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Abstract

:

Our target USH reservoir in the D oilfield is characterized by “inverse rhythm” deposition with the noticeable features of “high porosity and low permeability”. The reservoir has been developed with waterflooding using horizontal wells. Due to the strong heterogeneity of the reservoir, water channeling is severe, and the water cut has reached 79%. Considering the high temperature and high salinity reservoir conditions, polymer microspheres (PMs) were selected to realize conformance control. In this study, characterization of the polymer microsphere suspension was achieved via morphology, size distribution, and viscosity measurement. Furthermore, a multi-scale visualization study of the reservoir development process, including waterflooding, polymer microsphere flooding, and subsequent waterflooding, was conducted using macro-scale coreflooding and calcite-etched micromodels. It was revealed that the polymer microspheres could swell in the high salinity brine (170,000 ppm) by 2.7 times if aged for 7 days, accompanied by a viscosity increase. This feature is beneficial for the injection at the wellbore while swelled to work as a profile control agent in the deep formation. The macro-scale coreflood with a 30 cm × 30 cm × 4.5 cm layer model with 108 electrodes installed enabled the oil distribution visualization from different perpendicular cross sections. In this way, the in situ conformance control ability of the polymer microsphere was revealed both qualitatively and quantitatively. Furthermore, building on the calcite-etched visible micro-model, the pore-scale variation of the residual oil when subjected to waterflooding, polymer microsphere waterflooding, and subsequent waterflooding was collected, which revealed the oil displacement efficiency increase by polymer microspheres directly. The pilot test in the field also proves the feasibility of conformance control by the polymer microspheres, i.e., more than 40,000 bbls of oil increase was observed in the produces, accompanied by an obvious water reduction.
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1. Introduction


Carbonate reservoirs, namely calcite, dolomite, and limestone, are the main oil and gas production resources. More than 60% of the proven global oil reserves and more than 40% of the proven global gas reserves are held in carbonate reservoirs [1]. In the Middle East, oil production accounts for approximately two-thirds of global production, and approximately 80% of the oil reservoirs are carbonates [2].



Waterflooding has been the most common oil recovery method for carbonate reservoirs in the Middle East. However, due to the strong heterogeneity of the carbonate reservoirs, at the later stage of waterflooding, the water cut of the oil production wells is high, caused by the water channeling through high permeability thief zones. As is well known, early and excess water production brings severe problems to the oil fields, i.e., it not only increases costs related to scaling, corrosion, water-oil separation, and well shut-ins but also brings environmental problems such as degradation of groundwater, soils, surface water, and the ecosystems they support [3]. For example, it is reported that the worldwide daily oil production is approximately 75 million barrels, accompanied by 210 million barrels of water production. It costs roughly 5 to more than 50 cents to treat each barrel of water. For an oil production well with a water cut higher than 80%, the cost of produced water treatment could reach $4 per barrel of oil produced [4]. Therefore, conformance control becomes an important environmental and financial challenge for the oil and gas industries [5].



Broadly speaking, conformance control can be achieved by any work that could change the streamline in the reservoir, such as ① injection or production rates change, ② mechanical solutions in the wellbore, ③ infill drilling, ④ targeted stimulation, ⑤ chemical treatment in the near-wellbore region and ⑥ chemical treatment deep in the reservoir [6]. Meanwhile, the chemical-based conformance control agents could be further classified as:




	(1)

	
Near-wellbore blocking agents: The typical near-wellbore blocking agents are fast cross-linked polymer gels. As illustrated in the article [7], the gel is generally prepared with a high concentration of low molecular weight polymers and a cross-linker. The gel can be injected in the injector or producer side, targeting the near-wellbore region (often <15 ft radial penetration) for un-fractured reservoirs. Although the agent volume is small, the resistance factor should be high enough to withstand the high-pressure drop in the near-wellbore zone. This treatment can be significantly rewarding, provided that there is no vertical cross-flow between reservoir strata.




	(2)

	
In-depth blocking agents: The in-depth blocking agents are able to create a block in the deep reservoir under an activation trigger, which causes the agents to change from a “flowing” to a “blocking” state. As illustrated in the work of [8], the in-depth blocking agents are generally delayed cross-linked gels. Such conformance control agents are suitable for the condition when the high permeability streaks or fractures are well diagnosed and localized.




