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Abstract:

A thorough understanding of the microscopic flow process in porous and fractured media is
significant for oil and gas development, geothermal energy extraction and subsurface CO»
storage etc. In CO, geological sequestration, the CO» is often injected at the supercritical
state (scCO»), which will displace the connate fluids in the pore spaces during the drainage
process. However, when CO; injection stops, the connate brine or water flows back to
displace the scCO». Therefore, the configuration of migration paths in a specific reservoir
plays a significant role in affecting the connectivity and storage efficiency of scCO;.
In this paper, the two-phase (scCO, and water) boundary has been defined using the
phase field method, and the COMSOL Multiphysics simulator is applied to study the
migration of scCO» in porous/fractured media at the pore scale. The geological conditions
of Shigianfeng formation in the CO, capture and storage pilot site of the Ordos Basin
in China is selected as the engineering background. Before using the actual microscopic
geometry based on thin-section of Shigianfeng sandstone, we get the general understanding
on scCO; migration in fractured porous media that has the highly simplified configuration
with circular particles, considering the impacts of wettability, geometry of formation
mineral grains, interfacial tension, injection rates, and fracture geometry. Results show
that the CO; preferential flow occurs at locations with high CO; flow rates and high CO,
pore pressure. The preferential flow of scCO> occurs adjacent to the wall of grains while
minimal or little flow takes place through the interior between the grains, considering the
grains with irregular shapes. The interfacial tension of porous media plays a significant
role in controlling the spatial distribution of the scCO». A much lower interfacial tension
results in a much thinner scCO, flow band with a much higher saturation. The geometry
of fractures in porous media increases the complexity of the scCO; flow paths at the pore
scale.

1. Introduction

The injection of CO; into the subsurface saline formations

ductivity (Kizaki et al., 2012), and to enhance the recovery
of oil, natural gas, shale gas and geothermal energy (Liu et

at a depth more than 800 m has proven to be technically
feasible in many countries, including the USA, Netherlands,
Canada, Australia, China etc (Liu et al., 2017). The injected
CO; can also be used to chemically reactive with the low
permeability reservoir in order to increase the hydraulic con-

al., 2015; Singh, 2018; Zhou et al., 2019). The geological
storage of CO, is mainly facilitated by means of several
mechanisms, including structural or stratigraphic trapping,
residual or capillary trapping, solubility trapping and mineral
trapping (Metz et al., 2005; Parry et al., 2007; Benson and
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Cole, 2008; Chaudhary et al., 2013). Among them, residual
or capillary trapping is the most effective mechanism for
the long-term geological storage of CO; in subsurface (Ben-
son and Cole, 2008; Suekane et al., 2011; Andrew et al.,
2015). However, residual gas trapping mechanism is strongly
formation-specific, whereby the residual CO, saturation may
be as high as 15%-25% in a typical storage formation during
post-injection migration (Holtz, 2002). In a few exceptional
cases, however, residual CO; trapping mechanism in a suitable
formation can enable attainment of storage as high as 90% of
the total injected volume of CO, (Chaudhary et al., 2013).

The supercritical CO, flow in the subsurface involves
multi-scales (ranging from mm to km), multiple phases (in-
cluding supercritical CO; phase, liquid phase and solid phase),
coupling of different physical and chemical fields (thermal-
hydro-mechanical-chemical), and different kinds of reservoirs,
e.g., saline formations, unmineable coal seam, depleted oil
or gas reservoirs and rock salt caverns. In CO;, geological
sequestration, the injected CO, can displace the connate fluids
stored in the pore spaces during the supercritical CO, (scCO»)
flooding, also called the drainage process. The imbibition
occurs when the brine or water flows back to the pores and
the scCO; is displaced after the CO; injection stops (Hu et
al., 2017). Migration path of scCO, is a significant factor in
controlling the chemical interactions and other properties in
the reservoir (Liu et al., 2015), thus affecting the efficiency of
CO;, injectivity and storage. The scCO; flow or trapping in the
microscopic porous or fractured media exhibits a wide range
of similarities with that of the microscopic water displacing
residual oil. The scCO, flow paths are affected by wettability
(Chaudhary et al., 2013; Holtzman and Segre, 2015; Trojer et
al., 2015; Hu et al., 2017), size, shape and number of solid
particles (Sun et al., 2017).

