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Abstract

Tight oil reservoirs are characterized by low porosity, low permeability, and low saturation, making
it difficult to achieve economic development through conventional water injection. This study
experimentally evaluated different injection media and oil displacement methods and used nuclear
magnetic resonance methods to explain the micro mechanisms of oil displacement during different
oil displacement processes. The experiments showed that supercritical CO:flooding and supercritical
CO2 and active water alternating flooding were much more useful for low-permeability reservoirs
compared with conventional water flooding. This technology can increase the recovery rate by more
than 12.0%, which is 33.24% higher than the rate achieved with conventional water injection. In
addition, it can effectively improve the rapid increase in water content caused by the rapid advance
of the water front during the water injection process. NMR results indicated good consistency for the
recovery efficiency of pores under different oil displacement conditions. When the aperture varied
between 0.1 u m and 1 u m (Type III), the utilization rate was highest, followed by Type IV (1-10 u
m), Type II (0.01-0.1 u m), and Type I (0.001-0.01 p m). By comparison, conventional water and CO:
alternating flooding was more effective for type III pores, increasing oil recovery by 12.58%, while
active water+CQO: alternating flooding can further drive oil, increasing oil recovery by 33.24% and
greatly displacing oil in micro-pores and macro-pores.

Keywords: active water flooding; supercritical COz; alternating flooding; pore-throat; tight oil

1. Introduction

Low permeability and pressure droop are the main factors affecting oil recovery in tight sand
oil reservoirs. Due to the characteristics of carbon dioxide, which can mix with oil and reduce its
viscosity, carbon dioxide flooding has played an important role in sand oil reservoirs [1-4]. Carbon
dioxide flooding is advantageous due to its non-miscible injection mode, which indicates that the
injection pressure is less than the minimum miscible pressure; mixing injection mode, in which the
injection pressure is greater than the minimum mixing pressure; and supercritical carbon dioxide
injection mode, where the pressure and temperature are higher than the critical temperature and
critical pressure in the carbon dioxide system [5-7]. In the process of supercritical carbon dioxide
flooding, it is necessary to ensure that supercritical carbon dioxide can fully contact crude oil.
Determining the distribution of crude oil in reservoirs is of great significance in discovering the
mechanisms of carbon dioxide flooding. Generally, the oil remaining in the reservoir after water
flooding exists in three forms [6,8,9]: (1) the oil droplet is surrounded by water in the pore, as is
common in hydrophilic rocks; (2) the oil is adsorbed on the rock surface, which is common in oil-
philic rocks; and (3) these two conditions coexist, which is common in miscible wetted rocks [10].

