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water alternating gas (CO2-WAG) injection as an effective enhanced oil recovery (EOR) method has been
applied in heterogeneous reservoirs. Simultaneously, it facilitates carbon sequestration, contributing to

Available online 2 April 2025 the green anq low-carbon transformation of energy. However, the EOR mechanisms and ipﬂuencin.g

factors are still unclear for the development of heterogeneous sandy conglomerate reservoirs. In this
Edited by Yan-Hua Sun paper, we conducted core flooding experiments combined nuclear magnetic resonance (NMR) tech-

nology to investigate EOR mechanisms of the CO,-WAG injection on the multiscale (reservoir, layer, and
Keywords: pore). The study compared multiscale oil recovery in sandy conglomerate reservoirs under both miscible
Multiscale investigation and immiscible conditions, while also analyzing the effects of water—gas ratio and injection rate. In the
Heterogeneous reservoir immiscible state, the CO,-WAG displacement achieves an oil recovery of approximately 22.95%, repre-
CO2-WAG displacement senting a 7.82% increase compared to CO, flooding. This method effectively inhibits CO, breakthrough in

EOR mechanism

NMR high-permeability layers while enhancing the oil recovery in medium- and low-permeability layers.

Furthermore, CO,-WAG displacement improves the microscopic oil displacement efficiency within
mesopores and micropores. As the water—gas ratio increases, the total oil recovery rises, with enhanced
oil recovery in low-permeability layers and micropores. Moreover, a gradual increase in injection rate
leads to a decrease in total oil recovery, but it leads to an increase in oil recovery from low-permeability
sandy conglomerate layers and micropores. In the miscible state, the displacement efficiency of CO,-WAG
is significantly enhanced, the total oil recovery three times higher than that in the immiscible state. In
particular, the oil recovery from low permeability layers and micropores has further improved. Addi-
tionally, experimental results indicate that parameters such as water—gas ratio and injection rate do not
significantly affect the oil recovery of CO,-WAG miscible displacement. Therefore, maintaining the
reservoir pressure above the minimum miscible pressure is the key to maximizing ultimate recovery
factor in these reservoirs.
© 2025 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

In the context of the low-carbon energy transition, CO; flooding
is an effective technology that not only enhances oil recovery but
~ Comesponding author. a!so facilitates carbon sequestration (Henni, 2014.; Lig etal., 20223;
; A . Singh, 2018; Zhang et al., 2023). Current research indicates that CO,
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and making its injection into tight reservoirs feasible. The enhanced
oil recovery (EOR) mechanisms of this technology primarily include
crude oil expansion, viscosity reduction, and miscibility (Al-Saedi
et al,, 2019; Hu et al.,, 2019; Lan et al., 2019; Qian et al., 2019; Xu
et al., 2022). Numerous oilfield practices have demonstrated that
the CO; flooding can improve oil recovery (Guo and Xu, 2014; Liu
et al,, 2017; Liu et al., 2022b; Wang et al., 2013). Additionally, this
process sequesters CO, underground, contributing to carbon
neutrality (Chen et al.,, 2016; Tian et al., 2022; Yu et al., 2022).

However, CO, flooding still faces several challenges. In highly
heterogeneous reservoirs, oil recovery is often limited due to early
CO, breakthrough, severe gas channeling, and low sweep efficiency
(Du et al., 2020; Jiang et al., 2023; Wang et al., 2023). Similarly,
conventional water flooding in such reservoirs encounters its own
set of issues, including injection difficulties, low recovery rates, and
high flow resistance. These factors lead to slow propagation of
pressure and rapid depletion of reservoir energy (Afzali et al., 2018;
Chen et al., 2010; Nezhad et al., 2006; Odesa, 2018).

To address these technical challenges, CO, water alternating gas
(CO,-WAG) injection, an effective EOR method, has been applied in
heterogeneous reservoirs. CO,-WAG displacement combines the
advantages of both water and gas flooding, maintaining injectivity
while suppressing gas channeling (Ramachandran et al., 2010). To
investigate the underlying mechanisms, many scholars and experts
have conducted extensive experimental research.

Kulkarni and Rao (2005) compared the performance of WAG
flooding and continuous gas injection, concluding that WAG
flooding can achieve a broad sweep area and a higher displacement
efficiency. Similarly, Masalmeh et al. (2022) evaluated the gas in-
jection in carbonate reservoirs and found that WAG flooding, when
applied after gas injection, further reduces the residual oil satura-
tion and enhances the oil recovery. However, both studies were
conducted using homogeneous cores, which do not fully represent
the varying degrees of heterogeneity found in actual reservoirs.

