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The fault cavern type reservoir in Block 1 of Shunbei area is located in the ultra-deep layer and is classified as a volatile oil reservoir. The reservoir is characterized by very deep burial with an oil/gas ratio between 250 and 500 m3/tone and a saturation pressure range of 28–36 MPa. As of March 2021, the formation pressure has dropped to 30.5 MPa and the pressure retention rate is 35.8%. In order to effectively develop this reservoir, it was decided to use a water injection development method with a planned transition to natural gas injection in March 2022 to further enhance recovery and maintain formation pressure. Through evaluation and research, the pressure distribution, production capacity change and reservoir dynamic response during the water injection development stage were analyzed with respect to the characteristics of fracture-controlled fracture-cave type reservoir in Shunbei-1 block. On this basis, the necessity, feasibility, and expected effects of conversion to natural gas injection are explored, including improvement of displacement efficiency, reduction of fluid output, and enhancement of formation energy replenishment. In addition, this study also carries out in-depth research and prediction on the optimization of natural gas injection parameters, the selection of injection methods and possible problems, aiming to provide scientific basis and technical support for the efficient and sustainable development of this block. In order to smoothly promote the implementation of natural gas injection development, a special reservoir description technique applicable to fault cavern type reservoirs was adopted. Based on this foundation, an in-depth study was conducted on the mechanism of natural gas displacement, so as to optimize the layout of the well network and the setting of injection and extraction parameters. In addition, a set of evaluation system for natural gas injection effect in fault cavern type reservoirs was constructed. By adopting the natural gas injection development method and combining the corresponding supporting technology development and optimization measures, the reservoir development efficiency and oil (gas) production rate have been effectively improved, and the risk of gas flaring has been reduced at the same time. These research results are of great significance for ensuring the comprehensive development and effective utilization of oil and gas resources, and provide strong technical support for future development work.
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1 INTRODUCTION
Block one in the Shunbei area (Figure 1) possesses a fracture-controlled fracture-cavern type reservoir with a burial depth of more than 7,500 m and an oil column thickness of more than 400 m. The reservoir has a high degree of non-homogeneity and is highly heterogeneous. The fracture and cavern structures within the reservoir are intertwined, resulting in a high degree of inhomogeneity. At the early stage of reservoir development, the elastic energy was huge, and the original static pressure was as high as 85.5 MPa. However, as the development process advances, the pressure drops rapidly and the supplementary injection pressure reaches only 40.2 MPa, making the formation pressure maintain a low level. At present, characteristic difficulties such as the typical water tampering problem have emerged during the water injection process. Therefore, it is particularly important to implement natural gas injection evaluation and research on this reservoir which is deep, complex and has been facing problems such as pressure failure (Yuan, 2018; Ji et al., 2022; Jiawei et al., 2022; Chen et al., 2023).
[image: Figure 1]FIGURE 1 | Location map of study area (A), comprehensive histogram of lithostratigraphy (B).
In order to solve the water runoff problem, it is necessary to select a suitable energy replenishment medium based on a detailed description of the reservoir. Numerical simulations of the oil replacement process using different injection media show that the injection of natural gas can achieve the highest crude oil recovery up to 46.3% (Zhu et al., 2010; Yang et al., 2018; Hou et al., 2022; Xinxing et al., 2023). In view of the rich natural gas resources in the Shunbei oil field area, it was decided to adopt the natural gas injection development method (Tang et al., 2004; Juhua et al., 2008; Ma et al., 2017; Luo et al., 2022). In this process, targeted gas injection strategy design and optimization was implemented for fracture-controlled fracture-cavity type reservoirs, including but not limited to: building accurate geological models to identify favorable gas injection channels (Baozeng et al., 2020; Zhang et al., 2022; CHEN et al., 2024). Formulate reasonable well network layout and injection and extraction parameter programs to avoid or reduce the occurrence of gas flushing; and use advanced monitoring technology to monitor the dynamic effect of gas injection and possible gas transportation behavior in real time, so as to ensure the effective utilization of natural gas and the efficient development of the reservoir (Cong et al., 2014; Liang et al., 2016; Zheng et al., 2022; Hu et al., 2023). In addition, for the complex situations that may occur after natural gas injection, such as uneven pressure distribution and formation injury, we have carried out in-depth research combining theoretical analysis and on-site practice, established a comprehensive evaluation system for natural gas injection, and formulated corresponding countermeasures and technical standards, so as to guarantee the smooth progress and long-term benefits of the natural gas injection development project for the fracture-controlled fracture-cavern-type reservoirs in Shunbei Area Block 1 (Lu and Cai, 2010; YUAN et al., 2023).
