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Abstract

:

A novel micro-dispersed-gel (MDG)-strengthened-alkali-compound flooding system was proposed for enhanced oil recovery in high-water-cut mature oilfields. Micro-dispersed gel has different adaptability and application schemes with sodium carbonate and sodium hydroxide. The MDG-strengthened-alkali flooding system can reduce the interfacial tension to an ultra-low interfacial-tension level of 10−2 mN/m, which can reverse the wettability of rock surface. After 30 days aging, the MDG-strengthened-Na2CO3 flooding system has good viscosity retention of 74.5%, with an emulsion stability of 79.13%. The enhanced-oil-recovery ability of the MDG-strengthened-Na2CO3 (MDGSC) flooding system is 43.91%, which is slightly weaker than the 47.78% of the MDG-strengthened-NaOH (MDGSH) flooding system. The crude-oil-production mechanism of the two systems is different, but they all show excellent performance in enhanced oil recovery. The MDGSC flooding system mainly regulates and seals micro-fractures, forcing subsequent injected water to enter the low-permeability area, and it has the ability to wash the remaining oil in micro-fractures. The MDGSH flooding system mainly removes the remaining oil on the rock wall surface in the micro-fractures by efficient washing, and the MDG particles can also form weak plugging of the micro-fractures. The MDG-strengthened-alkali flooding system can be used as an alternative to enhance oil recovery in high-water-cut and highly heterogeneous mature oilfields.
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1. Introduction


Since the development of the old oilfield bringing the ‘double high’ stage of high water cut and high oil-recovery degree [1,2,3], it is more and more difficult to stabilize the production of water flooding, and the oilfield development situation is grim. In the process of water flooding, it is more and more difficult to improve oil recovery, and the water cut of oil wells is also increasing. In the late stage of oilfield development, long-term water injection will affect the pore medium in the reservoir, resulting in reservoir heterogeneity [4,5,6], thus greatly reducing water-injection efficiency and oil recovery [7,8]. In order to change the current situation of high water cut in oil wells and improve oil recovery, reasonable measures must be taken to control the high permeability channels between oil and water wells [9,10]. The chemical flooding method [11,12,13,14] is widely used in oilfields to improve oil recovery because it can improve water–oil mobility [15,16] and reduce oil–water interfacial tension [15,17,18]. It is an effective and widely used method to solve the problem of high water cut and low recovery. It has become an important technology to greatly improve crude oil recovery.



The chemical flooding [19] method mainly includes polymer flooding, surfactant flooding, alkali flooding, compound flooding, and heterogeneous-compound flooding [20,21] proposed in recent years. In the process of polymer flooding, the mechanism of mobility control, change of water absorption profile, and expansion of swept volume [22,23] can be seen. In the process of surfactant flooding [24,25] or alkali flooding [26,27], the mechanism of low interfacial tension, wettability change, and emulsified oil can be seen. At present, chemical methods can be used to improve oil recovery and expand the swept volume and improve oil-displacement efficiency. Although polymer flooding or polymer/alkali flooding technology [28,29] has been successfully applied to oil fields to improve oil recovery, there are still inherent shortcomings. The polymer is easy to be sheared by mechanical equipment, and the formation temperature or alkali addition in compound flooding led to hydrolysis, resulting in loss of viscosity of polymer solution and weakening of mobility control [30,31]. At present, the heterogeneous-compound flooding based on micro-dispersed gel can expand the sweep by the viscosity of the micro-dispersed-gel solution plugging the water channel [32,33,34]. By combining the micro-dispersed gel [35] with the surfactant, the mechanism of plugging the high-permeability channel [36,37], low interfacial tension [38,39,40,41], and wettability reversal [42,43] can be realized in the displacement stage to improve the oil recovery rate.