	(3)

	
Continuous flooding agents: The continuous flooding chemical agents are injected into the reservoir in large volumes, which do not rigorously block the flowing path but increase the flow resistance. This can be achieved either by increasing the displacing phase viscosity or by the adsorption of the injectant. Therefore, the normal polymer solution is one type of continuous flooding agent that generally improves conformance control by reducing the mobility ratio [9]. The other types of continuous flooding agents include colloidal dispersion gels (CDG) [10], microgels [11], relative permeability modifiers (RPM) [12], and polymer microspheres [13].









Among these chemical-based conformance control agents, polymer microspheres are small particles comprised of cross-linked polyacrylamide, which was proposed in the early 21st century and has received extensive attention [14,15,16,17,18,19,20]. Polymer microspheres have been employed as conformance control agents by temporarily blocking the high permeability thief zone and diverting water into the unswept zones. In addition, the blockage is temporary and reversible since the microsphere will be eventually displaced to the next zone by the subsequently injected water. One of the most important features of polymer microspheres is that the microspheres are less susceptible to the reservoir conditions and can be used in reservoirs with temperatures up to ~130 °C and brine salinities up to 300,000 ppm [21]. Pilot tests have also been conducted, for example, in Shengli, Dagang Oilfields, Jidong, Changqing, and Bohai Bay of China [22,23,24,25], as well as in Canada [26] and Oman [21]. In addition, the results of these pilot tests demonstrate a good conformance control effect.



To reveal and explain the conformance control ability of polymer microspheres, both experimental and modelling work have been conducted by researchers. However, compared to experimental studies, there are fewer modeling studies that predict the polymer microsphere performance. Wu and Bai [27] developed a conceptual model based on their laboratory tests, in which their particle gel (PG) was treated as an additional component of the water phase, and the mobilization of the PG through pores was described by a modified Darcy’s Law. Feng et al. [28] developed a mathematical model based on filtration theory, which considered the blocking process of the PG due to deposition and desorption. Wang et al. [29,30] presented an advanced phenomenological model for preformed particle gel (PPG) transport in porous media. Their model calculated the PPG plugging probability using log-normal and normal distribution functions and considered the PPG remobilization behavior using power-law equations. Comparatively, extensive experimental work has been carried out to investigate the properties and the performance of PM on conformance control and oil recovery increase. Bai et al. [31] studied the effect of gelant composition and reservoir environments (temperature, brine salinity, and pH) on the PPG properties. Bai et al. [32] investigated the PPG transport mechanisms using an etched micromodel. They revealed six transport patterns, i.e., direct pass, adsorption, deform and pass, snap-off and pass, shrink and pass, and trap. They also found that PPG can pass through a pore throat only when the driving pressure is higher than the threshold pressure, which is determined by the particle size, strength, and pore structure. Imqam et al. [33] studied the effectiveness of using hydrochloric acid in removing the gel cakes that formed on the low-permeability formation surface when injecting particle gel into the target zones for conformance control. Wang et al. [34] investigated the effect of fracture length, fracture height, matrix permeability, and residual oil on the PPG placement, dehydration, and water control performance. Pu et al. [35] evaluated a new re-crosslinkable PPG in the conformance control of fractured reservoirs. They found that the new PPG product can re-crosslink to form rubber-like materials to plug fractures efficiently.



Building on the features and mechanisms of polymer microspheres in improving the oil recovery efficiency, as well as the characteristics of our target oil reservoir (as described in Section 1.1), polymer microspheres are adopted as the conformance control agents in this study. The basic properties of the polymer microspheres are measured first and will be used to explain the conformance control performance in the porous media. Macro-scale and micro-scale displacement tests are employed to visualize the residual oil variation process when subjected to waterflooding and polymer microsphere flooding. In addition, pilot testing results are supplied to validate the success of polymer microspheres in conformance control of low permeability carbonate oil reservoirs.



