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Abstract

:

Tahe Oilfield, located in northwest China, is an unconventional fracture–vuggy carbonate reservoir. The foam-assisted nitrogen gas flooding technology has been proven to be a potential EOR technology. However, the flow behaviors of foam-assisted nitrogen gas in fracture–vuggy structures are not clear due to the complex fracture–vuggy structures and their strong heterogeneity. In this work, a three-dimensional visualized fracture–vuggy model is designed and fabricated to investigate the fluids behaviors of foam-assisted N2 flooding and classify the residual oil types after foam-assisted N2 flooding. Experimental results reveal that foam slug can enlarge the sweep efficiency, suppress the formation of nitrogen gas channeling, and detach the oil film. Additionally, the evolution processes of the gas–oil and oil–water interfaces are investigated and analyzed. Moreover, the residual oil types after foam-assisted N2 flooding and nitrogen gas flooding, respectively, are classified and summarized. Compared to nitrogen gas flooding after water flooding, 12.36% more oil can be recovered through foam-assisted N2 flooding. This work further studies the fluid flow behaviors of foam-assisted N2 in the three-dimensional visualized fracture–vuggy carbonate model and also confirms the previous achievements.
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1. Introduction


Over recent decades, there has been an imbalanced supply–demand energy relationship owing to continuously large-scale development of oil and gas resources. Despite the gradual rise of new energy sources, the demand for crude oil remains high [1,2]. Fracture–vuggy carbonate reservoirs are one of the most important reservoirs in the world [3]. More than half of the hydrocarbon production in the world is contributed by fracture–vuggy carbonate reservoirs [4,5]. Tahe Oilfield, located in the Tarim Basin, western China, is a typical fracture–vuggy carbonate reservoir (billion tons-level) [6,7]. The recovered oil production has exceeded 0.5 billion tons since its exploitation from 1997. More than half of the oil and gas is still trapped within fractures and vuggs in Tahe Oilfield because 1.7 billion tons of original oil in place (OOIP) have been discovered. However, it is a challenge to decrease residual oil saturation in Tahe Oilfield due to its unique reservoir conditions. The fracture–vuggy reservoir is composed of the matrix, fractures, and vuggs. The matrix has no ability to store oil due to its ultra-low permeability. The fractures mainly provide flow channels for fluids such as water and crude oil, while the vuggs (meter level) can store crude oil owing to their vast spaces [8,9,10]. The severe heterogeneity in fracture–vuggy carbonate reservoir results in the complicated distribution of fluids and lower oil recovery [7,11,12].



At the beginning, natural energy is utilized to recover crude oil from the subsurface to the surface. However, crude oil production declines very fast due to the rapid depletion of natural energy. The water cut for production wells increases quickly due to the occurrence of bottom water cone [13,14]. Afterwards, the water-flood production method is applied to replenish reservoir pressure. This technology can recover a certain amount of crude oil, but some drawbacks such as early water breakthrough and a short stable crude oil production period still exist [7,14,15,16]. Recently, to overcome these shortcomings deriving from water flooding, nitrogen gas (N2) has been injected to enhance crude oil recovery. N2 can recover the attic oil by entering the top of fracture–vuggy unit due to its low density [17,18,19,20]. A total of 20% of oil recovery can be achieved in two-dimensional visualized models during N2 flooding [21]. Additionally, the phase flow behaviors of water and N2 in a three-dimensional visualized fracture–vuggy model were studied and investigated [22]. Nr was proposed to describe the synergistic effects between the gas cap and bottom water. The field application in Tahe Oilfield has proven the potential of N2 flooding for enhancing oil recovery [23]. However, gas channeling occurs easily during the N2 flooding because of the low viscosity and density of N2.



