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Abstract


There are large, heavy oil reserves in Block X of the Xinjiang oilfields, China. Due to its large burial depth (1300 m) and low permeability (26.0 mD), the traditional steam-injection technology cannot be used to obtain effective development benefits. This paper conducts experimental and simulation research on the feasibility and mechanism of CO   2  -energized fracturing of horizontal wells and N   2   foam huff-n-puff in deep heavy oil reservoirs with low permeability in order to further explore the appropriate production technology. The foaming volume of the foaming agent at different concentrations and the oil displacement effect of N   2   foam at different gas/liquid ratios were compared by the experiments. The results show that a high concentration of foaming agent mixed with crude oil is more conducive to increasing the foaming volume and extending the half-life, and the best foaming agent concentration is 3.0∼4.0%. The 2D micro-scale visualization experiment results show that N   2   foam has a good selective blocking effect, which increases the sweep area. The number of bubbles per unit area increases as the gas/liquid ratio increases, with 3.0∼5.0 being the optimal gas/liquid ratio. Numerical simulation results show that, when CO   2  -energized fracturing technology takes into account the advantages of fracturing and crude oil viscosity reduction by CO   2   dissolution, the phased oil recovery factor in the primary production period can reach approximately 13.7%. A solvent pre-slug with N   2   foam huff-n-puff technology is applied to improve oil recovery factor following primary production for 5∼6 years, and the final oil recovery factor can reach approximately 35.0%. The methodology formulated in this study is particularly significant for the effective development of this oil reservoir with deeply buried depth and low permeability, and would also guide the recovery of similar oil deposits.
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1. Introduction


It is commonly believed that reservoirs with low porosity and low permeability can achieve effective economic development only after a certain “volume transformation” is performed through large-scale fracturing. Fracturing is a technology that artificially causes cracks in the formation, improves the flow environment of oil underground, and increases the production of oil wells. Currently, fracturing technology is mainly used in thin oil reservoirs with low porosity and low permeability. Research on the fracturing of heavy oil reservoirs is still in its initial stages.



The application of slick water fracturing technology in low permeability reservoirs has been relatively mature around the world. But slick water, on the other hand, may cause some damage to the formation development of high water sensitivity [1,2]. In recent years, many scholars have proposed supercritical CO   2   fracturing [1,2,3,4,5,6], CO   2   foam fracturing [7,8], CO   2   dry fracturing [9] and CO   2   composite fracturing technologies [10,11,12,13]. CO   2   can reduce fracture initiation pressure and increase fracture complexity under conditions of formation [10,11,12,14,15,16,17] and CO   2   displacement can improve oil recovery [18]. However, there are also a series of disadvantages: high friction in CO   2   fracturing, poor sand carrying capacity, rapid filtration fluid loss, small fracture spacing, and a large number of branch fractures that gradually close due to a lack of proppant, limiting the effectiveness fracturing performance [19,20]. In recent years, some scholars have proposed to add thickeners to liquid CO   2   to increase its viscosity, thereby enhancing its sand-carrying capacity [21,22]. However, the extensive use of thickeners can lead to groundwater pollution, chemical residue and reservoir damage.



Ribeiro et al. [10] proposed a CO   2   hybrid fracturing technology, which injected pure CO   2   fracturing fluid to form multiple hydraulic fractures in the near-wellbore area, and then injected a high-viscosity and water-based fracturing fluid carrying proppant to support the fractures in 2017. This technique increased flow-back rates and reduced formation damage by taking advantage of the low or ultra-low viscosity and high compressibility of CO   2   to create complex fractures. Then, it injected a high viscosity water-based fracturing fluid to increase the proppant content. Since then, CO   2   hybrid fracturing technology has been increasingly used in unconventional reservoir development.



As the reservoir develops after fracturing, the formation energy decreases rapidly with time, which results in a quick production decline and low oil recovery for heavy oil reservoirs. For traditional heavy oil thermal recovery technologies, such as steam injection, hot water injection, SAGD (Steam Assisted Gravity Drainage), and in situ combustion, there are definite requirements on the depth of heavy-oil reservoirs and reservoir thickness due to heat loss and other problems [23,24,25,26]. When the depth of the reservoir is large and the thickness of the reservoir is thin, the traditional thermal recovery technology does not meet the needs of production. In the late stage of development, the oil field enters the ultra-high water cut stag and the water channeling is extremely serious. In the process of further improving the production efficiency, it is necessary to figure out how to hinder the channeling of injected water along the highly permeable zones while flooding oil. In 2014, Salehi et al. [27] compared water-alternating-gas flooding and foam flooding, and found that foam flooding could slow down the viscous fingering of the oil–water front. Foam fluid has been widely used in profile control and other aspects because of its superior characteristics for blocking water preferential channels.



