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Abstract

Due to varying development histories of reservoirs with different physical properties in
Block X, Huabei Oilfield, the remaining oil distribution and microscopic mobilization limits
after waterflooding remain unclear, and the subsequent CO2 transition timing urgently
requires clarification. In this study, high-temperature and high-pressure core displacement
experiments combined with online nuclear magnetic resonance (NMR) were conducted
to simulate CO2 injection after waterflooding to water cuts of 50%, 80%, and 100% and
compared with continuous gas injection (CGI) to reveal the effect of different switching
timings on the oil recovery and pore-throat mobilization for the three reservoir classes
tested in this study. Results indicate that waterflooding primarily mobilizes pores larger
than 0.1 µm, while crude oil in small pores (<0.1 µm) is difficult to effectively displace.
After switching to CO2 flooding, the mobilization efficiency across all pore-throat classes
increases significantly, with Class IV reservoirs exhibiting the largest enhancement in micro-
pore recovery—from 5.8% after waterflooding to 34.5% after CO2 flooding, representing an
increment of approximately 28.70 percentage points—demonstrating that CO2 can signifi-
cantly expand the effective mobilization range relative to waterflooding. The underlying
microscopic mechanism is that the degree of waterflooding alters the oil–water distribution
within the core: at low-water-cut stages, remaining oil is continuously distributed, allowing
injected CO2 to contact crude oil through sufficient diffusion and dissolution, which is
interpreted as providing a mobility-control effect that helps suppress gas channeling; at
high-water-cut stages, remaining oil is segmented and trapped in micropores, limiting
CO2–crude oil contact, while long-term waterflooding establishes preferential water path-
ways that promote localized gas channeling and restrict mass transfer. These findings
provide experimental evidence for the class-specific design of post-waterflooding CO2

injection strategies.

Keywords: CO2 flooding; post-waterflooding transition timing; NMR; microscopic pore-
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1. Introduction
As a conventional secondary oil recovery technique, waterflooding generally faces

the challenges of high water cuts and low economic efficiency in the late stage of devel-
opment. A large amount of remaining oil exists in immobilized microscopic pore-throat
structures in the form of clusters or films [1], which is difficult to effectively mobilize by
conventional waterflooding methods [2–4]. With the advancement of the national dual-
carbon goals (carbon peak and carbon neutrality), carbon capture, utilization, and storage
(CCUS), or CO2-enhanced oil recovery and geological storage integration technology, has
become a key technical pathway for efficiency enhancement, cost reduction, and green
transformation in oilfields [5] due to its dual advantages of enhanced oil recovery (EOR)
and carbon emission reduction. Transitioning to CO2 miscible flooding in the late stage of
waterflooding development can not only improve the macro-displacement efficiency by
reducing the oil–water interfacial tension and supplementing formation energy but also
significantly enhance the microscopic displacement efficiency through the extraction and
viscosity reduction of light components in crude oil by supercritical CO2 [6–11], thereby
achieving the deep potential tapping of remaining oil after waterflooding. Clarifying the
essential differences in oil recovery between waterflooding and CO2 flooding serves as the
basis for demonstrating the necessity of transitioning to CO2 flooding after waterflooding.
Scholars at home and abroad have conducted systematic studies on this issue from two
scales: macro-displacement efficiency and microscopic pore-throat mobilization through
physical simulations. Guo et al. [12] used a long-core physical model to conduct com-
parative displacement experiments on three modes: complete waterflooding, continuous
CO2 miscible flooding after complete waterflooding, and initial continuous CO2 miscible
flooding. The results showed that the ultimate oil recovery of complete waterflooding was
42.15%, that of complete CO2 miscible flooding was 69.21%, and that of continuous CO2

miscible flooding after complete waterflooding was 75.0%, indicating that transitioning to
CO2 flooding after waterflooding can further improve oil recovery. Xiao et al. [13] found
by comparing the NMR signals of different injection media that both waterflooding and
gas flooding mainly mobilize oil in large pores, whereas the transition from waterflooding
to gas flooding can effectively mobilize a portion of crude oil in small pores due to the
broader sweep efficiency of CO2. Zhou et al. [14] compared the displacement behaviors
of waterflooding and CO2 flooding in heterogeneous channels using molecular dynamic
methods and found that CO2 flooding had the lowest threshold pressure gradient; during
waterflooding, injected water preferentially flowed along large-sized channels, making it
difficult to effectively mobilize the crude oil in small-sized channels. The above studies
confirm from both the macro-recovery and microscopic pore-throat mobilization perspec-
tives that CO2 flooding is superior to waterflooding in terms of recovery efficiency, and
transitioning to CO2 flooding after waterflooding still holds significant potential for oil
increment, providing the necessary experimental basis for implementing CO2 flooding
after waterflooding.

However, how to determine the appropriate timing for transitioning to CO2 flooding
among the tested conditions and define the minimum pore-throat boundary that can be
effectively driven by CO2 are core issues in formulating scientific CO2 injection strate-
gies [15,16]. Premature transition may lead to an unstable CO2 displacement front and
premature gas channeling, resulting in a low displacement efficiency and poor economic
performance [17]. Conversely, a delayed transition may cause formation energy exhaustion
and the excessive dispersion of remaining oil, hindering mass transfer between CO2 and
crude oil, making it difficult to achieve effective miscibility and thereby restricting the
full play of the EOR potential of CO2 [18–20]. Li et al. [15] found through systematic core
displacement experiments that the optimal transition timing for tertiary CO2 flooding is
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when waterflooding reaches half of its maximum secondary oil recovery, at which point
the subsequent CO2 breakthrough time is significantly delayed and the recovery based on
residual oil is substantially improved. Based on numerical simulation research of typical
high-water-cut reservoirs in Shengli Oilfield, Liu et al. [20] pointed out, from the perspec-
tive of net present value (NPV), that when the gas price is 0.178/m3 and the carbon subsidy
is 0.0169/m3, the optimal timing for transitioning from waterflooding to CO2 injection
should be earlier than a water cut of 82%. Meanwhile, the microscopic pore structure and
fluid distribution of reservoirs after waterflooding are extremely complex, and injected gas
is prone to severe gas channeling along high-permeability channels or water-channeling
pathways, resulting in low sweep efficiency [21,22]. The authors of [23] systematically
investigated the channeling effects of different injection modes in heterogeneous reservoirs
using parallel long-core displacement experiments combined with NMR technology and
found that significant differences in reservoir properties make conventional waterflood-
ing extremely prone to inducing channeling, with injected fluids preferentially flowing
along high-permeability zones while bypassing oil-bearing low-permeability regions. Yan
et al. [24] studied the controlling mechanism of heterogeneity on gas-channeling pathways
using two-dimensional visual physical models; the experiments showed that CO2 prefer-
entially migrates horizontally along high-permeability layers and laterally channels into
low-permeability layers through non-intercalation interfaces after breakthrough, whereas
injection from the non-intercalation side induces vertical gas channeling. In addition, al-
though the presence of the water phase can alleviate gas channeling, its negative effect lies
in the fact that the water phase may prevent part of the crude oil from being contacted by
CO2, thereby reducing the displacement efficiency. In low-permeability reservoirs, it is dif-
ficult for gas to break through the water-lock barrier in microscopic pores, resulting in high
driving resistance and limited displacement efficiency [25–27]. Cui [28] studied the micro-
scopic interaction process between CO2 and remaining oil under high-water-cut conditions
using a high-temperature and high-pressure microscopic visualization experimental setup.
The results showed that the shielding effect of water significantly delayed the microscopic
contact process between CO2 and crude oil, complicating the miscibility process. However,
regardless of the water film thickness, CO2 can penetrate the water film and dissolve in
the remaining oil; the higher the injection pressure, the faster the diffusion rate of CO2 and
the shorter the time required to achieve miscibility. Lu et al. [29] revealed the microscopic
mechanism of CO2 displacing residual oil in water-bearing dead-end nanopores through
molecular dynamic simulation, finding that oil-phase displacement can only be initiated
after the water film is broken. The hydrogen-bonding interaction between water molecules
and the rock surface, as well as the dissolution of CO2 molecules in water, are key factors
in disrupting the hydrogen bond network between water molecules and facilitating water
film breakthrough.

