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ABSTRACT

Heterogeneity and fractures significantly influence oil and gas migration. However, current research
remains insufficient in clearly visualizing CO; displacement mechanisms under such reservoir condi-
tions. This study combines microscopic visualization experiments and numerical simulations to
investigate three-phase flow characteristics during CO, huff-n-puff, CO, displacement, and water huff-
n-puff in heterogeneous fractured reservoirs. The research elucidates the formation mechanism of re-
sidual oil and the characteristic of CO, storage during huff-n-puff, and further illustrates the influences
of soaking time and injection pressure. Results indicate that CO, huff-n-puff significantly mitigates the
adverse effects of heterogeneity. The primary cause of residual oil formation is insufficient displacement
energy to overcome various flow resistances. CO, primarily exists in pore throats as bubbles and is
stored in dissolved form in the oil and water phases. As the soaking time and injection pressure increase,
the proportion of continuous residual oil decreases noticeably, leading to a higher oil recovery factor.
When the injection pressure exceeds the minimum miscible pressure (MMP), the diffusion coefficient of
CO; increases significantly. Moreover, the presence of vertical fractures effectively expands the diffusion
range of CO,. These findings provide a theoretical basis for the applications of carbon dioxide enhanced

oil recovery (CO, EOR) and carbon capture, utilization, and storage (CCUS) technologies.
© 2026 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-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

1. Introduction

effective carbon emission reduction technology (Al-Khdheeawi
et al, 2018; Chen et al., 2024; Greig and Uden, 2021; Lv et al.,

Despite the gradual increase in the development and utilization
of renewable energy, the current global energy consumption is still
dominated by fossil energy (British Petroleum, 2020). Lobal energy
transition faces numerous challenges, as many countries are
heavily dependent on traditional energy sources yet must also
consider the costs of usage and potential environmental issues
(Guo et al., 2022; Smirnova et al., 2021). In recent years, the ur-
gency to mitigate global warming has become critical, and carbon
capture, utilization and storage (CCUS) has been proven to be an
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2022; Wu et al,, 2022; Zhang et al., 2024). The utilization of CO,
for enhanced oil recovery not only secures energy supply and al-
leviates the pressures of the energy transition, but also contributes
to achieving carbon neutrality (Liang et al., 2024).

Heterogeneity exists in strata from micro-to macro-scale
(Chang et al., 2016; Jayne et al.,, 2019). Fractures are common
geological structures in strata and play a significant role in oil and
gas flow. Heterogeneity and fractures can cause the injected fluid
to form preferred flow paths, which significantly affects the overall
behavior of fluids in the reservoir (Doughty and Pruess, 2004).
Conventional production methods, such as waterflooding and gas
displacement, mainly mobilize crude oil in the high permeability
region and produce less oil in the low permeability region, which
is accompanied by serious water channeling and gas channeling,
and the displacement efficiency is not ideal (Fang et al., 2022;
Zhong et al., 2022). Due to the strong diffusion and dissolution
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ability of CO, it can reduce the viscosity of crude oil, extract light
components and reduce the interfacial tension, and is regarded as
a good displacement medium (Huang et al., 2022; Li et al., 2021;
Luo et al., 2022; Song and Yang, 2017; Wei et al., 2019). Contin-
uous CO, displacement and CO, huff-n-puff are two common
modes of CO, EOR in the petroleum industry, and many studies
have shown that the recovery factor of CO, huff-n-puff is higher
than that of continuous CO, displacement (Sheng, 2017; Zuloaga
et al., 2017). The process of CO, huff-n-puff involves not only the
problem of multiphase flow, but also the physicochemical reaction
during immersion (Zhang et al., 2019a, 2019b).

In the past few years, a large number of core scale and field
scale studies have provided important insights into CO, huff-n-
puff (Li et al.,, 2018; Tang and Sheng, 2022; Zhao et al., 2020).
However, due to the limitation of traditional experimental
methods, the mechanism of fluid transport and migration at pore
scale cannot be directly observed. In recent years, the microfluidic
technology has advantages in studying the microscopic fluid flow
and has gradually matured in the application of CO, injection for
enhanced oil recovery and CO, storage (Huang et al., 2020; Qiu
et al., 2021).

In recent years, scholars have conducted a series of microscopic
visualization studies of CO; in heterogeneous fractured reservoir
conditions. Guo et al. (2022) designed a two-permeability micro-
scopic model to simulate the heterogeneous fracture networks and
directly observed the fluid behavior during CO, huff-n-puff and
displacement using microfluidics and fluorescence microscopic
imaging. They discovered that miscible CO; injection can eliminate
the capillary forces under immiscible conditions, promoting film-
like displacement, while bubble nucleation, expansion, and
migration are the primary driving forces during the huff-n-puff
process. Al-Khdheeawi et al. (2017) compared the CO, plume
migration patterns and trapping mechanism under uniform and
non-uniform permeability and porosity distributions. They found
that reservoir heterogeneity inhibited the vertical CO, migration
while promoting horizontal migration. Nguyen et al. (2018)
investigated the oil recovery mechanisms of two typical fracture
networks: connected and dead-end. They found that bubble
nucleation, growth, coalescence, and connected gas flow are the
primary mechanisms of oil displacement in fracture networks,
noting that connected fractures provide more oil migration paths
than dead-end fractures. Zhang et al. (2023) investigated the
interaction processes between miscible and immiscible gases and
crude oil in deep heterogeneous reservoirs, summarizing the gas
displacement mechanisms as immiscible displacement, swelling,
and extraction, and evaluating the feasibility of storing CO; in deep
reservoirs. Liu et al. (2016) investigated the flow of CO, and water
in heterogeneous pore structures at room temperature and at-
mospheric pressure, and developed a new parameter, Seya), to
characterize the variations in CO, saturation. These microfluidic
studies have provided detailed analyses ofCO, flow in pores and
EOR mechanism, offering valuable insights. However, most of
these studies considered heterogeneity and fractures separately,
without systematically analyzing the migration processes of CO»,
oil, and water migration or the mechanisms of residual oil for-
mation where fractures and heterogeneity coexist.