This paper, based on an analysis of the mechanisms behind natural gas injection, conducted research on the design and optimization of well patterns and injection-production parameters under natural gas injection conditions. An evaluation of the current stage of natural gas flooding was performed, and preventive policies against gas channeling were formulated. This work provides theoretical and foundational support for the development of natural gas injection in Shunbei Area Block 1.
2 STUDY OF NATURAL GAS INJECTION MECHANISM
In the Shunbei Area Block one reservoir, the original crude oil contains a high content of C2-C6 components, ranging from 11.8% to 19.4% of the total. Additionally, the reservoir has high pressure conditions, which are favorable for the formation of miscible gas flooding. Through laboratory experiments, the miscibility threshold pressure in the Shunbei Area Block one was determined to be 47 MPa, and it was confirmed that the miscible gas flooding in this area follows an evaporative multi-contact miscible flooding mechanism. The multi-contact mechanism significantly reduces the density, viscosity, and interfacial tension of the crude oil, greatly improving its flowability, and increasing the volume coefficient, thereby enhancing elastic energy. Numerical simulations conducted for different injection phase stages in the A1-12 well group indicate that miscible flooding yields better oil recovery results (as shown in Figure 2).
[image: Figure 2]FIGURE 2 | Residual Oil Distribution for Different Injection and Production States in Well Group A1-12 (A). diagram of the minimum mixing pressure for natural gas flooding; (B) residual oil distribution of non-miscible drive in 35MPa; (C) residual oil distribution of near-miscible drive in 45MPa; (D) residual oil distribution of mixed drive in 55MPa; (E) location of wells).
3 INJECTION AND PRODUCTION WELL NETWORK DESIGN
3.1 Injection and production well network design
Shunbei Area one is affected by large-scale strike-slip fracture zones, and develops slit-type carbonate reservoirs, which are strongly controlled by the fracture zones, with weak karst development, and extremely non-homogeneous reservoirs. According to the characteristics of the fractured reservoir in Block one of Shunbei area, four connectivity modes are designed: segmented pulling type along the section, segmented pulling type through the body, segmented panning type along the section and segmented panning type through the body. Meanwhile, three different injection and extraction relationships were established, i.e., high injection and low extraction, low injection and high extraction, and balanced injection and extraction (see Figure 3).
[image: Figure 3]FIGURE 3 | Connectivity mode and injection-production relationship diagram of Shunbei fault-controlled fracture-cavity reservoir.
From the numerical simulation results, it can be observed that in the “low injection and high production” well network, due to the development of high-angle fractures and a significant vertical thickness, the gravitational segregation of injected gas is pronounced. After gas injection, gas channeling is likely to occur easily, leading to a decrease in reservoir energy. Specifically, after 20 days of gas injection, the gas-oil ratio increased by 50%, after 50 days it increased by 100%, and after 90 days it increased by 150% (see Figure 4).
[image: Figure 4]FIGURE 4 | Production gas-oil ratio curves under different injection-production relationships.
In contrast, the “high injection and low production” well network, due to the reduction in the producing interval in oil wells, effectively delays gas channeling (for 50 days). It also fully exploits the effects of gas injection for reservoir re-energizing and gas cap drive (see Figure 5). Specifically, after 70 days of gas injection, the gas-oil ratio increased by 50%, after 100 days it increased by 100%, and after 135 days it increased by 150%.
[image: Figure 5]FIGURE 5 | Pressure curves for different injection-production relationships in well groups.
Therefore, it is preferable to choose the “high injection and low production” injection-production relationship, which results in a slower increase in gas-oil ratio and better reservoir re-energizing effects.
For fractured-dominated fissure-type reservoirs, the development of fractures and the effectiveness of miscible displacement are constrained by factors such as cross-sections, fractures, and reservoir types. When the injection wells are surrounded by predominantly fractured reservoirs and are directly connected to the production wells through fractures or connected through the same cross-section, it is easy to form dominant gas drive channels, leading to the occurrence of gas channeling. In such a connectivity pattern, natural gas drive predominates as the primary mechanism, with miscible displacement playing a secondary role. However, when injection wells are located in areas with developed caves, and production wells are on different cross-sections, natural gas drive is primarily based on miscible displacement. The injection gas extends over a large and uniform area, making gas channeling less likely.
