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CO2 flooding can effectively enhance the recovery of low-permeability reservoirs and realize CO2 geological storage. During the displacement process, the minimum miscible pressure (MMP) of CO2 and oil is an important parameter that affects the displacement effect and storage efficiency. However, the microscopic pore-throat structure of low-permeability reservoirs has significant influences on the fluids and phase behaviors. This paper presented a method to determine the miscible state of CO2 flooding based on the microscopic pore-throat structure. Firstly, a physic model was established to quantitatively characterize the microscopic pore-throat structure. Secondly, taking into consideration the P-R equation of state, the gas-liquid equilibrium in the narrow pore-throat was calculated. On this basis, a MMP prediction model was established correspongdingly by considering the multi-stage contact and mass transfer of CO2-oil. Finally, the results obtained by the proposed model were compared with the experimental results of CO2 flooding, and then the model was applied to the actual reservoir to predict plane distribution of MMP. The curves of MMP distribution and pressure drawdown between wells were combined to determine the position of miscible front and non-miscible area at different production stages. The results have shown that the MMP of core sample calculated by the model was 20.3 MPa, which was comparable to that of CO2 flooding experiment, e.g., 20 MPa, and thus indicatesd a high accuracy of the model. The MMP in the well control area of the Y29-101 well group was 19.8 MPa. During the unsteady flow stage, the miscible-phase front was 430 m from the injection well, while it was 310 m from the injection well during the stable flow stage. This method can accurately determine the specific phase distribution of CO2-oil in the formation, which is of great significance to promote the development of CO2 flooding and storage technology, improve the recovery of low permeability reservoirs, ensure energy supply and reduce carbon emission.
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INTRODUCTION
To achieve zero emissions, the 2015 Paris Agreement initiated a global commitment and effort to reduce CO2 emissions to reduce the risks and impacts of climate change, and more than 20 countries have set net-zero targets (Hassanpouryouzband et al., 2021). Carbon capture, utilization and storage (CCUS) is currently regarded as one of the most promising technologies for greenhouse gas emission reduction. It is highly valued by countries around the world and has increased research and development efforts. Some CCUS projects have been initiated in many countries and regions around the world, and various technologies have been developed for CCUS. A large number of scholars have systematically summarized CCUS technologies and projects. Tapia et al. (2018) has provided in-depth discussions and insights on global CCUS technologies and trends. Geological storage of CO2 is an important part of CCUS (Datta and Krishnamoorti, 2019). Currently the feasible storage methods are underground, marine, forest and terrestrial ecological storage. Geological storage of CO2 is a mature technology with high potential for storage (Wang et al., 2021). The main sites for underground storage are depleted oil and gas reservoirs (CO2-EOR/EGR), deep saline aqufier, unrecoverable coal seams (CO2-ECBM), and gas hydrate reservoirs (Hassanpouryouzband et al., 2018; Bai et al., 2020). CO2-EOR, also known as CO2 flooding, is a technology that uses CO2 flooding for enhanced recovery while trapping CO2 in the reservoi for a long term, referred to as CO2 sequestration process (Rezk et al., 2019; Wang et al., 2019). Therefore, CO2 flooding is an effective means to realize both geological storage of CO2. and greenhouse gas emissions reduction economically, which is of great practical significance for the realization of Net-Zero (Yuan et al., 2020; Hassanpouryouzband et al., 2021).
In the process of CO2 flooding, CO2 will continuously displace and occupy the volume of crude oil, and dissolve into the formation water and residual oil. Part of the CO2 dissolved in the formation water will then react with the reservoir rock, which results in the storage of the CO2 in the form of minerals in the reservoir, while other part of CO2 will be trapped in the reservoir by the capillary force during the injection process (Wei et al., 2015; Cui et al., 2017; Wang et al., 2019). In other words, the CO2 flooding efficiency will significantly affect the CO2 storage efficiency, for example, improving the CO2 flooding efficiency will further improve the CO2 storage efficiency. The CO2 flooding is usually divided into two categories, including miscible flooding and immiscible flooding (Luo et al., 2017). CO2 immiscible flooding is prone to gas channeling, which not only reduces the oil displacement efficiency and CO2 utilization rate, but also can cause problems such as corrosion of production pipelines and damage to the environment (Fan et al., 2021; Wang et al., 2022). Generally, the CO2-oil system becomes miscible when the formation pressure is higher than the minimum miscible pressure (MMP) (Li and Gu, 2014; Wang et al., 2021). At this time, the oil and gas are dissolved in each other with any interfacial tension forces, which can not only obtain higher recovery rate, but also directly affect the CO2 storage efficiency. This means that MMP is an important parameter that affects the displacement effect and storage efficiency during the displacement process. It is of great importance to calculate the MMP accurately.