To date, many scholars have conducted experimental studies on the water resistance effect in
water injection development. The results indicate that under high water saturation conditions, water
resistance has a significant impact on the remaining oil saturation. Meanwhile, the wettability of rock
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has a great effect on the oil recovery in tight oil reservoirs [11]. In water wetted rock or miscible
wetted rock, oil recovery was quite low [12,13]. Changing the wettability of rock surfaces by
alternating COz water and gas flooding can effectively improve oil recovery. The contact angle
measurement experiment also confirmed this conclusion [14,15]. Obviously, the change in the
wettability of rock surfaces remains an unresolved issue which is mainly affected by the rock
properties, differences in composition, and type of reservoir fluid, and the chemical reaction between
the reservoir rock and fluid during or after carbon dioxide injection [16,17]. Meanwhile, the water
mass in water-wet dense sandstone is very different from that in the COx-water alternating flooding
process. The results show that CO: flooding is much more efficient than three-times oil recovery.
Meanwhile, the increase in oil recovery rate during secondary oil recovery is mainly attributed to the
reduction in water mass [17-19]. In addition, the precipitation of organic matter generated during
CO: flooding can significantly impact the CO: flooding effect [20]. The results showed that CO:
flooding induced a serious amount of asphaltene precipitation, which was significantly related to the
liquid-liquid equilibrium but not to the bubble point pressure of the system [21]. Meanwhile, CO:-
generated organic matter precipitation alters the wettability of the rock, making it more oil-wetted.
Experiments have demonstrated that resin and paraffin precipitate from crude oil, and organic matter
precipitation promotes mass transfer during miscibility, with no significant organic matter
precipitation after miscibility [22,23]. The amount and composition of carbon dioxide-induced
organic matter precipitation is influenced by small- and medium-molecular-weight paraffins in the
crude oil. When the asphaltene content in crude oil exceeds 4.6%, the reservoir rock will change from
water-phase wetting to oil-phase wetting, thus reducing the oil recovery rate [23]. Asphaltenes in
crude oil were found to be unstable in carbon dioxide and hydrocarbon gases but stable in reservoir
fluids at reservoir temperatures. It was also shown that although asphaltene precipitation occurred
during carbon dioxide charging, there was no clogging problem because the asphaltene particles
were much smaller than the pore throat. Therefore, the permeability of the reservoir rock does not
decrease significantly after CO: charging. During supercritical carbon dioxide charging,
physicochemical reactions between the reservoir crude oil, formation water, carbon dioxide and
reservoir rock occur, resulting in changes in the permeability, pore throat radius and other properties
of the reservoir rock. The changes in the reservoir pore throat and permeability are mainly caused by
mineral dissolution and asphaltene precipitation of reservoir rocks. The dissolution of rock minerals
increases the porosity and permeability of reservoir rocks, while the precipitation of asphaltenes
leads to a decrease in reservoir rock porosity and permeability [24]. During CO: flooding, an increase
or decrease in reservoir rock permeability mainly depends on the distribution of reservoir rock
minerals. CT monitoring of CO: injection shows that the porosity and permeability of reservoir rocks
increase at the initial stage of CO: injection, but with continuous injection, the porosity and
permeability of reservoir rocks decrease at a low injection rate [25]. When the salinity of formation
water is low, the porosity and permeability of reservoir rocks decrease slightly. The decrease in
permeability of reservoir rocks is mainly attributed to two mechanisms: (1) the accumulation of small
particles such as asphaltene in large pore channels, reducing the flow area of the pore throat; and (2)
the blockage of small pore channels by large particles of asphaltene, which reduces the number of
flow channels[8,26].

Existing theoretical research on CO:zflooding has mainly focused on organic matter precipitation
caused by CO2 flooding, while few studies have been conducted on the utilization of petroleum in
different pore throats. In addition, although the concept of alternating carbon dioxide and water
flooding has been proposed, its effectiveness has not yet been evaluated and analyzed. This article
proposes a new effective flooding mode which uses alternating supercritical CO: and active
waterflooding to improve oil recovery in tight oil reservoirs. Experimental results of conventional
water flooding, active water flooding and CO: flooding were used to verify the effectiveness of the
proposed mode. By combining nuclear magnetic resonance (NMR), the oil remaining in pores was
analyzed to characterize the utilization of crude oil by different pore throats, and a downward trend
in CO: flooding technology was determined. The micro mechanism of CO: oil displacement at the
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micro scale was also revealed. Solving this problem are of great significance for improving the CO:
flooding effect and proposing new approaches for secondary oil recovery.

2. Experimental Equipment and Design

2.1. Experimental Samples

A core with a length of 30cm and a diameter of 2.54cm was drilled; two cores with similar
permeability and properties comprised a 60cm long core column. The average permeability of the
man-made cores was measured using N2 to ensure that the rock permeability showed the same
tendency for the target. Taking the Mahu 1 oilfield as the research object, formation water was
composed based on its ion composition and salinity (Table 1). Activated water was prepared using
20% betaine and 80% heavy alkylbenzene sulfonate. The experiment was conducted under constant
temperature and pressure of 100 °C and 40MPa, respectively.

Table 1. Formation water ion composition and salinity.