The scCO, migration and storage in the natural sandstone
or glass beads at the core scale, either homogeneous or het-
erogeneous, during the drainage process of the core flooding
experiments are widely studied using many physical experi-
mental tools: (1) the traditional optical technique by examining
thin-sections in transmitted and reflected light or microscopic
simulation model (e.g., a pore-scale network model, rock
etching model) (Mattax, 1961; Jamaloei et al., 2010; Al-
Shalabi and Ghosh, 2016); (2) scanning electron microscopy to
observe the wettability of scCO; film on the surface of mineral
grains, while considering the impacts of composition, size and
distribution on micro-scale fluid flow (Combes et al., 1998;
Kareem, 2015); (3) confocal laser scanning microscopy; (4)
the greatly developed computed tomography (CT) technology,
which can realize the three-dimensional (3D) visualization
with a high resolution (several um) and has already been
widely used in investigating the distribution of residual oil
(Turner et al., 2004; Youssef et al., 2010; Iglauer et al., 2012)
or scCO; (Perrin and Benson, 2010; Krevor et al., 2012; Wang
et al., 2013; Wei et al., 2014; Zhang et al., 2014; Miao et al.,
2019; Xu et al., 2020); and (5) nuclear magnetic resonance
imaging that is also widely used in studying fluid distribution
in porous or fractured media at mm or yum resolution (Baldwin
and Yamanashi, 1989; Suekane et al., 2009; Song et al., 2012;
Yu et al., 2014; Prather, 2015).
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Numerical simulation is a powerful tool for investigating
multiphase fluid flow in porous/fractured media at the pore-
scale (Xu et al., 2011; Shakibaeinia and Jin, 2012; Zhu et
al., 2016). Generally, different numerical methods based on
a variety of algorithms are used, including: (1) grid-based
methods (e.g., finite element method, finite difference method
and finite volume method); (2) mesh free methods (e.g.,
smoothed particle hydrodynamics (SPH), lattice boltzmann
method (LBM) (Ramstad et al., 2019), molecular dynamics
method; dissipative particle dynamics; moving particle semi-
implicit methods, etc); and (3) pore network modelling method
(e.g., quasi static and dynamic pore network methods). Def-
inition of the phase boundary in the grid-based methods is
achieved using one of the following methods: (1) the moving
mesh method; (2) the surface tracking method; and (3) the vol-
ume tracking method (Raeini et al., 2012). At the pore scale,
the phase boundary in the grid-based methods can also be de-
fined through the volume-of-fluid method, which is applied in
the ANSYS and Fluent (Yan and Sun, 2016). Besides, the level
set method is also used in tracking the movement of phase
boundary (Osher and Sethian, 1988). Based on Ginzburg-
Landau theory, the phase field method (Antannovskii, 1995;
Jacqmin, 1999), which is one of the diffuse interface methods
that was presented by van der Waals (1894), uses the phase-
field variable to track the phase boundary (Ginzburg and
Landau, 1950; Cahn and Hilliard, 1958; Chen, 2002). The
fourth order partial differential Cahn-Hilliard function is used
to control the evolution of phase-field variable (Bogdanov
et al.,, 2011). In the mesh free numerical methods, the SPH
and LBM are widely considered in microscopic fluid flow.
The pore-scale multiphase flow behavior is complex, which
is highly dependent on influences of roughness (Lenormand
and Zarcone, 1984), disorder distribution of grains (Holtzman
2016), wettability (Herring et al., 2016; Hu et al., 2017) and
contact angle of porous media, etc (Al-Futaisi and Patzek,
2003).

In general, numerical simulation results are highly depen-
dent on the microscopic structures of the rock, which show the
strong heterogeneity at the pore-scale. For the geometry of the
micro-models used in CO; flooding experiments, most authors
applied a homogeneous model that consists of round glass
beads (Chaudhary et al., 2013) or etched on the silica plates
with hydrofluoric acid (Hu et al., 2017), in which the hetero-
geneity of pore structure is also considered. The construction
of a 3D porous model mainly involves X-ray CT, the focused
ion beam-scanned electronic microscopy, sequential indicator
simulation, multiple point statistics, pore network model and
nuclear magnetic resonance imaging (Minto, 2014). It is worth
highlighting that the construction of two-dimensional (2D)
micro-structure of porous media based on the rock thin-section
method is still widely engaged by many researchers because
the X-ray CT technique is very expensive to be widely applied.
In addition, image processing techniques, such as the Gaussian
field method and the simulated-annealing approach, are often
used (Joshi, 1974; Yeong and Torquato, 1998).

