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Abstract: CO2 huff-n-puff is regarded as an effective method to improve the recovery of low perme-
ability and tight oil reservoirs. To understand the impact of CO2 huff-n-puff on crude oil mobilization
in tight reservoirs with different fracture scales, this study conducted CO2 huff-n-puff nuclear mag-
netic resonance (NMR) and microscopic visualization experiments, focusing on how varying fracture
apertures and densities affect the efficiency of the CO2 huff-n-puff. The results show that in scenar-
ios with a single fracture, larger fracture apertures significantly boost oil mobilization within the
fracture and the surrounding matrix. For instance, increasing the aperture from 20 µm to 70 µm
improved the recovery factor by 9.20%. In environments with multiple fractures, greater fracture
density enhances reservoir connectivity, and increases the CO2 sweep area, and the complex fracture
model shows a 4.26% increase in matrix utilization compared to the simple fracture model. Notably,
the improvement in recovery due to multi-scale fractures is most significant during the first two
huff-and-puff cycles, with diminishing returns in subsequent cycles. Overall, increasing both fracture
size and density effectively enhances crude oil mobilization in tight reservoirs. These findings provide
valuable insights into improving the recovery efficiency of CO2 huff-and-puff techniques in tight
oil reservoirs.

Keywords: tight oil reservoir; CO2 huff-and-puff; NMR; microscopic visualization experiment; fracture

1. Introduction

The development of ultra-low permeability and tight oil reservoirs in China holds
considerable promise. However, these reservoirs often feature low pressure, numerous
natural fractures, intricate pore structures, and significant heterogeneity. These factors
make it challenging to achieve effective production increases through natural depletion
methods, with primary recovery rates often falling below 10% [1–4]. To enhance recovery
from tight reservoirs, various enhanced oil recovery (EOR) techniques have been employed,
including water flooding, gas flooding, and chemical flooding. Among these, CO2-EOR is
one of the most effective techniques for tight oil reservoirs [5]. The significant interactions
between crude oil and carbon dioxide—such as viscosity reduction, oil swelling, diffusion,
extraction, and miscibility—make CO2 injection particularly advantageous. However, in
tight reservoirs with natural fractures, CO2 injection may lead to gas channeling [6]. Studies
have shown that CO2 huff-n-puff is an effective approach to mitigating gas channeling
in single-well operations [7], as it not only supplements reservoir energy and enhances
oil recovery but also facilitates CO2 utilization and geological sequestration [8–10]. The
presence of fractures not only increases the contact area between CO2 and crude oil but
also provides convenient pathways for oil extraction.

Extensive research has been conducted on CO2 huff-and-puff technology, especially
concerning tight oil reservoirs [11–14]. Post-volumetric fracturing, hydraulic fractures
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interact with natural fractures, creating a complex network that significantly impacts the
effectiveness of CO2 huff-and-puff processes [15–17]. Bai et al. [18] investigated the effect of
fractures on the dynamics of CO2 huff-and-puff, discovering that fractures notably improve
recovery rates during the early and middle stages. Cao et al. [19] found that fractures,
while increasing CO2 channeling and reducing the sweep area, also aid in oil recovery from
smaller pores. Li et al. [20] studied the role of fractures in CO2 huff-and-puff efficiency
across reservoirs with different permeabilities, indicating that fractures significantly boost
initial oil production and recovery while reducing the effect of permeability on recovery
rates. Huang et al. [21] examined the microscopic influence of fractures on oil movement
in shale pores, finding that fractures significantly enhance oil recovery from both small
and large pores. Li et al. [22] conducted experiments on fracture quantity’s impact on
CO2 huff-and-puff recovery, showing that increased fracture numbers substantially boost
oil recovery rates in tight cores, primarily during the first two cycles. Liu et al. [23] per-
formed microscopic visualization experiments under high-temperature and high-pressure
conditions, allowing real-time observation of CO2 huff-and-puff processes and clarifying
their underlying mechanisms. Zhao et al. [24] conducted similar experiments on CO2
flooding, showing that in low-permeability reservoirs with well-developed fractures, the
huff-and-puff method is notably more effective than displacement.

