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ABSTRACT

Injection—production coupling (IPC) technology holds substantial potential for boosting oil recovery and
enhancing economic efficiency. Despite this potential, discussion on gas injection coupling, especially in
relation to microscopic mechanisms, remains relatively sparse. This study utilizes microscopic visuali-
zation experiments to investigate the mechanisms of residual oil mobilization under various IPC sce-
narios, complemented by mechanical analysis at different stages. The research quantitatively assesses the
degree of microscopic oil recovery and the distribution of residual oil across different injection
—production methods. Findings reveal that during the initial phase of continuous gas injection (CGI),
the process closely mimics miscible displacement, gradually transitioning to immiscible displacement as
CO, extraction progresses. Compared to CGI, the asynchronous injection—production (AIP) method
improved the microscopic oil recovery rate by 6.58%. This enhancement is mainly attributed to signifi-
cant variations in the pressure field in the AIP method, which facilitate the mobilization of columnar and
porous residual oil. Furthermore, the synchronous cycle injection (SCI) method increased microscopic oil
recovery by 13.77% and 7.19% compared to CGI and AIP, respectively. In the SCI method, membrane oil
displays filamentary and Karman vortex street flow patterns. The dissolved and expanded crude oil tends
to accumulate and grow at the oil—solid interface due to adhesive forces, thereby reducing migration
resistance. The study findings provide a theoretical foundation for improving oil recovery in low-
permeability reservoirs.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

production enhancement techniques ineffective (Liu et al., 2024).
Therefore, studying the microscopic displacement behavior and

As global attention on carbon reduction targets intensifies, the
application of CO,-enhanced oil recovery (EOR) technology in
reservoir development has garnered widespread interest (AL-
khulaidi et al., 2024; Li, 2023; Menefee and Ellis, 2020). This is
particularly true for low-permeability reservoirs, where the dual
potential of improving oil recovery and achieving carbon seques-
tration makes it a key technology in addressing climate change and
meeting energy demands (Jiang et al., 2022; Kumar et al., 2023).
Low-permeability reservoirs, with their complex pore structures
and limited fluid displacement capacity, often render traditional
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storage mechanisms of CO, in low-permeability reservoirs, partic-
ularly under injection—production coupling (IPC) technology, is
crucial for efficient reservoir development and carbon reduction
(Askarova et al., 2023; Liu et al., 2022; Yu et al., 2024).

In recent years, research has shown that CO,-EOR technology
has yielded promising results in improving the extraction efficiency
of low-permeability reservoirs and enhancing CO, sequestration
capabilities (Huang et al., 2016; Kang et al., 2022; Song et al., 2018a;
Wei et al., 2021). Many scholars have conducted targeted studies of
the enhanced oil recovery mechanisms of CO, at the micro and
nanoscale (Davoodi et al., 2022; Li et al., 2021b; Zhang et al., 2019).
The miscibility and pore size significantly affect subsurface fluid
flow characteristics (Chen et al., 2022a). Against this backdrop, Li
et al. (2023b) conducted microfluidic experiments to study the
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dynamic interfacial behavior between oil and gas under different
temperature and pressure conditions and the degree of microscopic
recovery in blind-end pores of varying sizes, including the impact of
surfactants. Lu et al. (2021) used particle image velocimetry and
fluorescence visualization techniques to monitor the behavior of
oil—gas—water phases and multiphase flow under reservoir con-
ditions, revealing the mobilization of the oil phase during CO, huff-
and-puff under different wettability conditions (Qian et al., 2018).
Additionally, scanning electron microscopy (SEM) and X-ray
diffraction (XRD) experiments can further enhance our under-
standing of the interactions between CO, and rock (Khather et al.,
2019; Zhang et al., 2022b). In the studies mentioned above, re-
searchers predominantly used regular pore-throat structures,
whereas actual subsurface rock structures are often far more
complex (Hou et al., 2023; Sadeghnejad et al., 2021). Currently,
scholars primarily use CT scans and SEM experiments on reservoir
cores to obtain the true pore structures of specific subsurface
reservoir regions (Cui et al, 2017; Wang et al, 2020). Using
microfluidic experimental equipment, the microscopic flow char-
acteristics and residual oil distribution of oil—gas—water in real
subsurface porous media can be studied (Tang et al., 2023; Zhu
et al,, 2024). Quantitative analysis was conducted on gas micro-
scopic sweep efficiency, recovery rate, and residual oil distribution.
Additionally, the influence of fracture-matrix structure and
wettability on fluid—solid interaction mechanisms and CO,
miscible interface behavior mechanisms was also discussed (Li
et al, 2024). In heavy and deep oil reservoirs, interactions be-
tween CO; and crude oil under specific temperature and pressure
conditions can lead to the deposition of heavy components like
asphaltenes, which can damage reservoir properties (Mahdavi
et al., 2024; Syed et al.,, 2020). Some researchers have studied this
phenomenon at the microscale, identifying changes in particle size
under varying pressures and CO, concentrations (Song et al.,
2018b), and quantitatively characterizing the extent of reservoir
property damage caused by heavy component deposition (Zhang
et al,, 2022a). On the other hand, the strong heterogeneity of res-
ervoirs can create preferential CO, channels, which may impact the
effectiveness of CO,-EOR (Luo et al., 2022; Wang et al., 2023). To
address this issue, Chen et al. (2024) studied the microscopic
migration behavior and interaction mechanisms of CO, in hetero-
geneous reservoirs with preferential channels, elucidating the
microscale mechanisms of CO,-EOR in such reservoirs (Guo et al.,
2022; Lv et al.,, 2022). There are currently various CO,-EOR tech-
nologies, with injection strategy optimization being a crucial
component (Dudek et al., 2021). This method has shown significant
improvements in both oil recovery and CO, sequestration efficiency
(Ahmadi et al., 2016; Syah et al., 2021). The optimization of CO;
injection strategies primarily focuses on injection methods (Li et al.,
2023a; Yao et al., 2023), including continuous CO; injection, water-
alternating-gas (WAG) injection, carbonated water injection, and
CO,-CH4 WAG (Cho et al., 2021; Li et al., 2021a; Yu et al., 2021).
Additionally, the injection—production layers for CO, have also
been optimized (Alam et al., 2022). Injection—production coupling
technology is a production enhancement method that alternates
between injection and production wells to increase the sweep ef-
ficiency of injected fluids in the reservoir (Wang et al., 2018). This
technique involves adjustments to the operational regime within
injection strategies. Currently, injection—production coupling has
been applied in water injection (Wang et al., 2018), polymer in-
jection (Li et al., 2019), and CO; injection (Zheng et al., 2021). In CO,
injection—production coupling, Sun et al. (2023) studied the
migration of the miscible front in tight reservoirs and found that
injection—production coupling can mitigate CO, breakthrough to
some extent. Additionally, Chen et al. (2022b) evaluated the effec-
tiveness of injection—production coupling through core
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experiments, showing that this technique can increase oil recovery
to some extent. Table 1 presents the current research on CO,-EOR
by various scholars and the associated challenges.