The main mechanisms of foam flooding are blocking large channels, leaving small channels unblocked, increasing the mobility ratio, increasing sweep area, increasing foam resistance effect, stripping the oil film, etc. [28]. The high elasticity of the foam in the formation flow can significantly reduce the mobility of the driving fluid. Through the emulsification and viscosity reduction of surfactant, the interfacial tension between oil and water is greatly reduced while the sweep efficiency is improved, which ultimately increases the oil displacement efficiency [29,30,31,32].



At present, conventional foam flooding methods include air foam flooding [33], CO   2   foam flooding [34,35], natural gas foam flooding and N   2   foam flooding [36,37,38,39]. However, in full production of air foam flooding, the presence of O   2   in the air could cause a variety of risk factors, including pipeline bursts, leakage, and corrosion [40]. The mechanism of CO   2   foam flooding is similar to N   2   foam flooding. The difference is that after the CO   2   foam bursts, the gas phase can make multiple contacts with the crude oil, achieving miscibility under certain conditions, lowering crude oil viscosity, and extracting crude oil with high mobility. However, CO   2   has serious corrosion on pipeline instruments and there are few domestic carbon dioxide gas sources, so it is necessary to comprehensively consider the actual application of CO   2   foam flooding according to field conditions [41,42,43]. Because of the high solubility of natural gas in crude oil, the effect of natural gas foam flooding is better. However, natural gas tends to burn in oxygenated air, or even explode. Natural gas has special properties and requires higher equipment and safety levels, so natural gas foam flooding is less used in laboratory experiments and field applications. Due to the differences in solubility of formation fluids, the screening conditions of foam systems are different, and the influence mechanism of gas types on foam stability is different too. Relatively speaking, the stability of N   2   foam is good, while that of CO   2   foam is poor and hardly affected by the surfactant concentration. The stability of air foam is between the two due to the main reason that the diffusion coefficient of CO   2   and O   2   is higher than N   2  , which leads to a variation in liquid film strength and a faster bubble rupture speed. Compared with other gas phases, N   2   has the characteristics of being inflammable, non-explosive, easy to compress, rapidly expanding, and unable to react with formation rock minerals or fluids, so it is an ideal gas type for the foam gas phase.



In the profile control literature, there are many foam system screening and mechanism analysis experiments of foam flooding, but there are far fewer reported on foam formula and mechanism experiments for huff-n-puff wells [44,45]. Due to the injection cost and other problems in the oilfield, the previous studies on the foaming agent required that the foaming agent meets a concentration of 1.0∼0.5% [46,47]. However, it was found in the actual operation of the oilfield that the use of a high concentration of the foaming agent was more conducive to mobilizing the residual oil in the pore throat. Compared with foam flooding, foam huff-n-puff has the advantages of easy implementation, less consumption, quick effect, less investment, and lower economic risk, which make it suitable for blocks with poor connectivity between Wells or complex fault-block reservoirs with large well spacing.



In conclusion, the effect of high concentration foaming agent on the foaming properties and oil displacement of N   2   foam was investigated by physical model experiment. CO   2  -energized fracturing of horizontal wells and N   2   foam huff-n-puff are designed for large burial depth and low-permeability and high-viscosity heavy-oil reservoirs. The seepage resistance is reduced through horizontal well development, and the conditions for productivity improvement are created. CO   2  -energized fracturing is used to increase the permeability of the reservoir, and the oil viscosity reduction by CO   2   is used to improve the oil recovery rate. In order to increase the reservoir energy and improve the recovery factor, N   2   foam was injected into the reservoir at the late stage of primary production with a high concentration of the foaming agent. Through targeted optimizations combination and process parameter optimization, the methodology of heavy oil recovery technologies formed in this study will provide technical guidance for the effective development of similar deep heavy oil reservoirs.