In recent years, methods for studying microscopic residual oil have primarily included
nano-CT technology, nuclear magnetic resonance (NMR) technology, and microscopic
simulation model technology. The advantage of CT technology is its ability to achieve
three-dimensional observation. It quantitatively analyzes rock physical properties and
images to obtain information on the distribution of fluid saturation within the core, pro-
viding a clear representation of the rock’s pore structure [25,26]. NMR technology is
typically used in displacement experiments with real cores, offering high precision in
its measurements [27–29]. The combination of glass etching simulation models with
microscopic image acquisition systems has enabled the visualization of microscale dis-
placement dynamics, with its application being most prevalent in gas injection and water
flooding experiments [30].

Research indicates that few studies have explored the impact of fractures on CO2 huff-
and-puff from a multi-scale perspective. Accurately characterizing multi-scale fractures
is crucial for effectively simulating the CO2 huff-and-puff process in fractured tight oil
reservoirs. This study utilizes nuclear magnetic resonance (NMR) technology and a multi-
scale fracture microscopic etching model, focusing on the Chang7 reservoir as a case study.
NMR and microscopic visualization experiments were conducted to simulate CO2 huff-
and-puff processes in tight oil reservoirs affected by fractures. The research examines how
different fracture apertures and densities impact the efficacy of CO2 huff-and-puff under
multi-scale fracture conditions. It also investigates the mobilization characteristics and
the distribution of residual oil within matrix pores. Furthermore, it studies the seepage
behaviors of oil and gas between the matrix and fractures, as well as variations in CO2
sweep characteristics and mobilization levels. These findings provide theoretical insights
for advancing CO2 huff-and-puff techniques in tight oil reservoirs.

2. Materials and Methods
2.1. Materials

(1) Oil and gas samples

In this study, the oil sample used was dead oil collected from the Chang7 member
of the Changqing oil field. The characteristics of this oil are detailed in Figure 1. At the
testing temperature of 75 ◦C, the oil sample has a viscosity of 2.15 mpa·s and a density of
0.747 g/cm3. Its composition includes 56.31% saturated fraction, 11.28% aromatic fraction,
1.52% colloidal fraction, and 0.3% asphaltenes. The experimental gas used was CO2 with
a high purity of 99.9%, supplied by the Huatong Jingke Gas Company in China. The
minimum miscibility pressure (MMP) between the CO2 and the crude oil was determined
to be 17.6 MPa at 75 ◦C. Based on field data, the oil recovery efficiency for different drive
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mechanisms is presented in Figure 2. It is evident that carbon dioxide injection offers
favorable economic benefits. Due to the rapid decline in reservoir pressure observed in the
field, the experiments were conducted under immiscible conditions, aligning with the field
situation, meaning the pressure was kept below the MMP to reflect realistic operational
conditions in the reservoir. This approach allows researchers to study how CO2 interacts
with the oil under conditions that are representative of actual reservoir environments,
offering insights into optimizing the CO2 huff-and-puff process for improved oil recovery.

Figure 1. Compositional analysis of the crude oil.

Figure 2. The oil recovery efficiency of different drive mechanisms.

(2) Cores

Core samples with comparable permeabilities and porosities were utilized, all sourced
from the same tight oil reservoir. These core samples featured artificial cracks oriented
along the axial direction. To simulate the effects of varying crack apertures, gaskets of
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differing thicknesses were inserted into the core cracks. All cracks were positioned centrally
within the cores to maintain consistency across experiments. These experimental setups
were designed to assess how variations in fracture aperture impact the CO2 huff-and-puff
process, allowing for a detailed analysis of fluid flow and oil recovery under controlled
conditions. The key parameters of the core samples, such as porosity, permeability, and
other pertinent properties, are outlined in Table 1.

Table 1. The basic properties of core samples used in the experiments.