As shown in Table 1, most scholars employ experimental methods
to investigate CO,-EOR effects and sequestration mechanisms, while
theoretical simulations are less frequently used. Research on
enhanced oil recovery mechanisms and the effects of
injection—production coupling technology has primarily been con-
ducted at the macroscopic level, with limited exploration into gas
injection coupling. Although there have been some advances in
understanding CO, microscale flow and enhanced recovery mecha-
nisms, research on microscale oil displacement mechanisms during
gas injection coupling remains insufficient. To address this gap, this
study designs experimental methods for injection—production
coupling using microfluidic techniques. The study begins by
analyzing the distribution and mobilization of residual oil during
continuous gas injection (CGI), followed by asynchronous
injection—production (AIP) experiments based on CGI. It examines
residual oil distribution and microscale recovery under both
coupling methods, detailing the mobilization processes of mem-
brane, columnar, and porous oil during AIP. Finally, synchronized
cycle injection (SCI) experiments are conducted to investigate the
mobilization mechanisms and distribution states of residual oil. The
study also explores the mechanical mechanisms involved in residual
oil mobilization across different methods, shedding light on the
activation mechanisms of residual oil in various states. These find-
ings offer theoretical insights into enhancing CO, utilization effi-
ciency and storage mechanisms through injection—production
coupling technology.

2. Experiment and materials
2.1. Microscale simulation model preparation

Core samples provide the most accurate geological data for
reflecting reservoir pore-throat characteristics. Fig. 1 illustrates the
preparation process of the microscopic simulation model. The core
samples used in this study were obtained from the G block of
Shengli Qilfield, China. The reservoir has a top depth of 2950 m, an
effective thickness of 20.5 m, permeability ranging from 0.077 to
23.8 mD, and porosity between 5.1% and 18.5%. The original
reservoir pressure was 42.6 MPa (Li et al., 2016), but due to recent
development, the current pressure has decreased to 20 MPa. In
actual production, the block utilizes a typical five-spot well pattern
with one injection well and four production wells, and CO, is used
as the injection gas. This block is a typical low-permeability
reservoir where CO5 is used for enhanced oil recovery. Therefore,
this study selected actual geological cores from this reservoir for
casting thin-section experiments, with the scanned images of the
thin sections shown in Fig. 1(a). Secondly, the pore-throat structure
within the core sample was identified, and the characteristics of the
target reservoir pores were determined. Through preprocessing,
analysis, restoration, and correction of the reservoir morphology,
an equivalent diagram of the pore-throat structure suitable for
microscopic visualization experiments was extracted (Fig. 1(b)). A
laser etching device was then used to engrave the characteristic
images of typical reservoir rock pore-throat structures, while fluid
inlet and outlet channels were simultaneously drilled into glass
plates. Finally, the two glass plates were fused together using a
thermal fusion device under high-temperature conditions. The
resulting microscopic model is shown in Fig. 1(c), with the distri-
bution of etched pore-throats illustrated in Fig. 1(d).

By analyzing the pores in the scanned thin sections (Fig. 1(a)),
the pore size distribution of the rock samples was measured,
ranging from 20 to 187 pm, with an average of approximately
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Table 1
Summary of CO,-EOR technology research.
Reference Research method Research factor Micro-pore scale Actual porous media IPC
Li et al. (2023b) Experimental Temperature and pressure conditions Yes No No
Lu et al. (2021) Experimental Wettability conditions Yes No No
Wang et al. (2020) Experimental Injection mode Yes Yes No
Cui et al. (2017) Experimental Water cut Yes Yes No
Zhu et al. (2024) Experimental Injection mode Yes Yes No
Tang et al. (2023) Experimental Pore structure Yes Yes No
Song et al. (2018b) Experimental Temperature and pressure conditions Yes Yes No
Zhang et al. (2022a) Experimental Injection mode Yes Yes No
Chen et al. (2024) Experimental Injection—production method Yes Yes Yes
Guo et al. (2022) Experimental Injection mode Yes No No
Syah et al. (2021) Experimental Injection mode No No No
Wei et al. (2021) Experimental and simulation WAG and SAG No No No
Ahmadi et al. (2016) Numerical simulation Injection mode No No No
Yao et al. (2023) Numerical simulation Multi-phase strategy No No No
Li et al. (2023a) Experimental Injection strategies No No No
Cho et al. (2021) Numerical simulation Injection medium No No No
Yu et al. (2021) Experimental Injection mode No No No
Chen et al. (2022b) Experimental Injection parameters No No No
Li et al. (2021a) Experimental Injection strategies No No No
This work Experimental Injection—production method Yes Yes Yes
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Fig. 1. The preparation process of the microsimulation model: (a) scanned image of the cast thin section, (b) equivalent diagram of pore-throat structure, (¢) microscopic model

prototype, (d) internal pore-throat structure of the microscopic model.

71.6 um. The etched two-dimensional glass microscopic model in
this study measures 10 mm x 8 mm with an etching depth of
20 um, and the pore size distribution ranges from 20 to 240 pm,
with an average of approximately 96.4 um. The pore size frequency
distributions of rock samples and microscopic models are shown in
Fig. 2. During the construction of the microscopic model, some
pores from the cast thin sections were connected and corrected,

35

—— Frequency distribution of rock samples
—@— Frequency distribution of micro-model

30 1

Frequency distribution, %

Pore size, ym

Fig. 2. Pore size frequency distribution of rock samples and the micromodel.
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resulting in a higher porosity in the etched microscopic model
compared to the cast thin sections. This adjustment aimed to
enhance the overall connectivity of the pore network in the model,
ensuring continuous fluid flow and operational feasibility while
simplifying complex pore structures. This makes the model more
suitable for studying fluid flow and diffusion at the microscopic
level. Although the initial wettability of the etched microscopic
model was water-wet, it is weaker compared to that within the
rock. Therefore, to maintain similarity with the wettability
behavior of the actual cast thin sections, the study appropriately
enlarged the pore sizes to compensate for capillary pressure
changes caused by smaller wettability angles. By injecting water
into the model, the permeability was calculated to be approxi-
mately 26.33 mD using Darcy's law, based on the pressure differ-
ential and injection rate. Additionally, image recognition software
was used to calculate the porosity of the micro-model (chip) to be
35%.

