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Through the development of a mathematical model for micro-scale multi-phase
flow of supercritical CO, and a simplified geological reservoir micro-model, nu-
merical simulations were executed using the open-source CFD software Open
FOAM. The study systematically analyzed various engineering and geological
parameters’ influence on the micro-scale flow patterns of supercritical CO, under
reservoir temperature and pressure conditions. These insights provide guidance
for designing process parameters in fracturing and storing supercritical CO.
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Introduction

Carbon capture and storage (CCS) is employed to effectively sequester CO, under-
ground [ 1], thereby reducing its atmospheric emissions. Carbon capture, utilization, and storage
(CCUS) technology, building upon CO, storage, goes a step further by utilizing captured CO,
[2, 3]. The CCUS encompasses the capture of CO, and its related compounds from production
sources, the compression, transportation, and utilization of the captured CO,, including pro-
cesses like injection into deep geological formations for permanent storage and injection into
existing oil fields to enhance oil recovery [4].

Currently, research on CCUS primarily focuses on CO, storage site selection, the
quantity of CO, storage, and storage safety studies. Zhao, et al. [5], under conditions of
277.15 K and 3.0 MPa, utilized magnetic resonance imaging (MRI) technology to dynamically
monitor the distribution of formation water. Kolawole, et al. [6] conducted geological mechan-
ical tests on deep-seated carbonate rock samples before and after treatment with microbial
culture medium and supercritical CO, (ScCQO,), using SEM and X-ray Diffraction (XRD). They
assessed the mechanical, chemical, and microscopic structural responses of carbonate rocks
exposed to ScCO,, considering the presence or absence of microbial media in the pore volume.

In this study, we established a simplified micro-model for CO, geological storage
formations. Utilizing the open-source computational fluid dynamics software Open FOAM [7],
we conducted numerical simulations, analyzed the influence of various engineering and geo-
logical parameters like CO, injection speed, reservoir temperature and wettability, on the mi-
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croscopic flow patterns during CO, geological storage under reservoir temperature and pressure
conditions.

The establishment and validation of the microscopic model
The governing equations

In the microscopic model, the physical process of two-phase displacement can be
described by the Navier-Stokes equations, specifically the fluid momentum conservation equa-
tion. Consequently, we can obtain [8, 9]:

@Jrv(pwﬁvp—V[;;(VMVTWX)]=o, f = okiidy, (1)
where p is the fluid density, v’ — the fluid velocity, p — the fluid pressure, u — the fluid viscosity,
" — the contribution of capillary forces at the fluid-fluid interface to momentum, & — the inter-
facial tension between the two-phases, k — the interface curvature, n' — the unit normal vector
pointing towards the wetting phase at the interface, and Jr,— the Dirac delta function.

We now consider the fluid volume fraction o to characterize the spatial location of the
fluid-fluid interface:

0, nonwetting phase

a=< 1, wetting phase (2)
0~1, interface
In the fluid volume method, the evolution of the volume fraction can be described by
[10]:
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where V', is the artificially constructed velocity to enhance the stability of the algorithm at the
interface.

Based on eq. (2), it can be inferred that the density and viscosity of the fluid in eq. (1)
can be expressed as functions of volume fraction. Here:

pla)=ap, +(1-a)pco, (4)

/J(a):aya+(1—a)ycoz (5)
where p, and pco, [kgm™] are the density of oil and CO,, while p, and pco, [Pa‘s] — the viscosity
of oil and CO,.

Taking into account the interface normal vector n' = Va and Vv’ = 0, we obtain the
governing equations for the motion of CO, and oil in two-phase flow [11]:

a[pg;x)\?] —V[,u(a)(V\7+VT\7)+Vp(a)WJ+Vp+oV(Z—Z]Va5F =0
Vv=0 (6)
%—?+V(a§)+V[a(1—a){;r] =0

where o is the interfacial tension between the two-phases.

In fact, the scaling-law models for the Navier-Stokes-type equations were considered
to the scaling-law flows [12, 13], which are the generalized versions of the Navier-Stokes equa-
tions.
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Model establishment
Simplifying assumptions

To simplify calculations, we utilize the maximum inscribed circle method to organize
pores and throats, establishing a geometric model with randomly distributed micro-pillars. The
following assumptions are made regarding the established pore structure model: All reservoir
matrix is assumed to be cylindrical. The coupling between the reservoir matrix and reservoir
fluid is neglected. The height of matrix micro-pillars is uniform, i.e., the depths of all parts of
the model are the same. Nanoscale pores and throats with negligible convective contributions
are ignored. All pore sizes are at the micron scale. Based on the aforementioned assumptions,

we employed CAD drawing and Python programming to generate a random distribution of
micro-pillars. The parameters for the pores, tab. 1.