Traditional macro-core displacement can only obtain macroscopic indicators such as
the gas–oil ratio, pressure dynamics, and ultimate recovery, making it difficult to reveal the
seepage mechanism and mobilization limits of CO2 in micro/nanopores and throats. The
introduction of low-field NMR scanning technology provides a powerful in situ monitoring
method for quantitatively evaluating the dynamic evolution of hydrogen nuclear signals in
pores and throats of different pore sizes, enabling the fine characterization of the remaining
oil distribution after waterflooding and fluid migration and the mobilization characteristics
during CO2 displacement at the pore scale [30,31]. Wang et al. [32] used NMR to study the
microscopic remaining oil distribution in ultra-low-permeability reservoirs, and the results
showed that the remaining oil in hydrophilic reservoirs is distributed in medium-to-large
pores, while in oleophilic reservoirs, it is distributed in medium-to-small pores. Javad
Siavashi et al. [33] utilized NMR technology to study fluid displacement and distribution
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during waterflooding in carbonate cores, providing flow patterns of internal pore structures
throughout the oil displacement process, thereby achieving a better and comprehensive
understanding of EOR simulation. Xiao et al. [34] investigated the crude oil recovery
in pores of different sizes within ultra-low-permeability cores under different gas injec-
tion schemes through core displacement and NMR relaxation measurements, and they
quantified the oil recovery and residual oil distribution in pores of different sizes. Zhao
et al. [35] performed experimental core displacement evaluations of waterflooding and
CO2 flooding using NMR technology, revealing the dynamic distribution information of oil,
water, and sc-CO2 during the core displacement process. Zhao et al. [36] integrated online
NMR displacement and high-pressure mercury intrusion (HPMI) experiments to systemati-
cally compare the pore-throat mobilization rates of high-, medium-, and low-permeability
cores at different displacement stages. They found that during the waterflooding stage,
high- and medium-permeability cores mainly mobilized micropores (mobilization rates of
60.02–80.11%), whereas during the CO2 miscible flooding stage, the full pore-throat mo-
bilization rates of medium- and low-permeability cores (17.09–31.49%) were significantly
higher than those of high-permeability cores (14.57–16.63%), and the EOR of CO2 flooding
showed a strong negative correlation with the permeability, average pore-throat radius, and
sorting coefficient (R2 ≥ 0.80). Su [37] further established a novel conversion method based
on NMR T2 spectra and high-pressure mercury intrusion data, clarifying that supercritical
CO2 miscible flooding can effectively mobilize pore throats smaller than 3.7 nm (with a
mobilization rate of up to 73%), whereas non-miscible flooding only achieves a mobilization
rate of about 35% for pore throats smaller than 10 nm. Qi et al. [38] realized the visual-
ization and quantitative monitoring of internal fluid distribution and migration patterns
in sandstone during CO2 flooding using online low-field NMR technology, revealing the
dominant role of the pore structure in influencing the CO2 displacement efficiency and
clarifying the specific mechanisms of factors such as pressure, temperature, permeability,
and crude oil viscosity on the crude oil recovery contribution in pores of different scales.

To address the above issues, this study is designed to answer three questions:
(1) Can CO2 injection improve recovery after waterflooding? (2) Does the transition timing
(fw = 50%, 80%, or 100%) affect this improvement? (3) Is the effect dependent on the
reservoir class (II, III, or IV)? To answer these questions, this study conducted coupled ex-
perimental research on high-temperature and high-pressure core displacement and online
NMR scanning, targeting the issues of unclear pore-throat mobilization boundaries and
ambiguous gas injection strategies caused by varying degrees of waterflooding develop-
ment among different reservoir types (Classes II, III, and IV) in Block X, Huabei Oilfield.
This work provides experimental insights into the interaction between waterflooding and
CO2 flooding and offers theoretical references for field CO2 injection strategies, which is
valuable for maximizing remaining oil recovery after waterflooding. However, the conclu-
sions of this study are primarily applicable to the evaluation of CO2-enhanced oil recovery
(EOR) performance, and the CO2 storage potential was not quantitatively assessed in this
work. The experiments took three waterflooding stages with produced fluid water cuts
of 50%, 80%, and 100% as the main variables and compared them with the CGI mode. By
comparatively analyzing the T2 spectrum evolution characteristics, recovery contribution
rates of pore throats at all levels, and macroscopic displacement dynamics (oil recovery,
gas–oil ratio, and breakthrough front) of reservoirs with different physical properties dur-
ing waterflooding and transition to CO2 injection, this paper systematically elucidates the
microscopic pore-throat mobilization lower limits and microscopic oil–water distribution
mechanisms of waterflooding and CO2 flooding, aiming to provide a theoretical basis
and experimental support for the precise formulation of post-waterflooding CO2 injection
strategies and the deep potential tapping of remaining oil in similar oilfields.
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2. Experimental Methods and Materials
The target block is Block X, Huabei Oilfield, with formation pressures ranging from

47.36 to 58.63 MPa and reservoir temperatures ranging from 116 to 149 ◦C, classifying it as a
high-temperature reservoir. The reservoirs predominantly have medium-to-high permeability,
with average porosities of 14.5–21.0% and average permeabilities of 39.2–146.2 mD.