2.2. Experimental equipment and samples

The experimental crude oil sample used in this study was taken
from the ground degassed oil of Block G in the Shengli Oilfield. The
various properties of the crude oil under subsurface temperature
and pressure conditions are listed in Table 2. The density of the
degassed crude oil is 0.87 g/cm?>. The oil composition data is shown
in Fig. 3. The kerosene used for blending the crude oil was sourced
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Table 2
Formation crude oil parameters.
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Viscosity, mPa-s Density, g/cm?

Volume coefficient

Gas—oil ratio, m*/m> Saturation pressure, MPa

2.46 0.79 1.144

37.6 10.18

from Shanghai Aladdin Biochemical Technology Co., Ltd., with a
primary component of pentadecane (Ci5H32) and a room temper-
ature density of 0.79 g/cm>. The CO; gas sample used was produced
by Qingdao Xinkeyuan Gas Company and has a purity of 99.99%.

The micro-scale visualization experimental setup comprises
four main components: a micro-model reservoir simulation sys-
tem, an injection system, a production system, and a data acquisi-
tion system. An illustrative diagram of the setup is shown in Fig. 4.
The equipment is engineered to withstand temperatures up to
100 °C and pressures up to 70 MPa. Key instruments include a high-
precision microscope, a sample container, a chip loading platform, a
Vindum pump, a vacuum pump, a backpressure pump, and a
confining pressure pump, among others. The confining pressure
pump features pressure tracking capabilities to prevent chip
damage from excessive internal pressure. The gas boost pump is
equipped with a unidirectional valve for rapidly pressurizing CO;
gas to the desired level. The confining pressure pump applies
pressure to the chip while simultaneously heating the liquid within
the chip loading platform. The backpressure pump regulates the
outlet pressure, maintaining an accurate pressure gradient be-
tween the injection and production ends. Positioned above the
chip, the high-precision microscope is integrated with a camera
system to capture real-time fluid flow within the chip.

2.3. Experimental procedure

The experimental study was carried out in the G block of Shengli
Oilfield, China, where the initial reservoir pressure was 42.6 MPa.
Due to recent development activities, the reservoir pressure has
decreased to 20 MPa. The experimental temperature was main-
tained at 50 °C, exceeding the critical temperature of carbon di-
oxide, and the backpressure was set to the current reservoir
pressure of 20 MPa, ensuring that the injected CO, remained in a
supercritical state. The primary experimental procedures are as
follows.

(1) The crude oil was filtered under pressure to remove impu-
rities using a filter paper with a pore size of 1 um, at a
temperature of 50 °C and a pressure of 10 MPa. After filtra-
tion, the filter paper was checked for integrity; if it was
damaged, a second filtration was performed.

30

27.19

Molar percent, %

N N
Composition

Fig. 3. Composition of the oil phase.
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(2) The filtered crude oil was mixed with kerosene (Ci5Hs>) to
measure its viscosity, which was then compared to the
reservoir crude oil viscosity to ensure it fell within an
acceptable error range. The viscosity of the blended oil
sample was determined to be 2.53 mPa-s, with a relative
error of 2.84%.

(3) An organic solvent (petroleum ether) was used to clean the
equipment pipelines and containers.

(4) The Vindum pump was employed to inject the oil sample
into the pore space of the chip, ensuring the space was
completely filled with the blended oil.

(5) The gas container was pressurized with CO, to 20 MPa using
a gas booster pump in preparation for high-pressure gas
injection.

(6) The entrance valve of the chip was closed, and CO; gas in-
jection commenced. The gas flow flushed the crude oil out of
the pipelines. During this process, the gas booster pump
continuously maintained the gas pressure in the gas sample
container.

(7) Before conducting the displacement experiment, the gas is
initially advanced at one-tenth of the experimental
displacement rate. Once the oil—gas front reaches the visible
range, the displacement pump flow rate is adjusted to the
experimental displacement rate to begin the experiment.
This approach minimizes the impact of residual oil in the
dead volume between the chip inlet and the exhaust valve on
the experimental results.

(8) CGI: COy was continuously injected at a constant rate of
0.02 mL/min, with both the outlet and inlet valves of the chip
open until no oil was produced at the outlet. The displace-
ment speed used in this study was derived from the actual
injection rate of the field injection well, based on Reynolds
number similarity and geometric scaling. Specifically, the
similarity criteria for scaling experimental models include
geometric similarity, flow similarity, and dynamic similarity
(Chanson, 2009). Dynamic similarity refers to mechanical
similarity, which serves as the primary factor influencing
flow similarity, while flow similarity is a manifestation of
dynamic similarity (Durst, 2022). Therefore, under the
assumption of dynamic similarity, flow similarity can be
somewhat overlooked. Overall, the similarity criteria for
underground reservoir seepage experiments primarily focus
on dynamic and geometric similarity. Currently, there is no
established similarity theory for parameter conversion in
micro-experiments. Therefore, in consideration of the spe-
cific issues addressed in this study, geometric similarity
primarily focuses on the similarity of seepage area. In actual
field production, the seepage area is defined as the product of
perforation length and wellbore circumference. In micro-
experiments, the seepage area is calculated as the product
of the width and depth of the etched region on the chip. The
seepage area in micro-experiments is significantly smaller
than that in field conditions, making direct similarity ratios
impractical. Therefore, this study focuses solely on the vari-
ation in seepage length, simplifying geometric similarity to
the ratio of seepage lengths, as given by the following
formula:
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Booster pump
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Vindum pump
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Fig. 4. Schematic diagram of experimental apparatus.

H;s

-0 (1)

(43}

where «; is the geometric similarity coefficient; Hs is the field
seepage length, m; H, is the experimental seepage length, m.

