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As global energy demand continues to grow, enhancing the recovery rate of mature oilfields has become an important research task. CO2 flooding, as an effective enhanced oil recovery (EOR) technique, has received extensive attention in recent years. However, the multiphase flow and oil mobilization mechanisms during CO2 flooding are not fully understood, particularly under the actual high-temperature and high-pressure conditions in oilfields. Optimizing CO2 flooding techniques to improve recovery rates in these conditions has become an urgent issue. In this paper, high-temperature and high-pressure online nuclear magnetic resonance (NMR) testing technology is employed to simulate the formation conditions of the Daqingzijing Oilfield. Online NMR testing experiments are conducted with varying injection rates and flooding methods. The results indicate that regardless of slug size or injection rate, the remaining oil volume in both core samples is significantly reduced. Smaller slug sizes and lower injection rates result in less remaining oil and better displacement effect. As the slug size increases from 0.1 PV to 0.4 PV, the average recovery rate decreases by approximately 7%. Similarly, when the injection rate increases from 0.01 mL/min to 0.04 mL/min, the average recovery rate decreases by around 8%. Furthermore, there are significant differences in oil displacement effect among different flooding methods. The foam system exhibits the highest oil displacement effect, followed by water-gas alternating flooding, continuous gas injection, and finally water flooding followed by continuous gas injection. Compared to water flooding followed by continuous gas injection, continuous gas injection increases the average recovery rate by about 8%, water-gas alternating flooding increases it by about 13%, and the foam system increases it by about 18%. This study not only deepens the understanding of the CO2 flooding process but also provides scientific basis and technical support for formulating more reasonable CO2 flooding schemes and improving recovery rates.
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1 INTRODUCTION
In recent years, with the continuous growth of global energy demand and the increasing awareness of environmental protection, enhancing oil recovery and developing clean and efficient energy utilization methods have become important topics in the petroleum industry. CO2 flooding, as an effective EOR technique, has attracted considerable attention due to its ability to utilize the dissolution, expansion, and viscosity reduction effects of CO2, which significantly improve the mobility of crude oil (Liang et al., 2016; Tang et al., 2021; Tang et al., 2022). Especially in complex geological conditions such as those found in the Daqingzijing Oilfield (Dong, 2023; Gao, 2019; Liu et al., 2018), the application potential of CO2 flooding is immense. However, the multiphase flow and oil mobilization mechanisms during the flooding process are not fully understood, which limits the further optimization and promotion of this technology.
Currently, research on CO2 flooding has mostly focused on macroscopic displacement effects and numerical simulations (Kamali et al., 2015; Lu et al., 2024; Torabi et al., 2012; Dong et al., 2022; Ding et al., 2024; Xu et al., 2024; Lan et al., 2023; Guo et al., 2024; Hu et al., 2017). Kamali et al. (2015) conducted experiments on the joint optimization of CO2-enhanced oil recovery and oil storage under immiscible, near-miscible, and miscible displacement conditions. The results showed that the recovery rates for miscible and near-miscible displacements were almost identical, while the recovery rate for immiscible displacement was approximately 18% lower. Dong et al. (2022) used microscopic visual oil displacement experiments and core flooding experiments to explore the oil displacement effects of different flooding methods and the “synergistic effect” mechanism between CO2 and low interfacial tension viscoelastic fluids during their cooperative oil displacement process. Guo et al. (2024) took the H block of the Yanchang Oilfield as the research object and applied numerical simulation methods to optimize the development mode, gas injection timing, gas injection rate, bottomhole flowing pressure, and gas-water alternating cycle for two types of well groups in CO2 flooding. The results indicated that the best gas injection effect occurred when the gas-water ratio was 1:1 and gas-water alternating injection was performed when the water content of the oil well was between 40% and 60%. Traditional testing methods often struggle to conduct real-time, dynamic monitoring under the actual high-temperature and high-pressure conditions of oilfields. Online NMR technology, as a non-destructive monitoring method, offers advantages such as real-time monitoring, dynamic response, and high resolution. It can monitor changes in fluid distribution and migration states within the core in real-time without interfering with the displacement process (Liu et al., 2017; Chen et al., 2024; Fu, 2023; Duan et al., 2021; Wang et al., 2017). Liu et al. (2017) conducted near-miscified CO2 displacement experiments in decane-saturated synthetic sand cores, using magnetic resonance imaging to study displacement front characteristics. The results show that under near-miscible conditions, vertical displacement is unstable above the minimum miscible pressure in the synthetic sand core. Duan et al. (2021) took methane gas as the experimental fluid to measure the variation of free and adsorbed methane production during shale gas exploitation, and combined with the physical simulation experiment of shale gas depletion development, studied the utilization characteristics and production variation rules of shale gas under different occurrence states. Through online NMR testing, the mobilization of crude oil after CO2 injection, including displacement, aggregation, and distribution changes, can be observed intuitively, thus revealing the microscopic mechanisms of CO2 flooding.