2.1. Experimental Materials and Equipment

The experimental oil sample was obtained from Well 1-62X in Block X, Huabei Oil-
field. Under reservoir temperature and pressure conditions, the formation oil density is
0.8408 g/cm3 and the formation oil viscosity is 5.412 mPa·s. The minimum miscibility
pressure (MMP) between CO2 and the crude oil is 44 MPa. The MMP was determined by
slim-tube tests performed by the project partner at reservoir temperature (150 ◦C), and
the value of 44 MPa was provided by the operator. All experiments were performed at
a constant temperature of 150 ◦C in a thermostatic oven, with an outlet backpressure of
50 MPa to target miscible CO2 conditions. Both waterflooding and CO2 flooding were
conducted at a constant injection rate of 0.1 mL/min. A confining pressure of 52 MPa
was applied throughout the tests to prevent fluid channeling along the core sidewall. The
inlet and outlet pressures were recorded in real time, and the differential pressure was
monitored to track flood-front advancement and identify the onset of gas channeling. Dur-
ing the CO2 injection stage, the measured differential pressure remained between 0.1 and
1.0 MPa across all reservoir classes, corresponding to inlet pressures of 50.1–51.0 MPa and
macroscopic pore pressures exceeding 50 MPa throughout the core. However, recogniz-
ing that bulk slim-tube MMP measurements (44 MPa) and outlet backpressure control
do not definitively prove that the in situ pressure stayed above the effective miscibil-
ity threshold along the entire core length (particularly under the severe capillary resis-
tance and potential pore-confinement shifts in Class IV reservoirs), all gas-flooding experi-
ments in this study are described as being conducted under intended miscible conditions
based on an outlet backpressure above the MMP. A 2000 ppm MnCl2 solution (salinity
2000 ppm) was used as the aqueous phase for both waterflooding and core saturation prior
to gas flooding, consistent with the water composition used in the online NMR tests to
suppress the hydrogen signal from water. Prior to the formal experiments, we conducted
blank NMR scans on cores saturated with the MnCl2 solution without oil; the water signal
was completely suppressed (no detectable signal in the T2 spectrum), confirming that the
2000 ppm concentration is sufficient to effectively shield the water signal. It should also
be noted that this MnCl2 solution serves only as an NMR signal suppressor; its salinity
and ionic composition differ from those of the actual formation water, and therefore it does
not represent formation water. The 2000 ppm MnCl2 solution used as the paramagnetic
agent may slightly affect wettability and interfacial tension. Although the effect at this low
concentration (0.2 wt%) is expected to be limited, it cannot be fully excluded. Since the
same solution was used in all comparative experiments, any systematic effect is consistent
across tests and therefore does not affect the relative trends or the comparisons among the
tested schemes. Future work should evaluate these potential effects using representative
formation water. The natural cores used in this study were all collected from Block X
of the Huabei Oilfield, with a coring depth of approximately 4234–4921 m, and have a
diameter of 2.5 cm with individual lengths ranging from 5 to 10 cm. The cleaning, drying,
and determination of the fundamental petrophysical properties—such as the porosity and
permeability—were conducted in accordance with API RP 40, Practices for core analysis,
and the results are summarized in Table 1. Specifically, short cores with a length of 5 cm
were used for the online displacement-coupled NMR experiments (Nos. 1–3 in Table 1);
for each reservoir class, the same short core was scanned at multiple displacement stages.
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No independent replicate plugs were available; therefore, the pore-throat recovery values
are single-core observations. Spliced long cores of ~30 cm in length were used for the
high-temperature and high-pressure long-core displacement experiments, assembled by
placing four natural plugs of ~7.5–8.5 cm in length end to end (Nos. 4–15 in Table 1), with
multiple layers of filter paper inserted between adjacent plugs to reduce the capillary end
effect at the core interfaces. This assembly is intended to approximate the flow behavior
of an intact natural long core; however, the interfaces between plugs may still introduce
some uncertainty into the displacement behavior, which should be acknowledged. The
specific assembly combinations for each reservoir class are indicated in the “Experiment
Type” column of Table 1. It should be noted that, to minimize the interference of core
heterogeneity on comparisons among different switching schemes, the same set of spliced
cores was used for all long-core displacement schemes within each reservoir class. These
tests are therefore not independent experimental replicates but controlled comparisons
using the same core matrix. After completing each test, the natural cores were cleaned
by Soxhlet extraction, dried, and re-measured for gas permeability and porosity. The
variations in porosity and permeability before and after cleaning were strictly controlled
within 2%, indicating that the core properties were essentially restored to their initial states,
allowing the same cores to be reused for subsequent schemes. This approach maximizes
the elimination of systematic deviations caused by core heterogeneity and ensures that
the horizontal comparisons among different CO2 switching timings are conducted under
strictly controlled conditions. The petrophysical properties of all individual plugs used
in the long-core assemblies are fully listed in Table 1, allowing readers to independently
assess the representativeness of the experiments. The injection gas was CO2 with a purity of
99%. The experimental equipment mainly included an ISCO high-precision syringe pump
(Teledyne ISCO, Lincoln, NE, USA), a multi-functional long-core displacement system
(Yangzhou Huabao Petroleum Technology Co., Jiangsu, China.), an online low-field NMR
scanning system (Spake Technology Development Co., Beijing, China.), as well as high-
pressure pistons, pressure sensors, backpressure regulators, constant-temperature ovens,
gas flow meters, data acquisition systems, valves, pipelines, and six-way valves, as shown
in Figure 1. The spatial resolution of the low-field NMR imaging system used in this study
is approximately 0.5 mm × 0.5 mm, which is sufficient to distinguish oil–water distribution
changes at the core scale (core diameter: 25 mm) but cannot resolve fluid distribution at
the single-pore scale. In the core holder, fluorinated oil was used as the confining pressure
transmission medium; because it contains no hydrogen nuclei (1H), it produces no NMR
signal and therefore does not interfere with the detection of oil and water signals during
online NMR measurements.

Figure 1. Diagram of experimental apparatus.
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Table 1. Basic parameters of experimental cores.

No. Length (cm) Permeability
(mD) Porosity (%)

Field Reservoir
Classification

Result
Experiment Type

1 5.04 10.81 14.45 IV NMR (IV short core, same core
scanned at multiple stages)

2 5.02 78.68 18.92 III NMR (III short core, same core
scanned at multiple stages)

3 5.0 170.35 20.34 II NMR (II short core, same core
scanned at multiple stages)

4 7.99 11.54 13.9 IV Long-core assembly (IV)

5 6.96 10.31 14.37 IV Long-core assembly (IV)

6 7.00 10.07 13.92 IV Long-core assembly (IV)

7 8.53 14.25 14.85 IV Long-core assembly (IV)

8 7.92 83.17 19.17 III Long-core assembly (III)

9 8.11 82.54 18.72 III Long-core assembly (III)

10 8.00 80.5 18.95 III Long-core assembly (III)

11 7.65 86.23 19.05 III Long-core assembly (III)

12 7.99 156.9 19.98 II Long-core assembly (II)

13 8.86 163.1 20.32 II Long-core assembly (II)

14 7.86 164.8 20.44 II Long-core assembly (II)

15 8.35 168.6 20.52 II Long-core assembly (II)

2.2. Experimental Methods and Procedures

First, online displacement-coupled NMR experiments were conducted using 5 cm
short cores. Based on the classical surface relaxation mechanism, 1/T2 = C/r, the con-
version coefficient (C) was determined by interpolating and fitting the cumulative NMR
T2 spectrum curve in the initial saturated state with the high-pressure mercury intrusion
capillary pressure curve using the least-squares method. Given the inherent differences in
pore structures and rock surface relaxivities among various reservoir types, independent
calibrations were performed for each category—C = 42.6 µm/s for Class II reservoir cores,
C = 43.1 µm/s for Class III reservoirs, and C = 43.8 µm/s for Class IV reservoirs—thereby
ensuring the reliability of the classification into micropores, mesopores, and macropores,
as summarized in Table 2. According to the pore-throat radius distribution, the pore
throats were classified into small pores (0.01 µm–0.1 µm), medium pores (0.1 µm–1 µm),
and large pores (1 µm–10 µm). It should be noted that the classification thresholds of
0.1 µm and 1 µm follow the generally accepted pore-throat classification standards in
petroleum geology. This classification primarily serves as a relative comparison among
different reservoir classes, highlighting the order-of-magnitude differences in the pore
radii rather than representing absolute physical boundaries. A sensitivity check using
adjusted thresholds (0.05/0.5 µm and 0.2/2 µm) confirmed that the relative trends among
reservoir classes remain unchanged, and the main conclusions are not significantly affected
by the specific choices. The detailed results of this sensitivity analysis are provided in
Supplementary Table S1, which serves strictly as a trend robustness check rather than as
proof of direct nano-scale observation, given that the calibration-dependent T2 conversion
does not resolve individual pores. NMR scans were performed on the three types of reser-
voirs at five stages: completion of oil saturation, waterflooding to produced fluid water
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cuts of 50%, 80%, and 100%, and completion of gas flooding. NMR imaging was utilized to
observe the oil–water distribution at different stages. It should be noted that these two types
of experiments serve distinct purposes in this study. The NMR experiments on short cores
are designed to reveal the evolution of pore-throat oil saturation during waterflooding (at
Fw = 50%, 80%, and 100%) and the ultimate mobilization capacity of CO2 after waterflood-
ing. They are not intended to evaluate the performance of different transition timings
because the cores switched at 50% and 80% water cuts were not scanned after CO2 injection.
The long-core displacement experiments, in contrast, provide the primary basis for evaluat-
ing the recovery performance of different transition timings, and the recovery performance
and cumulative gas–oil ratio (CGOR) dynamics at different water-cut switching points will
be presented in Section 3.2. The CGOR is defined as the ratio of cumulative gas produced
to cumulative oil produced (volume measured under standard conditions, 20 ◦C, 1 atm).
First, gas breakthrough is identified as the moment when CO2 gas is first detected at the
outlet, corresponding to the point where the CGOR curve begins to deviate from zero.
It should be noted that the CGOR trajectory and recovery curve shape serve as indirect
macroscopic indicators of breakthrough; a subsequent rapid rise in the CGOR indicates that
the production response is consistent with intensified preferential gas flow and early gas
breakthrough and is not a direct measurement of internal channeling paths. Subsequently,
spliced long cores were used to analyze the transition timing. To ensure comparability, the
gas injection volume in the CO2 flooding stage (conducted under the intended miscible
conditions) was maintained at 2HCPV (Hydrocarbon Pore Volume) for all tests.

Table 2. Summary of T2-to-equivalent throat radius conversion calibration parameters for NMR tests.