There are currently three main criteria for dynamic similarity.
First is the Reynolds criterion, which maintains equal Reynolds
numbers to ensure viscous force similarity (Heller, 2017). The sec-
ond is the Froude criterion, which requires equal Froude numbers
to maintain gravitational similarity (Lin et al., 2021). The third is the
Euler criterion, which maintains equal Euler numbers, corre-
sponding to pressure similarity (Ryutov et al., 1999). In under-
ground micro-seepage processes, viscous forces are dominant, so
dynamic similarity typically employs the Reynolds number crite-
rion. Therefore, this study adopts the Reynolds number criterion for
dynamic similarity adjustments, with the following calculation
formula:

_ Vs _ psDS/“Le

== 2
2 Ve  peDeps 2)

where «; is the flow similarity coefficient; Vs is the field seepage
velocity, m/s; Ve is the experimental seepage velocity, m/s; ps is the
field fluid density, kg/m?; pe is the experimental fluid density, kg/
m>; us is the field fluid viscosity, mPa-s; pe is the experimental fluid
viscosity, mPa-s; Ds is the field characteristic length, m; D, is the
experimental characteristic length, m.

Based on considerations of geometric and dynamic similarity, it
is essential to ensure that microfluidic experiments reflect fluid
behavior consistent with field conditions, maintaining similarity in
fluid storage and flow characteristics. Therefore, when converting
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injection rates between field and experimental conditions, it is
necessary to account for differences in porosity. This study in-
corporates the porosity ratio of both conditions for the conversion.
By combining Eqgs. (1) and (2), the conversion formula for injection
rates between field and experimental conditions is as follows:

bs

10—

be

% (3)
where Qs is the field injection rate, m3/d; Q. is the experimental
injection rate, m>/d; ¢s is the field porosity; ¢e is the experimental
chip porosity.

The characteristic length is the representative length scale
describing the geometric or physical features of the system. In this
study, the experimental characteristic length is chosen as the
length of the etched area of the chip (10 mm) for calculating the
flow similarity coefficient. Since the study focuses on localized in-
jection analysis, the field characteristic length is selected as the
effective thickness of the reservoir (20.5 m). The fluid density and
viscosity used in the experiment are similar to those in the field and
are thus ignored in the calculations. Therefore, the flow similarity
coefficient is calculated as 2050. For the seepage area scaling factor,
the field seepage length is the effective thickness of the reservoir
(20.5 m), and the experimental seepage length is the width of the
chip (8 mm). Thus, the seepage area scaling factor is calculated as
2562.5. The average field porosity is 14%, and the chip porosity is
35%. The field gas injection rate is 65 m3/d, which, according to Eq.
(1), is converted to an experimental injection rate of approximately
0.021 mL/min. In the experiment, an injection rate of approxi-
mately 0.02 mL/min was used.
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(9) AIP: Based on synchronized continuous gas injection, the
outlet valve was closed, and CO, was injected at a rate of
0.02 mL/min for 30 min. The inlet valve was then closed,
soaking for 30 min, followed by simultaneous opening of the
outlet and inlet valves for constant-rate displacement for
30 min. High-speed asynchronous injection—production
(HAIP): Building on asynchronous injection—production,
the injection—production speed was increased to 0.05 mL/
min, repeating the asynchronous injection—production
experiment. In this context, the displacement time is set
based on the duration of CGI, which is approximately 30 min.
This approach is used to investigate the impact of altering
injection and production methods on EOR and the distribu-
tion of residual oil.

(10) SCI: Both the outlet and inlet valves were opened, injecting
CO; at a rate of 0.02 mL/min for 30 min. Subsequently, both
the inlet and outlet valves were closed, stopping injection
and production for 30 min. This cycle was repeated four
times, with the injection rate increased to 0.04 mL/min for
the last two cycles.

3. Results and discussion

In order to analyze the displacement effect more effectively, this
article categorizes the remaining oil into five states: corner-shaped,
droplet-shaped, membrane-shaped, column-shaped, and porous-
shaped (Su et al., 2022), as shown in Fig. 5. The characteristics of
residual oil in different states are as follows: (1) Membrane: typi-
cally adheres to the inner walls of individual pore throats (Fig. 5(a)).
(2) Column: found in the throats connecting pores (Fig. 5(b)). (3)
Cluster: residual oil distributed in small pores, often continuous
across three or more pores (Fig. 5(c)). (4) Droplet: multiple small,
discrete oil droplets within a single pore. These droplets are rela-
tively uniform in shape and are often found in larger pores
(Fig. 5(d)). (5) Corner: usually located in the corners or blind ends of
complex pore spaces, with one side attached to the pore wall and
the other side in the throat space of the pore (Fig. 5(e)).

In this section of the study, quantitative characterization was
conducted for the microscopic oil recovery rate, residual oil satu-
ration, and dynamic expansion coefficient of crude oil. The calcu-
lation formulas for each parameter are as follows.

(1) Microscopic oil recovery

Rock

‘/

Gas

q

Rock
A

Petroleum Science 22 (2025) 739—755

Sreo
=— 4
n=-. (4)
where 7 represents the microscopic oil recovery rate, %; Sreo is the
area of remaining oil distribution under gas drive, pm?; S, is the

total area of saturated oil, pm?.

(2) Remaining oil ratio

_S

=3,

(5)

where 1 denotes the remaining oil ratio, %; S; is the area of
remaining oil at the same saturation state, pm?; S, is the total area
of saturated oil, pm?.

(3) Dynamic expansion coefficient of oil

Ve

A

(6)

where { represents the dynamic expansion coefficient of oil; V¢ is
the volume change of oil, um?; V, is the original volume of oil, pm>.

3.1. Analysis of characteristics of CGI

The mechanism of CO, flooding is generally studied in three
aspects: non-miscible displacement, near-miscible displacement,
and miscible displacement. The typical boundary to distinguish the
displacement characteristics mentioned above is the minimum
miscible pressure between CO, and crude oil. The results of fitting
the crude oil PVT experimental data and related parameters using
the CMG WinProp module are shown in Fig. 6. The software esti-
mates that the pressure at which the crude oil sample used in this
study becomes miscible with CO; is 19.2 MPa.