Foam can control N2 mobility and inhibit gas channeling during foam-assisted nitrogen flooding [24,25]. Additionally, foam can improve oil displacement efficiency and sweep efficiency, contributing to oil recovery [26,27]. The foam-polymer flooding method was also proposed to significantly enhance oil recovery in reservoirs [28]. Recent years, the foam-assisted N2 flooding method, a combination of foam and nitrogen gas flooding, has attracted considerable attention to increase crude oil production [29,30]. Foam with low mobility can virtually plug the high permeable channel [31,32]. Zhang [33] systematically studied the plugging behaviors of foam at various conditions. A two-dimensional visualized physical model was used to study the migration behaviors of foam [34]. Results indicate that foam can increase the sweep volume by increasing the flow resistance of high permeable channels. Hou [3] fabricated a two-dimensional visualized fracture–vuggy model to clarify the mechanisms of foam-assisted N2 flooding. The results show that foam can control N2 mobility, inhibit N2 channeling, improve sweep efficiency, exfoliate oil film, and make crude oil emulsification. The released surfactants from defoamed foam can reduce interfacial tension (IFT) of oil and water [35]. However, many foam-assisted gas flooding experiments were conducted in one or two-dimensional visualized models. Work on the application of foam-assisted N2 in a three-dimensional visualized fracture–vuggy physical model has been lacking.



In this work, a three-dimensional visualized fracture–vuggy model was designed and fabricated to investigate the migration characteristics of foam-assisted N2 flooding and classify the residual oil types after foam-assisted N2 flooding. This work extends the previous work concentrating on the fluids flow features of water and nitrogen flooding [22]. These results from this work can be trusted due to the high similarity between the three-dimensional model and the actual reservoir.




2. Experimental Preparation


2.1. Materials Used


The simulated oil was prepared by mixing paraffin and kerosene at the mass ratio of 20:1. The oil is 23.9 mPa·s in viscosity. The simulated oil was dyed red using a small amount of Sudan III to increase the visual effects.



The simulated water was made based on the inorganic salt compositions from Tahe Oilfield (Table 1). The water is 1.339 g/cm3 in density. The methyl blue with a proper amount was used to color the simulated water blue for distinguishing with simulated oil.



The N2 was provided from Beijing Chengxin Shunxing Ltd., Beijing, China. The N2 foam liquid, a mixture of 0.3 wt% SDS and 0.15 wt% HPAM, was prepared. The foam volume is 950 mL and the half-life of foam is 163 min when using 200 mL foam liquid. The N2 foam was pre-generated by mixing N2 and foam liquid in the sand pack before injecting it into the three-dimensional visualized model.




2.2. Design of Three-Dimension Visualized Fracture–Vuggy Physical Model


Owing to the complex fracture–vuggy structures in actual reservoirs, it is impossible to restore a physical laboratory model to study fluid flow behaviors. The similarity criterion has been commonly used to design the laboratory model to simulate fluid flow behaviors in actual reservoirs [36]. The fluid flow behaviors can be affected significantly by fracture–vuggy structures and fluid properties. Hence, a three-dimensional visualized fracture–vuggy model was designed based on geometric, dynamic, and motion similarities to study the fluids flow behaviors from foam-assisted N2 in the Tahe Oilfield. The three-dimensional fracture–vuggy model and actual reservoir are similar in vug and fracture size and injection rates with these similar properties. Consequently, the migration behaviors of the fluids are also similar both in the three-dimensional visualized fracture–vuggy physical model and the actual reservoir [22,30]. The parameters of the three-dimensional visualized fracture–vuggy model were calculated based on the three similarity criteria when the similarity criteria index is 1, shown in Table 2. The similarity criteria index can be determined by the similarity coefficient, which is defined as the ratio of factors of actual reservoirs and the three-dimensional visualized fracture–vuggy physical model. Therefore, all corresponding parameters of the three-dimensional visualized fracture–vuggy physical model, seen in Table 3, were calculated.



