case Model Size (km) Fracture Size (m) Injection Rate (m®/2) Injection Temperature (°C) w (mol/kg)
1 3x3x3 500 0.0125 50 15

I 3x3x3 500 0.0125 50 1

1 1.5x15x%x 15 250 0.003125 100 1

v 0.6 X 0.6 X 0.6 100 0.001 100 1

THM + C, and THMC, are shown in Fig. 5. As the size of the fracture
reduces, larger portion of the fracture is affected by the cold fluid.
When the chemical reactions are accounted for, the chemically induced
apertures dominate the flow and heat transfer in both THC and
THM + C models. Thus, the temperature plume extends further away
from the injection and production wells, and the access to the hot
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matrix increases in these two models compared to the reference TH
model. For instance in case IV, the chemically-induced apertures pro-
vide access for the cold fluid to almost all surface of the fracture except
a small part behind the production well. However, when the mechan-
ical deformation of the matrix and resulting contact stresses are re-
sponsible for any changes in the fracture aperture (ie. in THM and

Case III

Case IV

Aperture (mm)

0.1 0.2 0.5

1 2 4

Fig. 4. Aperture distribution in fracture after 30 years for different cases presented in Table 3. THC: thermo-hydro-chemical processes, THM: thermo-hydro-me-
chanical processes, THM + C: thermo-hydro-mechanical- chemical processes with chemical aperture treated as contact aperture (one-way coupled), THMC: thermo-
hydro-mechanical- chemical processes with chemical aperture treated as displacement aperture(two-way coupled).
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Fig. 5. Temperature distribution in fracture after 30 years for different cases presented in Table 3. THC: thermo-hydro-chemical processes, THM: thermo-hydro-
mechanical processes, THM + C: thermo-hydro-mechanical- chemical processes with chemical aperture treated as contact aperture, THMC: thermo-hydro-me-
chanical- chemical processes with chemical aperture treated as displacement aperture.

THMC models), the cold plume stretches more towards the production
well compared to the TH model. In the THMC model, the chemical
reaction has no significant effect on the temperature distribution as the
chemically-induced apertures are closed under the compression. The
temperature distribution in the THMC model is also very similar to that
of THM model. In case IV, slight differences in the temperature dis-
tribution from the THM and THMC models can be observed.

In Fig. 6, the vertical stress distributions at the end of simulation
over a horizontal cut plane passing through the fracture for the three

cases: II, III and IV are compared for the THM and THMC models. In the
THM model, matrix contraction due to the cooling of the matrix results
in a reduction of contact stress around the injection point and towards
the production point. Therefore, the stresses are redistributed and an
area with stress higher than the initial value (30 MPa) is developed,
shown by blue colour in Fig. 6. In case II with largest fracture, that area
crosses the fracture itself, while in case IV with smallest fracture, it
passes through the matrix. When chemical reactions are considered and
the chemical aperture is introduced as gaps in the contact model, the
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Fig. 6. Vertical stress distribution over a horizontal plane passing through the fracture.
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Fig. 7. Temperature drawdown at production for different cases presented in Table 3, simulated using different models.

over-stressed area expands and includes the edges of fracture. In cases II
and III, the redistribution of vertical stresses has no significant impact
on the lower contact stresses (shown by red colour), however, in case
IV, the area of lowest contact stress in the THMC model is larger than
the THM model. The lower contact stress in the THMC model results in
higher aperture and thus, faster drawdown of the temperature at pro-
duction. It is worth mentioning that the vertical stress around the in-
jection well in case IV has entered the tensile region, meaning the
fracture has entered the opening mode.