In the initial stage of simultaneous injection and production, the
CO; gas front comes into contact with the crude oil, forming a
transition zone. Within this zone, CO, dissolves and extracts com-
ponents from the crude oil, causing the oil to lighten in color while
dark, heavy components are removed (as shown in Fig. 7). When
the crude oil has not yet reached CO, saturation, the primary
interaction between the oil and CO» is dissolution, leading to a color
change in the crude oil without the appearance of free CO,, which

Fig. 5. The residual oil distribution state: (a) membrane oil, (b) column oil, (c) cluster oil, (d) droplet oil, (e) corner oil.
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Fig. 6. Fitting results of the numerical simulation model with PVT experimental data and related parameters: (a) fitting results of saturation pressure and density, (b) fitting results

of relative volume and viscosity under different pressures.

components
A

Fig. 7. Distribution of residual oil at each time of CGI: (a) initial state (0 s), (b) mixed phase (1 s), (c) asphaltene release (11 s).

typically occurs at the leading edge of CO, flooding. During
continuous gas injection, the migration pattern of the oil—gas front
and CO, generally follows the "near, low resistance" principle,
meaning the transition zone moves in a straight line path between
injection and production wells. In the diffusion process of the
oil—gas transition zone, the interface between the crude oil and gas
becomes blurred, lacking a distinct boundary. Based on the mini-
mum miscibility pressure (MMP) results, it can be inferred that CO;
initially displaces crude oil in a near-miscible manner.

As displacement progresses into the later stages of CGI, the oil
sample's color darkens. This occurs because, when CO; in the crude
oil reaches saturation, free CO, contacts the oil and extracts lighter
components, leading to a darker appearance (reduced gray value).
Concurrently, CO, enrichment primarily takes place at the oil—gas
interface. Closer to the injection point, the extraction effect of CO,
intensifies (Ding et al., 2017), further reducing the crude oil's gray
value (as shown in Fig. 8). In these later stages, the CO, extraction
alters the crude oil composition, increasing the minimum miscible
pressure with CO,. Consequently, the oil—gas interface becomes
more distinct. Therefore, non-miscible displacement predominates
in the later stages of CO, injection.

3.2. Analysis of CO,-EOR mechanism in AIP

For AIP, pre-injection of CO; resulted in a pressure increase of
0.96 MPa within the chip. For HAIP, pre-injection of CO, caused a
pressure increase of 1.69 MPa in the chip. Therefore, based on the
gas state equation, the volume of CO, injected during the pre-
injection phase for AIP is calculated to be 0.05 pore volumes (PV).
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For HAIP, the volume of CO; injected during the pre-injection phase
is calculated to be 0.085 PV. To quantitatively analyze the remaining
oil under various injection and production methods, this study
performed a statistical analysis of microscopic oil recovery, as
illustrated in Fig. 9. Compared to synchronous continuous gas
flooding, asynchronous injection and production methods achieved
a 6.58% increase in oil recovery in the observed area. This
improvement is primarily due to the fact that during the injection
and shut-in phases of asynchronous methods, the internal pressure
within the micro-model rises, facilitating thorough contact and
dissolution expansion of CO, with the crude oil. This dissolution
expansion effect enhances the elasticity of the oil system, thereby
improving the overall oil recovery process. Both AIP and HAIP
methods demonstrated similar final oil recovery rates, suggesting
that increasing the displacement rate in asynchronous injection
and production has a limited additional impact.

In contrast, during simultaneous continuous gas flooding, gas
flow is concentrated in a dominant channel, limiting its impact on
the remaining oil outside this main channel. In the injection and
production coupling process, significant pressure field variations
allow for the mobilization of more residual oil. For example, in the
case of clustered residual oil at positions A and B after soaking
(Fig. 10), a radial pressure gradient forms around the injection point
when only injection is performed. The fluid flow directions at
points A and B are depicted as Vi, in Fig. 10(b). When production
begins and pressure increases, another radial pressure gradient
forms around the extraction point, with the flow directions at
points A and B shown as Vp, in Fig. 10(b). Compared to the flow
direction V¢ in simultaneous continuous gas flooding, the flow
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Fig. 8. The CO, extraction effect: (a) distribution of remaining oil at 616 s after gas injection, (b) remaining oil status at the front end of gas injection, (c) remaining oil status at the
rear end of gas injection, (d) variation of crude oil color gray values at different distances from the gas injection point.
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Fig. 9. Microscopic oil recovery under different injection and production methods.

direction in injection and production coupling changes markedly,
which broadens the coverage of the injected gas and enhances oil
recovery.

Flow direction
7,

s

Flow.direetion

W

Production

Shut-in

Fig. 11 illustrates the distribution of remaining oil for CGI and
AIP coupling. After simultaneous injection and production, the
remaining oil primarily consists of clustered residual oil located in
less favorable regions. Upon applying the respective injection and
production coupling methods, the clustered residual oil is dis-
placed, resulting in the formation of more easily transportable
membrane and columnar residual oil. Consequently, the amount of
clustered residual oil decreases significantly in AIP, while the
quantities of membrane and columnar residual oil increase.

Before analyzing the mobilization mechanisms of different
remaining oil, it is necessary to understand their mechanical action.
Here, we select the membrane oil for force analysis. It can be
observed that the airflow on both sides of the membrane-shaped
oil exerts shear forces Fs; and Fsy on the oil droplets, respectively.
When the combined force Fs is equal to the adhesion force F, be-
tween the oil droplets and the solid surface, this portion of residual
oil exists in the form of membrane-shaped oil. Fig. 12 illustrates the
force acting on the oil droplets by the airflow. In other words

Fs+F, =0 (7)

where F; is the shear traction force of the airflow, N; F, is the
adhesion force between the oil droplets and the solid surface, N; F

Gas injection direction

Fig. 10. Direction of injection—production coupled fluid flow: (a) remaining oil flow directions during production stages A and B, (b) remaining oil saturation status and schematic
of injection and production flow directions during shut-in stages A and B, (c) distribution of remaining oil during the AIP shut-in stage.
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Fig. 11. Proportion of residual oil distribution in different injection and production methods: (a) corner oil, (b) droplet oil, (¢) membrane oil, (d) column oil, and (e) cluster oil.

is the sum of Fs; and Fs;.

Sugiyama and Sbragaglia (2008) provided expressions for
various forces acting on a semi-spherical liquid droplet in three-
dimensional shear flow in early research. The formula for the
traction force generated by the shear action of the airflow is as
follows:

F=kp(43TR -+ Vyy) (8)

where k. is the wall correction coefficient; R is the radius of the oil
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droplet, mm; Vi, is the airflow velocity, mm/s; u is the gas viscosity,
mPa-s.

Due to the irregularity of the solid surface in this model, the oil
droplets are not perfect semi-spheres. Therefore, the radius of the
oil droplet in the formula can be replaced by the effective radius.
The calculation formula for the effective radius of the oil droplet is
shown in Eq. (9). Additionally, using the relationship of shear stress
in Eq. (10), the traction force generated by the airflow can be
expressed in terms of shear stress. The final calculation formula for
the airflow shear traction force is shown in Eq. (11).
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Fig. 12. Occurrence state of membrane oil (a) and schematic of force analysis on membrane oil (b).