To address this, Zhao et al. (2019) explored the mechanisms by
which CO,-WAG enhances oil recovery in heterogeneous reser-
voirs. They compared different injection methods—water flooding,
gas flooding, and WAG—on oil recovery efficiency in heterogeneous
carbonate reservoirs. Their results show that WAG flooding
significantly lowers the water cut compared to water flooding and
maintains a stable gas—oil ratio, delaying gas breakthrough. Among
these methods, WAG flooding achieves the highest oil recovery,
followed by continuous gas flooding and water flooding. While
Zhao et al. (2019)'s study considered heterogeneity on the core
scale, it focused more on localized heterogeneity and did not fully
capture the complexity of entire reservoirs.

Wang et al. (2021) addressed reservoir heterogeneity using
parallel cores to simulate interlayer differences, and employed
NMR technology to study the effects of various displacement
methods on oil recovery. Their findings show that reservoir het-
erogeneity significantly reduces the efficiency of oil displacement.
Moreover, Cui et al. (2022) conducted WAG flooding experiments
using vertically and horizontally heterogeneous synthetic cores and
found that the residual oil distribution after WAG injection is larger
in heterogeneous cores than in homogeneous ones. This occurs
because, in the later stages of WAG injection, the gas—water slug
diverts toward low-permeability zones, reducing injection effi-
ciency in high-permeability zones and decreasing the overall
displacement effect. While both studies used NMR technology to
examine the effect of WAG flooding on oil recovery in heteroge-
neous reservoirs, neither employed NMR to quantitatively analyze
oil recovery on the pore scale.

In addition, the miscible state also affects the CO,-WAG per-
formance. Kulkarni and Rao (2005) found that the miscible CO,-
WAG displacement achieves an oil recovery rate of 60%—70% higher
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than the immiscible displacement. Furthermore, Cai et al. (2021)
used on-line NMR imaging technology to monitor CO, displace-
ment in low-permeability sandstone cores under different reser-
voir pressures. The results show that the oil recovery by miscible
flooding (69.4%) is twice more than that by immiscible flooding
(32.6%). The studies above suggest that oil recovery by WAG is also
influenced by miscible conditions. However, they relied solely on
overall recovery factors as evaluation criteria and did not assess
heterogeneity on the interlayer or pore scale. Consequently, they
could not fully explore the mechanisms of oil displacement by WAG
under different miscible conditions on the multiscale.

In this paper, we explored the EOR mechanism of CO,-WAG on
the multiscales—reservoir, layer, and pore—using core experi-
ments combined with NMR technology. We also analyzed the in-
fluence of displacement parameters such as injection rate and
water—gas ratio in both miscible and immiscible states.

2. Experimental
2.1. Experimental materials

The target reservoir in this study is a sandy conglomerate
reservoir, which can be classified into coarse sandstone,
conglomerate-bearing sandstone, and sandy conglomerate layers
based on the sand-to-gravel ratio (as shown in Fig. 1). The perme-
ability and porosity of these layers are very different, and the
reservoir exhibits strong heterogeneity. The reservoir temperature
and pressure are about 70 °C and 20—27 MPa.

In this experiment, cylindrical rock samples were cut from the
three distinct layers, and their permeability and porosity were
measured using a pulse-decay permeameter and a porosity meter.
The basic physical properties are presented in Table 1. Core samples
1-5 are coarse sandstone samples with permeability of 100—150
mbD and porosity of 0.12—0.17. Core samples 6—9 are conglomerate-
bearing sandstone samples with permeability of 10—50 mD and
porosity of 0.1-0.12. Core samples 10—14 are sandy conglomerate
samples with permeability of 0.1-10 mD and porosity of 0.07—0.12.
The experimental results indicate a significant difference in
permeability across the various layers of the target reservoir.