In this study, we innovatively designed a visual chip with het-
erogeneity and fractures based on the real reservoir pore structure,
and studied the three-phase migration process of oil, gas, and
water, the oil recovery mechanism, residual oil distribution, and
formation mechanism through microfluidic technology and nu-
merical simulation methods. Firstly, under experimental pressure
and temperature conditions (P = 12 MPa, T = 40 °C), qualitative
and quantitative analyses were conducted on the recovery factor,
residual oil distribution, and formation mechanism in high
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permeability and low permeability zones for CO, huff-n-puff, CO,
displacement, and water huff-n-puff. Subsequently, we conducted
a detailed study of the factors affecting CO, huff-n-puff, including
the effects of soaking time and injection pressure. Based on the
pressure decline method, the diffusion of CO, in the experimental
oil was investigated, and it was found that the diffusion coefficient
increased significantly when the pressure exceeded the minimum
miscibility pressure. Finally, the effects of vertical fractures and
horizontal fractures on CO, huff-n-puff were investigated, and it
was found that vertical fractures had stronger pore connectivity. In
general, this paper can provide support for the study of multiphase
flow at pore scale with heterogeneity and fractures, and provide
theoretical basis for the exploitation of heterogeneous reservoirs
and CO, storage.

2. Materials and methods
2.1. Materials

The materials used in this experiment include simulated oil,
simulated formation water, CO,, and dye. The oil composition is
shown in Fig. 1. The experimental oil sample was prepared by
mixing crude oil with white oil. At 40 °C, the oil has a viscosity of
5.60 mPa-s and a density of 0.808 g/cm®. The minimum miscibility
pressure (MMP) between CO, and the experimental oil is
13.76 MPa. NaCl (3.90 g), CaCl; (3.05 g), MgCl, (1.67 g), and KCl
(3.17 g) were weighed and mixed with deionized water in a spe-
cific ratio to prepare the simulated formation water. The compo-
sition of simulated formation water is shown in Table 1, with a
total dissolved solids (TDS) of 21,801.64 mg/L. To clearly observe
the dynamic migration process of the oil and water phases, oil red
0 (Cy6H24N40) and methylene blue (C16H1gCIN3S-3H,0) were used
to dye the experimental oil and simulated formation water,
respectively. The dyed liquids were then filtered prior use.

2.2. Design and preparation of micromodel

In this study, a two-dimensional glass microscopic model was
made based on the characteristic image of the microscopic pore
structure of a heterogeneous reservoir observed, as shown in Fig. 2.
The model dimensions are 10 mm x 70 mm, with a thickness of
40 mm and an etching depth of 25 pm. The white portions inside
the chip represent the matrix, while the black portions are pore
throats, with a pore-throat radius of 1-500 pm. The initial wetta-
bility of the model is water-wet. A horizontal fracture, approxi-
mately 0.1 mm in aperture and 10 mm in length, runs through its
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Fig. 1. Composition of the experimental oil.
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Table 1

Ionic composition and salinity of the simulated formation water.
Ion concentration, mg/L TDS, mg/L
Na* K* Ca%* Mg+ cl-
3069.82 3325.20 2202.59 394.88 12,809.15 21,801.64

Fig. 2. Schematic diagram of micromodel (microfluidic chip).

center. The pore structures on either side of the fracture are het-
erogeneous and can be divided into regions of relatively low and
high permeability. The overall porosity of the chip is 21.96% and
the total pore volume is 3.84 x 10~% cm?. The porosity of the
relatively high and low permeability regions is 13.1% and 7.89%,
respectively, and their pore volumes are 229 x 1074 and
1.38 x 1074 cm?.

2.3. Apparatus and procedures

Fig. 3 depicts a high-temperature, high-pressure micromodel
apparatus capable of visualizing the CO, huff-n-puff displacement
process under a range of temperature and pressure conditions. The
apparatus mainly consists of an ISCO pump, an integrated control
system, a visualization chamber, a microfluidic chip model, a data
acquisition system, and a back pressure system. The injection
pump is used primary for water injection to drive the piston within
the intermediate container, thereby injecting fluid from the in-
termediate container into the chip. The function of the confining
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pump is to apply the confining pressure to the chip and simulate
the overburden pressure of the formation. The pump operates in
tracking mode to maintain the external confining pressure at
3-5 MPa above the internal pore pressure, thereby ensuring the
integrity of the chip. The integrated control system features an
interactive interface that allows for direct control of the entire
system's parameters, including pressure, temperature, and injec-
tion rate. There are three intermediate containers that enable
heating of the fluid with a precision of 0.1 °C, containing dyed
experimental oil, simulated formation water, and CO,, respec-
tively. Both the upper and lower parts of the visualization chamber
are made of transparent, high-pressure-resistant glass, securely
holding the chip. The data acquisition system, composed of a high-
definition digital camera and a computer, captures fluid flow
processes within the chip in real time. Finally, the back-pressure
system regulates the outlet pressure to control the production
differential pressure.