No. C Conversion Relationship R2

1 42.6 r = T2/42.6 0.9238
2 43.1 r = T2/43.1 0.9168
3 43.8 r = T2/43.8 0.9091

The experimental procedures for the online displacement-coupled NMR experiments
include: (1) Equipment parameter debugging: Place the sample into the equipment, per-
form frequency calibration on the NMR system, adjust the pulse amplitude, and set parame-
ters such as the echo time, waiting time, and number of scans. (2) Natural core cleaning and
drying: Measure the core dimensions and determine the gas permeability. Vacuum-treat
the core for more than 12 h and then saturate it with an MnCl2 aqueous solution at a
concentration of 2000 ppm to shield the NMR signal of water and calculate the porosity.
(3) Core oil saturation: Saturate the core with oil at a rate of 0.05 mL/min. After oil appears
at the production end, increase the injection rate to achieve a better saturation effect. Set
the experimental backpressure to 50 MPa (simulating the initial formation pressure) and
continue oil injection to raise the internal pressure of the core to the required experimental
pressure until the backpressure regulator discharges fluid normally. Calculate the oil satu-
ration and perform an NMR T2 spectrum scan to obtain the initial oil-saturated state of the
core. (4) Waterflooding stage: Set the required injection rate and initiate the waterflooding
experiment. Record experimental data such as the time, pressure, and production. Stop
injection after the water cut of the effluent at the outlet end meets the experimental require-
ments. Specifically, when the produced water cut reaches 100%, continue water injection
until no oil is detected for an additional 1 PV (with an oil detection limit of <0.1 mL),
which is taken as the endpoint of waterflooding. Then, initiate the NMR T2 spectrum scan.
(5) Gas flooding stage: Set the injection parameters according to the experimental scheme,
start the displacement experiment, and record the experimental parameters. Continue the
displacement until only gas and no oil is produced and then initiate the NMR T2 spectrum
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scan and conclude the experiment. The experimental procedures for the high-temperature
and high-pressure long-core post-waterflooding CO2 transition experiments are similar
to those of the online displacement-coupled NMR experiments, except that step (1) and
the subsequent NMR T2 spectrum scans are omitted. It should be noted that the water-cut
values (Fw = 50%, 80%, and 100%) refer to the water fractions in the produced fluid at
which waterflooding was terminated; these values should not be confused with the in situ
water saturation (Sw) within the core.

3. Results and Discussion
3.1. Analysis of Pore-Throat Mobilization Characteristics in Different Types of Reservoirs

CO2 dissolution in crude oil can cause oil swelling and alter the T2 relaxation behavior,
which may affect the NMR signal distribution. Although all experiments were conducted
under constant temperature and backpressure to keep the CO2 solubility consistent, a
dedicated calibration of crude oil before and after CO2 saturation was not performed;
this limitation should be recognized. Therefore, the cumulative T2 signal amplitude was
used only as a relative indicator of the oil content/saturation, and the NMR signal should
not be interpreted as directly reflecting oil saturation or as resolving the water film thick-
ness, fluid interface morphology, or local fluid composition, as shown in Figure 2. The
curves represent different displacement stages: initial oil saturation, Fw = 50%, Fw = 80%,
Fw = 100%, and after CO2 flooding. It should be noted that the NMR observations pre-
sented in this section reflect the oil–water distribution at the end of each waterflooding
stage (Fw = 50%, 80%, and 100%) rather than the post-CO2 injection state for the 50% and
80% switching schemes.

Figure 2. Nuclear magnetic resonance scanning results of Class II reservoir cores.

With the increase in the degree of waterflooding, as the produced fluid water cut
rises from 50% to 100%, the NMR signal curves representing the oil saturation within pore
throats exhibit regular evolution: the peaks continuously shift to the right, and the overall
amplitude decreases significantly. The medium-to-large pore throats (1 µm–10 µm) in
the core are progressively swept, and crude oil is displaced. By the end of waterflooding
(Fw = 100%), the signal in the large pore-throat interval approaches the background value.
After CO2 flooding, the signal intensity of the curve across the entire pore-throat distribution
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range (0.001 µm–10 µm) drops to the global minimum. Especially in the micropore throat
range of 0.01 µm–0.1 µm, the signal becomes completely flat and significantly lower than
that at any waterflooding stage, demonstrating that CO2 flooding achieves a more thorough
mobilization of the entire pore system. CO2 possesses the characteristics of low viscosity
and low interfacial tension and can achieve miscibility with crude oil, significantly reducing
capillary resistance. In addition, the strong diffusion and dissolution capacity of CO2 in
crude oil enables it to enter micropore throats blocked by the water phase through mass
transfer, thereby effectively displacing the crude oil therein and realizing more uniform
microscopic displacement.

Figure 3 shows the NMR scanning results of Class III reservoir cores at different
displacement stages. With the progress of waterflooding (Fw increasing from 50% to
100%), the signal peaks of the curves gradually shift to the right and shrink toward the
lower-amplitude region, indicating that the crude oil in the medium-to-large pore throats
(0.1 µm–10 µm) is progressively displaced. By the end of waterflooding (Fw = 100%), the
signal of the curve in the larger pore-throat interval has significantly decreased. After CO2

flooding, the overall signal amplitude of the curve drops to the lowest across the entire
pore-throat range, especially in the micropore throat range of 0.01 µm–0.1 µm, where the
signal is lower than that of the waterflooding curve at any stage, demonstrating that CO2

flooding achieves a more thorough mobilization of the core pore space.

Figure 3. Nuclear magnetic resonance scanning results of Class III reservoir cores.

Figure 4 shows the NMR scanning results of Class IV reservoir cores. During the
waterflooding stage, as the produced-fluid water cut (Fw) increases from 50% to 100%, the
curves representing different displacement stages exhibit an overall systematic rightward
shift, and the signal amplitude in the medium-to-large pore-throat interval (0.1–10 µm)
decreases significantly. By Fw = 100%, the signal in the large pore-throat region has dropped
to an extremely low level, indicating that the mobilization of medium-to-large pore throats
by waterflooding is relatively thorough. Compared with waterflooding, the curve after CO2

flooding shifts further to the right overall, and the signal amplitude across the entire pore-
throat range (especially in the 0.01–1 µm interval) drops to even lower levels. This indicates
that CO2 flooding can not only continue to drive the remaining oil left in large pore throats
after waterflooding but, more importantly, also exhibits extremely a strong mobilization
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capacity in micropore-throat regions. Waterflooding relies primarily on pressure differential
drive and is greatly influenced by fluid viscosity and interfacial tension. Class IV reservoirs
have poor physical properties, with extremely high capillary resistance in micropore throats,
making it difficult for the water phase to overcome this resistance to enter. Consequently,
preferential channels are prone to form along medium-to-large pore throats with lower
flow resistance, leading to uneven microscopic sweep efficiency and a large amount of
remaining oil trapped in small pores.

Figure 4. Nuclear magnetic resonance scanning results of Class IV reservoir cores.

To evaluate the NMR-derived oil saturation trends, the cumulative oil production
observed at the outlet was compared with the oil saturation decreases inferred from the
NMR signal during the short-core experiments. The two sets of data show consistent trends,
especially during the CO2 flooding stage, indicating that the reduction in the NMR signal
is qualitatively consistent with oil production instead of solely reflecting oil redistribution
or relaxation behavior changes caused by CO2 dissolution. Since the MnCl2 solution was
used to shield the water signal, the NMR signal predominantly represents the oil phase.
However, because the produced oil volume from the short cores was too small for precise
volumetric metering at the outlet, this comparison serves as a qualitative consistency check
rather than as a quantitative mass-balance validation.