D,0 (heavy water) with purity of 99.8% was used as the aqueous
phase in the experiment because it exhibits no signal in proton
NMR detection. This allows the NMR instrument to more effectively
track the remaining oil in the core. The viscosity of the heavy water
was 1.23 mPa s at experimental temperature, similar to that of H,0

Fig. 1. Experimental core samples.
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Table 1
Basic property parameters of experimental cores.
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Core type Core No. Length, cm Diameter, cm Porosity, % Permeability, mD
Coarse sandstone 1 4.761 2.541 16.41 134.19
2 4.904 2.528 13.56 122.24
3 4.806 2.535 13.94 123.56
4 4.881 2.540 16.63 146.03
5 4.851 2.456 12.84 142.35
Conglomerate-bearing sandstone 6 4,928 2.465 10.71 30.79
7 4.979 2.523 10.34 2043
8 4.899 2.534 10.65 16.84
9 4.956 2.512 12.06 10.83
Sandy conglomerate 10 4.863 2.531 7.78 0.68
11 4.892 2.506 11.52 0.23
12 4.878 2.527 8.33 1.80
13 5.214 2.513 9.41 3.22
14 5.128 2.516 9.23 2.10

(deionized water). The gas used was high-purity CO,. The experi-
mental oil was sourced from the crude oil in the target reservoir.
The viscosity of the crude oil was 5.93 mPa s at 70 °C. The com-
ponents of the experimental oil were measured using a gas
chromatography-mass spectrometry (CG-MS), as detailed in
Table 2.

2.2. Experimental setup and procedures

2.2.1. Experimental setup

To investigate EOR mechanisms of CO,-WAG injection in sandy
conglomerate reservoirs, we conducted core displacement experi-
ments coupled with real-time monitoring by NMR instrument. The
schematic diagram and image of the experimental setup are shown
in Figs. 2 and 3. The experimental setup primarily consists of three
components: injection, monitoring, and collection systems. In the
injection system, two high-precision piston pumps (manufactured
by Vindum Engineering) are used to control three piston-type ac-
cumulators to inject water and gas into the core. This is achieved by
adjusting two check valves and two three-way valves to ensure
stable injection of fluids. In the monitoring system, three core
holders are connected in parallel, and the core samples from three
different layers are individually placed in separate core holders.
Through this design, the heterogeneous reservoir is simulated. The
inlet ends of the core holders are connected with a six-way valve,
and the outlet ends are connected with another six-way valve.
During the experimental process, the cores are scanned using an
on-line NMR instrument to monitor the amount and distribution of
residual oil. The collection system consists of three gas—liquid
separators and a gas flow meter. The volumes of oil and water are

Table 2
Components of experimental oil.

measured using the gas—liquid separators, while the volume of
outgassing is measured with the gas flow meter.

2.2.2. Experimental procedures

The minimum miscible pressure (MMP) between experimental
oil and CO; was measured to be 23.1 MPa at the experimental
temperature using a slim tube test, the diagram of the experimental
setup is shown in Fig. 4.

The specific experimental steps for the slim tube experiment are
as follows:

(1) Use anhydrous ethanol to clean the slim tube, syringe, and
connecting pipes, ensuring they are free from oil or other
contaminants.

(2) Install a thermostatic heating device to heat the experi-
mental system to a temperature of 70 °C.

(3) Inject the experimental oil sample into the slim tube to fully
saturate the tube with the oil, and record the volume of the
experimental oil sample inside the slim tube.

(4) Slowly inject CO; into the slim tube using a high-pressure
pump, while monitoring the pressure changes on the pres-
sure gauge and the volume of displaced experimental oil.

(5) Observe the miscibility of CO, and experimental oil through
the observation window. When a single-phase liquid is
formed, record the pressure at this point.

(6) Clean the equipment and repeat the experiment to ensure
the reliability of the results.

(7) After the experiment, clean the experimental equipment,
process the data, and determine the MMP between CO, and
experimental oil to be 23.1 MPa.

Carbon number Mass fraction, % Carbon number

Mass fraction, % Carbon number Mass fraction, %

<6 1.6046 21
7 4.1314 22
8 6.1625 23
9 3.0514 24
10 3.0381 25
11 2.7665 26
12 2.7813 27
13 2.8989 28
14 3.1354 29
15 2.9912 30
16 2.8489 31
17 3.1317 32
18 2.9435 33
19 2.7344 34
20 2.5734 35

2.6140 36 1.1427
2.6094 37 0.9693
24135 38 0.9364
2.2826 39 0.9032
23611 40 0.8786
2.4086 41 0.7949
2.3982 42 0.7813
2.4061 43 0.7108
2.2997 44 0.7004
2.2997 45 0.6875
2.0077 46 0.6620
1.6752 47 0.5959
1.4773 48 0.5882
1.2871 49 0.5107
1.2535 > 50 10.5512
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Fig. 2. Schematic diagram of the experimental setup for NMR-assisted CO,-WAG displacement.