2. Experiments


The foaming properties of AES (sodium ethoxylated alkyl sulfate) surfactants and the flow characteristics of N   2   foam in microscopic pores were studied by Waring–Blender and 2D micro-scale visualization experiments. An experimental study expanded on the mechanism of N   2   foam enhanced oil recovery under the action of a high concentration foaming agent.



2.1. Experimental Materials and Instruments


	
Formation oil: The formation oil used for the tests was obtained from actual field sampling of the No. X013 Well in Xinjiang oilfields, China. Its viscosity and density were 102.3 mPa·s and 0.883 g/cm   3  , respectively, at a temperature of 50.0 °C and a pressure of 0.1 MPa.



	
Foaming Agent: The foaming agent is AES. Different concentrations of AES solutions (0.5%, 1.0%, 2.0%, 3.0% and 4.0%) were prepared.



	
Air source: In this experiment, high purity nitrogen with an oxygen content less than 3 ppm was used as the gas source.



	
Brine: In the experiments, synthetic brine was prepared according to the composition of the formation water. The pH of the brine was 7.3, and the concentration of total dissolved solids (TDS) was 6596.1 mg/L.



	
Experimental instruments: beaker, measuring cylinder (1000 mL), magnetic mixer, Waring blender (speed 0–20,000 r/min), microscopic visualization model.







2.2. Experimental Procedure


2.2.1. Foaming Performance Experiments in Crude Oil


Procedures are as follows:




	
First, make a solution of AES foaming agent in concentrations of 0.5%, 1.0%, 2.0%, 3.0% and 4.0%.



	
Pour the foaming agent (50 mL) and the crude oil (50 mL) into a beaker and place the beaker over a magnetic stirrer to mix the foaming agent with the crude oil.



	
The mixed solution was poured into a Waring blender and stirred at a speed of 7000 r/min for one minute at a temperature of 25.0 ℃ and 0.1 MPa.



	
Immediately pour it into 1000 mL measuring cylinder, seal it with plastic wrap, and record the foam volume (V) when stirring is stopped and the time (t    1 / 2   ) it takes to separate 50 mL of liquid from the foam.








Foam volume V is used to represent foaming capacity, and t    1 / 2    is used to represent foam stability. The greater the V, the stronger the foaming capacity of the foaming agent. The greater the t    1 / 2   , the stronger of the foam stability.




2.2.2. 2D Microscopic Visualization Experiment


In order to accurately observe the flow displacement of N   2   foam in pores, a physical simulation device for fluid displacement visualization was constructed on the basis of simulating the pore throat characteristics of the formation of a microscopic visualization model. Using this device, one or more fluids needed for research are injected into the glass etching chip, and the image acquisition of different fluids passing through the visual model is realized through microscope observation, so as to study the flow characteristics of different fluids flowing through micro channels. The experimental setup is shown in Figure 1.



Experimental steps are as follows:




	
Model installation and debugging: Install the glass etching chip in the high pressure visible kettle; the confining pressure is controlled by the confining pressure tracking pump to make it higher than the internal pressure of the model (11 MPa). The confining pressure is set to 13 MPa. Put the connected glass etching chip under the microscope, open the installed microscope software on the computer, adjust the microscope’s aggregation position and magnification, and the high-speed camera can collect clear micro-scale channel images.



	
Model vacuumization: After the micro-pore etching model and experimental process pipeline are vacuumed for 2.0 h, the injection and outlet valves are closed to ensure that there is no air in the visual model of micro scale channels.



	
Model saturated oil: Adjust the backpressure unit to the simulated pressure of the formation, and the high-pressure injection pump saturates the oil at a speed no higher than 0.002 mL/min until the model and the pores are filled with oil. When the micro-pores are small, kerosene saturation is usually carried out first and then formation simulation oil saturation is carried out.



	
Simulate the process of N   2   foam flooding: N   2   foam displacement experiments were performed at 36.0 ℃ and 11 MPa. The foaming agent slug is injected at a rate of 0.002 mL/min, and the injection rate of N   2   is adjusted to simulate different injection gas/liquid ratios. During the process of displacement, we should pay attention to the timely acquisition of images, and observe the number, morphology and flow characteristics of bubbles under different gas/liquid ratios with a microscopic camera.










