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Abstract

:

In reality, the remaining oil in the ultra-high water cut period is highly dispersed, so a thorough investigation is required to understand the microscopic remaining oil. This will directly influence the technological direction and allow for countermeasures such as enhanced oil recovery (EOR). Therefore, this study aims to investigate the state, classification method and utilization mechanism of the microscopic remaining oil in the late period of the ultra-high water cut. To achieve this, the classification of microscopic remaining oil based on mechanical mechanism was developed using displacement CT scan and micro-scale flow simulation methods. Three carefully selected mechanical characterization parameters were used: oil–water connectivity, oil–mass specific surface and oil–water area ratio. These give five types of microscopic remaining oil, which are as follows: A (capillary and viscous oil cluster type), B (capillary and viscous oil drop type), C (viscous oil film type), D (capillary force control throat type), and E (viscous control blind end type). The state of the microscopic remaining oil in classified oil reservoirs was defined after high-expansion water erosion. Based on micro-flow simulation and analysis of different forces during the displacement process, the main microscopic remaining oil recognized is in class-I, class-II and class-III reservoirs. Within the Eastern sandstone oilfields in China, the ultra-high water-cut stage is a good indicator that the class-I oil layer is dominated by capillary and viscous oil drop types distributed in large connected holes. The class-II oil layer has capillary and viscous force-controlled clusters distributed in small and medium pores with high connectivity. In the case of the class-III oil layer, it enjoys the support of capillary force control throats that are mainly distributed in small holes with high connectivity. Integrating mechanisms of different types of micro-remaining oil indicates that, enhancing utilization conditions requires increasing pressure gradient and shear force while reducing capillary resistance. An effective way to improve the remaining oil utilization is to increase the pressure gradient and change the flow direction during the water-drive development process. Hence, this forms a theoretical basis and a guide for the potential exploitation of remaining oil. Likewise, it provides a strategy for optimizing enhanced oil recovery in the ultra-high water-cut stage of mid-high permeability oil reservoirs worldwide.
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1. Introduction


Although most of China’s mid–high-permeability old oil fields have entered the ultra-high water cut stage, they are confronted with several challenges such as high water cut, low recovery rate and difficulty in tapping remaining oil [1,2,3,4]. Similarly, how to determine the distribution and law guiding saturation of remaining oil are key issues in realizing the deep development of remaining oil for efficient oil recovery [5]. At present, preferential seepage channels are formed in the pores of long-term producing reservoirs, resulting in inefficient and ineffective circulation of water injection, and difficulty in effectively recovering remaining oil [6,7]. Getting the oil that is not affected by water in the micro-pore space is the main object of potential exploitation in the ultra-high water cut period [8,9]. Thus, its distribution characteristics and effective exploitation need to be further studied.



In recent years, the methods used to study the microscopic remaining oil include glass etching, laser confocal, digital core simulation, etc. [10,11,12,13,14,15,16,17]. Combined with imaging techniques, the occurrence state of remaining oil was identified within porous space. Previous works focused mainly on the classification of types based on morphological characteristics with few studies on stress characteristics and utilization mechanism of microscopic remaining oil [18,19,20,21,22,23,24,25]. Jia et al. [26] divided the occurrence and location of the microscopic remaining oil distribution using a two-dimensional planar microscopic visualization model experiment. The five types of microscopic remaining oil identified were: cluster, granular, throat, blind end, pore membrane and particle adsorption. Going by this division, although the distribution characteristics of the microscopic remaining oil were revealed, their formation mechanism and utilization conditions were not discussed. Bai et al. [27] used laser confocal experiments to divide the main causes, existence forms and distribution patterns of the microscopic remaining oil into two main genetic types: pore throat difference and particle adsorption. The authors also established the existence of three forms (free state, semi-bound state and bound state), which were further subdivided into 10 distribution patterns. Furthermore, based on the morphological characteristics (shape factor and contact area ratio), Li et al. [28] used the shape factor, contact area ratio and pore throat number to further divide the microscopic remaining oil into oil film, oil droplet, columnar oil, porous oil and cluster oil. Although these studies provided a preliminary understanding of the formation and utilization of the micro-remaining oil at the pore scale, they do not consider the micro-stress factors. Gong et al. [29] identified the stress characteristics of the microscopic remaining oil in mid-high permeability reservoirs based on core simulation experiments and divided them into five types. However, the research was based on the pore structure model with a simple structure which did not specifically discuss the types of remaining oil found in actual production (such as corner and blind end). Coincidentally, the distribution characteristics of remaining oil under different pore structure characteristics were not considered. This is an important factor that determines the actual development of oil fields in the ultra-high water cut period hence, cannot be left out.



As a typical continental sandstone oilfield in China, the LaSaXing (LSX) oilfield is in the stage of high water cut post-development having highly dispersed remaining oil, with water and chemical flooding as the main methods of displacement. The fact that the dominant flow within the reservoir and remaining oil coexist makes it increasingly difficult to tap the remaining oil [30]. In effect, understanding the microscopic interfaces and the state of microscopic remaining oil distribution is crucial to enhance oil recovery in the high water cut post-development stage. Currently, this accounts for the two main technical problems in this field.



Firstly, the microscopic morphology, distribution position and type of remaining oil in the high water cut post-development stage directly affect the choice of further exploitation methods. Thus, there is a need to identify the microscopic remaining oil distribution state. Secondly, different types of microscopic remaining oil have different mechanisms of force application and mobilization conditions. Understanding their mobilization conditions is crucial for further exploitation.