Fig. 3. Image of the experimental system for NMR-assisted CO,-WAG displacement.

The MMP between experimental oil and CO,, determined from
the slim tube test, was found to be 23.1 MPa, which is close to the
reservoir pressure. Therefore, both miscible and immiscible
displacement processes may occur in the process of gas injection.
To study the oil recovery effects of miscible and immiscible CO,-
WAG injection in sandy conglomerate reservoirs, the experiment
was conducted at 20 and 27 MPa, respectively. Additionally, the
effect of gas injection rate and gas—water ratio were also studied,
the specific experimental schemes are shown in Table 3.

During the core displacement process, real-time measurements
can be performed sequentially on the three parallel cores. Before
the start of the experiment, adjust the six-way valve to connect the
pipeline before and after the core holder, set the constant pressure
mode of the pump, adjust the pressure at the outlet end of the core
holder, so that the pressure of the whole test system is consistent

2980

with the actual reservoir.
The specific experimental steps for the CO;/CO,
displacement process are as follows:

WAG

(1) After washing with oil, the cores are placed in an oven set at
120 °C and dried for 24 h until completely dry, place these
cores in the core holders and apply the set confining
pressure.

(2) Heavy water is injected to saturate the cores at a rate of
0.05 mL/min, then inject oil into the cores until no water is
produced at the outlet to establish bound water saturation.

(3) Under immiscible and miscible conditions, the back pressure
of the three cores is maintained at a constant 20/27 MPa,
with the confining pressure set to 24/30 MPa.

(4) The cores are scanned with an NMR device to obtain NMR
images and T, spectra.

(5) Inject the set amounts of CO, and heavy water to perform the
CO, and CO,-WAG injection experiments.

(6) When the displacement reaches several key points (initial
state, CO, breakthrough, and the injection volume of 1, 5, 10
pore volume (PV), the three cores are sequentially scanned to
obtain NMR images and dynamic T, spectra of the
displacement process.

(7) Stop the injection when there is no further oil production.

3. Results and discussion

3.1. EOR mechanisms and influencing factors for CO,-WAG flooding
under immiscible condition

3.1.1. Comparative analysis of recovery performance in CO, flooding
and CO,-WAG flooding under immiscible condition

To investigate EOR mechanisms of CO,-WAG injection in het-
erogeneous sandy conglomerate reservoirs under immiscible con-
ditions, this study utilized NMR technology to monitor the dynamic
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Fig. 4. Schematic diagram of the slim tube test apparatus.

Table 3
Experimental scheme design.

Number Gas—water ratio Production pressure, MPa Gas injection rate, mL/min
1 Pure gas 20 5
2 1:1 20 5
3 1:2 20 5
4 2:1 20 5
5 1:1 20 2
6 1:1 20 0.5
7 Pure gas 27 5
8 1:1 27 5
9 2:1 27 5
10 1:2 27 5
11 1:1 27 2
12 1:1 27 0.5

distribution of residual oil during CO, flooding and CO,-WAG
flooding. NMR imaging was performed at several key points (initial
state, gas breakthrough, and 1, 5, 10 PV of gas injected into the
cores) in the displacement process, and the results are shown in
Fig. 5. The experimental water (D,0) and rock skeleton have no
NMR signal (shown in blue in the figure), while the oil generates a
stronger NMR signal (shown in red), the NMR image can effectively
characterize the distribution of residual oil qualitatively. The dy-
namic images indicate that a significant amount of residual oil is
still trapped in the cores after gas breakthrough. As the displace-
ment continues, the residual oil saturation in the high-permeability
coarse sandstone layer decreases significantly, while in the low-
permeability sandy conglomerate layer the distribution of resid-
ual oil changes slightly. It is observed that in the process of CO;
displacement and CO,-WAG displacement, gas preferentially
breakthroughs in the high-permeability layer, followed by the
medium-permeability layer, and finally the low-permeability layer.
However, CO,-WAG injection can delay gas breakthrough in the
low-permeability layer and improve oil recovery in that layer to
some extent.