. . 2 2 2 N 2 - Total salinity/
Na +K Mg Ca SO, Cl Co, HCO, mg/L
14570.00 336.0 471.2 336.2 15470.2 669.0 332.1 32184.7

2.2. Experimental Equipment

The experimental devices (Figure 1) used included a high-temperature and high-pressure
displacement experimental device, which was used to measure reservoir recovery during gas
flooding and water flooding; and a constant-temperature and pressure pump with an accuracy of
0.0001ml/min, which was used to saturate water and oil at an early stage and provide a constant flow
during the entire stage. A gas pressurization device was used to guarantee stable pressure in the CO
cylinder. During the experiment, the injection pressure was 40.0MPa and the experimental
temperature was 100 °C. A constant flow rate of 0.1ml/min was applied, and the injection pressure
was 26.5MPa, which was higher than the miscible pressure.
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Figure 1. Experimental devices: (a) high-temperature and high-pressure displacement experimental device; (b)
constant temperature and pressure pump; (c) gas pressurization device; (d) controlling system; (e) The Flooding
experimental schedule of different flooding modes .

2.3. Experimental Procedure

To characterize the effect of CO:z + active water alternating flooding on oil recovery in tight oil
reservoirs in depth and to verify the effectiveness of the proposed flooding mode, existing flooding
modes were evaluated in four experiments, and CO: + active water alternating flooding was
simulated in a final experiment. Based on these experiments, the mechanism of CO: flooding at the
micro-scale was discovered. Table 2 lists the properties of the cores used in the experiments.

Table 2. Basic parameters of experimental cores.

Core size - . .
No. length x diameter Permeability Porosity Dry weight
/mD 1% /g
/em
1 60x2.54 1.4 7.32 426.8
2 60x2.54 1.4 7.32 427.4
3 60x2.54 14 7.32 426.4
4 60x2.54 1.4 7.32 426.7
5 60x2.54 1.4 7.32 428.1

Five different experiments using water flooding, active water flooding, CO: flooding, water+CO:
alternating flooding (WAC) and active water+CO: alternating flooding (AWAC) were conducted.
During the oil flooding experiments, a water content over 98% meant that the flooding process had
been terminated. Meanwhile, the three different flooding modes, namely conventional water
flooding, active water flooding and supercritical CO2 flooding, were applied using Samples 1, 2 and
3. Samples 4 and 5 were used for water and supercritical CO: alternating flooding and active water
with supercritical CO: alternating flooding, respectively. During the experiments, the total flooding
volume was 0.8 PV. The detailed flooding schedule is provided in Table 3.

Table 3. The details of the flooding schedule of different flooding modes.

Sample Experimental scheme
Sample 1 Conventional water flooding (0.8PV)
Sample 2 Active water flooding (0.8PV)
Sample 3 CO: flooding (0.8PV)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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0.15PV conventional water + 0.15PV CO2+0.15PV conventional water +0.15PV CO2+0.10PV
conventional water +0.10PVCO2+ conventional water flooding
Active water (0.15PV) +0.15PVCO2+ active water (0.15PV) +0.15PVCO2+ active water (0.1PV)
+0.1PV CO2

Sample 4

Sample 5

3. Experimental Results

Figure 2 shows the change in water cut and oil recovery under different oil flooding models.
During water flooding, the oil recovery increased from 0 to 34.52 % when the injection volume
increased from 0 to 0.8 PV. When the injection volume increased from 0.8PV to 1.5 PV, oil recovery
increased from 34.52% to 37.42%, which was an increase of 10.81%, while the water cut increased
from 93.15% to 99.06%, representing an increase of 12.40%. Taking an injection volume of 0.6PV as a
boundary, when the injection volume was less than 0.8PV, the water cut and recovery curves
increased sharply. When the injection volume exceeded 0.8PV, the incremental rate of the water cut
and recovery curves decreased significantly. For active water flooding, when the active water
injection was less than 0.6PV, the recovery rate increased rapidly from 0 to 37.42%, and the water cut
increased obviously from 0 to 91.54%. With continuous injection, when the injection amount of active
water reached 1.4PV, the recovery rate increased to 40.21%, and the water cut increased to 98.22%.
Compared with production at 0.6PV, the recovery increased by 12.11%, and the water cut increased
by 23.02%.