In this paper, four core samples from different mid-high permeability reservoirs in the LaSaxing oilfield of the Daqing Placanticline in the northern Songliao Basin were subjected to systematic studies. This includes CT-scan of different sizes, high-precision CT-scan with displacement and mercury injection at a constant rate. Integrating the types of remaining oil found in actual development makes it easy to classify the microscopic remaining oil based on its dynamic features which was optimized to clarify the different stress types. By subdividing the micro-pore structure, it was possible to define the state of micro-remaining oil for different reservoir types in the late period of ultra-high-water cut. From this information, the evolution mechanism of different types of micro-remaining oil as well as the conditions for the utilization of remaining oil were clarified. This indeed assists in determining the effective means to improve the utilization degree of micro-remaining oil. Therefore, these lay a theoretical foundation to further enhance oil recovery in the later period of ultra-high water cut.




2. Displacement Experiment


To understand the state of the microscopic remaining oil in the late ultra-high water cut, an integrated CT scan involving core displacement of class-I, class-II and class-III reservoirs was used in this study. The analysis will assist in broadening the understanding of the law guiding microscopic remaining oil distribution at different development stages [31,32].



2.1. Sample Selection


The sample selection in this study considered the fact that different oil layers have different pore structures, degrees of utilization and distributions of residual oil. Hence, classified oil layer sampling was adopted in this study. To ensure the best scanning effect, sample permeability, porosity, median particle size and other parameters were provided. This was done to determine the shaping scheme of class-I, class-II and class-III reservoirs as well as the off-sheet representative sand body. The sample was about 2.5–5.0 cm long with a diameter of 2.5 cm, while the specific accuracy requirements of different oil layers are as defined in Table 1. The class-I layer is selected from the top and bottom of the large channel sand body. Based on the design, the top and bottom air permeabilities should not be less than 800 mD and 3000 mD, respectively. Meanwhile, the top and bottom of the middle/small class-II reservoir sand were selected by considering samples with about 300 mD and 1000 mD for the top and bottom, respectively. Going by this principle, 4 representative samples (1, 2, 3 and 4) were carefully selected for the analysis.



Before the experiment, 4 core samples of different reservoirs were cleaned with gasoline. A cable extraction device is used to wash the oil, and a round-bottom flask containing chemical reagents is placed in the heating furnace. When the temperature reaches the boiling point, the reagent evaporates to form steam, and the steam rises to the condensing tube and condenses into liquid drops into the sample chamber. When the liquid level in the sample chamber reaches the siphon point, the reagent is returned to the bottom of the flask, and the process is repeated to rinse the sample repeatedly until all pore fluids are removed. The cleaning agent is gasoline.



The porosity and permeability of the samples were measured using an ESK-III core permeability tester (Wuxi Huiao Instrument, Ltd., Wuxi, China), electronic balance (Sartorius Scientific Instruments, Ltd., Beijing, China) and KX-90G compact vacuum saturation device (Jiangsu Huaan Instrument, Ltd., Nantong, China) according to the “Practices for core analysis” standard (GB/T 29172-2012) [33].



In the porosity measurement process, helium is injected into the reference chamber with the volume V1 and the equilibrium pressure is P1. After opening the valve, helium gas enters the sample chamber of container V2, which has a rock with a skeleton volume of Vg. There is a rock with a skeleton volume of Vg in the sample chamber, and the equilibrium pressure is P2. Under the premise of stable room temperature, the skeleton volume of the sample can be calculated according to Boyle’s law P1V1 = P2 (V1 + V2 − Vg). The effective porosity of the sample can be calculated by measuring the total volume with calipers or buoyancy method.



A steady-state permeability meter is used to measure rock permeability according to Darcy’s law of stable gas seepage, reflecting the ability of gas to pass through porous rock under the action of pressure difference. Using compressed air or nitrogen as the medium, according to Darcy’s law, the volume velocity of fluid passing through porous media per unit cross-sectional area is proportional to the potential energy gradient and inversely proportional to the viscosity of fluid.


K = (Q × μ × L) ÷ (P1 − P2) × S








wherein:



K—Core permeability (μm);



Q—Flow (mL/s);



μ—Viscosity (Pa·s);



P1—Balanced pressure P1 (Mpa);



P2—Balanced pressure P2 (Mpa);



L—Core length (cm);



S—Core cross sectional area (cm2).



Details of the sample porosity and air permeability parameters are presented in Table 2.




2.2. Experimental Condition


Advanced core displacement and high-precision CT scanning equipment were used in this study. A non-destructive 3D X-ray microfocus computed tomography system, along with a high-pressure, high-precision plunger pump and customized core holding, were utilized. This was used with the Xradia MicroXCT-400 micro-CT (Xradia, Inc., Pleasanton, CA, USA), which has a maximum resolution of <1 μm. This gives full interior details of large samples in a 3D panorama as it enables high-resolution and high-contrast imaging for small samples while using large geometric magnifications. Since 4 mm is required for the core displacement analysis, a special gripper was developed. During the process, a small core plug of 4 mm in diameter and about 8 mm long was produced using wire-cutting technology. The core was put into the core gripper for oil-water displacement analysis (Figure 1). Teledyne ISCO high-pressure high-precision piston pump 500D (Teledyne ISCO, Lincoln, NE, USA) was employed for flow control. This is to allow the solvent in the pump to attain 507 mL and a desired pressure of 10–3750 psi. Experimental flow rates vary from single (0.001–204 mL/min) to double pump continuous flow (0.001–133 mL/min) at a set accuracy of 0.5%, drive resolution 31.71 nL (Figure 2).