To further quantify the oil recovery effects of the two displace-
ment modes, the dynamic T, spectra during displacement were
obtained, as shown in Fig. 6. Base on the principle of NMR detection
technology, the amount of 'H-containing fluid is proportional to
the NMR signal (Liu et al., 2023). In the experiment, only the oil
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phase contains 'H (heavy water contains 2H), so the amount of
residual oil in the core can be characterized by the envelope area of
the T, spectrum, representing the total amount of NMR signals.
Therefore, we measured the NMR signal intensity for oil samples
ranging from 1 to 5 mL to establish the relationship between the
NMR signal and the oil volume, as depicted in Fig. 7.

The curve demonstrates a strong linear relationship, with a
coefficient of determination (R?) of 0.9993. This robust correlation
underscores that NMR signals serve as a dependable indicator of oil
variations within the cores. The relationship between NMR signal
and oil volume can be expressed as follows:

Vi =0.0003Q — 0.0118 (1)

where Vy is the volume of oil in the cores, mL; Q is the NMR signal
intensity.
Then, we can calculate the oil recovery as outlined in Eq. (2):

E
Vi

0.0003Q; — 0.0118

R=1- 7 0.0003Q; — 0.0118

-1 (2)

where V; is the residual oil volume in the cores after displacement,
mL; V;is the volume of initial saturated oil in the cores, mL; Q; is the
NMR intensity of residual oil in the cores after displacement; Q; is
NMR intensity of the initial saturated oil in the core.

Using Eq. (2) we obtain the total oil recovery of simulated
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Fig. 5. Dynamic NMR imaging of heterogeneous cores during CO, displacement and CO,-WAG displacement (1:1 water—gas ratio).

heterogeneous reservoirs under different displacement modes, as
well as the oil recovery from each layer, as shown in Fig. 8. The
results show that compared with CO; injection, CO,-WAG injection
can significantly improve the total oil recovery of heterogeneous
reservoirs by up to 7.82% (from 15.13% to 22.95%). After the appli-

-~ 3
- Qil
t saturation
1PV
CO,-WAG displacement
— - 100%
IQ— Ii": | -
saturation
0%
5PV 10 PV
Ve 0.0003Q. — 0.0118
Re=1 _v_w*1_0.0003Qie—0.o118 ®)
. Vea . 0.00013Qr —0.0118
Ra=1 ’v_ia_1 0.0003Q;, — 0.0118 6

cation of CO,-WAG, the oil recovery from each layer improves, with
the low-permeability sandy conglomerate layer showing the
greatest enhancement, nearly tripling. Therefore, the EOR mecha-
nism of CO,-WAG injection in the heterogeneous reservoir pri-
marily involves improving the utilization of oil trapped in the low-
permeability sandy conglomerate layer.

To investigate deeper into the microscopic EOR mechanisms of
the CO,-WAG injection on the pore scale, we classified rock pores
into three types: micropores, mesopores, macropores according to
the relaxation time in the T, spectrum. The dynamic T, spectrum
can reveal the movement of fluids in different pores. This rela-
tionship can be expressed as follows (Toumelin et al., 2007):

1 S
il el 3
T2 P2 <V) pore ( )

where p; is the surface relaxation term, m/s; ‘57
surface-to-volume ratio of the pore, 1/m.

Base on the previous classification criteria, specifically, a relax-
ation time of 0.01—1 ms indicates a micropore, 1-100 ms corre-
sponds to a mesopores, and 100—10,000 ms defines a micropore.
Therefore, the oil recovery on the pore scale can be derived from Eq.

(2):

represents the

~ 0.0003Q,; —0.0118
Vi  0.0003Q; 00118

where Rj, Re, and R, are the oil recovery from micropores, meso-
pores, and macropores; Vi, Ve, and Vi, are the volumes of residual
oil in micropores, mesopores, and macropores after displacement,
mL; Vi, Vie, and Vi, are the volume of initial saturated oil in mi-
cropores, mesopores and macropores, mL; Qyj, Qre, and Qr; are NMR
intensity of residual oil in micropores, mesopores, and macropores
after displacement; Qj;, Qie, and Qj, are the NMR intensity of the
initial saturated oil in micropores, mesopores, and macropores.

The experimental results are calculated by combining T, spectra
and Egs. (4)—(6), as shown in Fig. 9. Compared with CO; injection,
CO,-WAG injection improves oil recovery from various types of
pores, with the highest increase of 8% observed in micropores.
Despite this, the oil recovery from mesopores and micropores re-
mains low. Therefore, the next section will examine the influences
of CO,-WAG production parameters, such as water—gas ratio and
injection rate, on oil recovery to provide theoretical guidance for
optimizing the CO,-WAG process.