1.1. Characteristics of USH Reservoir in D Oilfield


The main reservoir of the D oilfield is the Carboniferous USH carbonates. As shown in Figure 1, ertically, it is divided into five layers from bottom to top, i.e., A, B, C, D, and E. The USH-D and E layers are the main productive layers, which are mainly composed of bioclastic limestone, bioclastic mud limestone, and bioclastic particle limestone. The storage space mainly comprises various types of dissolution pores. Among them, bioclastic body cavity pores and intra-granular pores are the primary type; inter-granular pores are the secondary type; in addition, few fractures and sutures are developed. The reservoir rock is deposited in an “inverse rhythm”, with the noticeable feature of “high porosity and low permeability”, For example, the average porosity is 27.4%. Meanwhile, the average permeability is 5.3 mD.



The reservoir is being developed using horizontal wells with a toe-heel reverse, “top injection, bottom production” strategy, and under the line-drive pattern (as shown in Figure 2). The well spacing is small, at 100 m, and the horizontal section is 800–1000 m.



At present, the water cut of the reservoir has reached 79%; the recovered percentage of the geological reserves is 22.4%. It is urgent to reduce the water cut and increase oil recovery in the future.





2. Materials and Methods


2.1. Materials


The oil used in this study is light crude oil sampled from the USH reservoir, which has a 39 API and a viscosity of 0.7 cP at a reservoir temperature of 90 °C. The brine used in this study was prepared with NaCl, with a total salinity of 170,000 ppm.




2.2. Characterization of the Polymer Microsphere Dispersion System


The polymer microsphere dispersion system was prepared using the 170,000 ppm brine, targeting a concentration of 3000 ppm. The microscopic morphology of the polymer microsphere dispersion was observed using a SteREO Discovery V20 microscope (Zeiss, New York, NY, USA). Furthermore, the particle size analysis was accomplished using the software ImageJ 1.53t. The internal structure of the polymer microsphere was observed under high-resolution scanning electron microscopy (SEM). The apparent viscosity of the polymer microsphere dispersion was measured using a Brookfield DV-III viscometer at 90 °C. Additionally, the interfacial tension (IFT) between the polymer microsphere dispersion and the crude oil was collected using the drop shape analysis system (DSA 100, KRÜSS, Hamburg, Germany).




2.3. Macro-Coreflood Experiment


To simulate the actual stratified reservoir, a four-layered rock sample was prepared in our lab using calcite grains (as shown in Figure 3). These macro-models were used in the subsequent coreflood tests. The dimensions of our prepared rock sample are 30 cm in length, 30 cm in width, and 4.5 cm in height. The average gas permeability and porosity of the rock sample are 16.4 mD and 23.90%, respectively. The gas permeability for each layer, from top to bottom layer, is 16, 13, 10, and 6 mD, respectively.



To mimic the actual horizontal well pattern, three injectors and two producers were placed in the artificial rocks, as shown in Figure 4a. In addition, fluids are injected from the bottom and produced from the top. In order to obtain the water saturation distribution in the rock sample, 108 electrodes were installed.



The experimental setup used to perform the macro-coreflood tests is shown in Figure 5. The detailed procedures to carry out the coreflood tests are as follows. The experimental temperature is 90 °C.



	①

	
The dry rock sample was vacuum-saturated with formation brine. The porosity was determined from the weight difference between the saturated and dry rock samples.




	②

	
The 100% water-saturated rock sample was aged for 1 week at 90 °C to reach ionic equilibrium between the rock and brine.




	③

	
Crude oil was injected into the rock sample to establish initial water saturation. Subsequently, the oil-saturated rock was aged for 3 weeks at 90 °C to restore the rock wettability.




	④

	
A total of 2.5 PV of brine was injected at a flow rate of 1.0 cc/min. Then, 1.0 PV of polymer microsphere suspension was injected at a flow rate of 1.0 cc/min. Finally, another 1 PV of chase brine was injected.







During the coreflood test, effluents were collected, and the volume was measured. In addition, the electrical resistivity data were collected.