The objective of this paper is to study the scCO, displace-
ment in heterogeneous porous and fractured media at the pore
scale. The phase-field theory, including the physical equations
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Fig. 1. Illustration of CO; flow in porous media at different scales from km to pm (modified from Kobus and de Haar, 1995; IEA, 2011).

of viscous fingering and fluid flow in porous media at the
pore scale is studied. Section 3 presents the numerical model
and parameters input in the COMSOL Multiphysics simulator,
considering the impacts of packing spheres styles, fracture
geometry (e.g., single, Y-shape, T-shape and random fractures)
and the injection rates at the inlet.

2. Mathematical model

2.1 Viscous fingering

The two-phase fluid (i.e., scCO; and water) interactively
flow in porous media at different scales ranging from field-
scale in km to pore-scale in um (see Fig. 1). As scCO;
migrates in porous media, the migration paths and phase
boundary are highly affected by the interfacial tension between
two-phases and the contact angles at the surfaces of rock

grains:
052 — Os1
“on (1

where 0 is the contact angle (°), and o072, G5 and Oy, are the
interfacial tension (Pa) between fluidl and fluid2, fluid1l and
the rock grain, fluid2 and the rock grain, respectively.

Two dimensionless factors, i.e., capillary number (Ca) and
viscosity ratio (M), are used to relate various forces during the
scCO; displacement in the two-phase flow:

cosf =
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where 1y and p are the viscosities of the displacing fluid
(i.e., scCO,) and the displaced fluid (i.e., connate water),
respectively (Pa-s); and V; is the bulk velocity of the displacing
fluid (m3/s); 012 is the interfacial tension between scCO, and
connate water (Pa).

Note that some scCO; may be trapped in the pore spaces
by capillary forces after CO; injection stops (Obdam et al.,
2003; Kumar et al., 2005). This is highly controlled by the
interfacial tension (oj2) between scCO, and water. In fact,
the interfacial tension not only affects scCO, flow during
the drainage process, but also controls the capillary-sealing
efficiency during the imbibition process. When the migration
pressure (P;) of scCO, is less than the capillary pressure
difference (AP,), scCO, will be trapped in pores as the residual
gas (Fig. 1):

1 1
Pd<APC:2012 (—) (4)
Iy rp
2012cos 60
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where 1, r, and r are the radius of the pore throat, pore and
capillary tube (m), respectively.

2.2 Phase boundary based on the phase field theory

Based on the mass conservation equation, the continuity
equation of fluid flow in porous media can be expressed as:

pvu=0 ©)
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where u is the fluid flow rate in porous media (m/s); p is the
fluid density (kg/m?).

The modified Navier-Stokes equation is used to describe
the two-phase fluid flow in porous media and fractures at the
pore-scale:

p% +p(u-V)u=—VpI+V-[u(Vu+ (Vu)")]+GVk (7)

where p is the pore pressure (Pa); G =1 [-V2k + (k* — k) /9]
is the chemical potential (J/m), representing the variation rate
of free energy at the interface of two-phases; p is the density
of the mixture (kg/m?): p = p,,(14K)/2+ pco, (1 —k)/2, k
is the phase-field variable, p,, and pco, are the water and
CO, densities, respectively.

The Cahn-Hilliard phase-field method coupled with the
above Navier-Stokes and continuity equations is applied to
solve the interfacial problems of spontaneous drainage in the
two-phase system (Yue et al., 2004, 2006; Rokhforouz and
Akhlaghi Amiri, 2017):

oK

o +u-Vk = ynV2

(p2

2 _
—Vk+ K(Kl)] )

In the case of the two-phase flow in porous media at the
pore-scale, —1 < k < 1 represents the phase interface, Kk =1
represents the pure continuous phase (water) and x = —1
represents the pure disperse phase (i.e., scCO;). The phase-
field order parameter (k) is defined such that the relative
concentration of the two components (CO, and water) are
(1+x)/2 and (1-x)/2. ¢ is the capillary width, equivalent to
the thickness of the diffuse interface between the two-phases
(m). If ¢ is too large, the diffuse interface will be blurred. But
if it is too small, the calculation rate is very slow. Generally,
¢ can be equal to or more than half the mesh size in order
to smoothly describe the phase function x; ¥ is the mobility
(m3-s/kg), ¥ = x@* and y is the mobility tuning parameter
(m-s/kg) expressed in Bai et al. (2017); 7 is the mixing energy
density stored in the thin interface region of the two-phases
(N); v determines the relaxation time of the interface and is
defined empirically; ¢ is time (s).