In order to further improve the oil recovery in the late stage of oilfield development, this paper proposes a heterogeneous-compound oil-displacement system based on micro-dispersed gel, which is composed of micro-dispersed gel and alkali. The adaptability and basic physical and chemical properties are evaluated, and the crude-oil-production mechanism of the micro-dispersed-gel-strengthened-alkali-compound system is clarified. The micro-dispersed gel has good viscoelasticity, which can play a role in profile control, expand the swept volume, and solve the problem of fingering in alkali flooding. Alkali can react with crude oil to form oil soap in situ to achieve ultra-low interfacial tension, change the oil–water interface properties, and improve oil-displacement efficiency. The two work together efficiently to achieve the purpose of improving crude oil recovery. By evaluating the basic properties of the compound system and core flow experiments, the adaptability and basic properties of the micro-dispersed-gel-strengthened-alkali-compound flooding system were clarified, and its enhanced-oil-recovery ability and crude-oil-production mechanism were discussed, which provided a basis for the establishment of a new method for enhanced oil recovery.




2. Experimental Procedures


2.1. Materials


Hydrophobically associating polymer (HAP) with a hydrolysis degree of 20% and an average molecular weight of 14,000,000 was obtained from Gaoyuan Co., Ltd. (Dongying, China). Analytically pure sodium carbonate was obtained from Guoyao Co., Ltd. (Shanghai, China) Analytically pure sodium hydroxide was obtained from Guoyao Co., Ltd. (Shanghai, China). The viscosity of the simulated oil was 15 mPa·s at 50 °C, which was provided by the Changqing oilfield in China. The salinity of the simulated water used in the following experiments was 49,350 mg/L (NaCl: 29,328 mg/L, CaCl2: 1768 mg/L, MgCl2: 387 mg/L).




2.2. Preparation Method of MDG


MDG is prepared by mechanical shearing. The preparation method is divided into two stages: bulk-gel crosslinking stage and MDG mechanical-shearing stage. First, a polymer solution with a mass concentration of 0.3% was prepared using simulated water, and then, the cross-linking agent was slowly added to the polymer solution and stirred evenly at room temperature to form a glue solution. Then, the gelling solution was sealed and placed in a 90 °C oven for 72 h of crosslinking reaction to form a bulk gel. Secondly, the bulk gel was placed in a colloid mill for mechanical shearing and grinding for 10 min to obtain an MDG solution. Figure 1 shows the micromorphology and average size of the MDG.



The size of the MDG was measured by dynamic light scattering (DLS, Bruker-Nano, Bruker Instruments Ltd., Berlin, Germany) and scanning electron microscopy (SEM, Hitachi S-4800, Hitachi High-Technologies Co., Ltd., Tokyo, Japan), and the initial average size of the MDG was 505 nm.




2.3. Experimental Method of Adaptability Evaluation


According to the adaptability of alkali and MDG, two experimental schemes were designed. Scheme 1: Considering the production source, the high-concentration MDG and high-concentration lye were mixed as the mother liquor, and the stability of the mother liquor at room temperature was observed. If the mother liquor can exist stably, the mother liquor is diluted with simulated water, which is beneficial to the transportation and preservation of the mother liquor. Scheme 2: From the perspective of wellhead injection, low-concentration MDG and low-concentration alkali are directly compounded to form a compound system and injected at the wellhead to investigate the adaptability of alkali and MDG. During the experiment, if the compound system in experimental Scheme 1 has poor adaptability, experimental Scheme 2 is adopted.




2.4. Experimental Methods of Basic Physical and Chemical Properties


Interfacial tension (IFT) was obtained by a TX-500C interfacial tensiometer (Kono Industrial Co., Ltd., Los Gatos, CA, UAS). The viscosity was obtained by a Brookfield DV-2 viscometer (Brookfield Viscometers Ltd., Harlow, UK) with a shear rate of 6 rpm at 50 °C. The wettability change ability of the MDG-strengthened-alkali-combination flooding system was obtained continuously by a JC2000D2 video optical contact angle measurement (POWEREACH, shanghai, China) at 50 °C. The emulsification performance was evaluated by the combination of evaluating the water absorption rate of the emulsion and observing the microscopic morphology of the emulsion by microscope.