2.4. Micro-Model Experiment


To visualize the micro-scale oil displacement process, tests were conducted using artificial micro-models that mimic a subsection of the macro-rock model, as shown in Figure 6. The procedures to fabricate the micro-model are as follows. First, calcite wafers were cut from large calcite crystals using a saw and subsequently ground smooth. The smoothed wafer was coated with beeswax; after cooling and solidification of the beeswax layer, it was smoothed to provide a homogeneous acid-resistant layer. The desired etching pattern was inscribed through the beeswax film mask using a CO2 laser cutter. The calcite wafer was immersed in 10% HCl for 15 min to etch the desired microchannel patterns. Afterward, the etched wafer was immersed in DI (Deionized) water to remove the residual acid and subsequently heated to 150 °C to remove the wax mask. The cleaned, etched surface was adhered to a borosilicate glass slide using a thin layer of adhesive. The etching depth of the micro-model is 2 μm. The pore diameters for different layers of the micro-model are summarized in Table 1.



The etched micromodel was subsequently installed in the displacement experiment setup (Figure 7). To better observe the displacement process, methylene blue dye was added to the injected water to enhance the visualization contrast. Thereby, it was observed under the microscopy that water appeared blue, oil appeared brown-yellow, and the polymer microsphere was white. Like the macro-coreflooding test, after the micro-model was saturated with oil, waterflooding was initiated at the rate of 0.001 cc/min. After 10 PV of water was injected, polymer microsphere suspension with a concentration of 3000 ppm was injected at 0.001 cc/min for 16 PV. Subsequent waterflooding was performed at a rate of 0.001 cc/min for 14 PV.





3. Results and Discussion


3.1. Characterization Results of the Polymer Microsphere Dispersion System


The microscopic morphology and particle size distribution of the polymer microsphere dispersion system at different aging times were obtained using Zeiss SteREO Discovery V20 microscopy, and the results are shown in Figure 8. As can be seen, under the microscope, the polymer microspheres are in the shape of a sphere. The average sizes of the polymer microspheres after being aged for 1, 3, 5, and 7 days are 32.94 ± 9.7 μm, 39.80 ± 12.24 μm, 47.83 ± 13.58 μm and 53.52 ± 14.18 μm, respectively. It is easy to infer that the microsphere size has increased by 2.7 times after being aged for 7 days under the reservoir temperature of 90 °C. This is ascribed to the fact that brine entered the 3D internal network structure of the microsphere (Figure 9) during the aging process.



Consequently, the apparent viscosity of the polymer microsphere dispersion system increases with time, as displayed in Figure 10. The swelling behavior of the polymer microsphere indicates good injectivity and in-depth conformance control ability. In other words, in the near-wellbore region, the polymer microspheres were not fully swelled yet and had a relatively small particle size. In addition, there is a high-pressure gradient near the wellbore. Therefore, these conditions promote the injection and further migration of the polymer microspheres into the deep formation. As polymer microspheres propagate in the formation, they swell and start plugging some small pore throats, thereby diverting the subsequently injected fluids.




3.2. Analysis of the Macro-Coreflood Test Results


In this study, macro-coreflooding tests were conducted on 3D heterogeneous rock samples to mimic the real reservoir formation. In this process, the pressure at the injections and the effluent volume at the producers were measured. In addition, with the collection of resistivity data using 108 electrodes, the oil saturation distributions on different cross-sections were obtained, as shown in Figure 11, Figure 12 and Figure 13. The oil recovery efficiency, water cut, and pressure response were obtained, as shown in Figure 14.



Figure 11 displays the water saturation distribution on the A-A’ cross-section. From Figure 11, it is obvious to conclude that: ① At the beginning, injected water entered the reservoir from the position slightly behind the center of the horizontal well. As injection continued, water invaded the upper, more permeable layer, spreading horizontally in the bottom, less permeable layer. As long as the water reached the upper-most layer, it swept the most permeable layer quickly, leaving the lower layers less swept. It is worthwhile to notice that the displacement front is more preferential to the heel of the producer, which could be attributed to the “heel-toe effect” of the horizontal well and has been proven by the actual MPLT (Memory Production Logging Tool) test results of several wells in the USH reservoirs. ② After water flooding, most of the remaining oil is distributed in the form of patches on both sides of the middle and lower layers, with less in the upper layer. ③ As the polymer microsphere was injected, the sweep efficiency of the rock sample increased significantly, which demonstrates the profile-control capability of our used polymer microspheres. After 1 PV of polymer microsphere was injected, the sweep efficiency stabilized. ④ The subsequent waterflooding reduced the remaining oil saturation further until the cumulative water injection reached 1PV.



