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Abstract: In order to control greenhouse gases and protect the environment, carbon dioxide emission reduction has become a
global research hotspot. Fractures in the deep saline aquifer enhance the heterogeneity of the aquifer, and have an important
effect on CO, migration, thus the detailed description and characterization of fractures in geological structure are very important.
Existing research on the impact of fractures on CO, migration, however, ignores the role that the fractures' characteristics play
in this process. This work aims at addressing this gap. Based on the embedded discrete fractured model (EDFM), we quantified
the role of the fractures in the mechanism of CO, migration and studied the length, aperture, and orientation of the fractures. It
is found that the CO, plume takes the fracture as its preferred channel and changes the migration direction. The longer the fracture
length and wider the fracture aperture, the faster the CO, migration rate is. The change in fracture orientation mainly affects the
migration direction of the CO, plume. Due to the different angles of the plume entering the fracture, the influences on the CO»
migration rate are also different. When the orientation is 45°, the CO, migration rate is the fastest, while it is the slowest at 135°.
When there is a complex fracture network in the aquifer, the heterogeneity of the aquifer is enhanced. Compared with the non-
fractured aquifer, the direction and rate of CO, migration are greatly changed, and the instability of CO, sequestration is increased.
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1. Introduction unfractured aquifer.

Carbon dioxide geological sequestration is one of the major 2. Governlng Equatlons al_ld
technologies to significantly reduce anthropogenic Conceptual and Numerical Models
greenhouse gas emissions [1]. Because of their potential for .
huge storage capacities and widespread dispersion worldwide, 2.1. Mathematical Model

deep saline aquifers are attractive storage sites. Due to the The studies of Lee ef al.[7], Li and Lee[8], and Moinfar et

existence of geological heterogeneity, fractures, and faults, al.[9] are the foundation for the mathematical formulation.

fluid migration in the process of CO, sequestration is For a model with Ny fractures, mass-conservation equations

complicated. are used to define flow in Ny fractures in a model, index i
Many researchers have worked on CO, sequestration in represent the fractures. For all i € [1, N¢],

fractured reservoirs. To model CO; evolution in fractured a(¢i;:s,i) + V- (p i) = Z_zz[qlil _ qtil'o_z:?’il,jziqgj]'a =g (1)

saline aquifers, Ren er al.[2] suggested a two-phase flow
unified pipe network technique. Iding ef al.[3] constructed an
analytical solution of one-dimensional flow of CO; in

Matrix’s flow is simulated by mass conservation equation
as well. Index i=0 is used to conveniently represent the matrix.

fractures and dissolution into the matrix. On the basis of a For l;(o(;o ) Ni o ooi

fully implicit cell-centered finite volume approach on % + V- (palla) = pa [qg -Z4 qa'L] a=lg (2
unstructured grids, Ahmed et al. [4]provided a simulation of where, ¢! is the porosity of fracture i. ¢° is the porosity
compressible two-phase flow of components in fractured of the matrix. p, is the density of fluid phase a. a; is the
porous media. Du et al.[5] built the 3D embedded discrete aperture of fracture i. S is the saturation of fluid phase « in
fractured model (EDFM) to simulate the inter-fracture CO, fracture i. g-° is the transfer function that determines the

flooding and geological storage process in fractured
reservoirs. Shafabakhsh ez al.[6] investigated the impacts of
fracture characteristics and topological structures on the
domain's storage capacity at various rates of CO, mineral
dissolution based on the numerical modeling of a hypothetical

fluid flow from fracture i to matrix, and qg’i determines the
opposite direction. g’ is the transfer function that
determines the fluid flow from fracture i to fracture j. q2 is
the source/sink terms in the matrix and g, is in the fractures,
respectively.

reservoir.

The idea of COs-saline two-phase migration and EDFM Fracture equations are coupled to the matrix equations
measurement of reservoir fractures serve as the foundation for through q¢° and the fracture equations are coupled with each
this work. The impact of fracture characteristics on the other through q’, q./ = 0 for some fracture pairs which are
migration of CO; in saline water was modelled using a 2D not intersect with each other, i, is the velocity of fluid phase
reservoir model to build a numerical modeling approach for a in medium i which is modeled by Darcy’s law.