2.5. Experimental Method of Crude-Oil-Production Mechanism


Through the single-tube core experimental model, the oil-displacement potential and crude-oil-production mechanism of the MDG-enhanced-alkali-compound systems were analyzed by using the online nuclear-magnetic-resonance experimental device. The experimental temperature was 50 °C. The simulated water and MDG-strengthened-alkali-compound system used in the experiment were all prepared with heavy water to shield the water-phase hydrogen signal. The experimental steps were as follows: the core (5 cm long, 2.5 cm in diameter) was weighed after drying, was vacuumized to saturate the simulated water, had the wet weight weighed, and had the pore volume calculated. Saturated oil was injected into the core at a rate of 0.1 mL/min, and the pump was stopped when the liquid end did not produce water. After the core was aged for 24 h, T2-spectrum scanning and imaging scanning were performed. The experiment was stopped when the water drive rate was 0.1 mL/min until the water cut of the output end was 98%. The injection pressure, water production, and oil production were recorded during the process, and T2-spectrum scanning and imaging scanning were performed. The MDG-strengthened-Na2CO3-compound system with a pore volume of 1 times was injected at a rate of 0.1 mL/min, and the experiment was stopped when the water content at the output end was 98%. The injection pressure, water production, and oil production were recorded during this process, and T2-spectrum scanning and imaging scanning were performed. The MDG-strengthened-Na2CO3-compound system was replaced by the MDG-strengthened-NaOH-compound system, and the above steps were repeated. Figure 2 is the flow chart of online nuclear-magnetic-resonance displacement-experiment.





3. Results and Discussion


3.1. Adaptability Evaluation


3.1.1. Adaptability of Sodium Carbonate to MDG


The suitability of Na2CO3 and MDG was investigated by experimental Scheme 1. When the concentration of Na2CO3 was 15%, the compound system began to stratify after 3 days of aging, and the stratification was obvious after 5 days of aging. When the concentration of Na2CO3 is 20%, the compound system is obviously stratified after aging for 3 days. When the concentration of Na2CO3 is 10%, the compound system is still not layered after 60 days of aging, and the adaptability is good. According to Figure 3, when the concentration of Na2CO3 is up to 10%, it has good compatibility with MDG. Therefore, 40% MDG and 10% Na2CO3 are used as the compound system, and it can be stable for 60 days, which is in line with Scheme 1.




3.1.2. The Suitability of Sodium Hydroxide and MDG


Scheme 1 was used to investigate the adaptability of high-concentration NaOH and high-concentration MDG. Under the condition of high-concentration NaOH, MDG showed obvious stratification and solution color change after 3 days of aging, and its stability was greatly affected by high-concentration NaOH. Therefore, Scheme 1 is not suitable for NaOH. Therefore, Scheme 2 was used to investigate the suitability of low-concentration NaOH and low-concentration MDG for further experiments. The experimental results are shown in Figure 4 and Figure 5.



When the concentration of NaOH was 1.5%, MDG showed obvious stratification after 3 days of aging. When the concentration of NaOH was 1.0%, MDG only showed slight stratification after 60 days of aging, and the stability was good. It can be determined that NaOH was compounded with 1.0% and 5.0%.





3.2. Physicochemical Properties


3.2.1. Ability to Reduce Interfacial Tension


The lower the oil–water interfacial tension is, the more obvious the effect of enhanced oil recovery. Therefore, this section discusses the interfacial-tension characteristics of the compound system formed by the MDG-strengthened-Na2CO3 (MDGSC)-compound flooding system and MDG-strengthened-NaOH (MDGSH)-compound flooding system.



Characteristics of Interfacial Tension of MDGSC-Compound Flooding System


In the previous section, it was determined that high-concentration MDG and high-concentration Na2CO3 were mixed into mother liquor for the dilution of Na2CO3-complex MDG. Therefore, this section discussed the oil–water interfacial tension of the mother liquor and simulated water at different dilution ratios under different aging times. From Figure 6, with the increase in dilution ratio, the interfacial tension showed a trend of decreasing first and then increasing and reached the lowest value of 10−2 mN/m when the dilution ratio was 1:4. When the dilution ratio is 1:9–1:1, the oil–water interfacial tension is low. Considering the cost, the dilution ratio is between 1:9–1:4. At this time, the compound system solves the problem of cost and low interfacial tension. At the same time, the interfacial tension of the compound system is higher than that of the single Na2CO3 solution. This occurs because the MDG particles have a large surface area, and the surface will adsorb a part of the oil soap with interfacial activity, resulting in an increase in interfacial tension. From Figure 7, as the aging time increases, the oil–water interfacial tension of the compound system gradually decreases, which means that the interfacial tension of the compound system will be further reduced after the injection of the formation through the soaking process.