The primary objective of this study is to evaluate the effectiveness of high-temperature and high-pressure online NMR testing in monitoring CO2 flooding processes in the Daqingzijing Oilfield. In this paper, the formation conditions of block Hei 125 and Block Hei 71 in Daqingzijing Oilfield were simulated, and the online nuclear magnetic displacement experiments were carried out with different CO2 injection rates and displacement modes (water flooding followed by continuous gas flooding, water-gas alternating injection in a 1:1 ratio, continuous gas injection flooding, and foam system with gas alternating slug injection in a 1:1 ratio). The change of fluid distribution and recovery rate during CO2 injection can be understood in real time by NMR. By comparing and analyzing the experimental results, the migration patterns of CO2 within the core under different conditions were clarified, and its impact mechanism on crude oil mobilization was thoroughly discussed. This not only helps to deepen the understanding of the CO2 flooding process but also provides a scientific basis for formulating more reasonable CO2 flooding schemes and enhancing oil recovery rates.
2 EXPERIMENTAL PROCEDURES AND METHODOLOGY
2.1 Experimental scheme
The target blocks for this experiment are Blocks Hei 71 and Hei 125 in the Daqingzi-jing Oilfield, with a total of 15 groups, including seven groups from Block Hei 71 and eight groups from Block Hei 125. The experimental scheme is shown in Table 1.
TABLE 1 | Experimental scheme for high-temperature and high-pressure online NMR testing of CO2 flooding.
[image: Table 1]The specific experimental scheme is as follows:
2.1.1 Water flooding followed by continuous gas flooding
After saturating the core sample with formation oil, one pore volume (PV) of heavy water is injected as the displacement medium. Subsequently, the displacement medium is switched to CO2, with an additional 1 PV injected at a constant rate of 0.01 mL/min. Throughout the process, the backpressure is maintained at 20 MPa. At key stages of the displacement process (based on injected volume), measurements are taken to capture the T2 spectrum, layered T2 distributions, and NMR imaging of the core to monitor fluid dynamics and saturation changes.
2.1.2 Water-gas alternating injection in a 1:1 ratio
This experiment employs alternating slugs of heavy water and CO2 as displacement media. Online NMR displacement tests are conducted using two cores with varying slug sizes: 0.1 PV, 0.2 PV, and 0.4 PV. For the 0.1 PV and 0.2 PV slug groups, the total injected volume is set to 1.4 PV, while the 0.4 PV slug group requires a total injection of 1.6 PV. The injection rate is fixed at 0.01 mL/min, and the backpressure is stabilized at 20 MPa. Real-time measurements of the T2 spectrum, layered T2 profiles, and NMR imaging are performed at multiple stages to analyze displacement efficiency and fluid distribution under alternating injection conditions.
2.1.3 Continuous gas injection at different injection rates
Using CO2 as the sole displacement medium, this experiment investigates the impact of injection rates (0.01 mL/min, 0.02 mL/min, and 0.04 mL/min) on two core samples. Despite varying injection rates, the total injected volume is standardized at 1.4 PV for all groups. A constant backpressure of 20 MPa is applied, and NMR measurements (T2 spectrum, layered T2, and imaging) are systematically recorded at predefined intervals to evaluate how flow velocity influences fluid displacement patterns and pore-scale interactions.