R

Rt =/ Ho x =3 )

where Ref is the effective radius of the oil droplet, mm; H, is the
height of the oil droplet on the solid surface, mm; R, is the diameter
of the circle tangent to the fluid—solid interface, mm.

_MX Vair
TR (10)
where 7 represents shear stress, Pa.
FD:kxz (4.375Rgf . T) (11)

On the other hand, another factor contributing to the stable
retention of oil droplets is the adhesion force generated by the
contact between the oil droplet and the solid surface. This force
represents the resistance of the residual oil droplet to detach from
the matrix wall. Assuming the oil droplet maintains an elliptical
contact line during retention, this force can be expressed as

TC
F, = —UROJ cosf(a)cosada
0

(12)

where ¢ is the surface tension of the liquid, N/mm; f(a) is the
contact angle between the oil droplet and the solid surface when
the contact line forms an angle «, °, as shown in Fig. 13.

There are various methods to represent the contact angle be-
tween the oil droplet and the solid surface. Under the research
conditions of this paper, the simplest approach is to assume a
continuous relationship between the contact angles of the upper
and lower sides of the oil droplet, with the contact angle variation
exhibiting a linear relationship. Therefore, the change in the con-
tact angle can be expressed by Eq. (13).

(13)

where 6, is the contact angle at the upper part, °; 6. is the
maximum contact angle at the center, assumed to be at 90° radians,
°; 4 is the contact angle at the lower part, °.

Substituting Eq. (13) into Eq. (12), we can derive the relationship
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Oil-solid contact surface

Fig. 13. The contact angle between the oil droplet and the solid surface (varying with
a).

formula for the adhesion force between the oil droplet and the solid
surface as shown in Eq. (14).

T

F, = —oRo r cos( — 0y —
0

T
—0R, J

T
2

2(0c — 0u) o ) cosada
T

2(0c — 0y)
K

(14)

cos( —0c + a ) cosada

Eq. (15) can be obtained by integration. According to the rela-
tionship, it can be seen that the sizes of the contact angles at the
upper and lower sides of the oil droplet are closely related to the
effective radius of the oil droplet. When the contact angles on both
sides change under the action of airflow shear force, the volume of
the retained oil droplet will also change, resulting in airflow
erosion.

20'R0 (Sin(ac — 01_1) 7TCOS(l9c — 0]_1))
F, = +
T 2 4 (15)
2 (sin(fy — 0c)  mcos(fy, — 0c)
—oRo| =% 2 4

During the injection and soaking stages, the membrane oil un-
dergoes movement under the action of adhesion force F,, trans-
forming into a more stable column-shaped oil. Therefore, after the
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soaking stage, the predominant retention states of the residual oil
are porous and column-shaped (as shown in Fig. 14(a)), facilitating
subsequent exploitation. When production wells are opened, due to
the increased pressure at the injection end, the driving force F,
generated by the pressure differential exceeds the adhesion resis-
tance between the oil and the solid contact surface. Consequently,
the crude oil moves in the direction of pressure drop, achieving
exploitation (as depicted in Fig. 14(b)). The expression for F;, is given
by Eq. (16).

Fp =AP x mroho (16)
where F; is the driving force generated by the pressure difference,
N; AP is the pressure difference between the two ends, Pa; r, is the
width of the column oil, mm; h, is the thickness of the oil, mm.

Columnar oil typically resides in pore throats that are perpen-
dicular to the displacement direction. The driving force (F,) exerted
by the pressure difference between the gas flow at the top and
bottom of this columnar oil is relatively small compared to the
adhesion force (Py) at the oil—solid interface (Fig. 15(a)). As a result,
this residual oil is challenging to be extracted. During the injection
and soaking process, this residual oil generally remains stationary.
However, surrounding membrane-shaped residual oil tends to
aggregate with the columnar oil, forming a continuous oil phase
(Fig. 15(b)). When production wells are opened, significant changes
in the internal pressure field increase the gas driving force beyond
its flow resistance (Py), facilitating the extraction of crude oil
(Fig. 15(c)). Regarding the extraction mechanism of porous residual
oil, it involves both dissolution and gas drive mechanisms, as
illustrated in Fig. 16. During production, changes in the pressure
field increase the pressure difference (AP) across the porous re-
sidual oil, allowing gas to displace the crude oil. Notably, CO;
extraction can cause heavy components to deposit (Fig. 16(c)),
which may block smaller pore throat channels and hinder the
extraction of some residual oil.

Overall, the experimental results reveal that in asynchronous
injection—production methods, dynamic control of injection and
production activities can significantly impact the microscopic oil
recovery effects of CO,. Specifically, in injection—production

Petroleum Science 22 (2025) 739—755

coupling technology, precise control of the timing of injection
and production allows for dynamic adjustment of the pressure field
in the reservoir. This control enables CO, to dissolve fully in the
crude oil during the injection phase, increasing the elasticity of the
oil system and providing a stronger driving force. This effect has
been shown to improve recovery rates in asynchronous
injection—production experiments. During the
injection—production coupling process, membrane and columnar
oils redistribute under pressure changes and convert into more
stable columnar or porous oils after the shut-in period. This
redistribution of residual oil creates conditions for further recovery,
allowing CO; to cover a larger area and mobilize more residual oil,
thus further increasing crude oil recovery rates.

3.3. Analysis of CO,-EOR mechanism in SCI

Periodic injection and production, which involves the periodic
alternation of injection and production processes, is a production
system that coordinates the operation of periodic gas injection and
oil production. It is considered a coupling production method.
Recent research indicates that periodic injection and production
show significant potential for utilizing CO, gas (Shchipanov et al,,
2022). This section will analyze the mechanisms of CO, utiliza-
tion in the context of fully synchronized periodic injection and
production.