2.3. Experimental Procedure


Four (4) representative core samples were subjected to displacement simulation experiments using different water flooding conditions at constant pressure and temperature. The CT scan was performed at 8 designed nodes, while quantitative values of microscopic remaining oil were computed at each displacement node for each sample (Figure 3, Table 3). Also, the fluids used for displacement were the crude oil and water produced from the development block in the Daqing oilfield. The surface viscosity and API gravity of crude oil were about 12.8 and 33.8, respectively, and the salinity of water produced was about 7200 mg/L.





3. Occurrence of Micro Remaining Oil


In this study, the displacement experiment was carried out on 4 selected samples to define their characteristics. For sample-1, the result shows that an increase in the degree of displacement leads to a change in the remaining oil from centralized flake to scattered and isolated distribution (Figure 4). This brings about a decrease in the saturation of the remaining oil from 74.4% to 18.46%. In terms of classified oil layers, the result reveals a rapid change in the Class-I recovery compared to gradual and small changes recorded for Class-II and Class-III (Figure 5). Furthermore, a reasonable change in the pore volume (3 PV to 10 PV) was noted as the displacement velocity rose from 13 μL/min to 39 μL/min, leading to a significant rise in recovery. Figure 5 illustrates how the displacement efficiency increased from 10 to 50 PV before the reservoirs showed very low recovery after 50 PV. This indicates that there is a need to further evaluate the principles guiding the micro-remaining oil evolution at different water flooding stages. Based on the result of this study, it is clear that the distribution type, location and oil-control mechanism of micro-remaining oil are important factors to be considered when analyzing the oil characteristics.



To explain the occurrence of microscopic remaining oil, the core displacement data was utilized to classify the remaining oil types based on the microscopic stress mechanism. This was done to define the formation mechanism and distribution of microscopic remaining oil to provide a theoretical background for accurate potential exploration in the later high water cut.



3.1. The Classification Method


The traditional method of classifying microscopic remaining oil has been based on morphological characteristics. This includes cluster, in-grain, throat, blind end, pore membrane and particle adsorption, etc. [34,35,36]. It is good to note that, previous studies do not consider the microscopic stress factors and fail to explore the main stress characteristics of microscopic remaining oil from a dynamic perspective. As a result, there is still a poor understanding of the formation mechanism of microscopic remaining oil. Therefore, this paper starts from the microscopic force, and conducts in-depth research on the mechanical mechanism, parameter selection, boundary determination and other aspects. In effect, it builds a classification method of microscopic remaining oil based on mechanical mechanism.



3.1.1. Classification Parameter Optimization


At the pore scale, the main microscopic forces acting on micro cluster fluids are capillary force, viscous force, positive pressure, gravity and inertia force. This involves 4 dimensionless parameters which are Bond number, Froude number, Reynolds number and capillary number. These parameters were used to evaluate the relative strength between gravity and capillary force, inertia force and gravity, inertia force and viscous force as well as viscous force and capillary force. The following are the calculation results:


  Bond   number :   B o =    Δ ρ g  R 2   σ   ≈   10   − 4    










  Froude   number :   F r =       u 2    g R      ≈   10   − 4    










  Reynolds   number :   R e =    ρ u R  μ   ≈   10   − 5    










  Capillary   number :   C a =    μ u  σ   ≈   10   − 6    








where:



Waterflood displacement rate,   u = 11    μ m  / s  ;



Mean pore radius,   R = 50    μ m   ;



Water phase density,    ρ w  = 1000    kg  /  m 3   ;



Oil phase density,    ρ o  = 850    kg  /  m 3   ;



Surface tension of water and oil,   σ = 30    mN  / m  ;



Oil phase viscosity,    μ o  = 10    mPa  · s  .



Judging from the formulas above, the Bond and Froude numbers show that the inertia force and gravity are relatively weak compared to the capillary force during the stress process of the oil. The Reynolds and capillary numbers show that the capillary force plays a dominant role as the microscopic force, while the viscous force is stronger than the inertial force. Therefore, the analysis focuses on the microscopic remaining oil in the digital pore structure with positive pressure, viscous force and capillary force of three major microscopic force processes. A typical example of this type of force is shown in Figure 6.



To clearly define the remaining oil, this study explores and analyzes all the possible forces based on a dynamic balance perspective. In principle, each microscopic force may be the driving force of the microscopic remaining oil but also constrain the movement of the oil to a certain extent. Therefore, to have a clear picture of the combined triangular force distribution in Figure 6, each micro-force form was analyzed and the result is shown in Table 4.