The three-dimensional visualized fracture–vuggy physical model is made up of five layers, seen in Figure 1. The height of each fracture–vuggy layer is 3 cm. The fractures and vugs were designed and engraved in each fracture–vuggy layer according to the actual fracture–vuggy reservoir structures and similarity criteria. The three-dimensional visualized fracture–vuggy model body was assembled by gluing and sealing each fractured–vuggy layer with epoxy. Afterwards, the three-dimensional visualized fracture–vuggy body was fixed to a cylinder tank with a height of 1 cm. The cylinder tank was used to provide bottom water. Finally, the pre-designed wells (S48, T401, TK411, TK426, and TK467) were drilled and extended into the specific positions, seen in Figure 2. The parameters of wells are displayed in Table 4. The well type depends on the borehole location. For instance, the vug well TK411 means that its borehole locates at a vug. One PV (pore volume) of the three-dimensional visualized physical model body is 1571.29 cm3, while the volume of the cylinder tank is 1384.74 cm3. Moreover, the three-dimensional visualized physical model is made of polymethyl methacrylate with oil-wet properties.




2.3. Experimental Procedures


	(1)

	
The three-dimensional visualized fracture–vuggy physical model experiments are vacuumed and conducted at room temperature and pressure conditions.




	(2)

	
The cylinder base tank is filled with simulated formation water from the model’s bottom, while the three-dimensional visualized fracture–vuggy model body is filled with simulated oil from the model’s top.




	(3)

	
The bottom water flooding is carried out at a 10 mL/min flow rate when five wells are open initially. The well TK467 is converted to an injection well with a 4 mL/min flow rate from a production well as its water cut increases to 98%; meanwhile, the velocity of bottom water is also adjusted to 4 mL/min.




	(4)

	
Close one well when its water cut reaches 98% until the other wells are all closed.




	(5)

	
Open all wells, and the pre-generated N2 foam is injected from TK467 with 12 mL/min flow rate. The volume of injected N2 foam is 0.5 PV (785.6 cm3). Afterwards, N2 is also injected from TK467 with 12 mL/min flow rate. The bottom water keeps the velocity of 4 mL/min during foam or N2 flooding. One well is closed when its water cut reaches 98% or N2 channeling occurs until the other wells are all closed.







The fluids flow behaviors from water-driven were systematically investigated and analyzed in our previous work [22]. Therefore, this work mainly focuses on foam-assisted N2 fluid flow behaviors and the residual oil types after foam-assisted N2 flooding in the three-dimensional visualized fracture–vuggy model.





3. Results and Discussions


3.1. Foam Flow Characteristics around Injection Well TK467


The N2 foam was injected into the three-dimensional visualized fracture–vuggy physical model though well TK467. The injected rate of N2 foam is 12 mL/min. The oil–water interface (OWI) height around the TK467 is higher than the borehole’s height owing to the synergism of injected water and bottom water (Figure 3a). The injected N2 foam preferentially migrates to the upper part of the fracture–vuggy unit controlled by well TK467 because of the density difference of water and N2 foam. Figure 3a shows that the N2 foam enters the upper fracture along the wellbore. The foam can accumulate in the upper fracture through continuous foam injection, making N2 foam migrate into the vug, as shown in Figure 3b. The N2 cap is formed after the N2 foam in the upper fracture is defoamed (Figure 3c). The N2 cap with pressure acts on the gas–oil interface (GOI) and pushes the oil belt moving downward, resulting in a decrease of OWI height. Additionally, the N2 foam can also accumulate in the vug and inhibit the rise of the OWI, as shown in Figure 3d. Compared to Figure 3a, Figure 3d shows that the oil film is significantly detached where the N2 foam spreads, which is attributed to the IFT reduction with surfactants’ help.



A graph depicting the evolution of the OWI position around the well TK467 with time is plotted in Figure 4. The slope of this curve represents the moving rate of the OWI. The injected foam accumulates in the fracture–vuggy unit’s top controlled by TK467 and then acts on the residual attic oil, leading to the OWI’s height decrease. The decline rate of the OWI height keeps stable at 0.0357 mm/s until the OWI decreases to the cylinder base tank.