2.1.4 Foam system with gas alternating slug injection in a 1:1 ratio
Designed specifically for Rock Sample S21 from the Hei 125 Block, this protocol alternates between a foaming agent and CO2 as displacement media. The total injection volume is 1.4 PV, delivered at a steady rate of 0.01 mL/min under a backpressure of 20 MPa. Special emphasis is placed on capturing the evolution of foam stability and mobility through T2 spectral analysis, stratified T2 relaxation data, and NMR imaging at critical stages. This setup aims to characterize the enhanced oil recovery mechanisms of foam systems under reservoir-like conditions.
All procedures adhere to standardized monitoring protocols. Key parameters—including initial saturation, injection phase transitions, and final displacement endpoints—are rigorously tracked using synchronized NMR measurements. The backpressure system, injection pumps, and NMR acquisition timing are calibrated to ensure precision under high-pressure and high-temperature (HPHT) conditions. Data reproducibility is ensured by maintaining consistent environmental controls and measurement intervals across all experimental groups. In all experimental configurations, T2 spectra, stratified T2 relaxation profiles, and NMR imaging of the core samples were acquired at sequential displacement stages based on injected pore volumes. NMR T2 relaxation time distributions were analyzed to infer pore size distributions and fluid saturation changes. Correlation analysis was performed to assess the relationship between NMR-derived parameters and oil recovery efficiency and elucidate the mobilization mechanisms of CO2 in targeting crude oil trapped across pores of distinct sizes.
2.2 Experimental materials and equipment
From each of the two blocks, one core sample was selected for experimentation. These two core samples underwent cutting, polishing, and porosity-permeability testing. The basic data of the rock samples are shown in Table 2.
TABLE 2 | Basic data of rock samples.
[image: Table 2]To accurately simulate the formation conditions and ensure that the experimental results are close to actual field conditions, the oil used in this experiment was a simulated formation oil compounded in the laboratory. This simulated oil was prepared using degassed crude oil and natural gas produced from the wellbore, according to the original gas-oil ratio, original saturation pressure, and formation oil viscosity from the original high-pressure physical property data. In this experiment, there was a need to shield hydrogen ion signals in the water used as the displacement medium, so heavy water was employed. Additionally, this experiment also required the implementation of foam slug displacement, necessitating the preparation of a foam system that met the experimental requirements. The foam system used in this experiment was configured with sodium dodecyl sulfate as the foaming agent and polyacrylamide as the foam stabilizer. The resulting foam system met the experimental requirements. The objective of this experiment was to provide a reference for the exploitation of the target blocks.
The equipment used in this experiment is the intelligent high-temperature and high-pressure magnetic resonance micro-nano flow experimental instrument (Model: MacroMR12-150H-I), as shown in Figure 1. This equipment can achieve an overall experimental temperature of up to 160°C and an experimental pressure of up to 77.5 MPa. It is capable of conducting experiments such as online layered NMR of samples, T1T2 spectrum analysis, oil-water distinction, and high-temperature and high-pressure displacement.
[image: Figure 1]FIGURE 1 | Intelligent high-temperature and high-pressure magnetic resonance micro-nano flow experimental instrument.
2.3 Experimental procedures
The specific steps for the high-temperature and high-pressure online NMR testing experiment with CO2 flooding are as follows.
1. After cleaning and drying the core samples, measure their porosity and permeability.
2. Install the experimental cores into the NMR holder, apply a confining pressure of 25MPa, and displace 5 PV of heavy water. Then, begin the oil displacement process while monitoring the T2 signal intensity in real-time until no further change is observed. This completes the simulation of the formation containing irreducible water.
3. Set the backpressure to 20 MPa and use a booster pump to pressurize the CO2 to a supercritical state. Maintain a constant pressure difference of 5 MPa between the confining pressure and the displacement pressure using a confining pressure circulation pump. The subsequent specific steps for different experimental schemes are as follows:
(1) Water flooding followed by continuous gas flooding: Inject heavy water at a rate of 0.01 mL/min to initiate water flooding. After injecting 1 PV, switch to CO2 injection at the same rate.
(2) Water-gas alternating injection in a 1:1 ratio: Begin with alternating water and gas slug displacement at a flow rate of 0.01 mL/min. After each water (or gas) slug injection, purge the pipeline of any remaining liquid (or gas) before proceeding to the next injection.