Fig. 4 shows the experimental apparatus for measuring the CO,
diffusion coefficient in the oil phase. The device mainly includes a
temperature and pressure control box, an intermediate container,
an ISCO pump, a diffusion cell, and a vacuum pump. The diffusion
cell has an internal volume of 50 cm® and a height of 7.08 cm. The
temperature and pressure control box can heat the interior of the
diffusion cell, with a maximum temperature control of 120 °C. The
connected computer can record the pressure changes during the
COy—crude oil diffusion process.

The procedures for the micromodel simulation are as follows:

(1) The visualization chamber is cleaned with deionized water
to ensure cleanliness and the system temperature is set to
40 °C.

(2) With formation-water and outlet valves opened, formation
water is injected at a rate of 0.01 mL/min until the chip is
fully saturated. The formation-water valve is closed and the
simulated oil is injected to displace the water. Injection
stops when the oil-water distribution stabilizes, and the
system is left to stand for 12 h.

(3) CO; is injected into the chip and soaked for 15 min. The
injection-end valve is then reopened to initiate oil produc-
tion. The three-phase flow is monitored in real time via the
data acquisition system.

| 40°C |  40-c | [ 40°C | Micromodel holder .~
g N N A
——— N
oA Top view of
EE———— - micromodel holder
oil co, ‘_[;k]_ B D|d
Injection pump Valve T
__________ [ 7
L | e

o A

Valve Manometer

e T

System control
interface

Confining
pressure pump

Integrated control system

Digital
camera

e
Computer

Collection device

Fig. 3. High-temperature, high-pressure micromodel apparatus for visualizing CO, huff-n-puff.
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Fig. 4. Experimental apparatus for measurement of CO,-oil diffusion.

(4) After the huff-n-puff experiment, the chip is cleaned with
deionized water and petroleum ether, and then re-saturated
with oil and water (as in Step (2)). Water huff-n-puff ex-
periments follows the same step as CO; huff-n-puff (as in
Step (3)). CO, displacement also occurs at 12 MPa for 15 min.
The difference with huff-n-puff is that the outlet valve is
also opened during the oil production process.

(5) Then the chip is cleaned and then saturated with oil and
water. CO; injection pressure (12, 18, 24, 30 MPa) and
soaking time (15, 30, 45, 60 min) are systematically varied
for the subsequent production tests. After the experiment,
the acquired images are analyzed by professional software.
It is worth noting that the above oil production process is
carried out at 4 MPa.

In the CO,-oil diffusion experiment, the gas tightness of the
device should be checked first. The diffusion cell is evacuated for
12 h until the internal pressure reaches —0.1 MPa. If the pressure
change is less than 0.01 MPa after 30 min, the internal gas tight-
ness is considered satisfactory. After evacuation, the valve at the
left end of the diffusion cell is opened, allowing oil to enter the
diffusion cell under the pressure differential. The temperature of
the diffusion cell is controlled at 40 °C. Subsequently, the inter-
mediate container containing CO; is opened, and CO, is injected
into the diffusion cell using a displacement pump until the preset
experimental pressure (12-30 MPa) is reached, and the pressure
setting is synchronized with the microscopic visualization exper-
iment. Finally, the valve is closed, the pressure change data in the
diffusion cell is recorded.

2.4. Image analysis

In order to quantitatively characterize the oil migration and
residual oil distribution, Image-Pro Plus software is used to
perform color threshold segmentation on the experimental im-
ages. This method directly distinguishes oil and water phases
based on color difference and calculates the area of each phase. As
shown in Fig. 5, the oil and water phases are identified and marked
with green and blue, respectively. Subsequently, the residual oil
area and recovery factor are calculated. The calculation equations
are detailed below.

So] - 502

R, =
? Sw]JFSol

(1)
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where R, is the recovery factor; Sy is the area of the initial satu-
rated oil; Sy; is the oil phase area after production; R; represents
the proportion of a certain type of residual oil; Sy is the residual oil
area; Sy is the initial saturated water area; R) is the liquid recovery
factor; Sy and Sy, represent the areas of oil and water after pro-
duction, respectively.

2.5. Calculation method of CO,-oil diffusion coefficient

In this paper, the pressure drop method proposed by Zhang
et al. (2000) is used to determine the diffusion coefficient of CO,
in oil under different pressures. The specific method for calculating
the diffusion coefficient is as follows:

_ 8BLCeq 2D
P(t) — Peq = 2 exp( Tz t) (4)
8BLCeq\ n®Dt
In[P(t) — Peq] :ln( - ) Ty (5)
4kL*
D=—- (6)
T

where D is the diffusion coefficient of the CO,-oil system, m?[s;
P(t) represents the pressure at any time in the diffusion cell, MPa;
Peq is the pressure after reaching equilibrium, MPa; L is the height
of the oil in the diffusion cell, m; k is the slope of the curve for the
logarithm of pressure difference versus time.