The mobility of scCO, in porous media can be described
as:

_ kco,
He

where kco, is the effective permeability of scCO, flowing
through porous medium (m?); g, is the equivalent viscosity
of the binary fluids and p, = ,/f,Hco,, here W, and Uco,
represent the viscosity of water and scCO,, respectively.

In a specific physical system, the empirical expression of
mobility ¥ can be written as (Bai et al., 2017):

€))

(CuL)?
= 10
"= 76 m (10)
where C, is the critical Cahn number for the convergence of
shape interface limit (-); L is the characteristic length of the

specific geometry (m).
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The interfacial tension ¢ can be empirically expressed as a
function of the capillary width and the mixing energy density
(Yue et al., 2004):

2v/2
o= 7\[ n (11)
3.9
The volume fraction of CO, and water can be calculated
from the following equation defined in Bai et al. (2017):

1-x
Vico, =—5—
1+« (12)
Vfw = )

The fluid density and viscosity at the interface can be
defined as (Bai et al., 2017):

P = Pw + (Pco, — pw)Vrco,
K= Wy + (Uco, — tw)Vico,

where p,, and pco,represent the density of water and scCO;,
respectively.

13)

3. Numerical model

3.1 Geometry setup

It is no doubt that the scCO, migration in fractured porous
media is very complicated due to the strong heterogeneity
(mineral composition, mineral configuration, pore and pore
throat distribution, etc.) in natural geological condition. From
this point of view, it is impossible to grasp the accurate
description of scCO, because of the high simplification of pore
structure more or less. In order to get a general understanding
on scCO; displacement in porous and fractured media, the
simulation in this paper starts from a highly simplified con-
figuration of circular particles. The 2D micro-structure model,
with the length of 20 mm and the width of 15 mm, is randomly
generated using four groups of circular grains, each with a
different radius (i.e., 0.7, 0.5, 0.4 and 0.3 mm) representing
the heterogeneity of mineral size, see Fig. 2. The triangular
meshes are applied in the discretization of the 2D geometry.

3.2 Input parameters in the baseline numerical model

The input parameters in the baseline numerical model,
including density and viscosity, are based on the CO; se-
questration site conditions located in the Ordos Basin, China,
see details in our previous studies (Liu et al., 2014a, 2014b).
The porous media is assumed to be initially saturated with
water, which has the density and viscosity of 1000 kg/m? and
1 mPa-s, respectively. The brine-scCO, interfacial tension is
highly dependent on the salt concentration, temperature and
pressure. In this paper, the brine-scCO, interfacial tension at
the temperature and pore pressure of 75 °C and 18 MPa is
set to be 27 mN/m, based on experimental measurements of
Chalbaud et al. (2006). The contact angle in porous medium
is assumed to be 60° representing water wetting sandstone of
the reservoir in the Ordos Basin. The density and viscosity of
scCO; at the fixed temperature (i.e., 75 °C) and pressure (i.e.,



Liu, H., et al. Advances in Geo-Energy Research 2020, 4(4): 419-434

Qutlet

l 20mm > 15mm
Saturated with water

Wetted wall

(a)

423

(®)

Fig. 2. (a) The two-dimensional geometry of simplified porous media with boundary conditions, (b) discretization of meshes.
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Table 1. Densities, viscosities and interfacial tension of water and scCO, at
75°C and 18 MPa used in the baseline simulation.

Water  scCO,
Density (kg/m?) 1,000 600
Viscosity (mPa-s) 1 0.05
Contact angle (°) 60
Interfacial tension (mN/m) 0.05

18 MPa), are set to be 600 kg/m3 and 0.05 mPa-s based on the
calculations from the phase diagram of CO, in Fig. 3, detailed
parameters can be seen in Table 1.