Core
Number Length/cm Diameter/cm Porosity/% Permeability/

10−3 µm2
Fracture

Aperture/µm

1 7.24 2.54 10.36 0.094 20
2 7.31 2.52 10.54 0.089 50
3 7.26 2.54 10.12 0.093 70

(3) Etched glass models

The matrix pores were initially described based on thin sections of the reservoir
core casts. After this, fractures of various scales were incorporated into the model. The
microscopic visualization model had an overall size of 10 × 10 cm, with an etched area
measuring 8 × 8 cm. Within this etched region, matrix pores and fractures of different
sizes were randomly distributed. The fractures featured apertures of 1000 µm, 100 µm, and
50 µm, allowing for the examination of various fracture scales and their effects on fluid flow
and oil recovery. Based on the fracture density, the model was divided into two categories:
a simple fracture model and a complex fracture model, as illustrated in Figure 3.

Figure 3. Glass etching model fabrication process: (a) cast sheet; (b) binarization process; and
(c) CAD model.

2.2. Apparatus

The experimental setup utilized a range of specialized equipment to conduct the
study. Key devices included: ISCO double cylinder pump, intermediate container (500 mL,
pressure 50 MPa), core gripper (maximum pressure of 70 MPa, The maximum temperature
is 150 ◦C), high-power microscope, constant temperature and constant pressure micro
model gripper, display, confining pressure pump, back pressure pump, thermostat, a low
field MesoMR12-150H NMR system manufactured by the Niumag Corporation Ltd. in
Suzhou, China (magnetic field intensity is 0.3 ± 0.05 T, instrument main frequency is
1 MHz). High precision syringe pump (model 100DX, Jiangsu Hai’an Research Instrument
Co., Ltd., Nantong, China, injection accuracy 0.001–6 mL/min), VHX6000 microscope
(Keyence, Osaka, Japan, 15–50 frames/s).
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2.3. Experimental Procedure
2.3.1. CO2 Huff-and-Puff Experiment for Low-Permeability Cores

Figure 4 shows the experimental setup for CO2 huff-and-puff. It is important to note
that all experiments were conducted under immiscible conditions. The specific experimen-
tal steps are outlined as follows:

(1) Dry core measurement: Choose experimental cores, clean and dry them, and then
weigh the dry core. Measure its length and diameter to calculate the core volume.

(2) Oil saturation: Dry the core in a 96 ◦C oven for 10 h. Once cooled, saturate it with
crude oil under vacuum, then age it at 75 ◦C and 10 MPa for 48 h. Perform an NMR
scan on the aged core.

(3) Injection stage: Position the core in a core holder, injecting CO2 at 0.2 mL/min. Keep
the confining pressure 3–5 MPa above the upstream pressure, and stop when the
injection pressure stabilizes at 10 MPa.

(4) Soaking stage: Close the core holder’s inlet and outlet valves and soak for 5 h.
(5) Production Stage: Following soaking, open the injection end valve and gradually reduce

the back pressure to let CO2 carry out the crude oil. Stop when oil production ceases.
(6) Repeat the injection, soaking, and production stages (steps 3 to 5) for a total of four

cycles to complete the huff-and-puff process.

Figure 4. Experimental equipment for CO2 injection.

2.3.2. Microscopic Non-Miscible CO2 Huff-and-Puff Experiment

Figure 5 shows the experimental equipment of microscopic visualization, which was
conducted under immiscible conditions. The specific experimental steps are as follows:

(1) Model cleaning: Inject petroleum ether into the glass-etched model at 20 µL/min.
Once cleaned, place the model in a 96 ◦C oven to dry for 24 h.

(2) Oil saturation: Place the etched model in a micro-model holder and apply a vacuum at
room temperature (23 ◦C) for one hour. Then, saturate the model with oil at 20 µL/min
until 99.9% of the pores are filled with crude oil.