Based on the dynamic equilibrium analysis of each of the forces, it can be observed that if the capillary force is the driving force, its microscopic force state is imbibition as shown in Figure 7a. This is a case where the water phase is constantly driven by the capillary force to transport the oil phase, which makes it difficult to form a stable remaining oil distribution. When the viscous force is the driving force with positive pressure as the resistance, the conceptual force model is shown in Figure 7b. Under the combined action of viscous shear and positive pressure, the oil phase is distorted until part of the oil phase is removed. This leads to weakening of the positive pressure and the microscopic remaining oil develops capillary force as the resistance. Therefore, the microscopic force distribution will result in force imbalance. The microscopic force with positive pressure as the driving force and viscous force as the resistance occurs mainly in the process of internal flow of single-phase fluid (Figure 7c). Positive pressure drives fluid movement, resulting in viscous dissipation and pressure loss within the fluid. This does not apply to the force analysis of microscopic remaining oil. Furthermore, having positive pressure as the driving force and capillary force as the resistance indicates that, the viscosity of the microscopic remaining oil is extremely weak with no viscous shear between the two phases of fluid. This force type is typical of the water-oil displacement process in large channels (Figure 7d). In this case, the oil phase moves continuously under positive pressure until it breaks away from the constraint of the pore structure. Therefore, this force does not apply to the microscopic remaining oil in the digital core with pore structure as obtainable in this work.



The results show that three mechanisms keep the microscopic remaining oil in equilibrium condition. By analyzing all the ideal forces controlling the microscopic remaining oil in the pore structure, these are: (1) the viscous (driving) force and the capillary (resistant) force (2) positive pressure (driving force) with viscous and capillary forces as resistant component, and (3) the viscous force and positive pressure are the driving forces which are restrained by the capillary force. Under these three conditions, the capillary force serves as a resistance to control the migration of micro-remaining oil. Therefore, in the classification of micro-remaining oil based on force type, the conceptual models are established from the perspective of the dynamic balance of micro-remaining oil. Similarly, three parameters that have been established to be key in characterizing the micro-remaining oil are water–oil interface connectivity, oil–body surface area and water–oil area ratio. These are closely related to the force types and can be easily obtained.



Water–oil interface connectivity refers to the number of water interfaces in contact with the microscopic remaining oil. This represents the potential flow direction of the remaining oil migration in the process of water flooding and reflects the swept capacity of injected water. Based on this, the widely distributed cluster of microscopic remaining oil can be distinguished from the microscopic remaining oil in the local pore structure.



Oil–body surface area denotes the ratio of the surface area of the microscopic remaining oil to the volume of the microscopic remaining oil. This indicates the form of microscopic forces on the surface of the remaining oil in the pore structure. Note that, when the value is small, the microscopic remaining oil is mainly subjected to a single dynamic action, and its shape is inclined (flat). On the other hand, if the value is large, the microscopic remaining oil is subjected to combined dynamic action leading to the formation of remaining oil in oil droplets.



Water–oil area ratio is a term for the ratio of the water-oil surface area to the microscopic remaining oil surface area. This represents the dominant driving force in the process of dynamic equilibrium. If the viscous force is the dominant force, the value is relatively large, but when the positive pressure is the dominant force, the value is relatively small.



The correlation between the force and the microscopic occurrence state was clarified according to the force analysis of the microscopic remaining oil. On this basis, the method of characterizing the microscopic remaining oil with three parameters was innovatively established. This is to lay the foundations for quantitative characterization of the forces and distribution of the microscopic remaining oil in the digital core model at different displacement stages.




3.1.2. Classification of Boundary Determination


Based on the force analysis and morphological statistical characteristics of the microscopic remaining oil, the “rich” and “barren” areas which are greatly different from the mainstream were analyzed. This is to determine its mechanical characteristics as the key to classifying the remaining oil types [37].



In this study, the Kernel Density method was adopted to determine the critical value of remaining oil morphology. Apart from the demarcation point, two data sets were provided for the study. The probability significance of the two data sets was evaluated by determining their demarcation point such as the mechanical and statistical characteristics of microscopic remaining oil (see the green dashed line in Figure 8). In Figure 9, the comparative analysis of the significance difference indicates that the correlation between the left and right data sets is weak. This is because the left and right data sets no longer change and are at low values. The side with most samples represents the main morphological characteristics and force mode of the core micro-remaining oil. This method is used to establish the boundaries of “water-oil interface connectivity”, “water-oil area ratio” and “Oil-body surface area” after the 0.5 PV displacement. These are used in classifying the micro-remaining oil types.




3.1.3. Types of Microscopic Remaining Oil


Based on the water-oil interface connectivity, the pore structure can be divided into high connectivity and low connectivity. The high connectivity type belongs to the porous type with capillary + viscous force-controlled cluster type, which is mainly characterized by multi-force. As for the low connectivity type, it is generally a single oil droplet. The remaining oil of low connectivity single oil droplets can be further subdivided into high and low specific surfaces according to the oil-body surface area. Meaning that the lower the specific surface, the more spherical it tends to be. This is mainly controlled by capillary + viscous forces and is defined as the oil droplet controlled by capillary and viscous forces. The higher the specific surface, the more flat or cylindrical it tends to be. The remaining oil with a low water-oil area ratio is mainly dominated by capillary force and is defined as a cylindrical shape controlled by capillary force. In contrast, the remaining oil having a high water-oil area ratio is flat or irregular with a blind end shape dominated by viscous force. This is often defined as the blind end and oil film type controlled by viscous forces.