Characteristics of Interfacial Tension of MDGSH-Compound Flooding System


A total of 5.0% MDG was mixed with 0.3–1.5% NaOH, and the interfacial tension was compared with the ability of NaOH solution. The interfacial-tension changes of the compound system under different aging times were also investigated. From Figure 8, for the NaOH solution, the interfacial tension reaches the order of magnitude of 10−1 mN/m when the mass concentration is 1.0%. When the concentration of NaOH is 1.5%, the oil–water interfacial tension reaches 10−2 mN/m. However, because the concentration of NaOH is higher than 1.0%, it has a great influence on the stability of MDG. Therefore, combined with the adaptability of NaOH and MDG, when the concentration of NaOH is 1.0%, it can exert the best effect. At the same time, the interfacial tension of the compound system is significantly higher than that of the NaOH solution. This occurs because, due to the adsorption of the MDG particle interface, the rate of formation of interfacial active substances is slowed down and the interfacial active substances are also adsorbed to the surface of the MDG particles, resulting in a higher interfacial tension than the NaOH solution. It can be seen from Figure 9 that as the aging time increases, the oil–water-interfacial-tension value decreases slightly and then tends to be stable, which is also helpful for the interaction between the compound system and the crude oil during the oil recovery process.





3.2.2. Viscosity Characteristics


Due to the large difference in water and oil viscosities, water flooding is prone to fingering. When the viscosity of the displacement fluid increases, the fingering problem can be alleviated. Therefore, the variation characteristics of viscosity of two MDG-strengthened-alkali-compound systems with aging time were investigated.



From Figure 10, the viscosity of the MDGSC-compound system is slightly lower than that of MDG alone. When the compound system is aged at 50 °C for 30 days, the viscosity retention rate is above 75%, and it still has good viscosity retention characteristics. From Figure 11, when the aging time increases, the viscosity of the MDGSH-compound system decreases. Compared with MDG, the viscosity of the MDGSH-compound system is greatly reduced. This occurs because NaOH compresses the diffusion electric double layer of the compound system particles, resulting in rapid coalescence between the compound system particles. The aggregates quickly coalesce and settle to the bottom of the container, and the solid content in the liquid phase of the compound system decreases, resulting in a greater decrease in the viscosity of the compound system than that of the individual MDG. After 30 days of aging, the viscosity retention rate of the compound system was greater than 72%. Although some particles of the compound system agglomerated, the viscosity retention of the compound system was higher after 30 days of aging, showing good storage stability.




3.2.3. Emulsifying Ability


Emulsification is a phenomenon in which a liquid is uniformly dispersed in another immiscible liquid with very small droplets. The emulsion liquid phase is a thermodynamically unstable system due to its large interface area and high interface energy. In chemical flooding, after the interfacial active component contacts the underground crude oil, the crude oil will be emulsified to form smaller oil droplets that are evenly dispersed in the displacement fluid. Emulsification carrying and profile control of emulsion play an important role in enhancing oil recovery. Therefore, the water evolution rate and microstructure of MDG-strengthened-Na2CO3- and NaOH-compound emulsions at 50 °C were studied.