2.6. Simulation

2.6.1. Simulation model

Based on the chip model designed in the previous stage, two
numerical models with local characteristics of the chip were
established using COMSOL Multiphysics, as shown in Fig. 6. The
white part of the model represents the matrix and the black part
represents the pore throats. These two models are
0.906 mm x 0.54 mm in size, with 127,645 and 121,042 mesh, and
porosity of 19.15% and 23.06%, respectively. The radius distribution
of pore throats ranges from 0.5 to 200 pm.

The basic parameters of the model are as follows: The boundary
conditions at the inlet and outlet are restricted by pressure con-
ditions. The solver uses a time step of 0.0001 s, with a total
simulation time of 0.005 s. The system temperatures for both CO,
and oil are maintained at 40 °C, and the physical property pa-
rameters (e.g. oil viscosity) are consistent with the experimental
part. The 0il-CO, contact angle and interface tension are set to
120° and 0.07 N/m, respectively. The interface thickness control
parameter pf is set to 0.00001 m and the mobility is set to 0.001
(m-s)/kg.

2.6.2. Simulation scheme

This study conducts a comprehensive investigation of hetero-
geneous fractured reservoirs. In the simulation component, we
focus on the characteristics of CO, displacement under both con-
ditions with and without fractures. Notably, this simulation
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Fracture

Fig. 6. Microsimulation model without (a) and with (b) fracture.

scheme differs somewhat from the microscopic physical simula-
tion experiment: the numerical simulation adopts CO,-oil two-
phase flow, whereas the experiment involves 0il-CO,-water
three-phase flow. Initially, a three-phase flow model was
attempted to replicate the physical experimental conditions.
Firstly, the porous medium is saturated with water phase, followed
by oil displacement to form the initial oil-water distribution.
However, because the mathematical model in the simulation
software relies on simplified parameters, discrepancies with
actual fluid flow behavior arose. Specifically, this resulted in the
almost complete expulsion of pore water, rendering the subse-
quent CO; huff-n-puff process effectively a two-phase interaction.
Therefore, a CO,—0il two-phase system was adopted for the sub-
sequent simulation work in this paper.

3. Results and discussion

3.1. Analysis of displacement mechanisms of different production
methods

In order to clarify the oil displacement characteristics of CO»,
the results obtained at an injection pressure of 12 MPa and im-
mersion time of 15 min were compared with those from 15 min
water huff-n-puff and continuous CO, displacement experiments.
Fig. 7 shows the initial oil-water distribution of the chip. The initial
oil saturation of the chip is 82.68% and the initial water saturation
is 17.32%.

The production efficiency under the three production methods
was quantitatively analyzed, and the results are shown in Fig. 8.
The liquid recovery of CO, displacement, water huff-n-puff, and
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Fig. 7. Initial oil-water distribution.

CO; huff-n-puff reached 56.44%, 61.4%, and 65.31%, respectively.
The oil recovery factor under CO, huff-n-puff is observed to be
11.78% and 13.25% higher than that achieved by CO, displacement
and water huff-n-puff, respectively. Water huff-n-puff had the
highest water recovery factor, reaching 20.05%. Analysis indicates
that CO, exhibits a distinct advantage over water in diffusion and
dissolution, which is significant for efficient oil production (Liu
et al.,, 2023; Rossen, 2017; Sun et al., 2019). Fig. 8(b) shows the
production contributions from different regions under the three
production methods. Comparing CO; displacement with CO, huff-
n-puff, the contribution rate of recovery factor in the high
permeability area decreased gradually from 69.31% to 54.1%.
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Fig. 8. Comparison of recovery factor for different production methods. (a) Liquid recovery factor (LRF), oil recovery factor (ORF), and water recovery factor (WRF) of CO,
displacement, water huff-n-puff, CO, huff-n-puff; (b) ORF and contribution rate (CR) in high permeability and low permeability regions.

However, in the relatively low permeability region, it gradually
increased from 30.69% to 45.9%. This variation in recovery contri-
butions indicates that given reservoir heterogeneity, gas flooding
primarily mobilizes oil in high permeability regions, while huff-n-
puff achieves more balanced production across different regions.
Owing to heterogeneity, significant differences in pressure prop-
agation and gas concentration exist between high and low
permeability regions. During the soaking stage, driven by con-
centration and pressure gradients, CO, diffuses extensively into
low permeability regions, interacting fully with the oil.