Fully synchronous coupled periodic gas injection involves the
simultaneous operation and cessation of both injection and pro-
duction at the injection and production ends, cycling through
multiple rounds. Fig. 17 illustrates the microscopic oil recovery
degree and recovery rate across different rounds of
injection—production modes. The oil recovery rate increases with
the number of rounds, with the most significant increases occur-
ring in the second and third rounds, where microscopic oil recovery
rates rose by 3.64% and 10.05%, respectively. Compared to CGI, after
four rounds of periodic gas injection, the microscopic recovery rate
improved by 13.77%, and compared to AIP, the rate increased by
7.19%. Fig. 18 shows the distribution of residual oil across different
rounds. In the second round, the recovery rate improves mainly
through the utilization of membrane oil, with a 2.69% decrease in

Oil migration direction

Fig. 14. Retention state of membrane-shaped oil during soaking and production stages: (a) transformation of membrane oil into column oil during soaking process and schematic of

forces involved, (b) direction of crude oil exploitation during production stage.
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Qil migration direction

Fig. 15. The mobilization process of columnar residual oil: (a) the state of existence of columnar residual oil, (b) the increase in volume of columnar residual oil during the soaking

stage, (c) the passive displacement of residual oil during the production stage.
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Fig. 16. The mobilization process of porous residual oil: (a) the state of existence of porous residual oil, (b) deposition of heavy components due to CO, extraction during the soaking
stage, (c) a portion of the residual oil becomes difficult to mobilize due to the blockage caused by heavy components.

the proportion of membrane oil. In the third and fourth rounds, the
conversion of porous residual oil into membrane and columnar oil
leads to a 7.15% reduction in the proportion of porous residual oil.
Fig. 19 compares the residual oil distribution under different
injection—production modes. Both AIP and SCI modes show a
significantly lower proportion of porous residual oil compared to
CGlI, decreasing by 7.1% and 12.8%, respectively. HAIP exhibits a
more pronounced utilization of columnar residual oil, with its
proportion decreasing by 6.8%. There is no significant change in the

90

—_
)
-

80 o

70 A

60 -

40

Microscopic oil recovery, %

First round

Second round Third round Fourth round

Injection—production round

final proportion of membrane oil under the injection—production
coupling mode. This suggests that CGI, with its single gas chan-
nel, has relatively lower sweep efficiency and involves contiguous
porous residual oil distribution. The injection—production coupling
mode significantly reduces the proportion of this residual oil.
However, due to pore adsorption forces, some residual oil remains
as membrane and columnar oil during transportation. Thus, the
injection—production coupling mode enhances microscopic oil re-
covery mainly through the effective utilization of porous residual
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Fig. 17. Periodic gas injection CO,-EOR effectiveness: (a) microscopic oil recovery at different cycles, (b) comparison of microscopic oil recovery rates under different

injection—production modes.
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18 5 volume and thereby enhancing the elastic properties of the fluids
64 Mcal mAP EHAP  Escl ,I, within the model. When production resumes, the increased elastic
“ energy can help mobilize some of the residual oil. Thus, from an
Q 1 . . . . . . .
°\d s energy perspective, the improved oil recovery with periodic in-
= 129 o8 - 103 [ jection and production compared to CGI is attributed to the higher
= 104 ] i 9.0 overall energy available during periodic injection and production.
2 4| 7.5 The dynamic expansion coefficients of different residual oils during
5 . 59 the shut-in soaking phase were calculated to analyze the volume
£ s expansion patterns of crude oil due to CO, dissolution, as shown in
&4y 3.1 p2 Fig. 20. The results indicate that as the residual oil in the pore
24 121511 44 throats undergoes dissolution expansion, the expansion coefficient
o J_._- : : increases linearly. However, once the crude oil expands to the
Corner Membrane Column Cluster throat opening, the force generated by the volume expansion is

Residual oil occurrence

Fig. 19. Comparison of residual oil distribution under different injection—production
modes.

oil.

During the stoppage phase of fully synchronized periodic in-
jection and production, the absence of gas injection means that no
additional energy is applied. Consequently, in the early stages of
well production, the primary driving force for oil extraction is the
elastic properties of the fluids themselves. Compared to CGI, the
most notable improvement occurs during the stoppage and soaking
phases after switching to periodic injection and production. During
these phases, CO, dissolves into the oil, causing it to expand in
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insufficient to overcome the capillary resistance. Consequently, the
dynamic expansion coefficient of the crude oil labeled as @ re-
mains constant. Despite this, the reduced resistance facilitates the
subsequent recovery of this portion of residual oil.

With the effect of elastic energy and subsequent gas injection
for energy supplementation, the membrane-like oil experiences
shear forces from the CO; gas flow on both sides, resulting in a
filamentous flow pattern. An interesting phenomenon was
observed during this process: when oil detaches under the influ-
ence of gas flow shear, vortices form on both sides as the gas flow
interacts with the matrix solid. When the gas flow velocity is
relatively high, the depressions on either side of the matrix solid
start to influence each other. Fig. 21 illustrates the vertical move-
ment trajectory of the oil phase. Since symmetry is never perfect at
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Fig. 20. The variation pattern of dynamic expansion coefficients for residual oil of different shapes and positions of occurrence.

any point, there is always one side with higher pressure and the
other with lower pressure throughout the detachment of the
membrane-like oil. This results in a reciprocating flow state, with
the residual oil swinging up and down, confirming the presence of
the Karman vortex street phenomenon in porous media. Addi-
tionally, columnar residual oil can be mobilized by the CO, gas flow,
which reduces the proportion of columnar residual oil. During the
third and fourth cycles of injection and production, the release of
energy disperses continuous porous oil into membrane-like and
columnar oil. Concurrently, gas bubbles are released from the crude
oil, enhancing the dissolution gas drive effect.

Another mechanism for exploiting residual oil through fully
synchronized periodic  gas injection involves the

expansion—migration process of residual oil. After completing one
production cycle, some immobile membrane-like oil adhering to
the wall (Fig. 22(a)) undergoes expansion due to the action of CO»,
transforming into columnar oil. Simultaneously, other membrane-
like oils aggregate on the wall under capillary and elastic forces,
increasing the volume of the original columnar oil (Fig. 22(b)),
which facilitates its flow. During well production, CO; gas flow can
then propel this portion of the original oil into adjacent areas,
achieving residual oil extraction (Fig. 22(d)). In the production and
exploitation phase, the force analysis of this portion of original oil is
illustrated in Fig. 23. The driving force during well production
equals the pressure difference multiplied by the vertical projection
area of the contact surface (Eq. (17)). However, during CO, gas flow,
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Fig. 21. The vertical movement trajectory of the membrane-like oil during the exploitation process.
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the shear stress within the gas can cause a loss of pressure differ-
ence. According to Newton's shear law, this loss can be quantified;
however, Hao et al. (2022) found that the shear stress-induced
pressure loss in micro-visual experiments is significantly smaller
than the pressure difference between the inlet and outlet of the
model. Therefore, this loss is generally negligible.
Fq=AP x dpT, (17)
where Fjq is the driving force provided by the pressure difference, N;
dp is the pore diameter, mm; T, is the oil film thickness, mm. In the
model of this paper, T, is the depth of the microscopic model, which
is 0.02 mm.