Figure 12 displays the water saturation distribution on the B-B’ cross-section. In the waterflooding process, the water displacement front advanced from the bottom to the top layer, targeting the producers. The water-sweeping zone is displayed in an inversed trapezoid shape, which is ascribed to the “inverse rhythm” deposition of the reservoir layers. The following polymer microsphere injection and subsequent water-flooding decreased the residual oil saturation further.



Figure 13 displays the oil saturation distribution in the four layers from the top view. It is obvious to reach the following conclusions, combined with Figure 14.



① In the waterflooding stage, water was injected from the bottom layer and propagated to the upper layers. After 0.4 PV of water was injected, the displacement front reached the producers in the top layer. When the cumulative injection volume reached 2.5 PV, the preferential flow paths, i.e., from injectors to producers, from low permeable layers to high permeable layers, had formed. The sweep efficiencies on the edges of the core sample and the lower layers are relatively poor. From Figure 14, it is easy to see after 2.5 PV of water injection, both the pressure response and the fluid production stabilized, which is consistent with the results shown in Figure 13. A close examination of Figure 14 demonstrates that after water was injected for 2.5 PV, the oil recovery factor in both producers reached 22.5%, and the water cut reached 99.4%. It’s worthwhile to point out that the response of the two producers is quite similar because the lateral heterogeneity was not considered in our artificial rock model.



② After the polymer microspheres were injected, Figure 13 displays the obvious enlargement of the swept areas on all four layers. It is of great significance to see the evident increase in the sweeping efficiency of the low layers, which indicates the strong fluid-diverting capability of the polymer microsphere. Figure 14 demonstrates that after 1.0 PV of polymer microspheres were injected, the pressure response and the fluid production stabilized. The pressure rose sharply due to polymer microsphere injection and then reached a plateau after 1.0 PV. The oil recovery factor of both producers has increased from 22.5% to 27.5%; the water cut decreased from 99.4% to 72.5%.



③ In the subsequent waterflooding, the injected water displaced both the polymer microspheres and the oil. The oil saturation map of Figure 13 shows that slightly higher sweep efficiency was achieved at the top two layers. This phenomenon indicates that the injected water is able to displace the polymer microspheres in the high permeability layers; thereafter, a new water-flowing path was formed. Figure 14 shows more quantitative results. After the subsequent waterflooding was initiated, the water cut rose sharply, i.e., from 72.5% to 99.5%. The oil recovery factor increased slightly from 27.5% to 28.1%. The pressure at the injectors declined but was still higher than the one at the first stage waterflood, which indicates the polymer microsphere has built a residual resistance in the rock sample. The subsequent waterflood stabilized after 1 PV. However, most changes in the pressure and saturation occurred in the first 0.3 PV of water injection.




3.3. Analysis of the Micro-Model Test Results


The test results performed on the calcite micro-model are displayed in Figure 15. As can be seen, the waterflooding process can be divided into three stages. ① The early stage (0~2.5 PV): Due to the high       K v     K h       ratio, the placement of the producer at the bottom layer and the injector at the top layer, the injected water mainly propagated along two pathways, i.e., the upward pathway I and the forward pathway II (Figure 15a–d). Thereby, the overall displacement front displays like a “1/4 circle arc”. ② The intermediate stage (2.5~5.0 PV): At this stage, as shown in Figure 15e,f, pathway I has reached the high-permeable top layer. Subsequently, water propagated quickly along the top layer. With respect to pathway II, when water approximated the location below the producer, water flowed towards the producer quickly. Thereby, there is a significant amount of remaining oil located in the middle-upper layer (Figure 15f). ③ The late stage (5.0~10.0 PV): At this stage, as shown in Figure 15g,h, water mainly flowed along the newly-directed pathways I and II; thereby, the sweep efficiency declined sharply.