Going by the above research, a classification method combining microscopic forces and morphological characteristics of microscopic remaining oil types was used to establish five types of controlling force as follows (Figure 10), and all types of remaining oil could be found in the 3D digital cores of samples (taking Sample-2 as an example in Figure 10):



A-Capillary + viscous force-controlled cluster type. It mostly forms in areas where the displacement agent is not swept or in the pore space where the oil-displacing agent is hard to get as a result of the dynamic balance at the oil-water interface. This is caused by the complex “pointing” phenomenon in the core at the early stage of the water flooding process. The force (type A) is complex as it involves multiple microscopic forces. By the nature of this force, it is clear that the main driving force comes from positive pressure occupying multiple pores with wide spatial distribution.



B-Capillary + viscous force-controlled blob type. This case is common in places where the oil-water interface area is large, and the water phase appears to follow the “flow around” phenomenon. The micro-remaining oil surface associated force type A involves a combined mechanism of positive pressure as a displacing force and viscous force as a shearing force. The Type B micro-remaining oil is enriched in the mechanical mode of viscous force and positive pressure as the displacing force and capillary force as the resistance. Note that, the viscous force is the dominant driving force. This type of microscopic remaining oil most often presents an elliptical shape with a smaller surface area affected by the viscous and capillary force.



C-Viscous force-controlled oil film type. The remaining oil volume of this type is small but has a relatively large surface area. This translates to a relatively large force area for the oil-water interface. The displacement agent spreads on the surface of the microscopic remaining oil, despite the weak positive pressure displacement. Thus, the distribution is planar as the volume of a single microscopic remaining oil is small.



D-Viscous force-controlled blind end type. This is characterized by a small specific surface with a single area of oil-water interface. The connectivity parameters are constant. Under this force type, the microscopic remaining oil is more constrained by the capillary force, and the viscous force in the two-phase interaction area is limited. Thus, it is restricting the remaining oil migration. This means that this kind of microscopic remaining oil is subjected to the combined action of the viscous and capillary forces. It has to be stated that the capillary force still serves as the resistant force.



E-Capillary force-controlled throat type. In this case, the remaining oil volume is small but has a relatively large surface area. The force area of the oil-water phase interface is relatively small making the microscopic remaining oil to be constrained by the pore structure. This in effect will make it hard for the displacement agent to enter the pore structure to displace the remaining oil by positive pressure. In the process, the type D micro-remaining oil is enriched in the mechanical mode with positive pressure as the driving force and capillary force as the resistance. Typical examples of this are often distributed in narrow and long pore channels, where the capillary force is greater than the displacement power. Therefore, leading to the production of saturated pore structures.





3.2. State of Occurrence


Pore structure characteristics are one of the main factors controlling the distribution of microscopic remaining oil [38]. To define the dynamic distribution characteristics of remaining oil in different reservoirs, it is necessary to first classify the microscopic pore structure. As earlier mentioned, based on the fluid dynamic behavior in the pore structure, the pore flow capacity and connectivity are the main evaluation indexes. On this basis, the microscopic pore structure is divided into high-connectivity large pores, high-connectivity mid pores, high-connectivity small pores, low-connectivity large pores, low-connectivity mid pores and low-connectivity small pores. Knowing this, the distribution characteristics of the remaining oil types in different reservoirs’ pore structures were extracted.



Evolution of class-I reservoir microscopic remaining oil. The fluid dynamic evolution based on the digital core of Sample-1 from the Class-I reservoir (Figure 11) shows that the Class-I reservoir is characterized by large pore size, high permeability and good pore connectivity. The initial remaining oil belongs to category A (capillary + viscous force-controlled cluster type) which is mainly distributed within high connectivity large pores. In the long-term water flooding process, the internal microscopic remaining oil is subjected to the joint action of positive pressure and viscous force. Under this condition, large positive pressure is developed along with a small viscous force, as the remaining oil in high connectivity pores is flushed easily. After establishing a stable dominant displacement path in the high connectivity large pore, the remaining oil in the high connectivity mid-small pore still has more B (capillary + viscous force-controlled blob type), Note that at this stage it is largely controlled by large capillary force, which makes it attains the equilibrium state more quickly. During the late period of high-water flushing, the volume and quantity change amplitude is weak and its volume accounts for about 72% of the total remaining oil after 500 PV (Figure 12).



Evolution of class-II reservoir microscopic remaining oil. The fluid dynamic evolution based on the digital core of Sample-2 from the Class-II reservoir (Figure 13), the experimental result shows that the class-II reservoir has large porosity, low pore diameter and relatively high permeability. However, the heterogeneity of the pore structure makes it difficult for the injected water to spread over a large area. In this way, the dominant path is easily formed in the course of long-term water flooding which results in an inefficient water flooding cycle. Therefore, the micro-remaining oil forms a porous continuous distribution of capillary + viscous force-controlled cluster (A-type). The remaining oil is distributed within the high-connectivity mid-small pores as the oil quantity gradually changes. It is good to note that, the increase in volume recorded after 0.5 PV accounts for 67.6% of the total remaining oil volume. Category D (viscous force controlled blind end type) is the second most common occurrence state which accounts for about 19.6%. With the change in the water drive ratio, the remaining oil in the high connectivity pores is more flooded. However, the water-sweep in the high connectivity mid-small pore is poor, leading to enrichment in the type-A remaining oil (Figure 14).