In this study, CO; is injected from the left boundary at
a rate of 10 mm/s. Based on the phase-field theory, only
two additional parameters, namely the interfacial thickness ¢
and the mobility tuning parameter ), are adjusted based on
experience to guarantee the reliable simulation results. In this
paper, @ is set to be 10~% m, which is equal to the maximum

and pressure conditions (modified from Bachu, 2003).

mesh size. x is initially set to be 2 m-s/kg based on the default
value. For different numerical simulation runs, both parameters
¢ and y are adjusted accordingly.

4. Results

4.1 Spatial distribution of scCO> saturation, pore
pressure and flow rate

In the numerical experiment of scCO; displacement at the
pore scale, the CO, injected into water-wet porous media
at a rate of 0.01 m/s displaces the saturated pore water or
connate water and the scCO; moves forward along different
flow channels (Ch) with time (Fig. 4). The scCO, firstly flows
into the relatively large pores, while the relatively narrow
throat restricts the flow of scCO,. The viscous fingering effect
of scCO, becomes much more obvious with time due to the
heterogeneity in porous media (Fanchi, 2018). Ch1 is the most
preferential flow channel for scCO, movement, followed by
Ch2, Ch3 and Ch4.

Microscopic flow paths of scCO, changes with time,
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(d)

Fig. 4. The spatial distribution of scCO; in flow channels in porous media after different time of injection (a) 0.1 s; (b) 0.2 s; (c) 0.5 s; (d) 1.0 s (white
spherical beads represent the grain particles of the sandstone reservoir, blue color represents water and red color represents the scCOy).

allowing some scCO; to be trapped in porous media. The
scCO;, preferential flow paths correspond to high flow rates
and high pore pressures occupied by scCO,, see Fig. 5. The
pore pressure distribution profile can be used to predict the
movement of CO;, front in the rock matrix. A preferential
CO; migration path is bounded by the grains marked in the
scCO;, flow rate distribution of Fig. 6.

4.2 Variation of pore pressure with time in the
preterential flow path

The spatial distribution of pore pressure at 0.1 s and 0.5
s after CO; injection from the left inlet can be seen in Figs.
5(b) and 5(d). The variation of pore pressure for three selected
sampling points along one of the main flow path is shown in
the Fig. 7. It shows that the pore pressure decreases sharply
after CO; injection starts (< 0.01 s) for points a and b that
are close to the inlet in Fig. 7. The connate water is displaced
by the injected scCO; but the pressure of injected CO; is
smaller than that of the water, thus the pore pressure decreases
during the scCO, displacing the connate water process. The
pore pressure close to the inlet tends to be a constant with
continuous scCO, injection (see points a and b), indicating
that the scCO, flow becomes a steady state. The pore pressure

at the point ¢ close to the outlet is not affected, demonstrating
that no scCO, flows through the point ¢ during the monitoring
period.

The pore pressure along a whole selected preferential flow
path at three different time (i.e., 0.01 s, 0.1 s, 1.0 s) is shown
in Fig. 8. The maximum pore pressure difference between
the two ends (i.e., inlet and outlet) is 800 Pa, which occurs
after 0.1 s of CO, displacement process. It implies that the
preferential flow path becomes unchanged with time and the
pressure difference between the inlet and outlet of this flow
path at 1.0 s is 350 Pa, which is 370 Pa lower than that of the
value at 0.01 s.

5. Discussion

To study the impact of configuration of pores and fractures
on scCO, flow paths and characteristics at the pore scale,
different case studies are carried out considering impacts
of various parameters including contact angle, wettability,
interfacial tension of porous media, model geometry (either
homogeneous or heterogeneous) and injection rates.

5.1 Effect of wettability

Quartz-rich sandstone is generally water-wet, but it may
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Fig. 9. Spatial distribution of scCO; in porous media after 0.5 s of CO; injection under different wettability with contact angles of (a) 60°;

(c) 120°; and d) mixed wettability with the contact angles of 60° and 90°.
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the injection rate of 10 mm/s at the inlet.

become mixed-wet (Krevor et al., 2012) or CO,-wet (Iglauer
et al., 2012) with the increase of clay contents. Thus, three
cases including the water-wet with the contact angle of 60°,
intermediate-wet with the contact angle of 90°, CO,-wet with
the contact angle of 120° and the mix-wet with the contact