When polymer microspheres were injected into the reservoir, as displayed in Figure 15i–l, the swept areas were enlarged significantly, i.e., from 86.32% to 99.15% (as shown in Table 2), which proves the diverting ability of the polymer microspheres. In the chase water drive, 14PV of water was injected (Figure 15m–p), and only marginal oil recovery was improved, i.e., from 99.15% to 99.26%Further examination of the results reveals that polymer microspheres also improve the microscopic displacement efficiency. According to the morphology of the residual oil, the residual oil is classified into connected residual oil, residual oil in the form of droplets, and residual oil in the form of oil film, as displayed in Figure 16. Table 2 quantifies the amount of different forms of residual oil at various stages. From Figure 16 and Table 2, it is obvious that: ① at the end of the water drive, connected residual oil occupies 68.04%, and droplet residual oil takes 30.28%; ② meanwhile, after the polymer microspheres were injected for 16 PV, most residual oils are in the form of individual droplets (50.23%) and oil films (12.95). This phenomenon is attributed to the fact that if the PM is a suitable size and enters a pore space, the PM could squeeze more oil out of the pore space compared with water. Therefore, it is easy to summarize that the PM can enhance the oil recovery not only by improving the sweep efficiency but also the microscopic displacement efficiency.





4. Pilot Test


A pilot test of polymer microsphere flooding has been performed with a 2-injection and 3-production well pattern at the field site. The injection wells have undergone a total of 347 days of injection, which is further divided into four stages. As more detailed information is displayed in Table 3, a total amount of 86 tons of polymer microsphere have been injected with an average concentration of 1300 ppm. Consequently, more than 40,000 bbls of oil increase was observed in the produces, accompanied by obvious water reduction. A close examination of the results in Table 3 demonstrates that the oil increase and the water cut decrease vary for different producers, i.e., Producer DM-01 received higher benefits from the PM treatment compared with Producers DM-04 and DM-07. It is easy to infer that compared to the laboratory study, there is stronger heterogeneity and complexity both laterally and vertically. Therefore, the response for different wells varies if compared with the laboratory results. In addition, as more detailed information was gained from the pilot testing, it was realized that the existence of natural fractures could not be ignored for some sections. Therefore, in a future study, a new type of polymer microsphere might need to be synthesized to meet the more complex conditions.




5. Conclusions


In this study, polymer microspheres are considered conformance control agents that reduce the water cut and increase the oil recovery. In this study, a multi-scale visualization study of the waterflooding and polymer microsphere flooding process was conducted. The following key points are pinpointed.



	①

	
A comprehensive characterization of our used polymer microsphere was accomplished. It was revealed that the polymer microsphere has a spherical shape in the solution. The size of the polymer microsphere grew from 32.94 μm to 53.52 μm after being aged for 7 days. The apparent viscosity of the polymer microsphere dispersion also increases with time from 0.5 cP to 1.2 cP. These features indicate that the polymer microspheres are easy to inject at the wellbore with small particle size while swelling in the deep formation and function to block the preferential flowing path.




	②

	
Macro-scale visualization results indicate that due to the inverse rhythm deposition feature of the reservoir, during the waterflooding process, the water invades the upper permeable layer quickly. When polymer microspheres were injected for 1.0 PV, the oil recovery factor of both producers increased from 22.5% to 27.5%; the water cut decreased from 99.4% to 72.5%. The subsequent waterflooding even further reduced the remaining oil saturation due to the diverted water flowing path.




	③

	
Micro-scale visualization using a calcite-etched micro-mode revealed that in the waterflooding process, the displacement front displays like a “1/4 circle arc”. The sweep efficiency was improved from 86.32% to 99.15% when polymer microspheres were injected. Furthermore, the connected residual oil was reduced from 68.04% to 36.82%, accompanied by increased dispersed oil droplets and oil film.