3.2. Foam Flow Characteristics around Production Well TK411


Because of the excellent connectivity between fracture–vuggy units controlled by wells TK467 and TK411, the injected N2 foam quickly migrates to the fracture–vuggy unit controlled by the TK411 from the fracture–vuggy unit controlled by the TK467, as shown in Figure 5a. The OWI locates at the third layer of the three-dimensional visualized fracture–vuggy model body due to the synergism of injected water and bottom water. With the accumulation of N2 foam in the fracture–vuggy unit’s top controlled by the TK411, seen in Figure 5b, the OWI height reduces to the fourth layer (Figure 5c). The foam accumulation can generate a downward driven force, which pushes the oil belt to the borehole of well TK411 (Figure 5d) [37]. Afterwards, the oil belt between upper foam and lower water can be recovered significantly.



A typical graph depicting the evolution of the OWI position around the well TK411 with time is drawn in Figure 6. The slope of this graph depicts the moving rate of the OWI. This graph exhibits that the OWI moves in two stages. The steep stage, where the slope of this graph is 0.028 mm/s, results from the rapid foam accumulation in the vug. However, the gentle stage, where the slop is 0.008 mm/s, is due to the expansion of accumulation foam to other fracture–vuggy units. The expansion behaviors of foam weaken the driven force on the oil belt. Thereby, there is a difference in evolution progresses for two OWIs around TK467 and TK411 (Figure 4).




3.3. Synergistic Effects of Foam-Assisted N2 and Bottom Water on Interface Evolution


Foam cannot form a channeling path due to its low mobility, coating effect on N2, and Jamin effect when flows in the fracture–vuggy units [30,37]. The foam accumulation in a fracture–vuggy unit can increase the flow resistance of N2 and inhibit the N2 channeling formation, resulting in the increase of sweep efficiency [30]. This accumulation behavior in the top of a fracture–vuggy unit can also suppress the rise of bottom water. The vug, locating between wells TK411 and TK467, is almost submerged by bottom water before foam invasion, as shown in Figure 7a. The N2 foam gradually enters the vug due to the excellent connectivity between the vug and well TK467. However, the foam–oil interface (FOI), seen in Figure 7b,c, is not horizontal, unlike the N2–oil interface [22]. The FOI away from the injection well is higher than that close to the injection well. The N2 with a lower flow resistance can evenly accumulate in the top of the fracture–vuggy unit, while the N2 foam with a higher migration resistance preferentially accumulates in the top of the fracture–vuggy unit close to the injection well [29,30]. With the foam injection, the N2 foam accumulates in the whole top of the vug, generating a downward-driven force. This force can suppress the rise of the OWI and inhibit the occurrence of the bottom water cone. Figure 7d shows that the foam slug moves downward with the N2 cap, and the OWI decreases back to the cylinder base tank. Finally, the originate oil belt between the foam and bottom water is recovered significantly, and especially, no residual oil film is left on the wall.




3.4. Foam-Assisted N2 on Mobilizing Residual Oil Formed from Water Flooding


	(1)

	
Residual attic oil mobilization







The vug, located at the top of the fracture–vuggy unit controlled by T401, has poor connectivity. A lot of residual attic oil is left after being water-driven, as shown in Figure 8a. The attic oil represents the residual oil at the fracture–vuggy reservoir’s top. The injected foam and N2 gradually spread into the poor connectivity vug with time. N2 migrates to the vug top and forms an N2 cap because of the density difference of oil and N2. With the N2 and foam injection, the N2 can accumulate at the vug top and decrease the GOI height. The foam also accumulates to suppress the N2 channeling owing to the coating effects on N2, displayed in Figure 8b. The GOI height decreases further with the N2 cap expansion downward. However, the OWI position remains unchanged, although the GOI height decreases downward (Figure 8c). The higher pressure existing between the GOI and OWI is released from the production well T401. As a result, most attic oil is recovered with the release of pressure. Additionally, compared to the FOI in Figure 7, the GOI always keeps horizontal, corresponding to the discoveries in two-dimensional fracture–vuggy models [29,30,37]. Figure 8d shows a stable OWI and a significant decrease in the GOI with the N2 cap further expansion.