Liu, H., et al. Advances in Geo-Energy Research 2020, 4(4): 419-434
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angle of 60° and 90° are considered in the simulation runs.
It shows that the wettability of porous media dominates the
migration paths of the scCO, but the main preferential flow
paths are very similar between these four cases (Fig. 9). When
the rock matrix is more water-wet, i.e., capillary forces are
regarded as resistance and it is much difficult for scCO,
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Fig. 11. Spatial distribution of scCO; saturation in porous media at 7 = 1.0 s after CO; injection under (a) the low (5 mN/m) and (b) high (27 mN/m)

interfacial tension conditions.

migration. During the drainage process of scCO;, water is
gradually expelled and detached from the grains and the scCO»
gradually migrates towards the outlet. The CO; saturation in
porous media changes with the continuous injection of CO,.
The CO;-wet porous media takes a much higher constant CO,
saturation after 2.0 s of CO, displacement process, followed
by the intermediate-wet with the contact angle of 90° and the
mixed-wet condition, while water-wet porous media owns the
lowest constant CO, saturation (see Fig. 10).

5.2 Effect of interfacial tension between two fluids

Under the same conditions of temperature and pressure,
the interfacial tension of porous media can be changed due to
variations in the concentration of scCQOj, salinity of the scCO;-
water system, etc (Xing et al., 2013). A low interfacial tension
in the reservoir will much easily allow the supercritical CO; to
penetrate through porous media in the middle parts of the pores
or pore throats (Fig. 11(a)). However, when the interfacial
tension is much higher in the scCO,-water-rock system, the
scCO; occupies less pore spaces and less migration paths (Fig.
11(b)). The changes of CO, saturation in porous media with
time can be seen in Fig. 12. It shows that the larger interfacial
tension results in much lower CO, saturation because of the
much higher capillary pressure that hinders the CO, movement
in water-wet porous media.

5.3 Eftect of injection rates

The preferential flow behavior is obvious during the scCO;
displacement process. Under much higher scCO, injection
rates at the inlet, the scCO, filtration rates at the pore scale
are much higher and the preferential flow is much more
obvious under the constant injection volume (Fig. 13). The
viscous fingering of scCO, becomes much obvious under high
injection rates as viscous forces also become more significant
(Lv et al., 2017). The CO, saturation with time is positive
related with the CO, injection rates at the inlet (Fig. 14). The
earlier constant CO, saturation reaches with a much higher

1.0 T T T T : T : T

interfacial tension 6=5 mN/m

e interfacial tension 6=27 mN/m i

CO, saturation

A R R I R I A
0 0.5 1.0 1.5 2.0 2.5

time (s)

Fig. 12. Variation of the CO; saturation in porous media affected by different
interfacial tension.

CO, injection rate. With time, some injected CO, flows out
of the outlet boundary. The much higher CO; injection rate
will lead to a jump in the pore pressure (Fig. 15), implying
the complexity of migration paths.

5.4 Eftect of fracture configuration

To study the impacts of micro-cracks on the scCO; flow
path, three types of fracture geometry are considered: 1) single
fracture; 2) combination of main fracture and secondary frac-
tures with different angles (Y-type and T-type); 3) combination
of main fracture and discrete micro-fractures. The simplified
circular grains are generated in the Matlab software, and
small-size particles are manually deleted to form the main
fracture in the AUTOCAD. The secondary and discrete micro-
fractures can cut through the particles. The 2D geometry of
fractured porous media generated by AUTOCAD is input in
the Comsol Multiphysics simulator and the dimension of the
2D geometrical model is 20 mm in length and 15 mm in width.
All the pores and fractures are discreted using the triangular



428

[ 4
SN A L4
0000:99:0%,.

Liu, H., et al. Advances in Geo-Energy Research 2020, 4(4): 419-434

. o ) 0.1

(©

Fig. 13. The scCO, saturation in porous media after a constant volume (30 mm?) of CO; injection under different injection rates a) 1 mm/s; b) 5 mm/s; c)
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Fig. 14. The scCO, saturation with time after a constant volume (30 mm?)
of CO; injection under three different injection rates.

meshes in the 2D geometry, see similar processes shown in
the Section 3.1.