Table 1. Microscopic model pore structure parameters

Number of | Matrix micro-pillar Throat Throat width [um]
micro-pillars diameter [um] depth [um]

Minimum | Maximum | Average
10473 10~80 4.5 10 110 56

Simulation results of fluid distribution

Here we kept the reservoir pressure at 12 MPa, the wet angle at 45°, and the constant
injection rate at 0.0005 m/s, and studied the two-phase flow rules of CO, under different for-
mation temperatures (35 °C, 40 °C, 45 °C, 50 °C, and 55 °C). As shown in figs. 1 and 2, the
migration of supercritical CO, fluid is significantly influenced by reservoir temperature. As the

Figure 1. Influence of reservoir temperature on the distribution of Sc-CO, fluid;
(@) T=35°C,(b) T=40°C, (c) T=45°C, (d) T=50°C, and (e) T=55°C
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Figure 2. Influence of temperature on the transport of Sc-CO,;
(a) proportion of Sc-CO, saturation and (b) normalized displacement front distance
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reservoir temperature increases, the time for CO, front movement to reach the model boundary
rapidly shortens, indicating an accelerated movement of CO, with higher reservoir tempera-
tures. Simultaneously, the proportion of CO, saturation decreases. This suggests that under high
temperature conditions, CO, is more prone to diffusion, facilitating faster CO, sequestration.
However, the ability of CO, to fill the pore space of the reservoir model weakens, favoring
expansion along a single preferential channel in the forward direction.

Reservoir wettability

Reservoir wettability has a relatively significant impact on fluid migration patterns, as
shown in figs. 3(a)-3(e). With an increase in wettability angle, transitioning from oil-wet to wa-
ter-wet conditions, the dominant channels gradually diminish, and the finger invasion phenom-
enon weakens. The influence of reservoir porosity on fluid distribution diminishes. When the
wettability angle increases, as shown in fig. 4(a), the percentage of the total pore volume occupied
by CO; increases when it reaches the model boundary. From fig. 4(b), we can see that the time for
the CO, front to stop moving forward shortens. When the wettability angle is greater than 90°,
there is no longer a noticeable stagnation in CO, migration. The arrival time of the fluid front at
the reservoir model boundary extends. Thus, transitioning from oil-wet to water-wet conditions
enhances the efficiency of Sc-CO, penetration, making storage smoother and more thorough.

(a)

(b) ' ©
Figure 3. Influence of reservoir wettability on Sc-CO, fluid distribution;
(a) =10°, (b) 8 =45°, (c) =90°, (d) & =135° and (e) 6 = 150°
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Figure 4. The impact of reservoir wettability on the migration of Sc-CO,;
(a) Sc-CO, saturation and (b) normalized frontal distance

Injection speed

In fig. 5, with the increase in injection velocity, CO, movement tends to spread in mul-
tiple directions rather than a single direction. In fig. 6(a), a higher injection velocity results in a
higher final CO, saturation and reduces the time to reach the model’s outlet. Conversely, a lower
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injection velocity leads to a more stepped pattern in the advancement of the Sc-CO, front, with
more frequent and prolonged pauses, indicating greater flow non-uniformity, as illustrated in
fig. 6(b). With increasing injection velocity, the migration speed of Sc-CO, gradually acceler-

ates, expanding the reach of the CO, plume, increasing total storage, and significantly reducing
the project duration.

(a)

(b) () (d " (e)

Figure 5. Influence of CO; injection velocity on the distribution of Sc-CO, fluid;
(a) v=10.0001 m/s, (b) v=0.0005 m/s, (¢c) v=0.0010 m/s, (d) v=0.0015 m/s, and (e) v =0.0020 m/s
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Figure 6. Effect of CO; injection velocity on Sc-CO, migration;
(a) Sc-CO, saturation and (b) normalized distance of Sc-CO, front

Conclusion

In this study, a simplified reservoir model was established using the fluid volume
method to develop a physical and flow model for fluid migration during CO, sequestration. The
analysis considered various geological and engineering factors affecting CO, migration and
the secondary distribution of reservoir fluids in actual engineering scenarios. This study, aimed
at simplifying computational processes and reducing simulation time, did not account for the
chemical changes during the CO, storage process or the impact of CO, on rock properties. The
secondary distribution of reservoir fluids during the CO, storage process is a complex phenom-
enon. Future research should focus on establishing a coupled model integrating heat transfer,
fluid-flow, and chemical reactions, considering the comprehensive effects of various factors.
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Nomenclature
\4 — standard specimen edge length, [ms™] Greek symbols
p — fluid density, [kgm™]
o — interfacial tension, [Nm™']
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