The experimental results show that the residual oil can be
divided into five types: columnar, single-pore, porous, membra-
nous, and cluster (Lei et al., 2022). In this paper, the porous and
cluster residual oil are classified as continuous oil. This type of
residual oil features a large contiguous area, good continuity, and
significant potential for enhanced recovery. The remaining three
types are categorized as discontinuous, characterized by their
small scale and isolated distribution, making them difficult to
mobilized. Fig. 9 shows the formation mechanism of different
types of residual oil. Columnar residual oil is the most common
form, and it is easy to form in the throat which is nearly perpen-
dicular to the displacement direction. Two pressure values with
opposite directions but similar magnitudes are present on either
side of the throat. Consequently, the resulting pressure gradient is
insufficient to mobilize this portion of the oil. Single-pore residual

R, Cluster

Ry
Jamin effect
N

Fig. 9. Schematic diagram of formation mechanism of different types of residual oil.
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oil is generally formed in isolated pores, and the connectivity be-
tween isolated pores and main seepage channels is poor. On the
one hand, it is difficult for displacing fluid to spread into the oil
phase in the pores; on the other hand, due to hydrophilic nature of
the pore walls, capillary forces act as a resistance in the process
during gas displacement. Moreover, the radii of isolated pores are
relatively small, resulting in high capillary force. The displacement
force P of the liquid is insufficient overcome the capillary force
required to mobilize the fluid. The porous residual oil is mainly
formed between two or more pore throats, characterized by con-
tinuity and wide distribution. The pore space formed by the
connection of multiple throats exhibits high tortuosity, resulting in
significant resistance to the flow of oil. The residual oil in mem-
branous form is common on the concave or convex surface of the
pore wall with a specific curvature, featuring small area and wide
distribution. Strong adhesive forces exist between the oil film and
the pore wall, making it difficult for displacing fluid to detach it.
The cluster residual oil is distributed continuously in bulk,
accompanied by oil-water mixing. At the intersection of pores and
throat, due to the strong resistance to liquid beads caused by the
Jamin effect, the oil phase remains trapped in the pores and cannot
migrate through the throat. If there is not enough energy, liquid
beads will gather in the pores to form clusters of residual oil.
The distribution of residual oil in the relatively low and high
permeability regions after CO, displacement, water huff-n-huff,
and CO; huff-n-puff is shown in Fig. 10. In Fig. 10, the blue,
green, pink, yellow, and black dotted areas delineated respectively
represent columnar, single-pore, porous, membranous, and cluster
residual oil. By comparing areas 1, 2, and 3, it can be observed that
for the same area, different production methods and media have
significant impacts on the type of residual oil formed. Taking area 1
as an example, after CO, huff-n-puff and water huff-n-puff, a
smaller area of membranous residual oil was formed at this loca-
tion, while CO, displacement resulted in a larger area of porous
residual oil. Results indicates that after CO, displacement, the re-
sidual oil in the high permeability region is mainly columnar and
single-pore, whereas in the low permeability region, it is mainly
porous and cluster. A significant amount of CO; escapes along the
fracture, resulting in limited CO, sweep range. The red arrow in
Fig. 10(a) indicates the main direction of CO; flow. Oil within the
CO; flow channel is mostly displaced, while the surrounding oil
remains poorly mobilized. It is evident that the residual oil con-
centrates in the edge area distal from the fracture. During the
soaking stage, driven by internal pressure difference, the sweep
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(b)

e s

Fig. 10. Distribution of residual oil after displacement by different production methods. CO, displacement in high (a) and low (b) permeability regions; water huff-n-puff in high
(c) and low (d) permeability regions; CO, huff-n-puff in high (e) and low (f) permeability regions.

efficiency of the medium in the low permeability region gradually
expands, the pressure distribution is gradually uniform, and the
adverse influence of reservoir heterogeneity is weakened. Due to
the hydrophilic characteristics of pore wall, pronounced sponta-
neous imbibition occurs during water huff-n-puff, and the capil-
lary force aids oil recovery. Due to its inherent characteristics, CO;
exhibits vigorous diffusion during the soaking stage, and a sub-
stantial amount dissolves in the oil phase, resulting in viscosity
reduction, volume expansion, and energy increase. A significant
quantity of oil in the low permeability region is produced, and a
lightening of the oil phase color was observed (Abedini et al., 2014;
Alfarge et al., 2017; Ghasemi et al., 2017). In addition, the
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experiment shows that the oil in the pores around the fractures is
usually displaced into the fracture for migration with only a small
amount of membranous residual oil remaining in the fracture.
The distribution of different types of residual oil in high and
low permeability regions was quantitatively characterized by
micro-displacement experiments under different production
methods. As shown in Fig. 11, the production method has a sig-
nificant impact on the residual oil saturation and the proportion of
different types of residual oil. The effective swept area of CO; huff-
n-puff in the low permeability region is 11.99% higher than that of
CO, displacement. After CO, huff-n-huff, the proportion of
continuous residual oil is 9.74% less than that of displacement,
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while the discontinuous residual oil significantly increases. Anal-
ysis indicates that CO, huff-n-huff can effectively reduce the in-
fluence of reservoir heterogeneity than CO, displacement. Driven
by pressure differentials and fractures in pores, the gas has a wider
diffusion range, and enhanced physicochemical interactions with
oil phase occur. In addition, the proportion of residual oil varies
with different huff-n-puff media. The continuous residual oil after
water huff-n-puff is 17.37% more than that after CO, huff-n-puff.
The spread range of CO; in the low permeability region is 8.7%
higher than that of water. Analysis suggests that CO is in a su-
percritical state at 40 °C and 12 MPa (Ding et al., 2021). It combines
the strong fluidity of liquid and the strong diffusivity of gas.
Consequently, its migration capacity in the pore throat is stronger
than that of water, and it can dissolve in the oil phase, targeting
large-scale continuous residual oil more effectively than water.