Evolution of class-III reservoir microscopic remaining oil. The fluid dynamic evolution based on the digital core of sample-4 from Class-III reservoir (Figure 15), class-III reservoir shows evidence of small pore size, low permeability and strong heterogeneity. This means that the microscopic remaining oil distributed in the pore is subjected to high capillary force. Both the spread range of injected water and the displacement efficiency experience a gradual increase. Also, during the long-term water flooding process, micro-remaining oil controlled by A-type was flushed and fragmented. In effect, the crushing process is affected by local pore structure bound by high capillary force. Since the positive pressure is not enough to overcome the resistance, it will form a sheet of remaining oil within narrow pores. This results in type D which is the viscous force-controlled blind end type. The amount of type-D remaining oil increased continuously in the process of high-water flooding, indicating that it was mainly converted from other types of microscopic remaining oil. Therefore, its volume accounted for about 49.8% of the total remaining oil volume after 500 PV (Figure 16).





4. Formation Mechanism and Utilization Conditions


Most remaining oils in the ultra-high water cut stage are dispersed within pores. Therefore, there is a need for a more efficient way to exploit the oil and this is important for improved oil recovery in the ultra-high water cut stage. Similarly, understanding the formation mechanism and utilization conditions of different remaining oils can effectively guide in subsequent water flooding development of oil fields in the ultra-high water cut stage. This indeed is of great significance to achieving increasingly stable and high production in the oilfields.



4.1. Conditions Guiding the Use of Micro-Remaining Oil in Various Reservoirs


Long-term water flooding is usually associated with the fall/plugging of rock particles and the expansion of the clay minerals. These minerals/rock changes lead to the dynamic state of the internal pore structure which has an impact on the flow of the two-phase fluid (water-oil) and utilization of remaining oil. Based on the result of the analyzed core from the CT scan, the pore structure and two-phase fluid displacement process were reconstructed and simulated accordingly. The pore network model is used to simulate the water-oil displacement process in the dynamic pore structure and this is calculated as follows: (1) digital core with pore structure in addition to digital core with spatial distribution of water and oil are extracted based on CT core data in saturated oil state; (2) using a 0.5 PV, 1 PV, 3 PV, 10 PV, 50 PV and 500 PV CT scan core data set at different displacement stages, the pore structure digital core was extracted; (3) the digital core with saturated pore structures in addition to spatial distribution of water and oil are the initial conditions to be considered. Hence, the core inlet was injected with a constant flow rate of 13 μL/min, 39 μL/min and 130 μL/min at different injection rates (the experimental conditions have to be repeated consistently). (4) At the end of different displacements stages, as the core pore structure is being recorded, the pore network models are extracted. The next stage of water–oil displacement simulation was carried out under the same conditions of spatial distribution of water and oil until 500 PV was attained. When this is combined with the dynamic change in digital pore structure at high-power water flooding, a two-phase numerical simulation of pore scale water-oil displacement can be achieved. This is based on the fluid-solid coupling method, as well as analyzing and evaluating the conditions of the remaining oil production in different types of oil reservoirs during the ultra-high water cut period.




4.2. Utilization Conditions in the Water Flooding Process


4.2.1. Utilization Conditions of Classified Oil Reservoir


The current study provides information on the utilization conditions for classified oil reservoirs at the ultra-high water cut stage. This is based on the analyses of force and morphological characteristics of different types of micro-remaining oil.



Class-I reservoir. Based on the displacement experiment of Sample-1 from the Class-I reservoir, it has been observed that the dominant type of microscopic remaining oil in the Class-I reservoir is the B-type. The microscopic force is driven by positive pressure with viscous force, while it is resisted by the capillary force. It is key to note that, the main driving force (positive pressure) causes the morphological characteristics of microscopic remaining oil to exhibit low water–oil interface connectivity, small water–oil area ratio and small oil–body surface ratio. Therefore, it can be inferred that the positive pressure can be increased by enhancing the displacement velocity or increasing the pressure gradient. On the other hand, the capillary force can be weakened by decreasing interfacial tension to break the dynamic equilibrium state of the microscopic remaining oil and promote the production of B-type microscopic remaining oil. To verify the effectiveness of these measures, the displacement velocity was changed to 260 μL/min while reducing the surface tension to 1 mN/m during the simulation. Figure 12b shows the morphology of the microscopic remaining oil after dynamic simulation. Note that, different colors represent the saturation of the microscopic remaining oil in different pore spaces. When the distribution of the two phases (water and oil) reached a stable state, a marked difference was recorded between the total volume of the microscopic remaining oil (0.17 μL) and the volume of the remaining oil before use (1.38 μL). The displacement efficiency increased by 21% after the implementation of the operation measures. In addition, the volume of the micro-remaining oil in the digital core ranges from 10 to 5 μL, with an average equivalent diameter of 21 μm. This is responsible for the observed great reduction in volume and shape of the studied micro-remaining oil.