(3) Injection stage: Start by opening the microscope camera and adjusting the focus for
a clear image. Begin recording, set the back pressure to 0.1 MPa, and use the confining
pressure pump to maintain a pressure of 0.3 to 0.5 MPa above the model pressure. Set
the injection rate to 30 µL/min and close the inlet valve when the injection pressure
reaches 0.5 MPa.

(4) Soaking stage: Keep the inlet valve closed and let the system soak for 20 min.
(5) Production stage: Open the inlet valve to allow the pressure in the model to gradually

drop to atmospheric pressure. Record the entire oil extraction process, capturing all
stages. Stop recording when oil extraction ceases.

(6) Repeat the injection, soaking, and production stages (steps 3 to 5) for a total of four
cycles to complete the huff-and-puff process.
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Figure 5. Experimental equipment of microscopic visualization.

2.4. Principle of Low Field Nuclear Magnetic Resonance (NMR)

The transverse relaxation time (T2) of fluid NMR in porous media is mainly composed
of three parts: surface relaxation time (T2, surface), bulk relaxation time (T2, bulk), and
diffusion relaxation time (T2, diffusion) [31–33]:

T2 =
1

T2,surface
+

1
T2,bulk

+
1

T2,diffusion
(1)

where T2 surface is the surface relaxation time; T2 bulk is the bulk relaxation time; and
T2 diffusion is the diffusion relaxation time, respectively. Because the uniform magnetic
field and the bulk relaxation time are much greater than T2, T2 bulk and T2 diffusion are
usually neglected. Thus, T2 can be expressed as follows [34]:

T2 = T2,sur f ace =
V

ρtS
(2)

where ρt is the surface relaxivity, m/ms; S is the surface area, µm2; and V is the pore
volume, µm3.

If the pore structure is simplified as a standard spherical structure or a columnar
structure, the ratio of the surface area to the volume can be expressed as follows:

S
V

=
Fs

r
(3)

where Fs is the shape factor of a pore, and r is the pore radius, µm.
Combining Equations (2) and (3), we can obtain the following:

T2 = T2,sur f ace =
r

ρtFs
(4)

According to Equation (4), T2 is proportional to r, that is, T2 can reflect the size of r,
and the signal intensity can reflect the amount of crude oil in the corresponding different
aperture. Therefore, the amount of crude oil in the core and the degree of recovery can be
calculated according to the distribution of the T2 spectrum at different stages, as follows:

Qt =
∫ ts

t0

Atdt (5)

Er =
Q2 − Q1

Q0
× 100% (6)

In Equation (6), Qt is the crude oil stock at time t, t0 is the initial transverse relaxation
time corresponding to the T2 spectral curve at time t, ms; TS is the termination transverse
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relaxation time corresponding to the T2 spectral curve at time T, ms; At is the signal intensity
corresponding to the T2 spectral curve; Er is the oil recovery degree from time t1 to time
t2, %; Q0, Q1 and Q2 are the crude oil stocks corresponding to the initial saturation times,
t1 and t2, respectively.

3. Results and Discussion
3.1. Characteristics of Crude Oil Mobilization During CO2 Huff-n-Puff
3.1.1. Microscopic Characteristics of Crude Oil Mobilization

Figure 6 illustrates the NMR spectra of saturated oil core samples. Previously, a power
law relationship between NMR relaxation time and pore radius was described. In earlier
studies, the conversion relationship between NMR relaxation time and pore radius was
determined as [35,36]:

R = 0.0068T2
0.4237 (7)

By applying the conversion equation to NMR relaxation times, we can determine the
pore distribution of the core. Figure 6 illustrates the oil recovery characteristics of core
sample 1 under different cycles. It is clear that the T2 spectra of oil-saturated cores show
a bimodal pattern, with the right peak significantly higher than the left. This indicates that
the experimental cores have well-developed macropores, while micropores and nanopores
are less developed. Comparing the signal distribution of T2 curves across different cycles
helps delineate the distribution of the matrix and fractures: T2 values between 0.1 ms and
500.0 ms correspond to the core matrix, while values between 500.0 ms and 10,000.0 ms
correspond to fractures. Based on related literature and NMR principles, pore types in
the matrix can be further classified according to the characteristics of the T2 curve valleys:
pores with T2 values from 0.1 ms to 10.0 ms are identified as small pores, and those with
T2 values from 10.0 ms to 500.0 ms are identified as large pores.