Moreover, the position of GOI around well T401 with time is depicted in Figure 9. The slope of this graph represents the decline rate of GOI height. It shows that the GOI height in the vug top of the fracture–vuggy unit controlled by T401 decreases at a constant rate (0.018 mm/s). The result is different from the results obtained from the OWI height decline trends (Figure 6). The GOI height decline rate (0.018 mm/s) is lower than that of the OWI (steep stage, 0.028 mm/s) due to the different distances between their fracture–vuggy structures and the injection well TK467. The closer the distance, the greater the downward driven force, resulting in a fast decline rate [29,30]. The OWI decline rate (gentle stage, 0.008 mm/s) is lower than that of the GOI (0.018 mm/s), which results from the different connectivity between their fracture–vuggy structures and around structures. The vug, which locates at the top of the fracture–vuggy unit, has poor connectivity. Therefore, the accumulated N2 and foam are less likely to spread to other fractures and vugs. On the contrary, the accumulated N2 and foam in an excellent connectivity vug can migrate into other fractures and vugs, causing a lower OWI height decline rate.



	(2)

	
Residual oil film and bypassed oil mobilization







The fracture–vuggy unit controlled by well TK426 has complex fracture and vug structures and is far away from the injection well TK467. Various residual oil types are formed in the fracture–vuggy unit controlled by TK426, such as oil film and bypassed oil (Figure 10a). The oil film is mainly left in fractures, while the bypassed oil is primarily left in blind vugs, which cannot be mobilized during water flooding. Foam from the adjacent fracture–vuggy unit gradually migrates to the top of the fracture–vuggy unit controlled by TK426. The upward migration behaviors of foam and N2 result from the density difference between oil and N2 foam. The foam slug moves downward with the action of the N2 cap and can detach oil film and mobilize bypassed oil, seen in Figure 10b. In addition, the foam between N2 and oil can suppress N2 channeling and increase the sweep efficiency of N2 due to the foam plugging effect. With the injection of foam and N2, the most residual oil after water flooding is mobilized and recovered from well TK426 (Figure 10c). Additionally, Figure 10c shows that little residual oil is left in the form of linear distribution after foam-assisted nitrogen gas flooding.




3.5. Classification of Residual Oil after Foam-Assisted N2 Flooding


Figure 11 shows the residual oil types in the three-dimensional visualized fracture–vuggy physical model after foam-assisted N2 and nitrogen flooding. Most residual oil can be observed in the three-dimensional visualized fracture–vuggy physical model after nitrogen gas flooding compared with foam-assisted nitrogen flooding. In other words, foam-assisted nitrogen flooding technology has better oil displacement capacity than nitrogen gas flooding technology.



Figure 11 shows the different residual oil types after foam-assisted N2 flooding and nitrogen gas flooding, respectively. The detailed descriptions and formation progress for the residual oil are exhibited as follows:




	(1)

	
Residual oil types after nitrogen gas flooding;




	(a)

	
Residual bypassed oil









Most residual bypassed oil can be found in isolated or poorly connected fracture–vuggy units. The displacing phases (water or nitrogen gas) preferentially enter the fracture–vuggy units with excellent connectivity. Once the mainstream channel is formed, the oil in the isolated or poorly connected fracture–vuggy units is locked by displacing phases. As a result, the residual bypassed oil is formed, seen in Figure 11a,b.



	(b)

	
Residual oil film







The oil has strong adhesion to the oil-wet surface of model. The injected water and nitrogen gas have no ability to change the IFT between oil and the model’s surfaces. Hence, many oil films are left after water and nitrogen flooding because of the high IFT, seen in Figure 11a,b. However, the injected foam can release surfactants to the water phase to reduce IFT. The reduction in IFT is conducive to detaching oil film, shown in Figure 11c,d.