Class-II reservoir. Based on the displacement experiment of sample-3 from the Class-II reservoir, the dominant type of microscopic remaining oil in the class-II reservoir is A-type. Its microscopic force is characterized by a complex mixture of positive pressure, viscous force and capillary force. This form of reservoir has a low sweep degree of injected water which causes high water-oil interface connectivity of the microscopic remaining oil. Thus, it can be inferred that the dominant water flooding channel in the core can be controlled by improving the hydrophilicity, increasing the pressure gradient or conducting profile control and water plugging. This is to increase the positive pressure and break the dynamic balance of the oil as it promotes the production of A-type microscopic remaining oil. To verify the effectiveness of this procedure, the wettability and contact Angle (23°) were adjusted during the simulation. The resulting microscopic remaining oil morphology after dynamic simulation is shown in Figure 14b. At the end, when the two-phase distribution of water and oil attained a stable state, the overall microscopic remaining oil was reduced to 0.26 μL. Compared with the remaining oil volume of 1.75 μL before production, the displacement efficiency after production measures has increased by 28.3%. Furthermore, the volume of the micro-remaining oil in the digital core (0.56 × 10−5 μL) with an average equivalent diameter of 17 μm shows a significant reduction in the volume and shape of the oil.



Class-III reservoir. Based on the displacement experiment of Sample-4 from the Class-III reservoir, the dominant type of microscopic remaining oil in the class-II reservoir is E-type. The microscopic force is driven by positive pressure and resisted by capillary force. Morphologically, it is characterized by low water-oil interface connectivity, small water-oil area ratio and large oil-body surface ratio. For this class, it can be inferred that the positive pressure can be increased via high driving force, while the capillary force can be weakened by reducing the surface tension. This is necessary to break the dynamic equilibrium of the microscopic remaining oil and promote the production of the E-type oil. The effectiveness of these measures can be verified by reducing the surface tension of the fluid to 1 mN/m during the simulation. Figure 16b shows the microscopic remaining oil morphology after dynamic simulation. A close look reveals that, after the two-phase distribution of water and oil gets to a stable state, the overall microscopic remaining oil has reduced to 0.52 μL. When compared with the remaining oil volume before deployment (1.19 μL), the displacement efficiency after the deployment has increased by 17.5%. Moreover, the volume of the microscopic remaining oil in the digital core after production is about 0.9 × 10−5 μL in Figure 16b, with an average equivalent diameter of 20 μm, meaning that the volume of the microscopic remaining oil in the digital core was greatly reduced.




4.2.2. Tapping Method in Ultra-High Water Cut Period


During the high-water cut exploitation stage, the remaining oil clusters exist in discontinuous states such as oil clusters and oil droplets. This is the point at which the remaining oil clusters attain local force balance and do not move easily. Therefore, based on the occurrence state and force characteristics of different types of micro-remaining oil, the potential exploitation directions are determined along with their countermeasures as presented in Table 5 [39,40].



Increasing liquid is effective in improving the utilization degree of A-type remaining oil. The microscopic simulation of porous media indicates that the remaining oil can be partially moved after enhancing the injection velocity. This is subject to if it has not been produced at the final stage of the first water flooding. At higher speed and stronger water driving force, the stability of the oil–water phase interface was altered. Thus, the flow resistance of the remaining oil decreases when the remaining oil breaks at the small pore throat. This allows the water phase into the larger pore channel and forces the remaining oil to flow.



The main effect of increasing liquid is to change the dynamic pressure in the pore space during this process of utilization. In the late stage of the first water flooding, the stability of the dynamic pressure (at about 0.06 MPa), does not allow the formation of an effective driving pressure difference. The water driving force was enhanced by increasing the injection flow rate to increase the dynamic pressure from 0.18 MPa to 0.35 MPa during the secondary water flooding. This pushed the oil–water phase interface to move and cut off the original porous remaining oil, hence, part of the A-type remaining oil was made to migrate (Figure 17).



Change of water flow direction is effective in improving the utilization degree of B-type remaining oil. The B-type remaining oil that was not used in the final stage of the first water flooding migrated effectively after the change of flow direction. The change of flow direction leads to an effective driving pressure difference, which promotes the deformation of the phase interface. This process will bring about a change in the shape of the remaining oil and lead to the formation of a new interface; thus, part of the B-type remaining oil was extracted as shown in Figure 18.






5. Conclusions


(i) Four rock samples from 3 oil formations were subjected to an integrated displacement CT scanning involving high-end equipment (Xradia MicroXCT-400 micro-CT) at 8 displacement nodes with a scanning accuracy of 1.91 μm. This study aims to investigate the classification method, state of occurrence and utilization mechanism of microscopic remaining oil in the late period of ultra-high water cut.



Generally, the experimental results reveal the characteristics of different production stages, and the guiding rule is that the displacement speed increases from 13 μL/min to 39 μL/min. An increase in the pore volume from 3 PV to 10 PV brings a great improvement in the degree of recovery. It has to be noted that, although displacement efficiency continues to rise from 10–50 PV, change in the degree of recovery slows down after 50 PV.



(ii) This study employs a mechanical mechanism to establish a classification method for the microscopic remaining oil. The classification limit was determined by selecting three basic parameters which were related to the forces of oil–water connectivity, the specific surface of the oil mass and the area ratio of the oil to water. Based on this, here are the five types of the microscopic remaining oil: A-type (capillary + viscous control cluster), B-type (capillary + viscous oil drop), C-type (viscous control oil film), D-type (capillary control throat), and E-type (viscous control blind end).



(iii) The microscopic remaining oil occurrence state of various oil layers with different pore structures in the late period of ultra-high-water cut were differentiated into three types. The first type has predominantly capillary + viscous oil droplet type distributed in large pores with high connectivity. Capillary + viscous oil cluster type dominates the second type of oil layer. It is mainly distributed in small and medium pores with high connectivity. Where the oil layer is supported by the capillary force-controlled throat type represents the third type. This is mainly distributed in highly connected pores.