(3) Continuous gas injection at different injection rates: Initiate CO2 displacement at injection rates of 0.01 mL/min, 0.02 mL/min, and 0.04 mL/min, respectively.
(4) Foam system with gas alternating slug injection in a 1:1 ratio: Begin with alternating CO2 and foam slug displacement at a flow rate of 0.01 mL/min. After each foam (or gas) slug injection, purge the pipeline of any remaining foam or gas before proceeding to the next injection.
4. During the displacement process, conduct T2, layered NMR, and NMR imaging measurements until the experiment is completed.
3 RESULTS AND DISCUSSION
3.1 Water flooding followed by continuous gas flooding
The results of the high-temperature and high-pressure online NMR testing for CO2 flooding under the method of water flooding followed by continuous gas flooding for two core samples are shown in Figures 2, 3 below.
[image: Figure 2]FIGURE 2 | Variation curve of T2 spectrum signal intensity during the process of water flooding followed by continuous gas flooding: (a) Core sample 23-1 from Block Hei 71; (b) Core sample S21 from Block Hei 125.
[image: Figure 3]FIGURE 3 | NMR imaging of core samples during the process of water flooding followed by continuous gas flooding: (a) Beginning of water flooding for core sample 23-1 from Block Hei 71; (b) End of water flooding for core sample 23-1 from Block Hei 71; (c) End of CO2 flooding for core sample 23-1 from Block Hei 71; (d) Beginning of water flooding for core sample S21 from Block Hei 125; (e) End of water flooding for core sample S21 from Block Hei 125; (f) End of CO2 flooding for core sample S21 from Block Hei 125.
As can be seen from Figure 2, both core samples exhibit two peaks during the displacement process, with the highest T2 signal intensity occurring at the initial state, reaching 1,050 and 450 respectively. As the displacement time increases, the T2 signal intensity gradually decreases for both samples. The lowest T2 signal intensity peaks occur at 2.0 PV (when switching to gas flooding), decreasing to 370 and 90 respectively.
Before the water flooding process begins, by observing the cores, we can gain a detailed understanding of the initial distribution characteristics of the remaining oil in the cores. Figure 3 shows that as water flooding progresses, the amount of remaining oil in both core samples decreases. When the water flooding process ends, the amount of remaining oil in both samples has dropped to a relatively low level. This change indicates that the water flooding effect is significant, with the water component effectively displacing the oil component through the advancement in the rock pores. When switching to continuous CO2 flooding until the end, the amount of remaining oil in both core samples decreases again significantly.
As shown in Figure 4, the recovery rates at the end of water flooding for the two core samples are 44.55% and 46.58% respectively. During the water flooding stage, the recovery rate from large pores (relaxation time >50 m) accounts for a high proportion. As water flooding progresses, the proportion of small pores gradually increases. After switching to gas injection, the overall recovery rates of the two core samples increase by about 14% and 16% respectively. During the gas injection process, the proportion of recovery rate from large pores increases, while the proportion of recovery rate from small pores decreases.
[image: Figure 4]FIGURE 4 | Recovery rate calculation results during the process of water flooding followed by continuous gas flooding: (a) Core sample 23-1 from Block Hei 71; (b) Core sample S21 from Block Hei 125.
3.2 Water-gas alternating injection in a 1:1 ratio
The results of the high-temperature and high-pressure online NMR tests for CO2 flooding under the method of water-gas alternating injection in a 1:1 ratio for the two core samples is shown in Figures 5, 6 below.
[image: Figure 5]FIGURE 5 | Variation curves of T2 spectrum signal intensity during the process of water-gas alternating injection in a 1:1 ratio: (a) Core sample 23-1 from Block Hei 71, slug size 0.1 PV; (b) Core sample S21 from Block Hei 125, slug size 0.1 PV; (c) Core sample 23-1 from Block Hei 71, slug size 0.2 PV; (d) Core sample S21 from Block Hei 125, slug size 0.2 PV; (e) Core sample 23-1 from Block Hei 71, slug size 0.4 PV; (f) Core sample S21 from Block Hei 125, slug size 0.4 PV.