2.3. Results and Discussion


2.3.1. Foaming Performance Experiments in Crude Oil


The main role of foam liquid is to make N   2   form foam with liquid, and stop N   2   from quickly de-gassing from crude oil. A small volume of crude oil is added to the foaming agent to test its oil resistance. This experimental method is inconsistent with the volume ratio of oil to foam agent under reservoir conditions. The static properties of the foaming agent were evaluated in this study by mixing the foaming agent with crude oil at concentrations of 0.5%, 1.0%, 2.0%, 3.0%, and 4.0%, using a Waring blender. As can be seen from Figure 2, when the foaming agent concentration exceeds 1.0%, the foam volume growth is still obvious, but the growth rate gradually slows down.



In order to make the experimental results more intuitive, the foaming volume and half-life at different foaming agent concentrations were plotted (Figure 3).



As can be seen, with the increase in the foaming agent concentration, the foaming volume and half-life gradually increase, but the growth rate gradually slows down. The optimal foaming agent concentration should be between 3.0∼4.0%.




2.3.2. 2D Microscopic Visualization Experiment


Figure 4 shows foam flow characteristics in porous media with different gas/liquid ratios.



Through a 2D microscopic visualization experiment, it can be seen that with the increase in gas/liquid ratio, the number of bubbles per unit area gradually increases, but the bubbles still exist in the form of tiny bubbles, and there is no obvious coalescence phenomenon. According to Figure 4c, bubbles accumulate in the larger pores and are overstocked and deformed by the pores, resulting in a blocking effect on the larger pores and forcing the subsequent foam to enter the small pores that were not affected earlier. Bubbles constantly contact and rupture with crude oil in small pore channels, and dissolve and reduce the viscosity of residual oil in pores under the emulsification of surfactant, so as to reduce the oil–water interface tension and improve the flow performance of residual oil. The experimental results show, that under the premise of a certain period of gas injection, if the gas/liquid ratio is small, the foaming liquid dosage is large and the cost is high. If the gas/liquid ratio is large, it is difficult to bind enough gas to form foam, and part of the gas comes out as free gas, which makes it difficult to play the role of foamy oil. The optimal gas/liquid ratio should be between 3∼5.






3. Numerical Simulation


3.1. Model


The depth of the Block X area is about 815 m∼1825 m, and the oil viscosity is 41.4 mPa·s∼2453.0 mPa·s at 50.0    °  C. Table 1 lists the X013 well original reservoir parameters.



From Table 1, the average porosity, permeability and saturation are 21.1%, 26.0 mD and 56.9%, respectively. The X013 well is in a low viscous oil reservoir with medium porosity, low permeability, and poor connectivity. The test production results show that there are four oil wells in the X013 Well, and the oil production of a single well is 1.2 t/d to 10.5 t/d, and the oil recovery rate is low.



In this study, the STARS module in CMG is used to establish a typical conceptual geological model. The number of grids in the X, Y and Z directions of the model is 88 × 23 × 13, respectively. The maximum grid size in the X direction is 2.0 m, and the minimum grid size is 0.1 m. Reservoir parameters are set according to the X013 well.




3.2. Compare of Different Fracturing Techniques


The effects of CO   2  -energied fracturing and slick water fracturing on the recovery factor of the reservoir were studied to explore the effect of different fracturing technologies on the development of deep heavy oil reservoirs. Slick water fracturing is simulated by injecting slick water and displacement fluid in sequence. CO   2  -energied fracturing is simulated by injecting liquid CO   2   and displacement fluid in sequence. Figure 5 shows the comparison of oil recoveries under different fracturing techniques.



CO   2  -energied fracturing injects 1400 m   3   of liquid CO   2   into the reservoir, which can effectively reduce the viscosity of crude oil in the reservoir. As can be seen from Figure 5, CO   2  -energied fracturing can improve the degree of reservoir production, and the oil recoveries after CO   2  -energied fracturing can reach 13.7%, which is 3.7% higher than that of slick water fracturing.




3.3. Parameter Optimization in the Primary Production Stage


3.3.1. Optimization of Fracture Network Parameters


The effects of different segment spacing (50 m, 60 m, 70 m, 80 m and 100 m), fracture half-length (50 m, 90 m and 100 m) and displacement fluid injection rate (8 t/m, 10 t/m, 12 t/m and 14 t/m) on oil recovery were simulated, to explore the pattern of the fracture network in a common deep heavy oil reservoir.