The evolution of temperature at production versus time for different
cases is shown in Fig. 7. Results show that the chemical dissolution (C)
and mechanical deformation (M) have opposite effects on the flow
pattern in the fracture. The chemical dissolution creates longer paths
through the remote areas of fracture for the cold fluid to travel towards
the production, hence it increases the residence time of the fluid and
improves the efficiency of the geothermal system. The mechanical ef-
fects, on the other hand, enhance flow channelling directly towards the
production well and thus, reduces the efficiency. Referring to the results
of TH model as the reference for comparison, the THC model predicts
much higher heat production compared to the TH model, while the
THM model shows much lower heat production from the EGS. When
the effects of chemical dissolution and mechanical deformation are
combined linearly as in THM + C model, the outcomes are relatively
close to the TH model for case I. However, in cases II, IIl and IV, where
the contribution of chemical dissolution is exaggerated, the outcomes of
THM + C model is very similar to the THC model (i.e. chemical dis-
solution effects are dominant). The THMC model, on the other hand,
predicts results very similar to the THM model. Reducing the size of
fracture in case IV reduces the compliance of the matrix, thus, the
chemical dissolutions in THMC model in this case deviates the THMC
model results from the THM model. Unlike THC and THM + C models,
THMC model shows that in case IV, the redistribution of stresses due to
closure of chemically-induced gaps actually facilitates the flow chan-
nelling, decreasing the heat production from the EGS.
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centre of fracture in case IV for dfferent models: (a) along a-a line, (b) along b-b
lines shown in Fig. 3.
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The aperture profiles along two perpendicular lines passing through
the centre of fracture (a-a and b-b lines shown in Fig. 3) for case IV are
shown in Fig. 8. The TH model has a constant, uniform aperture of
0.24 mm (equal to the initial aperture), while the THC model predicts
higher apertures in remote regions away from the injection/production
wells (towards the edges of the fracture on a-a line, and behind the
production point on b-b line). This is due to higher dissolution rate at
regions with higher temperature. The THM model shows higher aper-
tures in cold areas (around the injection well and towards the pro-
duction well). The THM + C model enjoys the aperture increases by
both mechanical deformation (M) and chemical dissolution (C). The
THMC model shows slightly higher apertures than the THM model
between the injection and production points due to the stress redis-
tribution from the gap in the fracture from the chemical dissolution,
responsible for slightly lower heat production from the EGS.

4. Conclusions

Two methods for coupling thermal-hydraulic-mechanical (THM)
processes with the chemical (C) reactions — mainly dissolution of mi-
nerals — are presented: one-way or loosely coupling (referred to as
THM + C), and two-way coupling (referred to as THMC). The effects of
two methods on heat production from an EGS are compared to each
other as well as to several reduced models: thermal-hydraulic (TH),
thermal-hydraulic-chemical (THC), and thermal-hydraulic-mechanical
(THM). The key findings of this study are as follows:

e For dissolution of silica, the effects of chemical dissolution (C) and

mechanical deformation (M) are opposite.

Chemical dissolution improves heat production from the EGS

(compared to the reference TH model) by providing access to the

remote areas of the fracture where the dissolution occurs.

Mechanical deformation reduces the heat production from the EGS

(compared to the reference TH model) by facilitating the fluid flow

towards the production point.

e When the effects of chemical dissolution and mechanical deforma-
tion are combined linearly (as in THM + C model), the outcomes for
heat production are somewhere between the two THM and THC
models. Depending on which process (M or C) is dominant, the
outcomes of THM + C may get closer to either THM or THC model
results.

e When the opening in fracture due to dissolution of silica is in-
troduced as gaps and the contact stresses are resolved using the
mechanical equilibrium, those dissolution gaps are mainly closed
under compression in the THMC model. Thus, the outcomes are very
close to the THM model.

o The closure of dissolution apertures occurs due to the compliance of
the matrix. Reducing the size of the fracture in case IV increases the
effects of the dissolution gaps on the contact stresses.

® The stress redistribution from closure of dissolution gaps in THMC
model enhances the fluid flow towards the production point, further
reducing the heat production from the EGS.

e The outcomes of the two-way coupling (THMC model) for a more
reactive mineral such as calcite may be different, but it is expected
that the size of the dissolution opening decreases under mechanical
compression. Such deformation in the fracture results in redis-
tribution of contact stresses, affecting the conductivity of the frac-
ture.
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