Subsequently, the effect of supercritical CO: flooding was analyzed. The experimental results
indicated that when the injection volume was less than 0.8PV, there was almost no water in the
produced fluid, and the recovery rate was 37.42%. When the injection volume exceeded 0.8PV, the
water cut increased obviously. At the end of flooding, the oil recovery reached 41.5%, while the water
cut increased to 98.42%.

100 T 60
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— -
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t Conventional water (water cut) g
= 40 —pm — Conventional water (oil recovery) o
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Figure 2. Change of Water cut and Oil recovery under different flooding modes.
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Table 3. Comparison of Water cut and Oil recovery under different flooding modes.

Flooding Mode Water Cut/%  Oil Recovery/%
Conventional water flooding 99.06 37.42
Active water flooding 98.22 40.21
supercritical CO2 flooding 98.42 41.5
supercritical CO2+ conventional water flooding 98.58 45.29
supercritical CO2+ Active water flooding 97.89 49.35

In order to further understand the effect of alternating injection on oil displacement, two sets of
experiments were designed, namely supercritical CO2+water alternating flooding and supercritical
CO2+active water alternating flooding. It can be seen that when the injection rate of supercritical
CO2+ active water alternating flooding was less than 0.6PV, the recovery rate increased from 0 to
40.82%. When using conventional water injection to inject 1.0PV, the recovery rate slowly increased
from 40.82% to 44.07%, an increase of 7.96%, while the water content rapidly increased from 47.07%
to 97.98%, an increase of 108.15%. When injecting supercritical CO2 and active water alternately, the
recovery rate increased from 0 to 44.40% when less than 0.6 PV of supercritical CO2 and active water
was injected. When using conventional water injection to inject 1.0PV, the recovery rate slowly
increased from 44.40% to 48.74%, an increase of 9.77%. The moisture content rapidly increased from
41.87% to 97.84%, an increase of 133.68%.

Comparing Samples 1 and 2, it can be found that at the same injection amount (0.8PV), compared
with water injection, the oil recovery rate increased from 31.337% to 34.68%, and the water content
decreased from 88.27% to 78.64%, which is a decrease of 9.76%. For supercritical CO: flooding,
compared with water flooding, the recovery rate increased from 33.97% to 38.75%, which is an
increase of 16.44%. Throughout the entire supercritical CO2 oil recovery process, the water content
was almost zero, indicating that supercritical CO2 reservoirs can not only effectively improve oil
recovery but also effectively reduce the water content in the produced fluid, achieving the goal of
"controlling water and increasing oil production” in oilfield development. Comparing Samples 1, 3,
and 4, it was found that during the oil displacement process with alternating water and supercritical
CO, the recovery rate was 40.82% when the injection amount reached 0.8 PV. Compared with
Samples 1 and 3, the oil recovery rate increased by 23.80% and 6.75%, respectively, while the water
content decreased by 46.09% compared to Sample 1. This indicates that alternating supercritical CO:
and water flooding can not only effectively improve oil recovery but also effectively reduce the water
content caused by the rapid advance of the water front during water injection. Comparing Samples
2, 3, and 5, it was found that when the injection volume reached 0.6PV, the recovery rate increased
by 27.29% and 16.08%, respectively, compared to active water injection, while the water content
decreased by 47.29%. This experiment not only verified the effectiveness of alternating active water
and supercritical CO2 oil displacement but also showed that this approach both effectively improves
oil recovery and effectively reduces the water content caused by the rapid advance of the water front
during water injection.

In order to further understand the effect of alternating injection on oil flooding, two groups of
experiments were designed: supercritical CO: + water alternating flooding and supercritical CO2 +
active water alternating flooding. The experimental results indicated that supercritical CO2 + active
water alternating flooding was an effective method of improving oil recovery. When the total
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injection amount was 0.6PV, the oil recovery sharply increased to 41.22%. When conventional water
flooding was adopted to inject 1.0PV, the recovery rate increased slowly from 40.82% to 44.07%, with
an increase of 7.96%, while the water cut increased rapidly from 47.07% to 97.98%, with an increase
of 108.15%. When supercritical CO2 and active water were injected alternately, it can be seen that
when less than 0.6PV of supercritical COz and active water was injected, the recovery rate increased
from 0 to 44.40%. When conventional water flooding was used to inject 1.0PV, oil recovery a slowly
increased from 44.40% to 48.74%, increasing by 9.77%, while the water cut jumped to 97.84% from
41.87%, approaching the termination conditions of the experiment.