Figure 5 shows the comparison of the pore-throat mobilization across different scales.
From the perspective of microscopic pore-throat mobilization characteristics, during
the waterflooding process, the recovery efficiency of large pores increases from 80% at
Fw = 50% to approximately 96.84% at Fw = 100%. The recovery efficiency of medium
pores increases from 19% to approximately 38%. The recovery efficiency of small pores
remains at the lowest level throughout, slowly increasing from 8% to about 20%. Even
at the end of waterflooding, about 80% of the initial crude oil in small pores remains
unproduced, constituting the primary storage space for the waterflooding remaining oil.
The waterflooding process exhibits a clear mobilization sequence of large pores → medium
pores → small pores, with the mobilization degree decreasing sharply step by step. This
intuitively reflects the law that flow resistance increases exponentially as the pore-throat
radius decreases. After CO2 flooding, the oil recovery efficiencies across all three T2-derived
pore-size classes achieve dramatic enhancements, and the mobilization uniformity is sig-
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nificantly improved. The recovery efficiency of small pores rises to 35%. The recovery
efficiency of medium pores increases from about 38% to nearly 69%, showing the largest
magnitude of increase. The recovery efficiency of large pores is also further optimized
from approximately 96.84% to approximately 98.35%. By substantially enhancing the oil
recovery efficiency of medium-to-small pore throats—especially small pores—CO2 flooding
precisely and efficiently mobilizes the remaining oil enrichment zones left by waterflooding.

Figure 5. Bar chart of pore-throat mobilization in Class II reservoir cores.

Compared with Class II reservoirs, Class III reservoirs exhibit a slower mobilization
of pore throats smaller than 1 µm, and the corresponding results are shown in Figure 6.
During the waterflooding stage, the recovery efficiency of medium pores steadily increases
from about 17% to around 28%, but the ultimate efficiency still shows a significant gap
compared to that of large pores. The recovery efficiency of small pores remains the lowest
throughout, slowly increasing from about 7% to 19%. Even at the end of waterflooding,
about 80% of the initial crude oil in small pores remains unproduced, becoming the en-
richment zone of the waterflooding remaining oil. Upon the completion of waterflooding,
the remaining oil is highly concentrated in small pores and partial medium pores. Small
pores and medium pores retain approximately 80% and 72% of the initial reserves, re-
spectively, making them the primary potential-tapping targets for enhanced oil recovery.
After CO2 flooding, the microscopic mobilization uniformity across the three T2-inferred
pore size classes is fundamentally improved. The recovery efficiency of small pores in-
creases to about 32%, with an increment exceeding 13 percentage points. The recovery
efficiency of medium pores increases from about 28% to nearly 54%, showing the most
significant enhancement.

Compared with the first two types of reservoirs, the overall mobilization degree of
Class IV reservoirs is significantly lower than that of medium-to-high-permeability cores,
and the corresponding results are shown in Figure 7. During the waterflooding stage in
Class IV reservoirs, the recovery efficiency of small pores is extremely low, with a recovery
degree of only 5.8%, and over 90% of the crude oil remains trapped within small pores.
The recovery efficiency of medium pores increases gently from 5.7% to 16%. The recovery
efficiency of large pores increases from 36.5% to 57%, indicating that even under low-
permeability conditions, waterflooding still possesses a certain displacement capacity for
large pore throats. After CO2 flooding, the recovery efficiency of small pores increases
to about 34.5%, with an increment as high as 29 percentage points, showing a significant

https://doi.org/10.3390/en19184432

https://doi.org/10.3390/en19184432


Energies 2026, 19, 4432 13 of 25

improvement. The recovery efficiency of medium pores leaps from about 16.6% to about
34.7%. The recovery efficiency of large pores further increases from about 57% to about
98%, approaching complete production.

 

Figure 6. Bar chart of pore-throat mobilization in Class III reservoir cores.

 

Figure 7. Bar chart of pore-throat mobilization in Class IV reservoir cores.

During the waterflooding process, the signal of large pores drops sharply with the
advancement of waterflooding, indicating more thorough mobilization and less remain-
ing oil at the end of waterflooding. The signal of medium pores decreases significantly,
indicating that waterflooding has a favorable displacement effect on pore throats in this
interval. At the end of waterflooding, a strong signal still exists in the small pore interval,
showing that a large amount of crude oil in micropores remains immobilized, making it the
primary remaining oil enrichment zone of waterflooding. Even under high-permeability
conditions, the mobilization capacity of conventional waterflooding for small pores is still
limited, and the problem of incomplete microscopic displacement caused by mobilization
limits is widespread. CO2 flooding can significantly compensate for the deficiencies of
waterflooding, further lower the mobilization limit to effectively mobilize the crude oil

https://doi.org/10.3390/en19184432

https://doi.org/10.3390/en19184432


Energies 2026, 19, 4432 14 of 25

retained in micropore throats after waterflooding, and achieve further utilization of the pore
space. This confirms that CO2 exhibits a superior ability to overcome capillary resistance,
access smaller pore throats, and mobilize microscopic remaining oil, significantly enhancing
pore-scale oil-washing efficiency. Therefore, sequential CO2 flooding after waterflooding is
a key subsequent technology for improving microscopic sweep efficiency and tapping the
potential of remaining oil.

Class II cores are selected as the representative example for NMR imaging because
their favorable porosity and permeability allow for the clearest visualization of flood-front
advancement and water channel evolution, whereas the lower signal-to-noise ratios in Class
III and IV low-permeability cores limit the spatial resolution of 2D imaging during online
displacement. By identifying hydrogen signals to determine the oil saturation distribution
within the core, and taking Class II reservoirs as an example, comparing the NMR scan
images at different water cuts during waterflooding allows for an intuitive tracking of
the advancement of the displacement front and changes in the remaining oil distribution,
as shown in Figure 8. Red represents the oil phase, with darker colors indicating higher
oil saturation in that region. In the initial oil-saturated state, the core presents an overall
dark-red color, indicating that crude oil fills the entire pore space. With the progress of
waterflooding, the red color at the injection end (lower side) first begins to lighten or
non-red regions appear, showing significant differences in the oil displacement efficiency
across different positions of the core. At a water cut of 50%, the water phase has formed a
distinct front, with large areas of medium-to-light-red regions behind it, indicating that a
considerable amount of remaining oil is still distributed in continuous or semi-continuous
states. As the water injection volume increases, the area near the injection end turns
light red or non-red, and the remaining oil in the middle and rear parts of the core is
segmented into discontinuous dark-red patches. When the water cut reaches 80%, several
preferential flow paths with virtually no red color appear, surrounded by red regions,
leading to uneven sweep efficiency. By the end of the waterflooding stage, the blocky
remaining oil at the inlet end is mobilized, but the remaining oil in the middle and rear
parts of the core is segmented into discontinuous dark-red patches (mainly located in the
middle of the core), while patchy or isolated red patches still exist near the production
end, representing microscopic remaining oil bypassed or immobilized by waterflooding.
Compared with waterflooding, the overall red color of the core after CO2 flooding further
lightens and its range shrinks, with the dark-red patches remaining after waterflooding is
significantly reduced or completely has disappeared. This suggests that through diffusion,
viscosity reduction via dissolution, and miscibility mechanisms, CO2 can enter pore spaces
inaccessible to the water phase, thereby further enhancing oil recovery.

Figure 8. NMR imaging of Class II reservoir cores.

According to the fractional flow equation, as water saturation increases, the relative
permeability of the water krw increases while that of the oil kro decreases, leading to the
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enhanced mobility of the water phase. During post-waterflooding gas injection, the flow
of CO2 is more susceptible to pressure gradient control. When waterflooding reaches a
water cut of 100%, the krw approaches its maximum, and water flow becomes completely
dominant, with the water phase occupying most of the pore network in a continuous
distribution. Inferred from the rapid rise in the water cut and the decline in the oil pro-
duction rate, the production performance indicates that a continuous water-dominated
flow path has been established. At this stage, the injected CO2 tends to advance along the
path of least resistance, and subsequent gas injection is highly prone to channeling along
the high-permeability channels formed by the continuously distributed water phase. The
contact interface between CO2 and crude oil is relatively limited, which hinders the full
utilization of diffusion and mass transfer advantages and easily leads to gas channeling.
When the water cut is 50%, the relative permeabilities of the oil and water phases are in a
relatively balanced range. Water-channeling pathways have not yet formed, and the oil
phase distribution remains relatively continuous. Meanwhile, the water phase in the pores
is in a dispersed state. Following CO2 injection, the mobility-control effect that is suggested
by the observed displacement performance may facilitate sufficient diffusion and mass
transfer with the remaining oil, thereby delaying gas channeling. Therefore, the key to
formulating a post-waterflooding CO2 injection strategy lies in selecting the appropriate
transition timing based on different reservoir physical properties. This suggests that the
dispersed water phase may exert a mobility-control effect, while also promoting diffusion
and mass transfer between CO2 and the dispersed remaining oil, ultimately achieving the
highest oil recovery efficiency. It must be noted that inferences regarding relative permeabil-
ity changes (krw/kro), continuous water pathways, and mobility control are interpretations
of the macroscopic production response, rather than measured in-situ water saturation (Sw)
or relative-permeability data.