Emulsifying Ability of MDGSC-Compound System


The water separation rate of the emulsion formed by the MDGSC-compound system and Na2CO3 solution is shown in Figure 12. At the initial stage, the water separation rate increased rapidly, and the water separation rate gradually stabilized after 1.5 h of standing, and the stable value of the water separation rate of the emulsion formed by the Na2CO3 solution was lower than that of the emulsion formed by the compound system. The water separation rate did not change after standing for 5 h, and the emulsion reached a stable state. When the initial state of the emulsion is formed, due to the high content of emulsion droplets, the oil soap molecules with interfacial activity are limited, and the oil soap molecules in the interfacial film are loosely arranged, so the strength of the formed interfacial film is low. At high temperature, the thermal motion of molecules in the interfacial film is intensified, the destruction process of the interfacial film is accelerated, the stability of the emulsion is deteriorated, and the water phase is precipitated rapidly. In the continuous aging, the precipitation of the aqueous phase leads to the decrease in the mass fraction of the emulsion droplets, the oil soap molecules form a directional adsorption arrangement on the interface film, the strength of the interface film increases, and the trend of the water separation rate of the emulsion slows down and stabilizes. The emulsion is uniformly dispersed in the initial state, and the interface energy is large. It is a thermodynamically unstable system. During the gradual aging, the oil droplets coalesce, the water phase is discharged, and the emulsion gradually reaches a stable state.




Emulsifying Ability of MDGSH-Compound System


The water separation rate and stability of the emulsion formed by the 5.0% MDG and 1.0% NaOH compound system and 1.0% NaOH solution and crude oil were investigated. The experimental results are shown in Figure 13. From Figure 13, in the initial stage of the formation of the emulsion, the water separation rate of the system increased rapidly and gradually stabilized after standing for 0.5 h, and the water separation rate of the emulsion remained basically unchanged after standing for 2 h. Because the oil–water-interfacial-tension value of the reinforced-NaOH-compound system is lower than that of the other two systems, the stable value of the water separation rate after the formation of the emulsion is also the lowest, and the emulsion is relatively stable. Although the oil–water-interfacial-tension value of the MDG-strengthened-NaOH-compound system can reach the ultra-low interfacial-tension level, due to the high mass fraction of droplets in the initial state after the formation of emulsion, the limited number of interfacial active molecules also leads to the low strength of the interfacial film, and the water phase continues to precipitate from the droplets. The emulsion droplets gradually agglomerated from the uniform dispersion state, and the emulsion gradually reached a stable state.





3.2.4. Wetting Change Ability


The wettability of the formation rock has a great influence on the oil-film-stripping effect of the displacement fluid. If the formation sandstone is reversed from oil-wet to water-wet surface after the action of the displacement fluid, the oil film attached to the sandstone will be easily stripped to improve oil recovery. The wetting ability of MDG-strengthened-Na2CO3- and NaOH-compound systems at 50 °C was investigated.



Wetting Change Ability of MDGSC-Compound System


The wetting ability of the MDGSC-compound system on oil-wet quartz flakes at 50 °C was investigated. From Figure 14, for oil-wet quartz flakes, in the process of continuous aging, the oil-phase wetting angle of the compound system gradually changes from 23.9° of the initial state to 140.1°. The oil-wet quartz flakes are reversed from the oil-wet surface to the water-wet surface, which helps to better strip the oil film attached to the sandstone surface. At the same time, the wetting reversal ability of Na2CO3 solution alone is stronger, which is similar to the law of oil–water interfacial tension. The oil soap with interfacial activity generated by the reaction of Na2CO3 and petroleum acid is more adsorbed to the oil–water interface, the oil–water interfacial tension is lower, and the wetting change ability is stronger. This property of the MDGSC-compound system can effectively strip the crude oil attached to the rock surface.




Wetting Change Ability of MDGSH-Compound System


The wetting ability of MDGSH-compound system on oil-wet quartz sheets at 50 °C was investigated. The experimental results are shown in Figure 15. From Figure 15, the NaOH solution and MDGSH-compound system increase the wetting angle of the oil phase, the wettability of the oil-wet quartz plate is reversed to water wettability, and the time to achieve wetting reversal is the shortest. After 15 days of aging, the wettability of the quartz plate in the MDGSH-compound system is completely reversed to water wettability. The surface-active substance generated by the reaction of NaOH and petroleum acid realizes the effect of adsorption and desorption on the quartz plate to achieve a dynamic balance.






3.3. Crude-Oil-Production Mechanism


The enhanced-oil-recovery ability and crude-oil-production mechanism of the two compound systems of MDGSC and MDGSH in compound flooding systems for low permeability cores were studied.