3.1.2. Impact of water—gas ratio on multiscale oil recovery in CO»-
WAG flooding under immiscible condition

To systematically evaluate the effect of water—gas ratio in the
CO2-WAG process, dynamic NMR imaging was performed to visu-
alize the CO,-WAG injection with different water—gas ratios (1:2,
1:1, 2:1), as illustrated in Fig. 10. The experimental results reveal
that an increase in the water—gas ratio effectively delays gas
breakthrough in the high-permeability cores, with corresponding
injection volume of 0.26, 0.32, and 0.41 PV, respectively. This in-
dicates that higher water—gas ratio can mitigate gas channeling
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CO,-WAG displacement
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Fig. 6. Dynamic T, spectra of three types of cores during CO, displacement and CO,-WAG displacement.

while enhances oil recovery of heterogeneous reservoirs. Notably,

the most significant reduction in residual oil saturation was
observed in the low-permeability core, which indicates the
increased water—gas ratio can improve the utilization efficiency of

the low permeability zones.

To further quantify the effect of water—gas ratio on multiscale
oil recovery in the CO2-WAG process, we calculated the oil recovery
by integrating T» spectral analysis with Egs. (2) and (4)—(6), as
detailed in Figs. 11 and 12. The results illustrate that as the

water—gas ratio increases, the total oil recovery rises. The oil
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recovery of heterogeneous reservoirs increases from 23.37% to
25.81%, with an increment up to 2.44%, when the water—gas ratio is
increased from 1:2 to 2:1. Especially in the low permeability layer,
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the oil recovery increased by 5.73% (from 21.96% to 27.69%). By
increasing the water—gas ratio, more water can preferentially enter
the high permeability layer. Compared with gas, water has higher
viscosity and flow resistance, providing a plugging effect in the
high-permeability layer, thereby effectively suppressing gas chan-
neling. This encourages gas to divert into the low-permeability
layer, resulting in a more uniform fluid distribution and enhanced
oil recovery from the low-permeability layer.

On the pore scale analysis, the oil recovery from both macro-
pores and micropores increases as the water—gas ratio rises, with
the most significant improvement observed in micropores. This is
primarily because higher water—gas ratio increases the overall
viscosity of the fluid, resulting in a higher displacement pressure
difference. This pressure difference helps to overcome capillary
resistance, allowing fluid to enter micropores pores and displace
the trapped oil.

While an increase in the water—gas ratio can inhibit gas
breakthrough and enhance oil recovery from heterogeneous res-
ervoirs, an excessively high water—gas ratio can reduce inject-
ability. This leads to excessive pressure at the injection end, slow
pressure propagation, pressure leakage in the reservoir, and a
decrease in oil displacement rate. Therefore, it is crucial to optimize
the water—gas ratio by considering multiple factors, including
injectability, oil recovery, and production rate. These aspects will be
the focus of our follow-up research.

3.1.3. Impact of injection rate on multiscale oil recovery in CO,-
WAG flooding under immiscible condition

To assess the impact of injection rate in CO,-WAG injection, core
displacement experiments were conducted at an injection rate of
0.5, 2, and 5 mL/min. Dynamic NMR images in the process are
shown in Fig. 13. As the injection rate increases, gas breakthrough
in the high-permeability layer occurs earlier (at 0.39, 0.32, and
0.27 PV, respectively), resulting in higher residual oil saturation,
particularly in medium- and low-permeability layers. However,
after breakthrough, the higher injection rate is conductive to the
enhancement of oil recovery from the medium- and low-
permeability layers.

To further quantify this trend, the oil recovery from each layer
was calculated using T» spectra along with Egs. (2) and (4)—(6), as
illustrated in Fig. 14. The results show that as the injection rate
increases, the total oil recovery decreases, while the oil recovery
from the low-permeability layer improves. This occurs because a
high injection rate causes earlier gas breakthrough in the high-
permeability layer, leading to the formation of dominant flow
channels, which reduces sweep efficiency and total oil recovery.
However, according to Darcy's law, a higher flow velocity generates
a larger displacement pressure differential, which helps to over-
come the capillary forces in low-permeability layer. This effect
becomes especially significant after gas breakthrough.