CO,-saline two-phase flow. A complex fracture network For conductive fractures, the permeability can be
aquifer's CO,-saline migration is contrasted with that of an determined by the aperture of the fracture.
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a?

k= 3)
where, k; is fracture permeability, a is the aperture of
fracture. The correction factor f, equals to 1 for laminar flow
between parallel.
The flow of the fluid phases between the matrix-fracture
cell pairs are modeled by TPFA as follows:

Kro
=f qe’ v =T™ L (ot = p))
_f qudA Tmfknz( Pa

)
-ra) ()
is the volumetric flow rate from the matrix
and QI =
™. V, is the matrix cell domains and Ay is the fracture
cell domains. k,,/p, is the mobility term. T is the
transmissibility between each pair matrix-fracture cell.
The flow of fluid phase between the intersected fracture

cell pairs, the fluid exchange is as follows:
f1f2 f f1f2 dA =Tffkrzz

where, Qa

cell to the fracture cell, Qg'm is the opposite,

7)) (6)

f qu.fl dA =TT k‘ra( f2 p ) (7)

where, the transm1531b111ty T/f =0 for some fracture
pairs which are not intersect with each other and positive
otherwise.

fz fi _

2.2. Conceptual and Numerical Models

As shown in Figure 1 is a saline water saturated rectangular
aquifer, the initial pressure is 10.5MPa, and the temperature
is 25°C. CO; is injected at the bottom left corner cell at the
rate of 6.5%X10°PV/day[10] and the cell at the diagonally
opposite corner is the observation point with the pressure of
10.5MPa. The model parameters are shown in Table 1[11].
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Figure 1. Concept diagram of non-fracture reservoir

Table 1. Model Parameters

Parameter Value Unit
Density of COz 714 kg.m~3
Viscosity of CO» 0.0577 mPa-s
Density of saline 1121 kg, m=3

water
Viscosity of saline 11875 mPa-s
water
Matrix 20 mD
permeability
Matrix porosity 0.15 —

3. Results and Discussion

In this chapter, EDFM is used to reveal the fracture, and the
fractures are treated as line segments with a certain aperture
in a two-dimensional matrix. The influences of the length,
aperture, and orientation of the fractures on CO, migration are
simulated. The migration difference of CO, in a non-fractured
aquifer and a complex fractured aquifer is compared.
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3.1. Different Length of Fracture

In this section, the influence of fracture length on CO,
migration is studied. Two groups of fractures with different
lengths are set, namely fracturel and fracture2. The azimuths
are 45°, and the apertures are 1mm. The migration simulation
time is 10 years.

As shown in Figure 2, fractures become the preferred
channel, and the migration location will fluctuate depending
on the geometry of the fractures. It can be seen in Figure 2 (a)
that CO, saturation is high and accumulates obviously at the
fracture outlet, while the longer the fracture, the less the
accumulation, which is because the matrix permeability is
smaller than the fracture permeability. When the plume flows
out of the fracture, the migration rate in the matrix slows
down and the plume accumulates in the matrix, while the
longer the fracture, the more the high-permeability channels
in the reservoir increase.

3.2. Different Aperture of Fracture

In this section, the influence of fracture aperture on CO»
migration is studied. Two fractures with different apertures
are set as a=0.1mm and a=1mm, and the azimuths are 45°.

Figure 3 shows the migration of CO, with two kinds of
fracture apertures. As shown in Figure 3(a), the plume does
not move quickly along the fracture, and the plume front only
had a short tip along the fracture because of the narrow
fracture aperture and poor permeability. Figure 3 (b) shows
that the plume migrates quickly along the fracture. When
a=1mm, more CO, accumulates at the fracture outlet, which
is due to the large fracture aperture, high permeability, and
fast migration rate. With the further CO, injection, a large
number of CO, plumes migrate within the matrix and are
widely distributed in the aquifer due to the poor CO;
migration ability of the fractures with a narrow aperture,
while the fractures with a wider aperture migrate more CO,
and have a small CO; distribution range in the matrix.