3.2. Analysis of influencing factors of CO, huff-n-puff

3.2.1. Influence of soaking time

Soaking time has a significant effect on the distribution of re-
sidual oil and water in pores. Fig. 12 shows the distribution char-
acteristics of oil and water in the pore throats after different
soaking time. As shown in Fig. 12(a), when the soaking time
increased from 15 to 60 min, CO; bubbles were observed within
the oil phase in isolated pores, fragmenting the continuous oil
phase, which, however, remained trapped. With the increase in
soaking time, the oil phase in the macropores became more
dispersed, and the phase boundaries grew more distinct. The
membranous residual oil in the throat transformed into shorter
columnar residual oil, and almost all the membranous residual oil
in the fracture was mobilized. The oil phase, which had less con-
nected with water in the pore throat near the fracture, was
eventually able to migrate along the fracture. It can be seen from
Fig. 12(b) that the residual oil at the edge of the low perme-
ability region could also be effectively used with the increase in
soaking time. The analysis shows that a longer soaking time results
in a wider COy diffusion range. When CO; displaces oil into the
bellowing channel, it is easy to merge with the original film-like
residual oil there. This makes the oil area larger, generates large
capillary forces on both sides of the bellowing channel, and has
limited displacement energy itself, resulting in the oil phase
staying in the bellowing channel and forming new columnar re-
sidual oil. The soaking time mainly affects the migration of the oil
phase that is not in close contact with water. For oil phase with
extensive water contact, the migration range is limited due to high
resistance and low displacement energy. In addition, water can
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also dissolve COo, thereby reducing the amount of CO, available for
diffusion into the oil.

Fig. 13 shows the recovery factor and residual oil distribution
after CO, huff-n-puff under different soaking time with injection
pressure of 12 MPa. The oil recovery factor increased significantly
from 15 to 30 min, with an increasement of 8.08%. However, when
the soaking time was extended from 45 to 60 min, the recovery
factor increased by only 1.67%, reaching 67.79%. It can be seen that
once the soaking time exceeded 45 min, the impact on the re-
covery factor diminished. In addition, the proportion of continuous
residual oil (porous and cluster types) decreased by 2.91% from 30
to 45 min, and only 1.77% from 45 to 60 min, leaving only 4.92% at
60-min soaking time. Consequently, the potential for further re-
covery was greatly reduced. Therefore, 45 min is considered the
optimal soaking time.

Simultaneously, it can be observed that as the soaking time
increased, the proportions of cluster, membranous, and porous
residual oil decreased, while the proportion of columnar residual
oil gradually increased, and the proportion of single-pore residual
oil remained largely unchanged. The analysis indicates that with
the increase in time, sufficient diffusion and mass transfer occur
between CO; and oil, which has a significant mobilization effect on
continuous residual oil distributed in various pores in both high
and low permeability regions. CO; diffuses into the oil, causing it
to expand in volume and decrease in viscosity. Meanwhile, some of
the light components also diffuse into the free CO, and are sub-
sequently carried out of the pores. With prolonged soaking time,
the oil displacement efficiency does not increase indefinitely. After
reaching a certain extent, the influence of soaking time on the
oil-gas—water flow gradually diminishes. However, if the
displacement pressure in pores can be effectively replenished, the
residual oil can be further mobilized.

3.2.2. Influence of injection pressure

Pressure serves as the driving force for the migration of oil, gas,
and water in porous media, and then injection pressure has an
important effect on the behavior of the three-phase flow. To
investigate the influence of injection pressure, CO, huff-n-puff
displacement experiments were conducted at a fixed soaking
time of 30 min. The three-phase flow mechanisms at different
pressures are shown in Fig. 14.

At an injection pressure of 12 MPa, the oil-water mixture
remained immobilized in the throats, the oil in the isolated pores
was unswept, and the oil at the edges of low permeability regions
exhibited limited mobility. As the pressure continued to rise, the
solubility of CO; in oil improved, the color of the oil phase became
obviously lighter, a large area of CO, bubbles appeared in the
isolated pores, and a large amount of residual oil was effectively
produced through the columnar residual oil flow in the pore throat
around the fracture. The oil phase in the low-permeability edge
region remained largely immobile. It can be observed from Fig. 14
that after the pressure reached 30 MPa, almost all the residual oil
was dispersed.

The analysis shows that the change of oil-gas-water three-
phase flow with pressure is a complicated process. At low injec-
tion pressure, when gas encounters multiple throats while dis-
placing the oil phase, it preferentially flows through the channels
offering lower resistance, rather than entering pathways charac-
terized by extensive oil-water distribution. As the pressure grad-
ually increases, this selective behavior diminishes, and sufficient
energy becomes available to overcome the resistance in adjacent
throats, thereby displacing the oil and water phases. The oil phase
within the throats is typically adsorbed along the pore walls on
both sides of the migration path. The principal direction of the
applied pressure aligns with the orientation of the throat. When
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Fig. 12. Distribution characteristics of oil, gas, and water after different soaking time. (a) High permeability region; (b) low permeability region; (c) fracture.

moving from the throat into the pore, the direction and magnitude
of the pressure are influenced by the throats connected to that
pore, resulting in force components in multiple directions. Along
the migration path of the oil phase, the pressure gradually de-
creases, eventually allowing the oil phase to be distributed freely
within the pore-throat network.