Figure 6. NMR T2 spectra of core no. 1 samples during CO2 huff-n-puff.

Figures 7 and 8 respectively show the oil recovery characteristics of core sample 2 and
core sample 3 under different cycles. As fracture aperture increases, the decline in crude
oil signal amplitude is significantly greater during the first two cycles, notably affect-
ing large pores (20.0 ms ≤ T2 ≤ 431.0 ms) and, to a lesser extent, some small pores
(1.0 ms ≤ T2 ≤ 7.0 ms). This is because larger fracture apertures enhance the flow capacity,
allowing CO2 to diffuse into the matrix during the soaking period and dissolve in the oil.
During extraction, fractures act as flow channels, reducing resistance and enabling oil in the
matrix to expand into the fractures for more efficient extraction. As the number of huff-and-
puff cycles increases, the degree of oil extraction significantly decreases after the third cycle.
Oil movement primarily occurs through pores with relaxation times between 7.0 ms and
20.0 ms, into some small (1.0 ms ≤ T2 ≤ 7.0 ms) and large pores (20.0 ms ≤ T2 ≤ 170.0 ms).
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By this stage, oil near fractures has been extracted, while oil farther away is harder to extract
due to slow molecular diffusion and high flow resistance in the matrix. With the increase
of fracture aperture, the lower limit of effective pore utilization decreases. This is because
larger apertures allow greater CO2 injection volumes and contact areas, enhancing molecu-
lar diffusion. Early extraction of more oil creates favorable conditions for subsequent CO2
contact with oil in smaller pores.

Figure 7. NMR T2 spectra of core no. 2 samples during CO2 huff-n-puff.

Figure 8. NMR T2 spectra of core no. 3 samples during CO2 huff-n-puff.

3.1.2. Micro-Characteristics of Crude Oil Mobilization

Figure 9 illustrates the variation in oil recovery degree for different cores in each cycle,
combined with NMR analysis. The results show that in the first cycle, the oil recovery for
fracture apertures of 20 µm, 50 µm, and 70 µm are 14.29%, 17.29%, and 22.82%, respectively.
The highest recovery occurs in the fourth cycle, but the recovery degree gradually decreases
in subsequent cycles. As the fracture opening increases, the recovery degree in the same
cycle also increases; however, the most significant gains occur in the first two cycles, with
diminishing returns in later cycles. Comparing the cumulative oil recovery degrees for
different fracture apertures (Figure 10), the recovery degrees after four cycles are 43.73% for
20 µm, 47.81% for 50 µm, and 52.93% for 70 µm. The utilization degrees for cores with
50 µm and 70 µm fracture apertures are 4.08% and 9.20% higher than for those with 20 µm
apertures. This indicates that larger fracture apertures expand the effective percolation
channels, enhancing crude oil recovery. The increase in fracture opening contributes to
recovery in two ways: it increases the contact area between CO2 and crude oil, and it
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significantly reduces the counterflow resistance of crude oil during the recovery stage,
aiding in more efficient oil extraction.

Figure 9. Variation in oil recovery degree for core samples in each cycle.

Figure 10. Cumulative oil recovery for core samples with different fracture apertures.