Therefore, it is recommended to preferentially select the connectivity pattern with the development of cave-type reservoirs and injection-production wells on different cross-sections for injection and production operations (see Figure 6). This approach helps optimize reservoir development and enhance uniform gas distribution, reducing the likelihood of gas channeling.
[image: Figure 6]FIGURE 6 | Oil Displacement Effects under Different Connectivity Patterns [(A) Injection well cross the fault and in the same side with the production well; (B) injection well and production well is on different side of the fault].
3.2 Injection and production parameters design
The numerical simulation results of injection and recovery parameter design show that the higher the reservoir pressure is maintained, the higher the cumulative oil production is. However, when the pressure is restored to 130% of the mixed-phase pressure, the production increase effect slows down significantly. Therefore, the optimal pressure maintenance level was determined to be 61 MPa (Figure 7).
[image: Figure 7]FIGURE 7 | Comparison of the effect of gas injection to pressure increase in different formations in the fault-controlled fracture-cavity reservoir in Shunbei one area [(A) Cumulative oil production at different injection times; (B) The volume of free gas at different injection times; (C) Intersection plot of cumulative oil and swept volume].
However, physical simulation experiments simulating changes in oil recovery wells after gas injection through a laboratory setup showed relatively small increases in crude oil recovery after reaching mixed-phase drive. The discrepancy between the numerical simulations and the mixed-phase experimental results is mainly attributed to the consideration of pressure sensitivity factors of the rock. As pressure increases, connectivity and permeability between fractures and pores are enhanced. When designing the injection and extraction parameters, factors such as reservoir pressure, injected gas type and injection rate are comprehensively considered to balance the contradiction between improving oil driving efficiency and preventing gas flushing. By comparing and analyzing different injection and extraction schemes, we select the injection rate and volume that can enhance the formation pressure within the effective range and minimize the occurrence of gas flushing, so as to realize the economic and effective development strategy of natural gas drive. At the same time, in combination with the actual geological conditions, the pressure distribution during the injection phase is finely regulated, and the well network structure is optimized for the characteristics of different well groups, to ensure that the injected gas can be more evenly distributed in the target reservoir, to further reduce the risk of gas flushing and improve the overall efficiency of oil drive.
By selecting different well groups for simulation with varying injection rates, it can be observed that the optimal gas injection rate falls within the range of 90,000 to 150,000 cubic meters per day. When the injection rate exceeds 150,000 cubic meters per day, gas channeling accelerates, adversely affecting the performance (Figure 8).
[image: Figure 8]FIGURE 8 | Comparison of the Effects of Different Injection and Production Ratios and Gas Injection Rates on Different Well Groups [(A) A1-25 well group cumulative oil production curve; (B) A1-25 Well Group Pressure Curve; (C) A1-10 well group cumulative oil production curve; (D) A1-10 Well Group Pressure Curve; (E) A1-12 well group cumulative oil production curve; (F) A1-12 Well Group Pressure Curve).
To assess the oil recovery effect at different stages with varying injection-production ratios, simulations were conducted (Yuanshuai et al., 2008; Gao et al., 2009; Rong et al., 2010) (Table 1). Before the miscible displacement, the injection-production ratio was set at 2:1, resulting in a simulated oil recovery increase of 171,000 tons. After miscible displacement, the ratio was adjusted to 1:1, with a similar simulated increase of 171,000 tons. Therefore, following the principle of ‘one well, one strategy’ and ‘optimal gas drive,’ the initial injection-production ratio can be designed as 2:1, which should transition to 1.2:1 after reaching miscible displacement. This transition should occur gradually while maintaining the reservoir pressure at 61 MPa. Additionally, dynamic optimization adjustments should be made based on wellbore safety, gas drive effectiveness, and gas channeling conditions.
TABLE 1 | Different injection schemes for well group A1-25H.