Under the CO; injection rate of 10 mm/s at the inlet,
fractures with large apertures become the preferential flow
paths for the injected CO, (Fig. 16), while the small discrete
fractures are not filled with the injected CO,. When the
CO» injection rate at the inlet increases, the small discrete
fractures can weaken the scCO, flow in the main fracture by
promoting the scCO, along the discrete fractures and increase
the complexity of scCO; flow path and distribution in fractured
porous media.

5.5 Effect of grain shapes

The variation of the grain shapes in porous media, which
results in the reservoir heterogeneity (Sun and Bryant, 2014),
will accordingly change the spatial distribution of scCO, mi-
gration paths as the intrinsic permeability of rock also changes
(Lv et al., 2017). Based on microscopic observations of thin-
sections, the sandstone is usually characterized with grains of
irregular geometry, which greatly increases the tortuosity of
fluid flow. Taking the thin-section of sandstone obtained from
the Shigianfeng formation in the Ordos Basin as an example
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Fig. 15. Variation of pore pressure along the specific preferential flow path
after 0.1 s CO; injection at the inlet under three different injection rates.

(Fig. 17), a 2D geometry of porous media is constructed and
used in the simulation.

The upper Permian Shigianfeng formation (Fm. SQF),
together with the middle Permian Shihezi formation (Fm.
SHZ), lower Permian Shanxi formation (Fm. SX), and the
lower Triassic Liujiagou formation (Fm. LJG), are selected
as main storage aquifers for CO, storage in the first full-
scale CO, sequestration project (i.e., Shenhua CO, capture
and storage demonstration project) in the Ordos Basin, China
(Liu et al., 2014b; Wei et al., 2014; Mkemai and Bin, 2020).
At the end of 2015, about 0.302 million tons of CO, was
injected underground since this project started in 2010. One
of the main target CO, storage aquifers, i.e., the Fm. SQF,
has a thickness of 291 m with the buried depth between
1699 and 1990 m and there are seven caprock-reservoir
assemmblages characterized as purplish red feldspathic quartz
sandstone mixed with silty mudstone (Jing et al., 2019). The
mineralogy of Fm. SQF sandstone is mainly composed of
quartz, oligoclase, K-feldspar and illite, and less proportion
of kaolinite and calcite. The physical properties of sandstone
aquifers used for CO, injection in the Ordos Basin based on
measurement of 13 perforated intervals are listed in Table 2.
It shows that the porosity of the sandstone obtained from the
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Fig. 16. The scCO; flow in fractured media at 0.1 s with a) a single fracture; b) a Y-type fracture; c) a T-type fracture; and d) many fractures at the injection
rate of 10 mm/s. X and Y coordinates represent the position (mm).

Table 2. Physical properties of sandstone aquifers at perforated intervals for CO; injection in the Ordos Basin (Kuang et al., 2014).

Interval ~ Top depth (m)  Bottom depth (m)  Thickness (m)  Formations  Porosity (%) Permeability (mD)

1 1,690.0 1,699.0 9.0 LIG 10.6 2.81
2 1,751.4 1,756.8 5.4 SQF 12.4 5.47
3 1,860.4 1,866.0 5.6 SQF 9.3 1.57
4 1,876.0 1,883.6 7.6 SQF 5.0 0.1

5 1,909.6 1,915.2 5.4 SQF 9.6 1.77
6 1,918.4 1,922.8 44 SQF 10.2 2.36
7 1,940.6 1,947.8 72 SQF 11.2 3.52
8 1,982.8 1,990.0 72 SQF 12.9 6.58
9 2,105.8 2,109.0 4.2 SHZ 12.6 59

10 2,167.0 2,175.6 8.6 SHZ 12.0 4.67
11 2,204.6 2,208.2 3.6 SHZ 12.2 5.03
12 22412 2,262.0 20.8 SX 8.8 1.74
13 2,271.2 2,275.6 4.4 SX 11.3 4.48
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Fig. 17. The casting thin section analysis of Fm. SQF sandstone, showing pore space filled with blue-stained resin, quartz, calcite, feldspar, rock fragments.

Fm. SQF is in the range of 5.0%-12.9%, with an average value
of 10.1%. The permeability of Fm. SQF is in the range of 0.1-
6.58 mD, with the average value of 3.05 mD.