Figure 6 displays a comparison of oil recoveries under different segment spacings. As can be seen from Figure 6, the smaller the segment spacing, the higher the reservoir reconstruction density and the better the stimulating effect. However, segment spacing is related to fracturing technology level and reservoir conditions. The closest segment spacing can reach 60 m at the current volume fracturing level. When the reservoir conditions are good and the permeability is low, subdivisions can be implemented, with 60 m segments and three clusters per segment based on current technology levels.



Figure 7 displays the schematic diagram of the crack action ranges with different penetration ratios.



As can be seen from Figure 7, the CO   2   injected in low permeability reservoirs is more obvious to dissolve along the fracture, but fracture channeling should be considered more for the half-length of the main fracture. According to the simulation results, when the adjacent wells are fractured by staggered fracturing, the half-length of the main fracture is about 80 m to 90 m, and the fracture penetration ratio is controlled at 40% to 45%. After fracturing, adjacent wells can basically form a pressure connected fracture network, while avoiding fluid communication.



To achieve better conductivity, higher displacement fluid strength is required. Figure 8 displays the comparison of oil recoveries under different fracture conductivity. According to the simulation results, the higher the displacement fluid strength, the better the fracture conductivity, the wider the fluid supply range, and the higher the production. The recovery factor increases when the displacement fluid strength reaches 12 t/m, but the amplitude of the increase decreases.



Through numerical simulation, the fracture network parameters are as follows: The spacing of fracture segments is 60 m, with three clusters in each segment. The half-length of the main fracture is about 80 m to 90 m, and the fracture penetration rate is controlled at 40% to 45%. The displacement of fluid strength is 12 t/m.




3.3.2. Optimization of CO   2   Fracturing Parameters


The effects of CO   2   injection volumes (0.8 m   3  /m, 1.2 m   3  /m, 1.6 m   3  /m, 2.0 m   3  /m and 2.4 m   3  /m), CO   2   injection rate (1.0 m   3  /min, 1.4 m   3  /min, 1.8 m   3  /min and 2.0 m   3  /min) and soaking times (5 days, 10 days, 20 days, 30 days and 40 days) on the recovery factor of the reservoir were studied, to explore the effect of CO   2  -energized technology on the development of deep heavy oil reservoirs.



Figure 9 displays a comparison of oil recoveries under different CO   2   injection volumes. As can be seen from Figure 9, the higher the CO   2   injection intensity, the better the production effect. When the CO   2   injection intensity reaches above 2.0 m   3  /m, there is no significant further oil increase. The higher the CO   2   injection rate, the higher the injection pressure, the faster the CO   2   enters the reservoir, and the better the dissolution and viscosity reduction effect.



Figure 10 displays a comparison of oil recoveries under different CO   2   injection rates. As can be observed in the figure, with the increase in CO   2   injection rate, the oil recovery rate also increases. When the CO   2   injection rate reaches 1.8 m   3  /min, the increase in oil recovery rate becomes insignificant.



Figure 11 displays a comparison of oil recoveries under different soaking times. The contact time between CO   2   and crude oil is short when the time of soaking is short, which leads to the oil dissolution effect of CO   2  . The worse the oil dissolving effect of CO   2  , the faster the degassing and oil-free drainage speed in the recovery process, and the weaker the energizing effect of CO   2  . The soaking time should be extended to give full play to the role of V foam oil. The simulation results show that when the soaking time reaches 30 days, the oil increase amplitude decreases.



Through numerical simulation, the CO   2   fracturing parameters are as follows: The CO   2   injection intensity is 2.0 m   3  /m. The CO   2   injection rate is 1.8 m   3  /min. The soaking time is 30 days.





3.4. Stage of N   2   Foam Huff-N-Puff


The formation energy decreases rapidly, the production decreases quickly, and the recovery rate is low with primary production. N   2   foam stimulation is applied to the reservoir at the late stage of primary production to increase reservoir energy, improve oil mobility, and thus improve recovery. In this section, the injection parameters of N   2   foam huff-n-puff are optimized by numerical simulation, and the results of the model experiment are verified, so as to explore the applicability of N   2   foam huff-n-puff technology.