The experimental results of Samples 1 and 2 showed that active water flooding has obvious
advantages compared with conventional water flooding. When the total injection volume was 0.8PV,
oil recovery increased to 34.88% when active water flooding was used, while the oil recovery was
only 30.64% for conventional water flooding. In addition, it should be noted that the water cut
decreased when active water was used, with a water cut of 79.61%, while the water cut for
conventional water flooding was 87.94%, increasing by 10.27%. When the injection volume of
supercritical CO2 reached 0.8PV, oil recovery saw a continuous increase to 38.77% compared with
water flooding, an increase by 16.01%. The use of supercritical CO:2 can also delay the water cut
increase. When the amount of supercritical CO2was below 0.8PV, the water cut was low, approaching
zero. Thus, supercritical CO2flooding can not only increase the oil produced but can also be used to
control water production during oil production. Due to the difficulty of mutual dissolution between
carbon dioxide and formation water in the reservoir, the Jamin effect took place, which increased the
resistance of formation water seepage. When conventional water with supercritical CO: alternating
flooding was simulated, the oil recovery increased to 45.29% when the injection amount was 0.8PV.
Comparing conventional water flooding, active water flooding and supercritical CO: flooding,
conventional water with supercritical CO: alternating flooding showed a greater role in controlling
water production. When the injection amount reached 0.8PV, the water cut was only 64.27%,
decreasing by 26.91% and 19.27%, which indicated that the propulsion speed of the water drive
leading edge was significantly reduced due to the enhanced Jamin effect. For active water and
supercritical COz alternating flooding, the oil recovery saw a further increase to 49.34%, while the
water cut was only 59.47% when the injection amount reached 0.8PV. From the comparison above, it
can be concluded that alternating flooding of active water and supercritical CO:z played a great role
in increasing oil recovery and controlling water production, which can effectively reduce the
propulsion speed of the water drive leading edge because of the enhanced Jamin effect.

4. Discussion

In order to reveal the microscopic mechanism of oil displacement in ultra-low-permeability
reservoirs, nuclear magnetic resonance (NMR) tests were conducted on the core samples from the
five experiments after oil displacement, and the fluid distribution at different stages was analyzed.
As shown in Figures 3-7, the T2 spectra of the five saturated single-phase fluid cores indicated that
the relaxation time of the peak pore size was between 1 and 600ms, which meant that the microporous
structure of the core samples from the five experiments had the same tendency. The effect of pore
structure and water saturation on the experimental results can be ignored. Based on a water drive
recovery rate of 30.64%, the active water drive recovery rate increased by 7.02%, the CO: drive
recovery rate increased by 13.27%, the CO2 and water alternating drive recovery rate increased by
20.50%, and the CO2 and active water alternating drive recovery rate increased by 33.23%.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. The distribution of T2 spectra under water flooding.
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Figure 4. The distribution of T2 spectra under active water flooding.
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Figure 5. The distribution of T2 spectra under CO: flooding.
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Figure 6. The distribution of T2 spectra under WAC flooding.
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Figure 7. The distribution of T2 spectra under AWAC flooding.

In the left peak of the T2 spectrum of the five samples, there is no change in the partial porosity
component before and after displacement, but the position of the change in the porosity component
of the left peak of the T2 curve differs under different displacement modes. Because the relaxation
time (T2) is related to the pore radius (Rc), it is necessary to convert the relaxation time into the pore
radius Rc for further analysis of the influence of different displacement modes on oil recovery in
different pore diameters.