3.2. Distribution Characteristics of Residual Oil After CO2 Huff-and-Puff

Figure 11 displays NMR images showing the remaining oil in each cycle for different
cores. In these images, the red shaded areas indicate high oil saturation, and the left side
marks the injection and production end. Initially, the saturated core has a relatively uniform
oil saturation distribution. However, after CO2 throughput, oil saturation significantly
decreases at the injection and production end, while remaining relatively high at the distal
end. When fractures are present, they serve as effective percolation channels, enhancing
the contact between CO2 and the matrix oil. During the injection and socking phase, CO2
diffuses through the fractures into matrix pores, pushing the crude oil towards the distal
end and connecting the surrounding matrix pores. In the production stage, as CO2 fully
interacts with the crude oil in the matrix pores, the pressure differential generates negative
convection, causing the crude oil to flow in reverse from the matrix to the fractures for
extraction, primarily affecting oil near the injection end and lessening influence on distal
oil. When fracture apertures are 20 µm, the remaining oil is mainly found at both ends of
the core. As the throughput cycles increase, the remaining oil at the outlet decreases, while
more oil remains further from the outlet, with minimal fracture channel and gravity effects.
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With larger fracture apertures (50 µm and 70 µm), the negative convection phenomenon
becomes more pronounced, leading to a reduction in the remaining oil within the cyclic
fracture channels. As the huff-and-puff cycle increases, the remaining oil at the distal
end decreases, pressure propagates effectively, the distance influenced by CO2 injection
increases, and gravity effects become more pronounced.

Figure 11. NMR images of the oil-saturated sample and after CO2 huff-and-puff.

3.3. Characteristics of Oil and Gas Percolation Changes and Sweep Efficiency
3.3.1. Percolation Variation Between Oil and Gas

Figure 12 illustrates the characteristics of oil and gas percolation across different
cycles using the simple fracture model. The white areas represent the CO2 spread area,
and the oil–gas interface is distinct. During the gas injection period, fractures act as
primary flow channels, with CO2 preferentially entering due to velocity potential. The
flow is dominated by large-scale and mesoscale fractures. Initially, the gas displacement
front forms a finger-like pattern. As the huff-and-puff cycle increases, CO2 concentra-
tion redistributes, becoming higher in areas with better pore connectivity. Diffusion
mainly occurs along fractures parallel to the main diagonal, gradually widening the
finger-like spread.

Figure 12. The oil and gas seepage characteristics of simple fracture model.
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Figure 13 illustrates the characteristics of oil and gas percolation across different cycles
using the complex fracture model. The percolation primarily occurs through connected frac-
tures, with a noticeable channeling effect. During injection, CO2 moves from one fracture to
adjacent ones, migrating into previously unaffected areas through well-connected channels.
It replaces the oil in the matrix pores and enters the fractures. During the production period,
some crude oil remains trapped in distant pores and fractures due to the long reverse flow
path. As subsequent injections occur, channeling increases and a new gas displacement
path develops. Compared to the simple fracture model, the increased fracture density in the
complex model enhances overall connectivity, significantly expanding the propagation area
on both sides of the main diagonal, and demonstrating network propagation characteristics.

Figure 13. The oil and gas seepage characteristics of complex fracture model.

3.3.2. Sweep Efficiency Characteristics

Figure 14 presents the experimental results of amplitude change features that have
been binarized using ImageJ software (v1.54) for different models. The wave area for the
first cycles was found to be 5.72% and 6.43%, respectively. Since CO2 had limited exposure
to the cracks, it primarily diffused through the matrix under pressure difference, resulting
in a minimal difference. As throughput cycles increased, the spread range gradually
expanded; however, the rate of increase decreased progressively. In the simple fracture
model, the spread areas for the second to fourth huff-and-puff cycles were measured at
11.07%, 16.03%, and 21.52%, respectively. In contrast, for the complex fracture model, the
spread areas were recorded at 15.19%, 23.73%, and 30.55%. Compared to the simple fracture
model, the complex fracture model showed an increased spread range under similar huff-
and-puff conditions. From the first to the third cycle, the spread range increased by 4.11%,
7.69%, and 9.03%, respectively. This demonstrates that higher fracture density significantly
enhances the CO2 spread range, thereby improving the energy replenishment effect.