Figure 16 and Figure 17 show the oil-displacement capacity of two compound systems of MDGSC and MDGSH through a single-tube core flooding experimental model. It can be seen from Figure 16 and Figure 17 that after the two compound systems of 1PV are injected, respectively, the enhanced oil recovery of the MDGSC-compound system is 40.31%, and the enhanced oil recovery of the MDGSH-compound system is 43.22%. When the water cut of the produced fluid exceeds 98%, the enhanced oil recovery of the MDGSC-compound system is 43.91%, and the enhanced oil recovery of the MDGSH-compound system is 47.78%. Both of them show good enhanced-oil-recovery ability at different displacement stages, but there are also differences. This occurs because MDG can directly block pore throats smaller than a single particle size, and through the aggregation and expansion between particles and mutual bridging, the high permeability macropores in the core are blocked, forcing the subsequent injection water to flow and expand the sweep. The MDGSH-compound system has better ability to improve oil recovery. This occurs because it is easier to achieve ultra-low interfacial tension with crude oil. At the same time, it interacts with the rock surface and crude oil so that the surface of the oil-wet rock is transformed into a hydrophilic rock surface. The ability to change the wettability of the rock surface is stronger than that of the MDGSC-compound system. The remaining oil in the water-channeling channel and more remaining oil in the unswept area are displaced to achieve efficient stripping of the remaining oil on the rock surface. Although the enhanced oil recovery of the MDGSC-compound system is weaker than that of the MDGSH-compound system, it still shows good oil-displacement effect.



At the same time, the online nuclear-magnetic-resonance displacement-experimental device is used to further illustrate the crude-oil-production mechanism of the two compound systems. Figure 18, Figure 19 and Figure 20 are the T2-spectrum curves and remaining-oil distribution of the two compound systems at different displacement stages. From Figure 18, the characteristic peaks of the T2 curve are mainly concentrated in 0.1–10 ms, that is, the crude oil is mainly stored in small pores, and there are also signal quantities with characteristic peaks greater than 10 ms. This is due to the development of large-sized micro-fractures in the core, and some crude oil is also distributed here. The main distribution of crude oil in the core imaging results is also basically consistent with the T2 curve. For the displacement process of the two compound systems, after water flooding, the semaphore with a characteristic peak of 10–100 ms decreased, while the semaphore with a characteristic peak of 0.1–10 ms remained basically unchanged. From the T2 curve, the recovery of large pores in the MDGSC-composite system is 42.9%, and the recovery of small pores is 35.1%. The recovery of large pores in the MDGSH-compound system is 56.9%, and the recovery of small pores is 20.1%. When the 1PV-compound flooding system is injected and has subsequent water flooding, the signal quantity in the large pores and small pores of the two compound systems decreases. The decrease in the small pore signal quantity of the MDGSC-compound system is higher than that of the MDGSH-compound system. The oil recovery rates of small pores are 31.1% and 16.2%, while the signal quantity in the large pores of the MDGSH-compound system decreases greatly, and the recovery rate is 22.5%, which is higher by 7.4% than that of the MDGSC-compound system. This means that the MDGSC-compound system is more effective in plugging micro-fractures and continuously expanding the remaining oil in the small pores, while the MDGSH-compound system has a relatively weak performance in plugging micro-fractures, but its high-efficiency oil-washing ability can wash out most of the remaining oil in micro-fractures, and it also has the ability to expand the spread volume; combined with the analysis of the physical and chemical properties of the two compound systems, the MDGSC-compound system has a relatively weak ability to reduce the interfacial tension and wetting reversal ability, but its stability is strong, and it can form an effective plugging in the micro-fractures and continue to expand the spread volume. The stability of the MDGSH-compound system is weak, and a certain degree of plugging is formed on the micro-fractures, but its ability to reduce the interfacial tension and wetting change ability is excellent, and the remaining oil in the micro-fractures is efficiently washed out. The two mechanisms for crude oil production are different, but each has its own characteristics.