Combined with the NMR results, the porosity distribution of the matrix under different pore
throat radii can be obtained by removing the pore distribution of fractures, as shown in Figure 8.
According to Figure 8, the pore throats range from 0.001 to 10 um and can be divided into four
interval types: type I (0.001-0.01 um), type II (0.01-0.1 pm), type III (0.1-1.0 um), and type IV (1.0-10
pm). Furthermore, the variation in fluid controlled by different pore throat radii can be studied, and
the oil utilization in pores controlled by different pore throat radii can be calculated.
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Figure 8. The porosity distribution of the matrix under different pore throat radii.

By calculating the oil utilization of different pore throats, the following conclusions can be
drawn.

(1) Comparing the initial and remaining oil saturation shows that the initial oil saturation was
influenced by the pore structure; oil was mainly distributed in the pore throat range of 0.1-1.0
um, and oil in the pore throat range of 0.001-0.01 um was rare. After the displacement process,
the remaining oil saturation in all pore throats was up to 6.0% lower than the irreducible water
saturation, which indicates that using supercritical CO2 and active water can effectively improve
oil displacement.

(2) Comparing the different types of pore throats, the utilization of pore throats in five rock samples
shows consistency. The highest utilization was found for type III (0.1-1 um), followed by type
IV (1-10 pm), type 1I (0.01-0.1 um) and type I (0.001-0.01 pm).

(3) In terms of oil recovery, the active water flooding recovery is 39.14%, while the water flooding
recovery is 36.58%, having increased by 7.01%. The greatest increase in active water flooding
was achieved for pore throat type II (0.01-0.1 m), with an increase of 5.48%, followed by type IV
(1.0-10.0 m), with an increase of 3.36%. This shows that active water flooding can effectively
improve the displacement effect in the pore throat range of 0.01-0.1 pm.

(4) Comparing CO: flooding with water flooding, it was found that supercritical CO:z can increase
oil recovery by 13.26%. Supercritical CO: had the most obvious effect on pore throats of
0.001~0.01pm, with an increase of 9.25%, followed by type II (0.01~0.1 pm) pore throats, with an
increase of 8.30%. This indicates that supercritical CO: flooding can effectively improve oil
recovery in pore throats of 0.001~0.1pm.

(5) Comparing water+CO: alternating flooding, active water+CO: alternating flooding, and water
flooding, the highest utilization of water+CO: alternating flooding occurs in pore throats in the
0.001~0.01pm range, while when using active water+CO: alternating flooding, a corresponding
recovery process of different types of pore throats is found. This shows that the oil displacement
effect is primarily improved by active water flooding in pores with a throat radius of 0.01~0.1 m,
while supercritical CO: flooding can effectively improve oil recovery in pore throats of
0.001~0.1um.

5. Conclusions

Based on core displacement experiments, five different oil displacement modes were simulated,
namely water flooding, active water flooding, supercritical CO2 flooding, water+CO2 alternating
flooding, and active water+CO2 interactive flooding. The micro displacement mechanism of low-
permeability reservoirs was revealed through nuclear magnetic resonance detection. The following
conclusions can be drawn:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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(1) Compared with water flooding, active water flooding, supercritical CO: flooding, water+CO:
alternating flooding, and active water+CO2 staggered flooding, the experimental results suggest
that active water with CO: alternating flooding shows great advantages in increasing oil
recovery and decreasing water production. The experiments showed that the oil recovery
increased by more than 16.4%, while the water cut decreased by 37.8%, which can effectively
reduce the propulsion speed of the water drive leading edge due to the enhanced Jamin effect.

(2) Nuclear magnetic resonance detection under five different displacement modes showed
consistency in the utilization of pore throat oil among the five different displacement modes.
The highest utilization rate was in type III (0.1~1 u m), followed by types IV (1~10 pu m), II
(0.01~0.1 p m), and I (0.001~0.01 p m).

(3) Comparing the oil utilization of pore throats under different displacement methods, it was
found that active water injection can effectively improve the oil recovery rate of 0.01~0.1 u m
pore throats, while supercritical CO:displacement can effectively improve the oil recovery rate
of 0.001~0.1 u m pore throats. At the same time, it was found that conventional water+CO:
alternating flooding can effectively improve the oil recovery effect of I-type pore throats, while
active water+CO: alternating flooding can effectively increase the recovery rate of different types
of reservoirs.
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