(a)fracturel (b) fracture2

Figure 2. CO: gas saturation with different length
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Figure 3. CO: gas saturation with different aperture
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3.3. Different Orientation of Fracture

In this section, the influence of fracture orientation on CO,
migration is studied. Four fractures are set with the

orientations of 0°, 45°, 90°, 135°, and the length of 6002,
and the apertures are I mm, respectively.

Figure 4 shows the migration of CO, with four kinds of
fracture orientations. It is found that the plume migrates into
the fracture first when the azimuth is 45°. After 2 years of
injection, the CO; plume arrives at the fracture with azimuths
of 0° and 90° and migrates into the fracture. After 4 years and
304 days of injection, the CO; plume arrives at the fracture
with an azimuth of 135°, and the plume enters the fracture. It
is observed that CO; does not migrate along the fracture to
both ends of the fracture, but only a small amount of CO,
accumulates at both ends of the fracture. The direction of the
CO; plume approaches the observation point. The reason for
this phenomenon is that both ends of the fracture are on the
same pressure contour line, and the pressure gradient in the
advancing direction of the plume is larger than the pressure
gradient generated at both ends of the fracture. The plume
migrates along the direction of the larger pressure gradient.
Therefore, when the fracture is perpendicular to the direction
of the CO; plume, the fracture has little influence on the
direction of CO, migration.

(c) 90° (d) 135°

Figure 4. CO: gas saturation with different orientation

3.4. Complex Fracture Network

In this section, CO, migration with a complex fracture
network is studied. A complex fracture network model is set
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non-fracture

fracture network

up to compare with the non-fracture reservoir and observe its
influence on CO; migration. The location, orientation, and
length of fractures are random, and the aperture is Imm. The
model diagram is shown in Figure 5.
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Figure 5. COz gas saturation in non-fracture and complex fractured reservoirs



Figure 5 shows the migration of CO, in non-fractured and
complex fracture reservoirs. With CO; injection, the CO,
plume migrates into a symmetrical arc in the non-fracture
reservoir, while in the reservoir with a complex fracture
network, the CO, plume migrates to the fracture, changes its
migration path, and accelerates its migration. After 10 years
of migration, the difference in the distribution of the CO,
plume in the reservoir can be obviously observed. CO,
migrates preferentially through fractures in complex fractured
reservoirs, so CO; is mainly distributed in fractures while it is
evenly distributed in non-fractured reservoirs.

4. Conclusion

In this work, we investigate the role of a fracture’s
properties on CO, migration in a deep saline aquifer,
including length, aperture, and orientation. We only consider
the physical migration process at the initial stage of injection
and ignore the dissolution and chemical processes. The
embedded discrete fracture model is employed to model
fractures with different lengths, apertures, and orientations.
The existence of fractures has a great influence on the
migration of CO,. CO;, migrates rapidly along the fractures
and changes the original migration direction.

Results indicate that in the case of different lengths of
fractures, the longer the fracture length, the higher the
permeability channels, and the faster the CO, migration rate,
which is not conducive to the physical storage of CO,. The
wider the fracture aperture, the higher the fracture
permeability and the faster the CO, migration rate. The
change in fracture orientation mainly affects the direction of
CO; plume migration. Due to the different azimuths of
plumes entering the fracture, the influences on the CO,
migration rate are different. When the azimuth is 45°, the
migration rate is the fastest, and when the azimuth is 135°, the
migration rate is the slowest. The determination of the
specific orientation is related to the location of the injection
well, so it can also be used as a reference for the location of
the injection well. The faster migration rate may lead to the
rapid arrival of CO, at leakage points in the formation, such
as faults and abandoned wells. The complexity of the fracture
network has a great influence on the direction and rate of CO,
migration in the reservoir. The existence of a complex fracture
network will enhance the heterogeneity of the reservoir, form
a high-permeability channel network, and accelerate CO»
migration. Plume migrates along the high-permeability
direction of fractures to accelerate the migration rate of COs.
The specific migration should be considered in light of the
properties of each fracture.
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