When the injection pressure exceeds the MMP of 13.76 MPa,
the interfacial tension between CO, and oil almost disappears, the
diffusion of gas to oil increases, the oil phase expands, and the
elastic energy increases. In addition, it is observed that the final
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residual oil is basically distributed in the marginal zone away from
the fracture. This can be explained for three reasons. Firstly, the
energy is insufficient when CO, propagates into the edge region.
Secondly, the horizontal fracture configured inside the chip pro-
vides limited influence; the effect of vertical fractures will be
investigated in subsequent studies. Thirdly, the closed boundary
condition at one end hinders fluid flow.

Fig. 15 shows the distribution and recovery factor of residual oil
in high and low permeability regions following CO, huff-n-puff
under varying injection pressures. When the pressure increased
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from 12 to 18 MPa, and the recovery factors in high and low
permeability regions increased by 3.6% and 4.31%, respectively.
With a continuous pressure increase to 30 MPa, the total recovery
factor of high and low permeability regions reached 74.95%, but
the changes of residual oil and recovery decreased. The experi-
mental results show that the production degree of CO, and oil in
the miscible state is superior to that in the immiscible state, but
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the influence of the increase in pressure on the oil phase flow will
be weakened when the pressure exceeds the miscible pressure.
Diffusion is a fundamental mechanism driving oil phase
expansion, energy enhancement, and oil viscosity reduction
induced by CO, during the soaking stage. Fig. 16 presents the
diffusion coefficient of CO, in the oil phase under different pres-
sure conditions, with detailed pressure variation data inside the
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Fig. 14. Three-phase migration mechanisms under different injection pressures.
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diffusion cell provided in the Appendix A. The diffusion coefficient
of CO, in the experimental oil ranged from 748 x 10~° to
19.5 x 1072 m?/s. When the pressure increased from 12 to 18 MPa,
the diffusion coefficient increased by 5.52 x 10~ m?/[s, and the
change amplitude is the largest at this time. When the pressure
exceeded 18 MPa, the rate of increase of the diffusion coefficient
diminished. Based on the pressure variations in the diffusion cell,
the diffusion process is categorized into three stages: rapid
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diffusion, slow diffusion, and equilibrium. The diffusion coefficient
calculated in this study is the average value of the whole diffusion
process, rather than the coefficient for a specific stage. The
experimental results demonstrate that the diffusion coefficient of
CO; in the oil phase increases with increasing pressure. Notably,
when the pressure exceeds the miscible pressure, the diffusion
coefficient increases significantly. For a constant soaking time,
increasing injection pressure can expand the diffusion range of
CO;. Under a constant pressure condition, a longer the soaking
time results in a larger diffusion area, thereby enhancing the
mobilization of residual oil.

3.3. Simulation results of CO, huff-n-puff under different
parameters

3.3.1. Influence of diffusion coefficient on displacement

Based on the diffusion coefficient measured in the previous
experiment, it is found that the influence of the experimental
diffusion coefficient on the characteristics of CO, displacement is
not significant. Fig. 17 illustrates the oil displacement character-
istics of CO; in porous media with a diffusion coefficient ranging
from 2.54 x 10~ to 2.54 x 10719 m?/s. In the initial state, the pore
oil saturation is 100%, and the color strip reflects the variations in
CO; concentration. As observed from Fig. 17, upon entering the oil-
saturated porous medium, CO, preferentially flows through
channels with low resistance, resulting in distinct viscous
fingering, which is independent of the diffusion coefficient (Jia
et al.,, 2022). The simulation results show that as the diffusion
coefficient increases, the CO, displacement front advances more
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Fig. 17. Displacement characteristics under different CO, diffusion coefficients.
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rapidly, indicating that within the same timeframe, the greater the
diffusion coefficient, the larger the CO, sweep range (Seyyedi and
Sohrabi, 2020). However, the final residual oil distribution seems
to have little relationship with the diffusion coefficient and is
primarily distributed in isolated pores and narrow throats. This is
because only the diffusion mechanism of CO, is considered in the
simulation process, given sufficient time, the eventual spread
range will reach the same level.

3.3.2. Influence of fractures on displacement

In this paper, the effects of horizontal and vertical fractures on
CO,, huff-n-puff displacement at 12 MPa were investigated, and the
simulation results are presented in Fig. 18. Upon entering the
pores, the gas preferentially displaces the oil phase along the
horizontal fracture and subsequently begins to diffuse into the
area adjacent to the horizontal fracture. Fig. 19 illustrates that the
recovery factor exhibits a rapid increase within 6 x 107% s,
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Fig. 18. CO, displacement characteristics under horizontal and vertical fractures.
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followed by a gradual rise beyond this time interval, ultimately
stabilizing at approximately 5 x 10~> s. The models incorporating
both horizontal and vertical fractures demonstrate recovery fac-
tors exceeding 90%, significantly surpassing those observed in the
model without fracture.

Interestingly, it was observed that CO, initially migrates to the
pores near the outlet end, while the oil phase near the inlet end is
mobilized later. This phenomenon is attributed to the heteroge-
neous model configuration, where the pore throat permeability
near the exit is higher than that near the entrance. In the vertical
fracture model, CO; flow is very highly dispersed at the beginning,
and no obvious dominant channel is formed.