	④

	
The pilot test with 2-injection and 3-production well pattern also proves the feasibility of conformance control by the polymer microspheres. A more than 40,000 bbls of oil increase was observed in the produces, accompanied by obvious water reduction.
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Figure 1. Illustration of the stratigraphic distribution and well-logging curves of the USH reservoir in D oilfield. 
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Figure 2. Illustration of the horizontal well deployment in the USH reservoir of D oilfield. 
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Figure 3. Artificial rock samples used in the macro-coreflooding tests: (a) picture of the real rock sample; (b) schematic of the layered structure of the rock sample and well placements. 
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Figure 4. Top view (Pro. 1# and Pro. 2# are two producers; Inj. 1#, Inj. 2# and Inj. 3# are three injecteors.) (a), cross-sectional view of A-A’ (b) and B-B’ (c) of the artificial rock sample. 
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Figure 5. Experimental setup of the macro-corefloods. 
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Figure 6. Schematic of the calcite-etched micromodel. 
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Figure 7. Setup of the displacement experiment. 
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Figure 8. Microscopic morphology and size distribution of the polymer microsphere dispersion system after being aged for different times. 
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Figure 9. SEM imaging of the 3D internal structure of the polymer microsphere. 
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Figure 10. Apparent viscosity of the polymer microsphere dispersion system under different aging times. 
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Figure 11. Oil saturation distribution variation on the A-A’ cross section in the process of macro-coreflooding. 






Figure 11. Oil saturation distribution variation on the A-A’ cross section in the process of macro-coreflooding.



[image: Energies 17 04597 g011]







[image: Energies 17 04597 g012] 





Figure 12. Oil saturation distribution variation on the B-B’ cross section in the process of macro-coreflooding. 
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Figure 13. Oil saturation distribution variation on the four layers from top view in the process of macro-coreflooding. 
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Figure 14. Oil recovery factors and water cuts response of two producers (a); and injection pressure response of three injections in the process of macro-coreflooding (b). 
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Figure 15. Results of the micro-model displacement experiments. 
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Figure 16. Microscopic residual oil morphology at the end of the water drive and PM drive stage. 
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Table 1. Etched pore diameters of the micromodel.
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	Permeability (mD)
	12.5
	10.0
	7.5
	5.0
	2.5



	Pore Diameter (μm)
	2.10
	1.64
	0.70
	0.82
	0.22










 





Table 2. Summary of the micro-model displacement experiments.
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	Displacement Stage
	Sweep Efficiency/%
	Connected Residual Oil/%
	Residual Oil in the Form of Droplets/%
	Residual Oil in the Form of Oil Film/%





	Waterflood
	86.32
	68.04
	30.28
	1.68



	PM drive
	99.15
	36.82
	50.23
	12.95



	Chase water drive
	99.26
	20.66
	61.82
	17.51










 





Table 3. Summary of the polymer microsphere flooding pilot test results in USH reservoir.
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Injector DM-02

	
Injector DM-15




	
Stage

	
Injection Days

	
Microsphere Concentration (ppm)

	
Injection Rate

(bbl/d)

	
Injection Amount of Microspheres

(t)

	
Injection Days

	
Microsphere

Concentration (ppm)

	
Injection Rate

(bbl/d)

	
Injection Amount of Microspheres

(t)






	
Stage 1

	
31

	
2300

	
450

	
3.69

	
45

	
2000

	
950

	
10.05




	
Stage 2

	
92

	
1300

	
820

	
11.94

	
145

	
1200

	
1300

	
26.74




	
Stage 3

	
62

	
800

	
950

	
5.54

	
129

	
800

	
950

	
11.52




	
Stage 4

	
162

	
1000

	
800

	
14.02

	
28

	
1000

	
800

	
2.5




	
Total days

	
347

	
347




	

	
Producer DM-01

	
Producer DM-04

	
Producer DM-07




	
Stage

	
Daily oil increase(bbl/d)

	
Daily oil increase(bbl/d)

	
Daily oil increase(bbl/d)




	
Stage 1

	
5.7

	
0.0

	
0.0




	
Stage 2

	
34.4

	
14.4

	
0.0




	
Stage 3

	
16.5

	
8.0

	
0.0




	
Stage 4

	
65.75

	
3.3

	
18.0




	
Subsequent stages

(376 day)

	
48.8

	
2.6

	
35.2




	
Total oil increase

(Mbbl)

	
33.9

	
2.03

	
7.49




	
Total reduction in water cut (%)

	
20.0

	
9.0

	
12.0
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