3.2. Analysis of Experimental Results of High-Temperature and High-Pressure Long-Core
Post-Waterflooding CO2 Transition Flooding

By analyzing the dynamic responses of different types of reservoirs during waterflood-
ing and gas flooding processes, it can be found that their production performance is closely
related to reservoir physical properties and pore structures. Experiments on transitioning
to CO2 flooding after waterflooding to different water cuts were conducted using cores
from three types of reservoirs, and the results were compared with CGI. Among the switch-
ing points investigated, the recovery performance and CGOR were analyzed through the
recovery degree and CGOR, and the experimental results for Class II reservoir cores are
shown in Figure 9. In the early stage of injection (<0.15 HCPV), the CGI scheme exhibits
a slightly lagging slope in the increase of recovery degree due to the time required to
establish oil-gas mass transfer. In contrast, the post-waterflooding CO2 transition schemes
start with a higher baseline recovery degree at the beginning of the gas flooding stage,
inheriting the foundation established by the preceding waterflooding. Among them, for
the Fw = 100% scheme, after transitioning from waterflooding to gas flooding, the recovery
degree shows the smallest increment because most of the movable oil has already been
swept away by waterflooding and long-term water flushing tends to create preferential
water-flow paths, as indicated by the flattening of the recovery curve. The Fw = 50% scheme
demonstrates an exceptional capacity for enhancing oil recovery, with the recovery degree
rising rapidly after the transition and eventually reaching a peak of 78.11%. The reason
is that when the water cut reaches 50%, oil and water coexist within the reservoir, and
the remaining oil is distributed in a continuous or semi-continuous state. When CO2 is
injected at this point, destructive water-channeling pathways have not yet formed, and a
moderate movable water saturation is present. The water phase is considered to provide a
mobility-control effect, which may force CO2 to sweep medium-to-small pores more uni-
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formly; meanwhile, CO2 can undergo efficient diffusion, dissolution, and extraction with
the continuously distributed remaining oil, achieving the ultimate efficiency of water-gas
synergistic sequential displacement and allowing its ultimate recovery efficiency (78.11%)
to even exceed that of continuous gas injection (75.53%). As the degree of waterflooding
deepens further to 80% or even 100%, long-term water flushing causes the crude oil to
be severely fragmented and trapped within micropores, transforming the oil phase from
continuous to extremely dispersed. Meanwhile, the water phase becomes fully intercon-
nected within high-permeability channels, forming preferential water-flow paths. When
transitioning to CO2 injection at this stage, the rapid rise in the CGOR and the leveling of
recovery are consistent with early gas breakthrough and preferential flow along these swept
paths, which limits gas–oil contact, reduces mass transfer efficiency, and yields a lower
final recovery of 71.19%. Due to the large pore-throat radii in high-permeability reservoirs,
continuous CO2 injection lacks the mobility control provided by the water phase, causing
gas channeling to occur at an extremely early stage (approximately 0.55 HCPV). When the
gas injection volume reaches 0.82 HCPV, the slope of the CGOR curve reaches its maximum,
soaring to approximately 900 mL/mL, which indicates severe gas channeling and low
effective gas utilization under continuous gas injection. Compared with continuous gas
injection, for the post-waterflooding CO2 transition flooding, the recovery degree increases
relatively quickly during the early waterflooding stage, as higher porosity and permeability
are conducive to fluid flow, allowing higher oil recovery to usually be achieved during both
the waterflooding and gas-flooding stages. However, this type of reservoir also tends to
face strong heterogeneity and high-permeability channels, which easily induce water chan-
neling. Once water breaks through, the water cut increases rapidly, and the oil production
rate drops sharply until the production end predominantly produces water with negligible
oil production. After transitioning to CO2, the water phase retained within the pores during
waterflooding is considered to act as a mobility-control slug, increasing the flow resistance
of the gas phase and suppressing the premature breakthrough of CO2. Especially when
Fw = 100%, the water phase fills most of the pore network, resulting in the most pronounced
delay in gas channeling and the slowest rise in the CGOR. Here, the inferred moderate
movable water saturation, continuous water pathways, and mobility-control effects are
interpretations of the effluent production response and differential pressure dynamics, not
the measured in situ Sw or relative-permeability data.

In the 80 mD medium-permeability reservoir, due to the decreased matrix permeability
and reduced pore-throat size compared to the 170 mD reservoir, the flow resistance during
direct pure CO2 injection is relatively increased, and the occurrence of gas channeling is
slightly delayed compared to the 170 mD reservoir. However, after the injection volume
reaches the mid-to-late stage (approximately 0.7 HCPV), due to the lack of mobility control
by the water phase, gas channeling occurs, resulting in a final recovery efficiency of 71.60%;
the corresponding results are shown in Figure 10. In the post-waterflooding CO2 transition
schemes, as the produced-fluid water cut (Fw increasing from 50% to 100%) at the transition
timing increases, the effect of delaying gas channeling gradually becomes more pronounced.
Among the post-waterflood switching schemes, the Fw = 50% scheme achieved the highest
recovery (71.70%), which is essentially comparable to that of CGI (71.60%), with the growth
rate of the recovery degree after gas transition being significantly faster than those of other
schemes. For the Fw = 50% transition scheme, the coexistence state of oil and water in
the reservoir is ideal at this point, the remaining oil has not been excessively washed by
waterflooding, and the production response is consistent with the absence of dominant
preferential water pathways. The injection of CO2 can fully play the roles of diffusion,
mass transfer, extraction, and miscible displacement. Meanwhile, the moderate water
saturation provides a favorable mobility-control effect, contributing to the highest ultimate
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recovery efficiency. For the Fw = 100% scheme, after undergoing the entire waterflooding
process, most of the movable oil has already been produced during the waterflooding
stage. After gas transition, the flattening of the recovery growth curve may be partly
attributed to the high water saturation and associated water-locking effects, which inhibit
the energy supply and light component extraction functions of gas flooding. However,
other factors such as limited injectivity and poor phase connectivity may also contribute
to this behavior. During transition at the high-water-cut stage, microscopic remaining
oil is mostly trapped in medium-to-fine pore throats with high capillary resistance, and
the continuous blockage formed by the water phase hinders the direct contact between
the gas and crude oil, thereby impairing the gas flooding performance. These deduced
internal flow mechanisms, including moderate water saturation, mobility control, and
continuous water blockage, represent interpretations of production data, not measured Sw

or relative-permeability effects.

   

Figure 9. Core displacement experimental results of Class II reservoir cores.