[image: Figure 6]FIGURE 6 | NMR imaging during the process of water-gas alternating injection in a 1:1 ratio: (a) Core sample 23-1 from Block Hei 71, slug size 0.1 PV, initial stage; (b) Core sample 23-1 from Block Hei 71, slug size 0.2 PV, initial stage; (c) Core sample 23-1 from Block Hei 71, slug size 0.4 PV, initial stage; (d) Core sample 23-1 from Block Hei 71, slug size 0.1 PV, end stage; (e) Core sample 23-1 from Block Hei 71, slug size 0.2 PV, end stage; (f) Core sample 23-1 from Block Hei 71, slug size 0.4 PV, end stage; (g) Core sample S21 from Block Hei 125, slug size 0.1 PV, initial stage; (h) Core sample S21 from Block Hei 125, slug size 0.2 PV, initial stage; (i) Core sample S21 from Block Hei 125, slug size 0.4 PV, initial stage; (j) Core sample S21 from Block Hei 125, slug size 0.1 PV, end stage; (k) Core sample S21 from Block Hei 125, slug size 0.2 PV, end stage; l. Core sample S21 from Block Hei 125, slug size 0.4 PV, end stage.
As can be observed from Figure 5, during the displacement process of water-gas alternating injection in a 1:1 ratio, the T2 spectrum curve for Core Sample 23-1 from the Block Hei 71, under a slug size of 0.1 PV, exhibits two distinct peaks, whereas under other conditions, only one prominent peak is evident. Across all conditions, the highest peak of T2 signal intensity occurs at the initial stage of displacement. For Core Sample 23-1 from the Block Hei 71, the peak T2 signal intensities under three different slug sizes all approximate 1,200. Similarly, for Core Sample S21 from the Block Hei 125, the peak T2 signal intensities under three different slug sizes all approximate 500. As the displacement time increases, the signal intensity gradually decreases, with the lowest T2 signal intensity peaks occurring at the end of the displacement process. For Core Sample 23-1 from the Block Hei 71, the lowest T2 signal intensities under three different slug sizes are 300, 280, and 120, respectively. For Core Sample S21 from the Block Hei 125, the lowest T2 signal intensities under three different slug sizes are 80, 102, and 120, respectively. Notably, for Core Sample 23-1 from the Block Hei 71 under a slug size of 0.1 PV, the second peak of the T2 spectrum curve reaches a maximum signal intensity of 400 and a minimum of 100.
A comparison of the NMR images before and after the water-gas alternating injection in a 1:1 ratio (Figure 6) reveals that regardless of the slug size, the remaining oil content in both core samples decreases significantly. Smaller slug sizes result in less remaining oil and better displacement effect.
Based on the recovery rate calculation results depicted in Figure 7 for the process of 1:1 water-gas alternating slug injection, the following observations can be made: For Core Sample 23-1 from the Block Hei 71, under slug sizes of 0.1 PV, 0.2 PV, and 0.4 PV, the overall final recovery rates reached 75%, 70%, and 70% respectively. The recovery rates for small pores peaked at 31%, 48%, and 40%, with lows of 23%, 39%, and 37% respectively. The recovery rates for large pores peaked at 78%, 60%, and 65%, with lows of 68%, 50%, and 61% respectively. For Core Sample S21 from the Block Hei 125, under slug sizes of 0.1 PV, 0.2 PV, and 0.4 PV, the overall final recovery rates reached 80%, 72%, and 70% respectively. The recovery rates for small pores peaked at 42%, 40%, and 41%, with lows of 35%, 22%, and 22% respectively. The recovery rates for large pores peaked at 68%, 78%, and 78%, with lows of 58%, 58%, and 60% respectively.
[image: Figure 7]FIGURE 7 | Recovery rate calculation results for the process of water-gas alternating slug injection in a 1:1 ratio: (a) Core sample 23-1 from Block Hei 71, Slug Size 0.1 PV; (b) Core sample S21 from Block Hei 125, Slug Size 0.1 PV; (c) Core sample 23-1 from Block Hei 71, Slug Size 0.2 PV; (d) Core sample e S21 from Block Hei 125, Slug Size 0.2 PV; (e) Core sample 23-1 from Block Hei 71, Slug Size 0.4 PV; (f) Core sample S21 from Block Hei 125, Slug Size 0.4 PV
These findings highlight the variations in recovery rate across different pore sizes and slug sizes, indicating the complex nature of oil recovery processes and the need for tailored strategies to optimize recovery rates.