[image: Table 1]4 EVALUATION OF NATURAL GAS DRIVE EFFECT
4.1 Evaluation criteria
We have selected eight key indicators to evaluate the effectiveness of natural gas drive in fissure-type reservoirs, for ease of assessment: a. Ineffective Gas Injection: The gas produced beyond the normal gas-oil ratio is considered ineffective gas injection. b. Gas Storage: It is calculated as the gas injection volume minus the ineffective gas injection. c. Gas Storage Ratio: Gas storage divided by the cumulative gas injection volume. d. Sweep Efficiency: The percentage of the reservoir volume (or area) swept by the injected displacement system relative to the total reservoir volume (or area), which is related to reservoir volume/area. The swept area by the displacement system is represented by the effective gas injection volume (gas storage), and the total reservoir volume is the geological reserves of the well group. e. Displacement Efficiency: The ratio of underground crude oil displaced by the injected displacement phase to the crude oil within the displacement range (injected gas volume). f. Enhanced Oil Recovery Degree: It is calculated as the incremental oil production divided by the geological reserves of the well group. g. Enhanced Oil Recovery Rate: Estimated incremental oil production divided by the geological reserves of the well group. h. Gas Drive Utilization Reserves: The gas consumption per unit of pressure increase for the well group divided by the liquid production per unit of pressure decrease for the well group, multiplied by the utilized reserves for the well group (Guo et al., 2004; Tang et al., 2005; Wen et al., 2011).
4.2 Evaluation results
Four different types of typical well groups subjected to natural gas drive were selected for evaluation and comparison. Comparing the injection-production relationships, for the same reservoir with through-reservoir type, the high injection and low production type has a gas storage ratio 1.14 times that of the low injection and high production type. The incremental oil production is 2.6 times higher, displacement efficiency is 1.1 times higher, estimated enhanced recovery rate is 3.7 times higher, and sweep efficiency is 4.7 times higher, and gas channeling is less likely to occur. Comparing the connectivity types, both are low injection and high production types, with through-reservoir and along-the-cross-section types. The former has an incremental oil production 3.6 times higher, and a displacement efficiency of 33.5%, which is 6.1 times higher than the latter. Therefore, overall, the through-reservoir type with high injection and low production exhibits better natural gas drive effectiveness (Figure 9; Table 2).
[image: Figure 9]FIGURE 9 | Comparison of the effects of different injection-production relationships on different well groups at different gas injection rates.
TABLE 2 | Gas injection effect evaluation table for well groups under natural gas drive in Shunbei zone 1.
[image: Table 2]5 GAS CHANNELING PREVENTION POLICIES AND EFFECTS
5.1 Gas channeling evaluation indicators
Incorporating field trials in fractured control fissure-type oil reservoirs, a 1-main-3-auxiliary set of gas channeling evaluation indicators has been established, with the gas-oil ratio as the primary indicator and natural gas composition, flow pressure gradient deviation, and production changes as auxiliary indicators for the phase division of gas injection well groups. The indicators for the initial stage of gas channeling are as follows: a gas-oil ratio increase of 20%–100%, a C1 content increase of over 5% in produced gas, a decrease of over 45% in C5+ content, and a production decline within the range of 0%–5%. When the gas-oil ratio exceeds 100% or the production decline falls within the range of 5%–12%, it is considered the mid-stage of gas channeling, and when the production decline exceeds 12%, it is deemed to have entered the late stage of gas channeling (Figure 10).
[image: Figure 10]FIGURE 10 | Phase division of gas channeling in shunbei zone 1 Gas injection.
Currently, three low injection-high production wells exhibit abnormal indicators, with one in the late stage of gas channeling, one in the mid-stage, and one in the early stage. Among them, the low injection-high production, along-the-cross-section connected well A1-1H has experienced a 562% increase in gas-oil ratio, a 6.4% increase in C1 content, a 52% decrease in C5+ content, and a 30% production decline, indicating it is in the late stage of gas channeling. The low injection-high production, through-reservoir connected well A1-11 has seen a 114% increase in gas-oil ratio, a 4.9% increase in C1 content, a 22% decrease in C5+ content, and a 4.0% oil production decline, placing it in the mid-stage of gas channeling. The near equal injection-production, along-the-cross-section connected well A1-7H has witnessed a 93.5% increase in gas-oil ratio, a 4.9% increase in C1 content, a −50% decrease in C5+ content, and a slight 3% production increase, indicating it is in the mid-stage of gas channeling. The high injection-low production, through-reservoir connected well A1-15 has shown a current production increase of 50%, with a stable gas-oil ratio and no signs of gas channeling observed. It is evident that in fractured control fissure-type oil reservoirs, prioritizing the construction of a high injection-low production, through-reservoir connected gas injection well network can effectively delay gas channeling and achieve better natural gas drive results (Table 3).
TABLE 3 | Indicators of gas migration in the current 3 wells with gas migration signs.