The analysis shows that horizontal fractures serve as effective
flow channels, enabling CO, to drive oil production quickly within
the fractures; however, there is a high risk of gas channeling.
Compared with horizontal fractures, vertical fractures facilitate
better pore connectivity, and the CO, diffusion range is relatively
uniform. In general, models with fractures have higher CO, sweep
range and oil phase recovery factor in the same time than models
without fractures.

3.4. CO, storage mechanism

In heterogeneous fractured reservoirs, CO, often flows along
fractures in the early stage, bypassing significant volumes of the oil
phase, and begins to diffuse laterally after the formation of high
permeability channels (Seyyedi and Sohrabi, 2020). Fractures do
not serve as CO, storage sites but can facilitate the transfer of CO,
to pore throats. CO; is mainly stored in isolated pores away from
the outlet, primarily through two mechanisms: capillary trapping
of the free gas phase in the pore throat and dissolution in the oil
and water phases.

As illustrated in Fig. 20(a), CO, enters isolated pores and dis-
places the oil phase. However, due to interfacial tension, capillary
forces, and other factors, a portion of the CO, becomes trapped
within these pores. When CO, displaces oil from a pore into a
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narrow pore throat, the Jamin effect can further cause CO, to
become trapped within the throat. It was also found that water has
a significant impact on CO; storage. Under reservoir pressure, CO;
will dissolve in water. Due to the hydrophilic nature of the pore
walls, the water phase containing dissolved CO, adheres to the
pore surfaces. This mechanism is particularly significant in water-
wet reservoirs.

Furthermore, we quantitatively compared the CO, storage ef-
ficiency within the relatively high permeability and low
permeability zones across varying pressure levels, as presented
in Fig. 20(b). It is important to note that these statistics exclusively
account for CO; sequestered within the oil and water phases. Free-
phase CO; residing within pore spaces was deliberately excluded
from the calculation. This exclusion stems from the high proba-
bility of such CO, migrating out through pore throats, a phenom-
enon governed by breakthrough pressure thresholds, which, if
included, would likely introduce significant error into the storage
efficiency quantification. The results indicate that the larger re-
sidual oil and water saturation area within the relatively low
permeability zone correlates with a higher volume of internally
stored CO,, consequently yielding a greater CO, storage efficiency
percentage for this zone. Conversely, increasing pressure facili-
tates the displacement of oil and water from the pores, leading to a
corresponding decline in the CO, storage percentage. Minor un-
certainties are inherent in the calculations due to the reliance on
CO; solubility data in oil; however, these potential errors remain
within acceptable margins.

Due to the presence of heterogeneity, CO, migrating into the
low permeability region is more likely to be stored. As shown in
Fig. 14, the pores in which the residual oil is still unable to be
produced under increasing pressure seem to be good gas storage
sites. In general, CO, huff-n-huff can not only improve recovery
factor, but also contribute to CO, storage.

4. Conclusions

In this paper, the microscopic displacement mechanism, re-
sidual oil distribution, and CO, storage characteristics in hetero-
geneous fractured reservoirs were investigated through physical
experiments and numerical simulation. The following conclusions
can be drawn:

(1) At an injection pressure of 12 MPa, compared with contin-
uous displacement, the huff-n-huff process can more effec-
tively mobilize the oil phase in low permeability regions and
mitigate the influence of heterogeneity. Supercritical CO,
huff-n-huff achieves a recovery factor of 13.25% higher than
that of water huff-n-huff, indicating the best production
performance of CO; huff-n-huff among the tested methods.

(2) Under water-wet conditions, the water phase is either
adsorbed onto the pore walls or surrounds the oil phase,
creating resistance to oil flow. Residual oil mainly forms
because the driving force during huff-n-puff is insufficient
to overcome this resistance. The residual oil primarily ex-
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hibits porous and columnar morphologies, distributed
nearly equally between the relatively low permeability and
high permeability regions (ratio close to 1:1). With pro-
longed soaking time, the proportions of cluster, film-liked,
and porous residual oil decrease, while the proportion of
columnar residual oil increases, and proportion of isolated-
pore residual oil remains unchanged. When the soaking
time and injection pressure increase to a certain extent,
further increases have diminishing effects on CO, displace-
ment efficiency.

(3) The diffusion coefficient of CO in the oil phase ranges from
7.48 x 1079 to 19.5 x 10~ m?/s. When the pressure exceeds
the minimum miscibility pressure (MMP) of CO,, the
diffusion coefficient increases significantly, leading to a
notably expanded swept area in isolated pores and pore
throats distant from fractures and the outlet. When the
diffusion coefficient is increased by 10 times, the diffusion
range of CO, increases significantly at the same time.

(4) In the absence of fractures, high permeability channels are
easily formed during CO, displacement. Horizontal fractures
provide effective pathways for fluid migration, while verti-
cal fractures exhibit strong pore-connectivity capacity, both
of which can effectively enhance the diffusion range of CO,.

(5) A portion of CO; is stored as bubbles in isolated pores sur-
rounded by water and oil phases, while another portion
remains dissolved in the oil phase and retained as part of the
residual oil-gas mixture. A higher CO; storage efficiency in
both the oil and water phases is observed in regions with
relatively low permeability, compared to those with higher
permeability.
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