Moreover, on the pore scale, as shown in Fig. 15, the oil recovery
demonstrates that the higher injection rate can significantly
improve the oil recovery from micropores, with oil recovery
increasing by up to 11.40% (from 2.13% to 13.53%).

Based on the results of this study, the development of hetero-
geneous reservoirs using CO,-WAG can be optimized in two stages.
Before gas breakthrough, a low injection rate is applied to inhibit
gas breakthrough and improve sweep efficiency. After break-
through, the injection rate should be significantly increased to
further reduce the residual oil saturation in medium- and low-
permeability layers effectively.
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3.2. EOR mechanisms and influencing factors for CO,-WAG flooding
under miscible condition

3.2.1. Comparative analysis of recovery performance in CO, flooding
and CO,-WAG flooding under miscible condition

In this section, we discuss the effect of CO, and CO,-WAG in-
jection under miscible conditions. Similar to Section 3.1, NMR im-
aging was used to capture key stages of the displacement process, as
shown in Fig. 16. Compared to immiscible displacement (Fig. 5), the
residual oil after miscible displacement is significantly reduced at
the same injection volume, indicating that miscible displacement
can substantially enhance oil recovery. Under miscible conditions,
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although both displacement methods can ultimately achieve high oil
recovery, CO,-WAG injection yields better results at lower injection
volume. However, CO; flooding exhibits highly uneven recovery
across different layers. In particular, the residual oil in the low-
permeability layer is only substantially recovered after 10 PV of
CO-, injection, however, the effect is excellent after 1 PV of CO,-WAG
injection. The results indicate that CO,-WAG miscible displacement
can effectively balance oil recovery across different layers of a het-
erogeneous reservoir, achieving high oil exchange efficiency. This
approach also reduces production time and CO; usage.

Similarly, the quantification of oil recovery for different
displacement modes was conducted as described in Section 3.1, with
the results presented in Fig. 17. In the miscible state, the total oil
recovery of the heterogeneous cores is approximately 75%, which is
3—9 times higher than that of immiscible flooding. In terms of total
oil recovery, there is minimal difference between CO, injection and
CO,-WAG injection. However, CO,-WAG injection can enhance the
oil recovery from the low-permeability sandy conglomerate layer to
some extent and help balance the recovery across different layers.

In addition, oil recovery on the pore scale is illustrated in Fig. 18.
Under miscible conditions, the oil recovery from three types of pore
still decreases as follows: macropores, mesopores, micropores. This
reduction is due to the pronounced wall effect and increased flow
resistance in micropores. Additionally, the confinement effect in
micro- and nanoscale pores results in high miscible pressure,
causing CO, and crude oil to remain in an immiscible state within
micropores (Sun et al., 2024). This leads to increased interfacial
tension between CO, and crude oil, resulting in significant oil
entrapment due to capillary resistance. Compared with the CO;
displacement, the CO,-WAG displacement can enhance the oil re-
covery from micropores and mesopores by up to 10.33% and 14.29%,
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respectively. CO,-WAG also helps to balance oil recovery on the
pore scale. However, compared to macropores the recovery rate in
micropores and mesopores remains significantly lower. Therefore,
effectively enhancing oil recovery from micropores remains a key
challenge in the development of heterogeneous sandy conglom-
erate reservoirs using CO; injection.

3.2.2. Impact of water—gas ratio on multiscale oil recovery in CO,-
WAG flooding under miscible condition

To investigate the impact of water—gas ratios on oil recovery
during the CO2-WAG process under miscible conditions, NMR im-
aging was conducted at the same key stages of the process (as
described in Section 3.1). The results are presented in Fig. 19.
Experimental results indicate that an increase in water—gas ratio
can enhance oil recovery from low-permeability layers, particularly
at low injection volume. At the high injection volume, most of the
residual oil has already been displaced. The calculated oil recovery
results are shown in Fig. 20, indicating that the final oil recovery is
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Fig. 19. Dynamic NMR imaging of heterogeneous cores during CO,-WAG miscible displacement with different water—gas ratios.
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around 80% across different water—gas ratios. Furthermore, the oil
recovery from each layer was also found to be relatively insensitive
to changes in the water—gas ratio. On the pore scale, as shown in
Fig. 21, the oil recovery in the miscible state improves significantly.
However, adjusting the water—gas ratio had no notable effect on
the oil recovery in this state.