For Class IV reservoirs with fine pore throats and poor physical properties, the same
transition timing faces completely different challenges. Due to the small average pore-throat
radius, relatively tight pore structure, and high capillary resistance in Class IV reservoirs,
the gas-channeling point during direct CO2 injection is significantly delayed compared
to medium-to-high-permeability reservoirs (at approximately 0.8 HCPV). However, due
to the strong heterogeneity of micropore throats in low-permeability cores, once the gas
breaks through, the CGOR soars rapidly, and its value is significantly higher than that
of medium-to-high-permeability reservoirs, with the final recovery efficiency of direct
CO2 injection reaching 66%; this comparative result is illustrated in Figure 11. In the post-
waterflooding CO2 transition schemes, during the waterflooding stage, a larger production
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pressure differential is required to drive fluid flow. When transitioning to gas injection
development, a considerable amount of movable water still remains in the reservoir, and
these water phases hinder the establishment of an effective displacement relationship
between the gas and crude oil, causing crude oil production to fail to respond rapidly and
resulting in a significant lagging phenomenon. Meanwhile, due to their inherent strong
hydrophilicity and extremely high capillary resistance, it is difficult for the injected gas
to effectively break through the continuous water barrier formed by movable water. The
water phase forms a barrier within the micropore throats, severely impeding the physical
contact between CO2 and the trapped crude oil, which greatly weakens the key extraction,
diffusion, and dissolution mechanisms. Meanwhile, water-locking effects are considered
to be one of the possible contributing factors that may prevent the gas from effectively
displacing and driving the crude oils. Other factors, including limited pore connectivity
and capillary end effects, may further complicate the displacement process. This not only
reduces the mobility of crude oil but also significantly weakens the extraction and misci-
ble displacement effects of CO2 on crude oil, thereby constraining the ultimate recovery
efficiency of this type of reservoir. Therefore, even with the transition to gas injection, the
ultimate recovery efficiency basically remains at the level of the end of waterflooding, with
a recovery efficiency of 61.43%. The macroscopic results above are not contradictory to
the microscopic mobilization capacity of CO2 revealed by NMR for Class IV reservoirs.
The NMR experiments (Figures 4 and 7) show that the small-pore recovery increases from
5.8% after waterflooding to 34.5% after CO2 flooding, reflecting the ultimate microscopic
displacement capacity of CO2. However, the long-core Fw = 100% switching scheme yields
negligible macroscopic incremental recovery. This apparent contradiction can be explained
from three aspects. First, the absolute oil content in micropores is limited, so even a substan-
tial relative increase in small-pore recovery contributes little to total recovery in absolute
terms. Second, high capillary pressure and water-locking effects may inhibit effective
CO2–oil contact and mass transfer. Third, in the short NMR cores (5 cm), the diffusion
distance is short, allowing mobilized oil to reach the outlet more easily; in the long cores
(30 cm), the diffusion distance is six times longer, and the mobilized oil struggles to over-
come capillary resistance to form a continuous oil phase. Meanwhile, pressure monitoring
data show that the pressure differential stabilized after waterflooding and showed no
significant decline after CO2 injection, indicating that the injected gas failed to establish
an effective displacement pressure gradient—further supporting the above interpreta-
tion. Therefore, the NMR results demonstrate the microscopic potential of CO2, while the
macroscopic results reflect practical constraints of transport and connectivity—the two are
complementary rather than contradictory. It should be stressed that descriptions such as
continuous water barriers and water locking are interpretations of the observed production
lag and pressure curves rather than measured saturation or relative-permeability data.

Comparing the experimental results of the 10 mD low-permeability layer, 80 mD
medium-permeability layer, and 170 mD high-permeability layer, the transition scheme
at a water cut of 50% achieved the highest recovery among the tested conditions for the
high-permeability layer (170 mD) and medium-permeability layer (80 mD). Class II reser-
voirs exhibit the most significant enhancement; with well-developed large pore throats,
waterflooding can rapidly carry away movable oil, and at Fw = 50%, the water phase is
considered to provide favorable mobility control with excellent water–gas synergy, yielding
a recovery efficiency that even exceeds that of the CGI development scheme. This superi-
ority stems from the fact that under this transition timing, the fluid distribution and flow
state within the reservoir achieve an ideal dynamic equilibrium. At a water cut of 50%, the
production response is consistent with the absence of stable, high-permeability preferential
flow pathways such that gas injection does not immediately result in severe preferential gas
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flow or early breakthrough. Under these conditions, the movable water phase inferred to
be present in the pore network may provide favorable mobility control. It partially occupies
the larger pores, forcing the subsequently injected CO2 gas to enter medium-to-small pores
more extensively and contact the remaining oil therein, thereby significantly reducing the
relative permeability of the gas, effectively controlling gas mobility, suppressing the pre-
mature occurrence of gas channeling, and enhancing the sweep volume and displacement
efficiency of the gas. For Class II reservoirs with favorable physical properties, oil and
water coexist within the pores at this stage, with a moderate movable water saturation.
The injected CO2 can not only undergo effective mass transfer and extraction with the
crude oil but can also achieve a smoother displacement front with the assistance of the
water phase. This water–gas synergistic microscopic displacement mechanism is far more
efficient than continuous gas injection or gas transition at the high-water-cut stage. As
with the earlier interpretations, this postulated water–gas synergy and mobility control
by a water slug are deductions from macroscopic recovery trends, not directly measured
saturation distributions or relative-permeability characteristics.

   

Figure 10. Core displacement experimental results of Class III reservoir cores.
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Figure 11. Core displacement experimental results of Class IV reservoir cores.

To better evaluate the incremental contribution of CO2 under different switching
schemes, Table 3 summarizes the waterflood recovery, incremental recovery by CO2, final
recovery, cumulative water injected, and oil produced per unit volume of injected CO2

for each test. For Class II and III medium-to-high-permeability reservoirs, the Fw = 50%
switching scheme yields the highest incremental recovery by CO2 (40.54% and 34.18%,
respectively) and the highest CO2 utilization (0.160 and 0.116 mL/mL), significantly outper-
forming delayed switching schemes (0.108–0.133 mL/mL for Class II; 0.089–0.108 mL/mL
for Class III). Notably, the cumulative water injected at Fw = 50% is only 0.44–0.53 PV,
whereas at Fw = 100%, the cumulative water injected reaches 0.982–1.000 PV, yet the CO2

incremental recovery drops to 27.36% and 26.24%, with CO2 utilization as low as 0.108 and
0.089 mL/mL. This indicates that when switching is delayed to a high water cut, waterflood-
ing has already established preferential flow paths, significantly reducing CO2 efficiency.
The CGI scheme achieves the highest final recoveries (75.53% and 71.60%) but lacks the
mobility control provided by the water phase, leading to higher gas-channeling risks and
potentially higher recycling costs in field practice. For Class IV low-permeability reservoirs,
the post-waterflood switching schemes yield final recoveries of only 60.28–62.93%, with
CO2 utilization as low as 0.052–0.076 mL/mL. In contrast, the CGI scheme achieves a final
recovery of 65.91% and a substantially higher CO2 utilization (0.147 mL/mL), significantly
outperforming all post-waterflood switching schemes. This is consistent with constraints
imposed by water-locking effects and high capillary pressure on the CO2 displacement
efficiency in low-permeability reservoirs, further supporting the recommendation that
low-permeability reservoirs should adopt early or direct CO2 injection.
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Table 3. Summary of recoveries and injection efficiencies for different switching schemes.

Reservoir Class Switching
Scheme

Waterflooding
Recovery (%)

Incremental
Recovery by

CO2 (%)

Final
Recovery (%)

Cumulative
Water Injected

(PV)

Oil Produced
per Volume of
Injected CO2

(mL/mL)

Class II (170 mD)

Fw = 50% 37.57 40.54 78.11 0.444 0.160

Fw = 80% 39.48 33.65 73.13 0.516 0.133

Fw = 100% 43.84 27.36 71.19 0.990 0.108

CGI / 75.53 75.53 / 0.298

Class III (80 mD)

Fw = 50% 37.52 34.18 71.70 0.534 0.116

Fw = 80% 38.56 31.87 70.43 0.582 0.108

Fw = 100% 40.99 26.24 67.23 0.982 0.089

CGI / 71.60 71.60 / 0.243

Class IV (10 mD)

Fw = 50% 29.02 33.91 62.93 0.593 0.076

Fw = 80% 30.31 31.12 61.43 0.658 0.070

Fw = 100% 37.22 23.06 60.28 1.000 0.052

CGI / 65.91 65.91 / 0.147

Regarding microscopic pore-throat mobilization, our results are in good agreement
with Zhao et al. [36], who reported a recovery increment of 17.09–31.49% in micropore
throats of medium-to-low-permeability cores after CO2 miscible flooding, and with Su
et al. [37], who demonstrated the mobilization capacity of CO2 in nanopores (<3.7 nm).
Specifically, for Class IV low-permeability cores, the recovery efficiency of micropores
(<0.1 µm) increased from 5.8% after waterflooding to approximately 34.5% after CO2 flood-
ing, with an increment of 28.70%. In contrast to previous studies that often treated pore
systems homogenously across different core types, our classified comparison reveals a
distinct petrophysical hierarchy in T2-inferred pore size mobilization: for Class II medium-
to-high-permeability reservoirs, the incremental recovery is dominated by mesopores
(0.1–1 µm, 31%), whereas for Class IV low-permeability reservoirs, the CO2 con-
tribution is heavily concentrated in micropores (<0.1 µm, 28.70%) and macropores
(1–10 µm, 41%) that were previously bypassed during waterflooding. This suggests that
CO2 may target trapped remaining oil across different pore scales depending on reservoir
petrophysical properties.