Figure 8 shows that the recovery rate gradually decreases as the slug size increases during water-gas alternating slug injection in a 1:1 ratio for the two core samples. Specifically, when the slug size increases from 0.1 PV to 0.4 PV, the average recovery rate decreases by approximately 7%.
[image: Figure 8]FIGURE 8 | Comparison chart of final recovery rates for water-gas alternating slug injection in a 1:1 ratio under different slug sizes.
3.3 Continuous gas injection at different injection rates
The results of the high-temperature and high-pressure in-line NMR tests for CO2 flooding in two core samples under continuous gas injection at different injection rates are shown in Figures 9, 10 below.
[image: Figure 9]FIGURE 9 | Variation curves of T2 spectrum signal intensity during continuous gas injection at different injection rates: (a) Core sample 23-1 from Block Hei 71, injection rate 0.01 mL/min; (b) Core sample S21 from Block Hei 125, injection rate 0.01 mL/min; (c) Core sample 23-1 from Block Hei 71, injection rate 0.02 mL/min; (d) Core sample S21 from Block Hei 125, injection rate 0.02 mL/min; (e) Core sample 23-1 from Block Hei 71, injection rate 0.04 mL/min; (f) Core sample S21 from Block Hei 125, injection rate 0.04 mL/min.
[image: Figure 10]FIGURE 10 | NMR imaging during continuous gas injection at different injection rates: (a) Core sample 23-1 from Block Hei 71, injection rate 0.01 mL/min, initial stage; (b) Core sample 23-1 from Block Hei 71, injection rate 0.02 mL/min, initial stage; (c) Core sample 23-1 from Block Hei 71, injection rate 0.04 mL/min, initial stage; (d) Core sample 23-1 from Block Hei 71, injection rate 0.01 mL/min, end stage; (e) Core sample 23-1 from Block Hei 71, injection rate 0.02 mL/min, end stage; (f) Core sample 23-1 from Block Hei 71, injection rate 0.04 mL/min, end stage; (g) Core sample S21 from Block Hei 125, injection rate 0.01 mL/min, initial stage; (h) Core sample S21 from Block Hei 125, injection rate 0.02 mL/min, initial stage; (i) Core sample S21 from Block Hei 125, injection rate 0.04 mL/min, initial stage; (j) Core sample S21 from Block Hei 125, injection rate 0.01 mL/min, end stage; (k) Core sample S21 from Block Hei 125, injection rate 0.02 mL/min, end stage; l. Core sample S21 from Block Hei 125, injection rate 0.04 mL/min, end stage.
From Figure 9, it can be observed that during the displacement process of continuous gas injection, except for the T2 spectrum curves of Core Sample 23-1 from the Block Hei 71 at injection rates of 0.01 mL/min and 0.04 mL/min, which exhibit two peaks, all other conditions show only one prominent peak. The highest peaks of the T2 signal intensity during the displacement process under all conditions occur at the initial state. For Core Sample 23-1 from the Block Hei 71, the highest peaks of the T2 signal intensity at three different injection rates reach approximately 1,000, 750, and 1,100, respectively. For Core Sample S21 from the Block Hei 125, the highest peaks of the T2 signal intensity at three different injection rates all reach around 500. As the displacement time increases, the signal intensity gradually decreases, and the lowest peaks of the T2 signal intensity occur at the end of the displacement. For Core Sample 23-1 from the Block Hei 71, the lowest peaks of the T2 signal intensity at three different injection rates are 300, 280, and 150, respectively. For Core Sample S21 from the Block Hei 125, the lowest peaks of the T2 signal intensity at three different injection rates are 100, 150, and 125, respectively.
Comparing the NMR images before and after displacement during continuous gas injection at different injection rates (Figure 10), it can be seen that regardless of the injection rate, the remaining oil volume in both core samples decreases significantly. The smaller the injection rate, the less remaining oil there is, indicating a better displacement effect.