Based on the casting and scanning electron microscope
data, it shows that the median grain size of rock debris
obtained from Fm. SQF is 0.73 mm (Wan, 2012). The total
surface porosity of SQF sandstone is 4.67% (Wu, 2011), which
is the highest among the injection aquifers. The primary pores
are mainly intergranular (2.55%), and the secondary pores are
mainly intragranular, intergranular solution pores and micro-
cracks (Zhou et al., 2017). Among them, the surface porosity
induced by micro-cracks is 0.05%. The capillary pressure
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04
03
02

% 0.1

1.13mm
(@

curve and relative permeability curve of sandstone obtained
from the Fm. SQF have been measured by Diao (2017).
The displacement pressure is 0.24 MPa and the average pore
throat radius is 2.21 um (Wu, 2011). The water chemistry of
Shigianfeng formation is characterized as CI-Ca-Na, and the
content of TDS is 31,212.34 mg/L (Diao, 2017).

The geometry of the 2D model is based on the image
vectorization of Fig. 15(a), and the numerical model is set
up considering the conditions of the Shigianfeng formation in
the Ordos Basin. It shows that at the beginning of the scCO,
displacement, the water lock effect occurs obvious due to the
scCO, migration along different paths (see Fig. 18(a)). With

(b)
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Fig. 18. a) and b) the scCO; saturation distribution in porous media at 0.05 s and 0.5 s respectively (white color represents the rock skeleton); c) and d)

the flow rates (m/s) of scCO; at 0.05 s and 0.5 s, respectively.
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Fig. 19. The variation of CO; saturation with time in porous media extracted
from Shiqianfeng formation.

time, the water lock effect still exists at local regions but
it moves in porous media. Comparison of both the spatial
distribution and flow rates of scCO, in porous media reveals a
good correlation (see Figs. 18(b) and 18(d)). Preferential flow
occurs adjacent to the grain or fracture walls with little or
no flow in the interior of the grains, which is in accordance
with the results by Chaudhary et al. (2013). As the reservoir
heterogeneity in CO; storage region increases, the scCO»
migration patters evolve from dispersed capillary channels
to compact distributions as illustrated in Sun and Bryant
(2014) and this paper. The CO, saturation increases sharply
at the beginning of the injection period and it reaches to a
constant value (i.e., 0.45) in porous media extracted from the
Shigianfeng formation (Fig. 19), demonstrating that the CO,
flows along the relative constant paths with time.

6. Conclusions

Drainage and imbibition of connate water is a common
phenomenon in fluid injection-production operations such as
CO, geological sequestration, hydrocarbon production and

geothermal exploitation. This paper works on the scCO, flow
in the geological carbon dioxide sequestration which offers a
powerful and efficient means for reducing CO; emissions to
the atmosphere. Migration paths of scCO, are strongly influ-
enced by the chemical interactions and the reservoir properties,
thus controlling the injectivity and storage efficiency of scCO;.
Based on numerical experiments on scCO, displacement using
the COMSOL Multiphysics simulator, some conclusions can
be drawn as follows:

1) Models constituted of the random regular particles are
useful in studying the scCO, displacement at the pore
scale, but heterogeneity of porous or fractured media in
the natural geological conditions makes it very difficult
to track the scCO; migration at the regional scale.

2) Phase field method is powerful in tracking the boundaries
between the scCO, and water, but the assignment of
parameters is strongly empirical.

3) Heterogeneity of porous media caused by fractures with
large apertures significantly dominates the migration
paths of the scCO».

4) The migration paths of scCO» is not only affected by the
CO» injection rates at the inlet, other factors including
the interfacial tension, wettability or contact angle, etc.,
also affect the scCO, preferential flow paths at the local.

5) The pore pressure close to the inlet is strongly increased
at the beginning of CO; injection, which tends to be a
constant with continuous CO, injection and the steady
flow of scCO; attains with time. But the preferential flow
path changes with continuous injection of CO,.

6) The CO; saturation in porous media is strongly affected
by the contact angle of grains, and the CO,-wet rock
grains is easily for the CO, migration after a threshold
time. High interfacial tension greatly hinders the CO,
migration into the pores. The CO; injection rates at
the inlet are proportional to the CO; saturation. For
the Shigianfeng formation sandstone, the maximum CO;
saturation in porous media can attain a constant value of
0.45.

This paper considers scCO, displacing processes in
porous/fractured media. Reactive chemical interactions and
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deformation of porous/fractured media, which also affect the
scCO, drainage process at the pore scale, is still under
investigation and will be released later.
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