	(c)

	
Residual attic oil







Residual attic oil represents the residual oil at the fracture–vuggy unit’s top. As the water cut reaches 100%, or the dominant gas channeling is formed, the residual attic oil at the fracture–vuggy unit’s top is left, especially in some isolated or poorly connected fractures and vugs, as shown in Figure 11a,b.



	(d)

	
Residual oil cluster







The continuous oil phase can be broken up into large-scale size oil clusters by displacement phases. As the oil is recovered continuously, some of the oil clusters are left in the corner, seen in Figure 11a.



	(2)

	
Residual oil types after foam-assisted N2 flooding;




	(a)

	
Residual oil in the corner







During foam-assisted N2 flooding, there is almost no oil film left because of the IFT reduction of oil and solid surface. However, some oil film in the corner that is not in the main flow field cannot be detached and displaced, seen in Figure 11c,d.



	(b)

	
Residual oil drop







Residual oil drops refer to the oil droplets with a smaller size compared to the residual oil cluster. The oil droplets are formed because the IFT of oil and water can be decreased as a result of the presence of surfactants, shown in Figure 11d.




3.6. Dynamic Oil Recovery


Figure 12 shows the dynamic oil recovery with injected pore volume (PV) at different flooding stages with different technologies. The increase in oil recovery is recorded in Table 5. The increases in oil recovery during bottom water flooding and water flooding processes are around 35% and 20%, respectively. However, there are different values in increased oil recovery during nitrogen flooding and foam-assisted nitrogen flooding. A total of 39.7% of increased oil recovery is achieved after foam-assisted N2 flooding, while nitrogen gas technology contributes 27.34% of oil recovery. It can be seen that the nitrogen gas flooding technology has a relatively fast EOR rate at the beginning stage compared with foam-assisted N2 flooding technology. This result is attributed to the lower flow resistance of nitrogen gas possessing a rapid expansion rate. However, once the gas channeling is formed, the oil recovery is almost stable. The foam slug with higher flow resistance can enlarge the sweep efficiency of N2 and suppress the gas channeling formation. In addition, the surfactants released from foam can reduce the IFT and improve the oil washing efficiency. Thereby, foam-assisted nitrogen flooding technology has better potential for EOR in fracture–vuggy reservoirs compared to nitrogen gas flooding technology.





4. Conclusions


In conclusion, the fluid flow behaviors from foam-assisted N2 flooding are intuitively observed in a three-dimensional visualized fracture–vuggy model. Foam and N2 can migrate to the upper region of the fracture–vuggy units due to gravity overlap effects. The accumulation of foam and N2 at the top of the fracture–vuggy unit is conducive to enhancing oil recovery. Significantly, foam slug can enlarge the sweep efficiency of N2, suppress the formation of nitrogen channeling, and detach the oil film. Additionally, the decline rate of OWI height near the injection well is faster than that of the OWI height far away injection well. The FOI of the foam displacement front is higher than that of the foam displacement behind, which is highly consistent with the published results from the two-dimension fracture–vuggy model. The residual oil types after nitrogen gas flooding include bypassed oil, oil film, attic oil, and oil cluster, while the residual oil types after foam-assisted N2 flooding include residual oil in the corner and residual oil drop. Finally, 39.70% of oil recovery can be increased by foam-assisted N2 flooding, which has a 12.36% higher oil recovery than nitrogen gas flooding.
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Figure 1. Fabrication of three-dimensional visualized fracture–vuggy physical model. 
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Figure 2. Three-dimensional visualized fracture–vuggy physical model: (a) initial state, (b) cylinder base tank, (c) bottom water entries, (d) saturated simulated oil state. 
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Figure 3. Foam flow characteristics around the injection well TK467: (a) Early stage of foam migration, (b) Accumulation of foam, (c) Formation of N2 cap, (d) Detachment of oil film. 
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Figure 4. Graph depicting the position of the OWI around the well TK467 with time. 
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Figure 5. Foam flow characteristics around production well TK411: (a) Migration of Foam, (b) Accumulation of N2 foam, (c) Further accumulation of N2 foam, (d) Migration of oil belt. 
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Figure 6. Graph depicting the position of the OWI around the well TK411 with time. 
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Figure 7. Synergistic effects of foam-assisted N2 and bottom water on interface evolution: (a) Foam invasion, (b,c) Foam migration, (d) Formation of N2 cap. 
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Figure 8. Mobilization of residual attic oil in the fracture–vuggy unit controlled by T401: (a) residual attic oil after water-driven, (b) Foam accumulation, (c,d) Decrease of gas-oil interface. 
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Figure 9. Graph depicting the position of the GOI around well T401 with time. 
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Figure 10. Mobilizing compound residual oil after water flooding in the fracture–vuggy unit controlled by well TK426: (a) Formation of various residual oil, (b) Mobilization of oil film and bypassed oil, (c) Formation of residual oil after foam-assisted nitrogen gas flooding. 
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Figure 11. Residual oil types in three-dimensional visualized fracture–vuggy physical model: (a,b): after nitrogen gas flooding and (c,d): after foam-assisted N2 flooding. 
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Figure 12. Dynamic oil recovery comparison. 
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Table 1. Inorganic salt compositions of simulated water from Tahe Oilfield.