Figure 15 compares the maximum sweep distances observed in the fourth cycle.
The previous injection cycle significantly affects the outcomes of subsequent cycles, and
this impact is even more pronounced in the presence of induced fractures. Although
the injection direction aligns with the diagonal, it deviates slightly from most fracture
orientations, indicating that fracture direction affects the spread area in a remarkable way.
In the simple fracture model, the wave front extends along the main diagonal, reaching
a maximum of 11.361 cm. Poor connectivity results in a shorter wave front along the
secondary diagonal, with a maximum distance of 5.946 cm. In the complex fracture model,
after spreading 7.568 cm longitudinally—a reduction of 50%—the wave redirects along the
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secondary diagonal via conjugate fractures, reaching up to 9.408 cm, an increase of 58%.
This configuration significantly enhances the overall spread range and reduces resistance
to crude oil flow, mitigating the negative effects of gas breakthroughs.

Figure 14. The sweep range of different models after CO2 huff-and-puff.

Figure 15. The maximum sweep distance in the fourth round for different models.

3.4. Comparison of Enhanced Oil Recovery Effects

Figure 16 illustrates the extent of fracture-matrix utilization under different CO2 huff-
and-puff cycles, highlighting that the reticular fracture model consistently surpasses the
single fracture model in extraction efficiency. Across equivalent huff-and-puff cycles, the
complex fracture model exhibits superior matrix utilization compared to the simple fracture
model. Initially, increasing fracture density significantly enhances oil recovery in the first
two CO2 huff-and-puff cycles; however, this advantage decreases in later cycles. By the
fourth cycle, matrix utilization in the complex fracture model is 4.6% higher than in the sim-
ple model. During both the injection and soaking phases, CO2 primarily disperses through
mesoscale fractures, then microscale fractures, with matrix pores being utilized last. During
the production phase, crude oil flows counter-currently along dominant pathways, with
large-scale fractures serving as primary seepage channels and storage reservoirs. As the
huff-and-puff cycles advance, the utilization rates across different fracture scales gradually
rise. Crude oil mobilization is particularly effective within mesoscale fractures and their
adjacent matrices. Notably, in earlier stages, microscale fractures show higher utilization
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than large-scale ones across various models, especially in complex configurations. However,
by the fourth cycle, this trend reverses: large-scale fractures exhibit greater mobilization
than microscale fractures. Additionally, there is a 4.26% increase in mobilization within
simple models at this point. Consequently, during production, large-scale fractures be-
come the principal drainage pathways for crude oil, indicating a flow trajectory that starts
in the matrix, moves through large-scale fractures, and transitions through medium- to
small-scale structures toward the production endpoints.

Figure 16. The extent of fracture-matrix utilization under different CO2 huff-and-puff cycles:
(a) simple fracture model; and (b) complex fracture model.

4. Conclusions

The CO2 huff-n-puff experiments and microscopic visualization offer insights into
crude oil mobilization in tight reservoirs under different fracture conditions. Key conclu-
sions are as follows:

(1) The increase in fracture aperture enhances CO2 and crude oil interaction during
injection and soaking stages, improving oil mobilization within the matrix. Larger
apertures reduce the threshold for mobilizing oil from matrix pores, with most oil
mobilized from large pores, while recovery from smaller pores remains limited.

(2) Increasing fracture density improves oil discharge areas. Induced fractures have
a significant impact on CO2 diffusion. Multi-scale fractures predominantly enhance
recovery in medium and small-scale fractures and adjacent matrices, while large-
scale fractures serve as major flow channels. Benefits are most significant in the first
two cycles, with diminishing effects in later cycles.

(3) Multi-scale fractures can significantly enhance the negative convection effect, leading
to a substantial reduction of residual oil both near and far from the injection point.
The spatial distribution of residual oil demonstrates the movement of crude oil from the
matrix to fractures and then to the production endpoint during the huff-n-puff process.

Finally, we will further expand the scope of our research to consider the limits of
effective utilization of tight oil reservoirs in the presence of complex fractures. Additionally,
we will consider the impact of dynamic soaking time on recovery rates in our future work.
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