Regarding the transition timing, Liu et al. [20] recommended switching at a high-
water-cut stage (Fw ≈ 82%) based on net present value (NPV) optimization, while Li and
Gu [15] advocated an intermediate timing (when waterflooding recovery reaches 50%
of its ultimate secondary recovery). Our classified experimental results further refine
these earlier understandings: for Class II and III medium-to-high-permeability reservoirs,
transitioning at Fw = 50% yields the highest ultimate recovery (78.11%), exceeding contin-
uous gas injection (75.53%) and delayed switching at Fw = 100% (71.19%). For Class III
medium-permeability reservoirs, the recovery at Fw = 50% (71.70%) is the highest among
the tested post-waterflood switching schemes and is essentially comparable to continuous
gas injection (71.60%, a negligible difference of only 0.10 percentage points, which does not
constitute an outperformance) but is higher than delayed switching at Fw = 100% (67.23%).
This favorable recovery performance among the tested schemes is mainly attributed to
the mobility control provided by moderate movable water saturation before continuous
water pathways are fully established (which represents an interpretation of production data
rather than a measured saturation or relative-permeability effect). In contrast, for Class
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IV low-permeability reservoirs, late switching is considered highly unfavorable, which
may be partly related to high capillary resistance and water-locking effects, along with
other possible factors, such as limited injectivity and poor phase connectivity. Direct CO2

injection or very early transition achieves a significantly higher recovery (65.91%) than
switching after complete waterflooding (61.43%). These findings demonstrate that the
transition timing should not follow a single fixed threshold but requires differentiated
optimization based on the interplay among the mobility ratio, gas channeling, and capillary
resistance across different reservoir classes.

4. Discussion
This study has several limitations. First, the long-core switching experiments were

not independently replicated due to limited core availability and because cleaning altered
the pore structure and fluid distribution; similarly, the NMR pore-throat recoveries are
single-core observations. Consequently, the recovery differences between the schemes
and dynamic features observed on the differential pressure–HCPV curves are single-run
laboratory observations and must not be treated as statistically established optima or dif-
ferences. Second, the short-core NMR and long-core displacement experiments involve
different length scales. Third, the T2-to-pore-radius conversion is calibration-dependent
and should be regarded as semi-quantitative; it delineates T2-derived pore size classes
rather than resolves discrete individual pores or directly proves nano-scale displacement.
Fourth, MnCl2 solution was used instead of representative formation water. Fifth, NMR
cannot resolve phase topology or water film thickness. Sixth, a dedicated calibration of
crude oil before and after CO2 saturation was not performed; therefore, the possibility that
CO2 dissolution affects T2 relaxation or signal distribution cannot be fully excluded, and
the NMR results are interpreted as relative indicators rather than as absolute measures of
oil production. Seventh, because the produced oil volume from the short cores was too
small for precise outlet volumetric measurement, only a qualitative comparison between
the produced oil volume and NMR-derived oil saturation changes was performed, and no
rigorous quantitative mass balance validation was conducted; future work will improve
micro-volume fluid collection methods. Eighth, only three discrete switching water-cut
points were tested. Ninth, although the outlet backpressure (50 MPa) was set above the bulk
slim-tube MMP (44 MPa), potential pore confinement effects and phase behavior shifts in
tight micro-throats (especially in Class IV cores) may alter in situ miscibility such that tests
should be interpreted under intended miscible conditions rather than definitively verified
full miscibility throughout all pore spaces. Finally, reservoir-scale simulation and economic
evaluation are required before field application. To further clarify the displacement mecha-
nisms across different reservoir types, subsequent studies should introduce additional pore
structure parameters, including tortuosity, cementation exponent, constriction factor, and
pore connectivity. These parameters can improve the prediction accuracy of flow resistance
and capillary barriers, especially for low-permeability reservoirs, and can further refine the
class-specific injection strategies proposed in this work. Meanwhile, as the existing NMR,
recovery, CGOR, and pressure datasets do not provide direct measurements of the 3-D
pore connectivity, water film thickness, phase topology, relative permeability, channeling
geometry, or capillary pressure, the CGOR and recovery curve shapes must be treated as
indirect macroscopic indicators; descriptions of preferential flow or delayed breakthrough
represent inferences consistent with production responses rather than directly measured in
situ flow pathways. All mechanistic interpretations presented in this work are treated as
data-consistent inferences rather than direct determinations of these properties and will be
further refined in subsequent studies.
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5. Conclusions
In this study, high-temperature and high-pressure core displacement experiments

coupled with online NMR measurements were conducted to elucidate how the benefit
of post-waterflooding CO2 injection depends on the reservoir class and how NMR-scale
pore-throat mobilization relates to macroscopic recovery. The primary conclusions are
summarized as follows:

(1) NMR under intended miscible conditions confirms that CO2 mobilizes oil within
small T2-derived pore size classes (<0.1 µm) across all reservoir types, showing the largest
relative increase in Class IV micropores (from 5.8% to 34.5%). However, in long-core
floods, high capillary resistance, water locking, and longer transport distances restrict the
coalescence and flow of mobilized oil, resulting in negligible macroscopic incremental
recovery for late switching in Class IV cores. Microscopic desaturation does not inherently
guarantee proportional macroscopic recovery.

(2) The interaction between prior waterflooding and subsequent CO2 injection is
dictated by the reservoir properties. In Class II and III medium-to-high-permeability
reservoirs, production responses at intermediate switching (Fw = 50%) are consistent with
water–gas synergy, where the water phase is interpreted to provide mobility control that
delays gas breakthrough. In Class IV low-permeability reservoirs, pre-existing water
establishes barriers and capillary trapping that impair gas–oil contact, rendering late
post-waterflood switching distinctly unfavorable compared to direct gas injection. (These
mechanisms represent interpretations of production dynamics rather than measured in situ
saturation or relative-permeability data.)

(3) Transition timing requires class-differentiated design rather than a single water-cut
threshold. The following results were obtained under the tested conditions (Table 4): Class
II (170 mD): Switching at Fw = 50% yielded the highest recovery among the tested condi-
tions (78.11%), exceeding continuous gas injection (75.53%). Class III (80 mD): Switching at
Fw = 50% achieved the highest recovery among the tested switching schemes (71.70%), com-
parable to continuous gas injection (71.60%, 0.10 percentage point difference), whereas de-
layed switching (Fw = 80% and 100%) reduced recovery. Class IV (10 mD): Post-waterflood
switching yielded limited final recoveries (60.28–62.93%), with direct continuous gas in-
jection achieving the highest recovery (65.91%). These single-run laboratory observations
provide physical insights rather than field prescriptions; site-specific timing decisions
require numerical simulation and economic evaluations.

Table 4. Comparison of best-performing scheme among those tested and key characteristics across
reservoir classes.

Reservoir Class Best-Performing Scheme
Among Those Tested Key Characteristics Applicability

Class II (170 mD) Fw = 50%
Large pore throats; rapid
waterflood sweep; ideal

water–gas synergy

Recovery exceeded CGI under tested
conditions; may be favorable for

reservoirs with similar petrophysical
properties

Class III (80 mD) Fw = 50% Moderate pore throats;
balanced oil–water mobility

Yielded highest recovery among tested
switching schemes and comparable to

CGI (71.70% vs. 71.60%); delayed
switching resulted in lower recovery

Class IV (10 mD) Early or direct CGI
Fine pore throats; high

capillary resistance; severe
water locking

Post-waterflood switching yielded
limited incremental recovery in this
study; direct CO2 injection may be

considered
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