Table 1. Inorganic salt compositions of simulated water from Tahe Oilfield.





	
Salinity (mg/L)

	
Inorganic Salt Concentration (mg/L)




	
Na2SO4

	
NaHCO3

	
NaCl

	
CaCl2

	
MgCl2






	
253,407

	
417

	
576

	
207,759

	
41,106

	
3549
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Table 2. Similarity criteria.
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Similarity Types

	
Similarity Criteria

	
Physical Interpretation

	
Similarity Criterion Index






	
Geometric similarity

	
    π 1  =  d l    

	
Vug diameter divided by the well-controlled diameter

	
0.95–1.05




	
    π 2  =  w l    

	
Fracture width divided by the well-controlled diameter

	
0.97–1.03




	
Motion similarity

	
    F Q  =  Q    ur  2      

	
Recovery velocity divided by the injection velocity

	
0.98–1.02




	
Dynamic similarity

	
    R e  =    ρ ul   μ    

	
Inertial force divided by the viscous force

	
0.99–1.01
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Table 3. Parameter design of the three-dimensional visualized fracture–vuggy physical model based on similarity criteria.
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	Factors
	Actual Reservoir
	Three-Dimensional Visualized Model





	Vug diameter (d)/cm
	250–3000
	1.5–15



	Oil viscosity (μ)/(mPa·s)
	18.3–29.7
	19–65



	Oil density (ρo)/(g·cm−3)
	0.91
	0.82



	Gravity acceleration (g)/(m·s−2)
	9.8
	9.8



	Injection velocity (Q)/(m3·d−1)
	8–55
	0.002–0.025



	Well diameter (r)/mm
	120
	3



	Fracture width (w)/mm
	0.3–7
	1.5–5.0
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Table 4. Well parameters of three-dimensional visualized fracture–vuggy model.
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	Well Name
	Well Height (cm)
	Well Type
	Coordination Number





	TK411
	10.8
	Vug well, production well
	3



	TK467
	18.0
	Fracture well, convert well
	1



	S48
	14.8
	Vug well, production well
	4



	T401
	12.2
	Vug well, production well
	2



	TK426
	9.2
	Fracture well, production well
	4







Tips: The coordination number refers to the fractures number connecting to the reservoir unit where the borehole locates. The well TK467 is a convert well, while the other four wells are production wells all the time.
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Table 5. Summary of EOR at different stages with different technologies.
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Stage

	
EOR during Bottom Water Flooding (%)

	
EOR during Water Flooding (%)

	
EOR during Foam-Assisted N2 Flooding (%)

	
EOR during Nitrogen Gas Flooding (%)






	
Technologies

	




	
Foam-assisted N2 technology

	
34.60

	
20.60

	
39.70

	
/




	
Nitrogen gas technology

	
35.08

	
18.99

	
/

	
27.34
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