In general, under miscible conditions, the water—gas ratio has
minimal impact on the oil production of heterogeneous sandy
conglomerate reservoirs at high injection volume. However, on a
reservoir scale, injecting multiple volume of displacing fluid con-
sumes a significant amount of CO, and water. Therefore, moder-
ately increasing the water—gas ratio can achieve a higher swept
area and improved displacement efficiency with a smaller injection
volume. Conversely, excessively increasing the water—gas ratio can
reduce injectability and hinder the miscibility of CO, and crude oil,
ultimately compromising enhanced oil recovery in the reservoir.

3.2.3. Impact of injection rates on multiscale oil recovery in CO-
WAG flooding under immiscible condition

The impact of injection rate on oil recovery during the CO,-WAG
process under miscible conditions was also investigated by the
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above-mentioned methods. The results, with injection rates
ranging from 0.5 to 5 mL/min, recorded by the NMR imaging are
shown in Fig. 22. It was observed that during the early stages of
CO,-WAG injection, the oil recovery from low-permeability layers
could be enhanced. After the high injection volume, most of the
residual oil was recovered, leaving only a small amount of oil
trapped in the core. Similar to the previous analysis, the total and
layer-specific oil recovery after CO,-WAG were quantified, as
shown in Fig. 23. The total oil recovery remained around 77% at
different injection rates, and the change of injection rate has little
effect on the recovery rate of each layer. In addition, on the pore
scale, as shown in Fig. 24, under miscible conditions the injection
rate has little effect on the oil recovery from three types of pores.

In summary, under miscible conditions, altering the injection
rate during high injection volume has minimal impact on the oil
recovery from heterogeneous sandy conglomerate reservoirs.
However, in practical reservoir applications, increasing the injec-
tion rate appropriately in the early stage of injection can enhance
oil recovery from low-permeability layers and improve overall
sweep efficiency. Initially, a higher injection rate can quickly
establish a higher reservoir pressure, facilitating deeper penetra-
tion of CO, and water into low-permeability zones. This rapid
pressure buildup allows for a more uniform distribution of CO, and
water across the reservoir, particularly impacting the lower
permeability layers in the early stages. As the displacement process
progresses, the fluid distribution and pressure field within the
reservoir gradually reach a new equilibrium, resulting in similar
ultimate oil recovery at different injection rates. However, exces-
sively increasing the injection rate might lead to rapid local pres-
sure buildups, increasing the risk of reservoir fracturing, and could
also cause water coning or gas breakthrough. Excessive injection of
CO, and water also escalates costs.

Therefore, it is crucial in practical operations to find a balanced
displacement strategy to achieve optimal hydrocarbon recovery
efficiency and economic benefits.

4. Conclusions

In this study, a high-temperature and high-pressure online NMR
experimental system was established. A multiscale (reservoir-layer-
pore) approach was developed to investigate the EOR mechanisms
of CO, flooding/CO,-WAG flooding in heterogeneous sandy
conglomerate reservoirs. The mechanisms for enhanced oil recov-
ery under both miscible and immiscible conditions were revealed,
and the effects of factors such as injection rate and water—gas ratio
on oil recovery were clarified. The findings provide recommenda-
tions for the sustained and efficient development of heterogeneous
sandy conglomerate reservoirs. The main conclusions are as
follows:

(1) In the immiscible state, CO,-WAG enhances oil recovery
compared to gas flooding primarily by delaying CO, break-
through in high-permeability layers and improving oil re-
covery in medium- and low-permeability layers.
Additionally, this method boosts oil displacement efficiency
in mesopores and micropores, which provides a new
perspective for understanding the micro-mechanisms of
CO,-WAG flooding.

(2) In the immiscible CO,-WAG flooding state, the appropriate
increases in water—gas ratio and injection rate are conducive
to oil recovery in low—permeability layers and micropores.
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However, how to optimize the water—gas ratio and injection

rate needs to be further simulated on the reservoir scale.
(3) In the miscible state, CO,-WAG flooding can significantly

enhance oil recovery and contribute to balancing the oil
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oil production rate. Therefore, development strategies
should be adjusted based on site requirements.

(4) In the miscible state, the water—gas ratio and injection rate
have minimal impact on the oil recovery on the core scale.
However, on the reservoir scale, the effects of these param-
eters on oil recovery require further investigation.
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