When gas displaces oil in the microscale space of the pore
throat, the migration resistance is the capillary force generated on
the gas—oil surface, for which Hao et al. (2022) provided a calcu-
lation method. For the research conditions of this paper, the for-
mula for calculating this resistance is given by Eq. (18).

~ 200-g(To + La)cosd 5

Fe To x La

dp X To (18)

where 0, is the interfacial tension between CO; and oil, N/m; 6 is
the contact angle between CO, and oil on the chip surface, °; L, is
the arc length between CO, and the contact surface, mm.

When calculating the capillary force generated on the gas—oil
surface, the treatment of the contact angle between CO, and oil
on the chip surface is simplified. Usually, due to the irregular shape
of the flow—solid, the contact angles at both ends are different, so
the average value of the contact angles at both ends can be
approximately taken to calculate the oil migration resistance. Thus,
the boundary relationship for the exploitation of gas-driven oil in
the pore space is obtained (Eq. (19)). When the driving force of the
gas exceeds the migration resistance, the gas will push this part of
the original oil into the next pore. According to the same mecha-
nism mentioned above, the gas flow will repeatedly push the
original oil forward, thereby achieving the purpose of exploiting
residual oil.

200_g(To + La)cos (%)
To x La

Fe (19)

x dp x To

where 67 and #; are the contact angles between CO; and oil at both
ends of the chip surface, °.

Overall, with periodic shutdown measures for production and
injection wells, oil recovery rates significantly increase with the
number of injection—production cycles, especially in the second
and third cycles. Injection—production coupling technology

(;).s_-"""

il

Solution
expansion

Gas

e

—

Petroleum Science 22 (2025) 739—755

Fig. 23. Schematic diagram of force analysis of oil exploitation in the production stage.

optimizes the rhythm of injection and production in each cycle,
allowing the expansion and migration mechanisms of residual oil
to be fully utilized. Especially in the third and fourth cycles, porous
residual oil is effectively dispersed and converted into membrane
and columnar oils, thus reducing its proportion. This mechanism is
enhanced through dynamic injection—production control in SCI,
further improving CO; oil recovery efficiency. During shut-in period
in each cycle, the dissolution and expansion effect of CO, provides
additional elastic energy to the crude oil. This energy is released
during subsequent production, driving the mobilization of residual
oil. Injection—production coupling technology, through periodic
adjustment of injection and production, fully utilizes this energy
accumulation effect, thereby enhancing the overall energy effi-
ciency of the CO; oil recovery process.

4. Conclusions

This study conducted extensive experimental work using
microscopic techniques to explore CO,-EOR and sequestration
mechanisms under various injection—production modes. The ef-
fects of different methods on residual oil were analyzed, providing
robust theoretical support for optimizing CO, injection and
enhancing oil recovery during injection—production coupling. A
stress analysis of the residual oil mobilization process during the
injection—soak—production stages was also performed, elucidating
the mechanical mechanisms of CO,-EOR under different modes.
The main conclusions based on our experimental results are:
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Fig. 22. Residual oil expansion—migration process: (a) initial distribution state before gas-oil soaking, (b) expansion due to oil dissolution, (¢) migration and aggregation of residual

oil in the same matrix, (d) residual oil being exploited in the production stage.
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(1) In the early stages of synchronous injection—production,
there was no distinct interface between CO, and oil, indi-
cating near-miscible displacement. Black heavy components
were observed. As gas injection continued, CO, extraction
became more pronounced near the injection point, leading to
a clearer oil—gas interface and indicating a transition to
immiscible displacement dominance.

(2) Compared to CGI, the asynchronous injection—production
mode resulted in a 6.58% increase in microscopic oil recov-
ery rate. However, increasing displacement rates under the
AIP mode did not significantly improve recovery rates. Under
AIP, columnar and porous residual oil decreased by 6.75% and
4.84%, respectively, compared to CGI.

(3) The AIP mode caused significant changes in the pressure
field, enhancing CO, sweep efficiency. During the soak phase,
membrane oil migrates due to adhesive forces, accumulating
to form cluster and column oil. However, prolonged CO,—oil
contact may lead to the deposition of heavy components that
block small pores, negatively impacting CO,-EOR.

(4) Compared to CGI, the SCI mode resulted in a 13.77% increase
in microscopic recovery rate, and a 7.19% increase compared
to AIP. The proportion of residual porous oil decreased by
7.1% and 12.8% under AIP and SCI modes, respectively, and
columnar residual oil decreased by 6.8% under the HAIP
mode.

(5) When CO, dissolves into the residual oil within the pore
throats, the crude oil volume expands, displaying a linear
increase in the dynamic expansion coefficient. Under SCI
mode, membrane oil exhibits filamentous flow and Karmdn
vortex patterns due to shear forces from the gas flow.
Columnar oil is carried away by CO; gas flow, and continuous
porous oil disperses into columnar and membrane oil.
Additionally, dissolved and expanded oil aggregates and
grows under adhesion forces at the oil—solid interface, aiding
in its subsequent mobilization by CO,.

This study constructed a microscopic simulation model based
on cast thin-section images of geological cores. After pore con-
nectivity processing, the pore sizes of the model tend to be larger
compared to the actual sizes. Additionally, since the cast thin sec-
tions are single-layer images, the cutting position limitations mean
that some pore images do not fully reflect the actual pore shapes
and sizes. Therefore, in future research, we will explore con-
structing microscopic models based on three-dimensional pore
connectivity scans of geological cores to better represent the actual
geological conditions. On the other hand, this study attempted a
theoretical mechanical analysis of the microscopic phenomena
during the injection—production coupling process. However, due to
current experimental conditions and the lack of certain measure-
ment parameters, it is not feasible to use these equations for
practical calculations. Therefore, the mechanical analysis remains
at a theoretical level. Future work will involve developing and
improving equipment, and integrating multidisciplinary technolo-
gies to obtain relevant experimental parameters to support sub-
sequent theoretical calculations. Additionally, theoretical
simulation methods will be employed to fit related experimental
phenomena, in an attempt to conduct a comprehensive analysis of
the force field changes during this process.
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