[image: Table 3]5.2 Gas migration control measures
For fault-controlled cavity-type oil reservoirs, gas migration management is based on the “well network model,” aiming to “improve recovery rates.” Development strategies are adjusted in stages and differentially according to different pressure types. In the early stage of gas migration, different types of well groups are adjusted differently. For low-injection, high-production well groups that have not reached miscibility, maintain an injection to production ratio of 1.5–2.0 to also accommodate energy supplementation to reach miscibility. For low-injection, high-production well groups with remaining oil at the top, utilize natural gas for its “oil-driving” and “oil-replacing” functions; for those without remaining oil at the top, use natural gas for its “oil-driving” function. In contrast, high-injection, low-production well groups should implement balanced injection and extraction, continuously using natural gas for its “oil-replacing” function. In the mid-stage of gas migration, all should carry out displacement adjustment, maintaining a 1:1 injection to production ratio to sustain production; however, for low-injection, high-production well groups at the top of the reservoir with no remaining oil and not yet reaching miscibility, a larger injection to production ratio should be maintained to achieve miscibility. In the late stage of gas migration, if it is a low-injection, high-production well network, shift the injection and production relationship to high-injection, low-production for natural gas development; if it is already a high-injection, low-production network, then proceed with depletion-type development (refer to Figure 11).
[image: Figure 11]FIGURE 11 | Development strategy diagram for different well network types at different gas appearance stages in fault-controlled fractured cavity-type oil reservoirs.
5.3 The effects of managing gas migration in a specific well group
A1-1H Well Group: This group is a low-injection, high-production well network, interconnected along the fault plane. Early numerical modeling indicated that the primary mechanism of gas drive is gravitational override, with the injected natural gas predominantly advancing along the fault plane.
Gas Migration Management: 21 days after natural gas injection into the A1-26H well, a pressure response was observed in the A1-1H well. 76 days post-injection, the gas-to-oil ratio in the A1-1H well rapidly increased, and the flowing pressure gradually declined, indicating signs of gas appearance. The well group is currently in the late stage of gas migration, with a 1-day response time for injection and production (refer to Figure 12; Table 4).
[image: Figure 12]FIGURE 12 | Plan (A) and cross-sectional views (B) of the A1-1H well group.
TABLE 4 | Statistical table of A1-1H well cluster governance effect.
[image: Table 4]For the A1-1H well group, several techniques were employed to control gas migration, including intermittent injection, reduced injection, fluid control, increased injection, and fluid control. Overall, fluid control proved to be the most effective. Initially, after intermittent injection, the gas-to-oil ratio continued to rise by 107%, production decreased by 9.5%, formation pressure dropped by −4.3 MPa, the methane (C1) content in the produced gas continuously increased, and the C5+ content consistently decreased. Subsequently, after reduced injection, the gas-to-oil ratio continued to rise by 17.8%, production fell by 11.3%, formation pressure decreased by 1.1 MPa, the methane content still slightly increased, the C5+ content slightly decreased, and the gas storage rate dropped to its lowest at 22.14%. Finally, after fluid control, the results were better: the gas-to-oil ratio decreased by 41%, formation pressure increased by 6.2 MPa, gas storage rate rose to 76.6%, methane content in the produced gas decreased by 1%, and C5+ content increased by 16%. This indicates that injecting natural gas effectively improved the development outcomes (refer to Figure 13).
[image: Figure 13]FIGURE 13 | Gas channeling control effect of well A1-1H.
6 CONCLUSION
The fault-controlled fracture-cavity type reservoirs in the Shunbei Oilfield have achieved the best results in the development using natural gas injection. By rapid initial gas injection, followed by slow gas injection with phase mixing, supplemented by a balanced injection and recovery strategy, the drive process of crude oil was effectively promoted. An evaluation system was also established in the study, indicating that the optimal results are obtained with a high injection-low recovery ratio, good connectivity of the well network in non-single sections, and gas injection through collective reservoir-type wells. In addition, we have developed a gas flurry prediction system and a gas flurry control strategy. Experimental results show that controlling the liquid injection volume is more effective than optimizing the injection period and rate. By targeting different stages and types of well packs with appropriate gas transportation management measures, as shown in the case of A1-1H well pack, we can effectively improve the gas flushing situation, enhance the effect of natural gas drive, and ultimately improve the oil recovery rate and economic benefits of the whole block. This series of research results provide scientific basis and technical guidance for future oil and gas field development under similar geological conditions.
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