3.4.1. Timing of the N   2   Foam Huff-N-Puff Stage


Different from high-viscosity foam oil, low-viscosity oil starts to degas rapidly when the pressure is lower than the bubble point, and the oil viscosity rises sharply. The huff-n-puff effect then drops sharply. Figure 12 shows the variation in oil recoveries under different huff-n-puff timings.



The optimal timing for N   2   foam huff-n-puff should be before the reservoir pressure is below the bubble point pressure, and the production GOR (Gas Oil Ratio) has reached maximum. According to the simulation results, the most recent huff-n-puff should occur within 5 years of natural primary production. Considering the low production in the late stage of primary production, N   2   foam huff-n-puff is recommended to be implemented in 4∼5 years.




3.4.2. Solvent Slug Volume


Figure 13 shows the solvent distribution field at different timings (mole fraction). Figure 14 depicts the variations in crude oil viscosity at various times.



As can be seen from Figure 13, the solvent pre-slug first spreads through the fracture and gas is injected to drive the olvent pre-slug further into the reservoir. As can be seen from Figure 14, the solvent pre-slug and gas displacement can exert the rapid viscosity reduction effect of the solvent and reduce the oil viscosity below 50.0 mPa·s. Therefore, injecting the solvent pre-slug before gas injection and displacing it into the reservoir during gas injection can expand the viscosity reduction region.



When solvent is used to reduce oil viscosity without heating the reservoir, the consumption of solvent increases. The solvent index doubled the viscosity of crude oil, and the injection concentration of ES-SAGD solvent was 2∼5% of that of steam. Figure 15 displays the huff-n-puff oil recoveries under different solvent slug volumes.



As can be seen from Figure 15, the huff-n-puff effects of the horizontal segment were compared with the solvent volumes of 30 m   3  , 50 m   3  , 70 m   3   and 90 m   3  , respectively. The results show that when the solvent volumes were higher than 70 m   3  , the oil production decreased.




3.4.3. Cyclic N   2   Injection Volume


Figure 16 shows the comparison of huff-n-puff under different N   2   intensities. According to simulation and comparison, the larger the N   2   injection volume, the larger the affected area, and the better the production effect. When the injection volume reaches more than 750 m   3  /m, the oil increase decreases significantly.



When the reservoir permeability is low, the injection volume in the first cycle is relatively small, and the N   2   injection volume in the first cycle reaches 750 m   3  /m. Increasing the volume of N   2   injection in subsequent cycles is conducive to expanding the range of action of N   2  , which can enter deep reservoirs for further oil viscosity reduction and crude oil recovery.



Figure 17 displays the comparison of oil recoveries under increasing volumes of N   2   injection. When the increase ratio of 2∼4 cycles is 6.0∼10%, the oil production increase is obvious, and the increase decreases after reaching 10%.



Figure 18 displays the distribution range of N   2   in different periods (mole fraction, increment 10%). The volume of N   2   injected in cycles 2 to 4 increased by 10%, and the volume of N   2   injected in subsequent cycles was maintained.



According to the above increase, the N   2   injection volume per meter in the first cycle was 750 Nm   3  /m, and the N   2   injection volumes in the second through fourth cycles were 825 Nm   3  /m, 908 Nm   3  /m, and 998 Nm   3  /m.




3.4.4. Fluid Concentration of N   2   Foam


Figure 19 shows the comparison of huff-n-puff oil recoveries under different foaming agent concentrations. By comparing the oil recovery rate at different foaming agent concentrations, the higher concentration of foaming agent is more beneficial to the effect of foam flooding.



According to the foaming effect of the model experiment, the foaming volume and half-life can be increased by using a high concentration of foaming agent. The numerical simulation results are the same as the experimental results. Considering the formation adsorption and the cost of the foam system, the foam concentration is 3.0∼4.0% in the early stage of 1∼three cycles, 2.0∼3.0% in the middle stage of 4∼6 cycles, and 1.0∼2.0% in the late stage.




3.4.5. Gas/Liquid Ratio of Huff-N-Puff


Figure 20 shows the comparison of huff-n-puff oil recoveries under different gas/liquid ratios. The numerical simulation results for reservoirs with different gas/liquid ratios show that the production effect decreases when the gas/liquid ratio exceeds 4. In order to achieve a better production effect, the gas/liquid ratio of nitrogen foam should be controlled at about 4.