4. Conclusions


In this paper, a new type of microgel (MDG)-enhanced-alkali-compound flooding system was proposed for high-water-cut and heterogeneity oilfields. The compatibility of sodium carbonate, sodium hydroxide, and MDG was investigated. The basic physical and chemical properties of the compound system were evaluated, and its enhanced-oil-recovery ability and crude-oil-production mechanism were studied. The high concentration of MDG (40%) and high concentration of sodium carbonate (10%) have good adaptability, and the configuration as mother liquor is conducive to preservation and transportation. The mother liquor and the injected water can be directly mixed and injected according to the dilution ratio of 1:5 when it is used in a wellhead. At the same time, the MDGSC-compound system can reduce the interfacial tension up to 10−2 mN/m. The interfacial tension decreases with the increase in aging time, and its viscosity also has a good viscosity retention rate with the aging time. The stability of the emulsion is moderate, and the wetting reversal can be achieved within 10 days, which effectively strips the crude oil from the rock wall. The adaptability of high-concentration MDG and high-concentration NaOH is poor, and the compound system appears to have obvious stratification in a short time. Therefore, the MDGSH-compound system is formed by mixing low-concentration MDG and low-concentration NaOH. The interfacial tension of the system is reduced to 10−2 mN/m level, and the viscosity retention rate is still 72% after 30 days of aging. The emulsion is relatively stable, and the wettability reversal of rock wall can be realized within 7 days.



The enhanced oil recovery of the MDGSC-compound flooding system is 43.91%, and the enhanced oil recovery of the MDGSH-compound flooding system is 47.78%. The MDGSC-compound flooding system is more effective in plugging micro-fractures and continuously expanding the swept volume, while the MDGSH-compound flooding system has relatively weak performance in plugging micro-fractures, but its oil-washing ability can flush out the remaining oil in micro-fractures. The MDGSC-compound flooding system has a relatively weak ability to reduce interfacial tension and wettability reversal, but its stability is strong, and it can form effective plugging in micro-fractures to continuously expand and spread. The stability of the MDGSH-compound flooding system is weak, and it plugs the micro-fractures. Its ability to reduce interfacial tension and wetting change is excellent, and the remaining oil in the micro-fractures is efficiently washed out. The crude-oil-production mechanism of the two compound flooding systems is clarified.
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Figure 1. The micromorphology and average size of the MDG. 
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Figure 2. Online nuclear-magnetic-resonance displacement-experimental flow chart. 
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Figure 3. Compatibility of high-concentration sodium carbonate with MDG. 
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Figure 4. Compatibility of high-concentration sodium hydroxide with MDG. 
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Figure 5. Compatibility of low-concentration sodium hydroxide with MDG. 
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Figure 6. Effect of dilution ratio of MDGSC-compound system and simulated water on interfacial tension. 
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Figure 7. Effect of aging time on interfacial tension of MDGSC compound flooding system. 
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Figure 8. Effect of NaOH concentration on interfacial tension. 
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Figure 9. Effect of aging time on interfacial tension of MDGSH compound flooding system. 
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Figure 10. Effect of aging time on viscosity of MDGSC-compound system. 
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Figure 11. Effect of aging time on viscosity of MDGSH-compound system. 
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Figure 12. Stability of emulsion formed by MDGSC-compound system. 
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Figure 13. Stability of emulsion formed by MDGSH-compound system. 
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Figure 14. Wetting change ability of MDGSC-compound system. 
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Figure 15. Wetting change ability of MDGSH-compound system. 
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Figure 16. Enhanced-oil-recovery capacity of MDGSC-compound flooding system. 
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Figure 17. Enhanced-oil-recovery capacity of MDGSH-compound flooding system. 
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Figure 18. The changes of signal strength for T2 in the injection of different compound flooding systems. (a) T2 curve of MDGSC-compound flooding system. (b) T2 curve of MDGSH-compound flooding system. 
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Figure 19. The changes of oil saturation in the injection of MDGSC-compound flooding system. (a) Initial stage. (b) Water flooding. (c) MDGSC-compound flooding. (d) Following water flooding. 
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Figure 20. The changes of oil saturation in the injection of MDGSH-compound flooding system. (a) Initial stage. (b) Water flooding. (c) MDGSC-compound flooding. (d) Following water flooding. 
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