From the recovery rate calculations shown in Figure 11 for the continuous gas injection process at different injection rates, we can draw the following conclusions: For Core Sample 23-1 from the Block Hei 71, at injection rates of 0.01 mL/min, 0.02 mL/min, and 0.04 mL/min, the overall final recovery rates are 70%, 68%, and 60%, respectively. The highest recovery rates for small pores reach 31%, 52%, and 30%, while the lowest are 20%, 50%, and 19%. The highest recovery rates for large pores reach 80%, 51%, and 82%, while the lowest are 69%, 49%, and 71%. For Core Sample S21 from the Block Hei 125, at injection rates of 0.01 mL/min, 0.02 mL/min, and 0.04 mL/min, the overall final recovery rates are 73%, 68%, and 65%, respectively. The highest recovery rates for small pores reach 60%, 39%, and 40%, while the lowest are 32%, 21%, and 25%. The highest recovery rates for large pores reach 68%, 78%, and 78%, while the lowest are 40%, 62%, and 60%.
[image: Figure 11]FIGURE 11 | Recovery rate calculation results during continuous gas injection at different injection rates: (a) Core sample 23-1 from Block Hei 71, injection rate 0.01 mL/min; (b) Core sample S21 from Block Hei 125, injection rate 0.01 mL/min; (c) Core sample 23-1 from Block Hei 71, injection rate 0.02 mL/min; (d) Core sample S21 from Block Hei 125, injection rate 0.02 mL/min; (e) Core sample 23-1 from Block Hei 71, injection rate 0.04 mL/min; (f) Core sample S21 from Block Hei 125, injection rate 0.04 mL/min.
These results indicate that the recovery rates are influenced by both the injection rate and the pore size distribution within the core samples. For Core Sample 23-1 from the Block Hei 71, the overall recovery rate decreases as the injection rate increases, suggesting that a lower injection rate may be more effective in extracting oil from this particular sample. Additionally, the recovery rates for small and large pores vary significantly, indicating that pore size heterogeneity plays a role in oil recovery rate.
Similarly, for Core Sample S21 from the Block Hei 125, the overall recovery rate also decreases as the injection rate increases, although the decrease is less pronounced compared to Core Sample 23-1. The recovery rates for small and large pores also vary, but the trend is less clear, suggesting that factors other than pore size and injection rate may also influence oil recovery in this sample.
From the comparison of the final recovery rates for continuous gas injection drive under different injection rates for the two core samples (Figure 12), it can be observed that the recovery rate gradually decreases as the injection rate increases. When the injection rate is increased from 0.01 mL/min to 0.04 mL/min, the recovery rate decreases by an average of approximately 8%.
[image: Figure 12]FIGURE 12 | Comparison of final recovery rates for continuous gas injection drive under different injection rates.
3.4 Foam system with gas alternating slug injection in a 1:1 ratio
The foam system with gas alternating slug injection in a 1:1 ratio (with a slug size of 0.1 PV) were specifically applied to Core Sample S21 from the Block Hei 125. The results of the high-temperature and high-pressure online NMR testing for CO2 flooding on this core sample are shown in Figures 13, 14 below.
[image: Figure 13]FIGURE 13 | Variation curve of T2 spectrum signal intensity during alternating slug injection process of foam system and gas in a 1:1 ratio.
[image: Figure 14]FIGURE 14 | NMR imaging of core sample during alternating slug injection process of foam system and gas in a 1:1 ratio: (a) At the beginning of displacement; (b) At the end of displacement.
From Figure 13, it can be observed that during the alternating slug injection process of the foam system and gas in a 1:1 ratio, there are two peaks in the T2 signal intensity. The highest peak of T2 signal intensity occurs at the initial state, reaching a value of 450. As the displacement time increases, the T2 signal intensity gradually decreases. The lowest peak of T2 signal intensity occurs at 1.4 PV, decreasing to 50.
From the imaging of the displacement process in Figure 14, it can be seen that before the alternating slug injection of the foam system and gas in a 1:1 ratio (with a slug size of 0.1 PV) begins, by observing the core, we can gain a detailed understanding of the initial distribution characteristics of the remaining oil in the core. When the alternating slug injection process ends, imaging of the core reveals that there is still some crude oil remaining in the pores.