3.4.6. The Soaking Times of Huff-N-Puff


Figure 21 shows the comparison of huff-n-puff oil recoveries under different soaking times. Extending the soaking time allows the gas to penetrate deeper into the formation and achieve a wider range of sweep and use in the recovery process. However, the simulation results show that the performance of the foam agent deteriorates when the soaking time is long, and the optimal soaking time range is 30∼40 days.






4. Conclusions


In this paper, the mechanism and applicability of CO   2  -energized fracturing technology and N   2   foam huff-n-puff technology in primary production were studied by laboratory experiments and numerical simulation. The research results are as follows:




	
The experimental results show that a high concentration of foaming agent can improve the foaming volume and prolong the half-life in the presence of oil during primary production, and the optimal foaming agent concentration is 3.0∼4.0%.



	
N   2   foam has a selective plugging effect on large pores and can achieve the mobilization of residual oil. However, the change in the injected gas/liquid ratio does not influence the shape of N   2   foam; it only affects the number of bubbles per unit area. The number of bubbles per unit area increases with the increase in gas/liquid ratio, and the optimal gas/liquid ratio is 3.0∼4.0.



	
Numerical simulations show that CO   2  -energized fracturing technology takes into account the advantages of fracturing and oil viscosity reduction, and the recovery factor of post-fracturing primary production can reach approximately 13.7%.



	
N   2   foam huff-n-puff technology is applied to improve the recovery factor in 5∼6 years, and the final recovery factor can reach approximately 35%.








This technology innovates the oil recovery technology of deep heavy oil reservoir, and the research results have important reference significance for the development of similar oil reservoirs. In the following work, we will further study the applicable limits of this technology.
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Figure 1. Flow chart of 2D microscopic visualization experiment. 
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Figure 2. Comparison of foaming height under different foaming agent concentrations (foaming agent and crude oil at a 1:1 ratio). 
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Figure 3. Foaming volume and half-life of different concentrations of foaming agent. 
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Figure 4. Foam flow characteristics in porous media with different gas/liquid ratios. 
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Figure 5. The comparison of oil recoveries under different fracturing techniques. 
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Figure 6. The comparison of oil recoveries under different segment spacings. 
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Figure 7. Schematic diagram of the crack action range with different penetration ratios, (a) The penetration ratio is 25% (b) The penetration ratio is 45% (c) The penetration ratio is 50%. 
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Figure 8. The comparison of oil recoveries under different fracture conductivity. 
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Figure 9. The comparison of oil recoveries under different CO   2   injection volumes. 
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Figure 10. The comparison of oil recoveries under different CO   2   injection rates. 
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Figure 11. The comparison of oil recoveries under different soaking times. 
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Figure 12. Variation of oil recoveries under different huff-n-puff timings. 
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Figure 13. Solvent distribution field at different timings (mole fraction). 
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Figure 14. Variation in characteristics of crude oil viscosity at different timing. 
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Figure 15. The huff-n-puff oil recoveries under different solvent slug volumes. 
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Figure 16. The comparison of huff-n-puff under different N   2   intensities. 
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Figure 17. The comparison of oil recoveries under increasing volumes of N   2   injection. 
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Figure 18. Distribution range of N   2   in different periods (mole fraction, increment 10%). 
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Figure 19. The comparison of huff-n-puff oil recoveries under different foaming agent concentrations. 
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Figure 20. The comparison of huff-n-puff oil recoveries under different gas/liquid ratios. 
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Figure 21. The comparison of huff-n-puff oil recoveries under different soaking time. 
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Table 1. Original reservoir parameters.
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	Item
	Value
	Item
	Value





	Reservoir buried depth (m)
	1257.0
	Formation dip angle (°)
	16.5



	Thickness (m)
	12.9
	Porosity (%)
	21.1



	Formation temperature (°C)
	35.4
	Oil saturation (%)
	56.9



	Oil viscosity (mPa·s)
	102.3
	Permeability (mD)
	20.6



	Oil density (g/cm   3  )
	0.833
	Rock compressibility (1/MPa)
	2.2
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