(iv) Based on the result of this study, several potential exploitation methods for micro-remaining oil have been formulated. The main potential exploitation directions are defined on the basis of the stress analysis of different micro-remaining oils. Also identified as a critical factor is the effective means such as increasing the pressure gradient of liquid extraction and changing the direction of liquid flow. An effective way to improve the remaining oil utilization is to increase the pressure gradient and change the direction of liquid flow during the water-drive development process. The right combination of these factors is important to improve the degree of utilization of micro-remaining oil, as it provides a theoretical basis for the deep development in the late period of ultra-high water cut.
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Figure 1. Customized 4 mm core holder (left picture) and internal structure (right picture). 
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Figure 2. ISCO high-pressure high-precision piston Pump 500D. 
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Figure 3. Schematic diagram of water drive experiment node design. 
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Figure 4. Distribution of remaining oil in sample-1 at different displacement nodes (Red color: remaining oil). 
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Figure 5. Change in reservoir production. 
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Figure 6. Ideal stress form of micro remaining oil. 
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Figure 7. Ideal microscopic stress form of remaining oil and its conceptual model. 
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Figure 8. Density distribution curve of the remaining oil–water–oil area ratio. 
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Figure 9. p-value distribution of the water–oil area ratio. 
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Figure 10. Classification of remaining oil types based on mechanical analysis (taking Sample-2 as an example). 
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Figure 11. Evolution of microscopic remaining oil in class-I reservoir. 
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Figure 12. Simulation of micro-remaining oil production in digital core of class-I oil reservoir. 
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Figure 13. Evolution of microscopic remaining oil in class-II reservoir. 
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Figure 14. Simulation of micro-remaining oil production in the digital core of class-II oil reservoir. 
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Figure 15. Evolution of microscopic remaining oil in class-III reservoir. 
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Figure 16. Simulation of micro-remaining oil production in the digital core of class-III oil reservoir. 
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Figure 17. Formation and utilization process of A-type remaining oil by dynamic pressure change. 
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Figure 18. Formation and utilization process of B-type remaining oil by dynamic pressure change. 
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Table 1. Requirements for sample size and resolution.
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Reservoir Type

	
REV Analysis

	
CT Scanning




	
Rough Scanning

	
Fine Scanning






	
Class-I

	
Diameter = 2.0–2.5 cm, Length = 3.0–5.0 cm

	
Size: Diameter = 2.5 cm, Length = 2.5–5.0 cm

Resolution: 5 μm

	
Size: Diameter = 8 mm, Length = 8 mm, Resolution: 4 μm




	
Class-II

	
Size: Diameter = 8 mm, Length = 8 mm, Resolution: 4 μm




	
Class-III

	
Size: Diameter = 8 mm, Length = 8 mm, Resolution: 2 μm











 





Table 2. Basic reservoir parameters of the core samples.
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	Sample
	Reservoir Type
	Lithology
	Porosity (%)
	Air Permeability (×μm−3)





	Sample-1
	Class-I
	fine-grained sandstone
	30.96
	3956



	Sample-2
	Class-I
	fine-grained sandstone
	29.32
	1890



	Sample-3
	Class-II
	fine-grained sandstone
	28.84
	1398



	Sample-4
	Class-III
	siltstone
	27.79
	462










 





Table 3. Scanning nodes in high-precision CT scanning experiments of different displacement coordination methods.
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	Node
	Node 1
	Node 2
	Node 3
	Node 4
	Node 5
	Node 6
	Node 7
	Node 8





	Degree
	Dry Rock
	Oil-Saturated
	0.5 PV with 13 μL/min
	1 PV with 13 μL/min
	3 PV with 13 μL/min
	10 PV with 39 μL/min
	50 PV with 130 μL/min
	500 PV with 130 μL/min










 





Table 4. Forces controlling micro remaining oil.
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	Type
	Driving Force
	Resistance Force





	1
	Positive pressure
	Capillary force



	2
	Positive pressure
	Viscous force



	3
	Viscous force
	Positive pressure



	4
	Viscous force
	Capillary force



	5
	Capillary force
	Positive pressure



	6
	Capillary force
	Viscous force



	7
	Viscous force, positive pressure
	Capillary force



	8
	Capillary force, viscous force
	Capillary force



	9
	Capillary force, positive pressure
	Viscous force



	10
	Capillary force
	Positive pressure, viscous force



	11
	Viscous force
	Positive pressure, capillary force



	12
	Positive pressure
	Viscous force, capillary force










 





Table 5. Tapping methods for different types of micro-remaining oil.
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Type

	
Cluster Type

	
Oil Drop Type

	
Columniform

	
Film Type

	
Caeco-Terminal Type






	
Formation mode

	
Capillary force + Viscous force

	
Capillary force

	
Viscous force




	
Use mechanism

	
Dynamic pressure > Capillary force + viscous force

	
Dynamic pressure > Capillary force + viscous force

	
Tangential viscosity > Wall viscosity




	
Direction of operation

	
Increased pressure gradient

	
Reduce capillary resistance

	
Increase driving force

	
Reduce interfacial tension

	
Increase shear force




	
Potential exploitation direction

	
Enhanced injection and production

	
Change the flow direction

	
Reservoir reconstruction

	
Chemical flooding

	
Improve speed and viscoelasticity
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