From Figure 15, it can be observed that the overall final recovery rates of the alternating slug injection process of the foam system and gas in a 1:1 ratio for rock sample S21 in the Block Hei 125 reaches 80%. The recovery rate for small pores peaks at 35% and reaches a minimum of 19%, while for large pores, it peaks at 82% and reaches a minimum of 68%.
[image: Figure 15]FIGURE 15 | Recovery rate calculation results during the alternating slug injection process of foam system and gas in a 1:1 ratio.
3.5 Comparison of recovery rates between different injection methods
From Figure 16, it can be observed that compared to water flooding followed by continuous gas flooding, the average recovery rate increases by approximately 8% for continuous gas injection, by about 13% for water-gas alternating injection in a 1:1 ratio, and by around 18% for foam system and gas alternating injection in a 1:1 ratio, primarily due to a significant increase in recovery rate for small pores. Overall, the foam system exhibits the highest oil displacement effect, followed by water-gas alternating injection, then continuous gas injection, and finally water flooding followed by continuous gas flooding.
[image: Figure 16]FIGURE 16 | Comparison of final recovery rates for different injection methods: (a) Core sample 23-1 from Block Hei 71; (b) Core sample S21 from Block Hei 125.
4 CONCLUSION

(1) The experimental results of water-gas alternating slug injection with different slug sizes indicate that regardless of the slug size, the remaining oil volume in both rock samples decreases significantly. The smaller the slug size, the less remaining oil there is, and the better the displacement effect. The recovery rate gradually decreases as the slug size increases. When the slug size increases from 0.1 PV to 0.4 PV, the recovery rate decreases by an average of approximately 7%. This can be attributed to the enhanced sweep efficiency achieved with smaller slugs. Smaller slugs allow for more frequent alternating of water and gas phases, which can effectively displace residual oil from the pores of the rock samples. The decrease in remaining oil volume and the corresponding increase in recovery rate with decreasing slug size suggest that optimizing slug size is crucial for enhancing oil recovery using this technique.
(2) The experimental results of continuous gas injection at different injection rates show that regardless of the injection rate, the remaining oil volume in both rock samples decreases significantly. The lower the injection rate, the less remaining oil there is, and the better the displacement effect. The recovery rate gradually decreases as the injection rate increases. When the injection rate increases from 0.01 mL/min to 0.04 mL/min, the recovery rate decreases by an average of approximately 8%. A slower injection rate allows for more uniform gas distribution within the rock pores, enhancing the gas-oil contact area and facilitating more effective oil displacement. The decrease in recovery rate with increasing injection rate could be due to the creation of gas channels or bypasses that reduce the sweep efficiency of the injected gas.
(3) The foam system exhibits the highest oil displacement effect, followed by water-gas alternating injection, then continuous gas injection, and finally water flooding followed by continuous gas flooding. Compared to water flooding followed by continuous gas flooding, the average recovery rate increases by approximately 8% for continuous gas injection, by about 13% for water-gas alternating slug injection, and by around 18% for the foam system. The comparison among different EOR techniques highlights the superiority of the foam system in terms of oil recovery. The foam system’s ability to generate stable foams that can effectively block high-permeability zones and redirect the injected gas towards the oil-bearing regions contributes to its high oil displacement effect.
While the NMR tests provided valuable insights into fluid dynamics during CO2 flooding, several limitations should be noted. The core samples used in this study may not fully represent the heterogeneity of the Daqingzijing Oilfield, and the NMR measurements were conducted under simplified conditions that did not account for all in situ factors. Future work could benefit from more extensive sampling and the inclusion of additional geophysical techniques for a more comprehensive understanding of the CO2 flooding process.
This study demonstrates the feasibility of using high-temperature and high-pressure online NMR testing to monitor CO2 flooding in the Daqingzijing Oilfield. The results highlight the potential of NMR to provide real-time data on fluid saturation changes, which can inform optimization strategies for EOR projects. Future research should focus on refining NMR methods and integrating them with other monitoring techniques to enhance the overall understanding and efficiency of CO2-based EOR.
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