Proven reserves of low-permeability reservoirs in China account for 60% of the total remaining petroleum resources and thus demonstrate a large development potential (Wang et al., 2020a). Low-permeability reservoirs generally have geological and fluid characteristics such as poor reservoir physical properties, low porosity, low permeability, severe non-homogeneity and low oil saturation, resulting in poor waterflooding development efficiency. CO2 flooding has been shown to significantly improve the recovery of crude oil from low permeability reservoirs (Yang et al., 2021). Unfortunately, both the critical properties of fluids and the phase change law in the microscopic pore-throat structure of low-permeability reservoirs, which also seriously affects CO2 miscible flooding efficiency and CO2 storage efficiency (Yin et al., 2021), are different from those of conventional reservoirs. Liu and Chen (2010) analyzed the main factors affecting the miscible-phase state of CO2-oil displacement and revealed that pore structure significantly affects the MMP of the CO2-oil system in porous media. Mohammad et al. (2018) investigated the influcences of capillary force and diffusion of CO2 in the pore of tight reservoirs on the recovery of crude oil by establishing an effective CO2 ciuculative-injection model. Wang et al., 2020a compared the recovery variation of cores with heterogeneous pore-throat structure and homogeneous cores during CO2 miscible flooding and concluded that the effectiveness and distribution of fluid flow in sandstone reservoirs are controlled by microscopic pore-throat structure. Huang et al. (2020) studied the effects of reservoir properties and pore structure greatly to CO2 miscible-phase displacement efficiency through experiments such as core flooding, scanning electron microscopy, and nuclear magnetic resonance testing. It can be easily found that the influence of microscopic pore throat structure must be considered with the prupose of determining the MMP, which meets the actual reservoir and reasonably guides the oilfield production. The common methods for determining MMP consist of experimental method and theoretical calculation method (Pi et al., 2021). The slim tube experiment is the most commonly-used method nowadays, but for low-permeability reservoirs, the pore-throat structure differs significantly from the slim tube model, and the slim tube model is expensive and has a long experimental period (Wei et al., 2015; Liu et al., 2017; Xu, 2017). Although the theoretical calculation method is more economical and straightforward, most take crude oil component, injection gas component, or reservoir temperature as the main factors affecting MMP (Nobakht et al., 2008; Kamari et al., 2015; Luo et al., 2017). They do not consider the influences of some critical parameters such as pore throat structure and heterogeneity of the reservoir. Unfortunately, few people have taken microscopic pore throat structure as the main influencing factor on MMP calcualtion, and study its influences on the CO2-crude oil miscible-phase behavior. Therefore, it is of practical and fundamental importance to establish a method to determine the miscible state of CO2 flooding by considering the microscopic pore-throat structure.
In this study, the pore-throat structure is firstly quantitatively characterized and a physical model is established for MMP calculation. On this basis, the P-R equation is modified by the critical parameter transformation equation of the non-wetting phase in the narrow pore throat to obtain the P-R equation of state applicable to low-permeability reservoirs. Meanwhile, the multi-stage contact model was established considering the multi-stage contact and diffusive mass transfer of CO2 and crude oil, and finally the MMP prediction model considering the microscopic pore-throat structure was obtained. The proposed model was verified on an actual reservoir. The results have shown that this method can not only calculate the MMP planar distribution of heterogeneous reservoirs, but also determine the miscible state at different production stages of the CO2 flooding process. The proposed method can significantly promote the development of CO2 flooding and CO2 storage technology, improve the reserve production and recovery of low permeability reservoirs, ensure energy supply and reduce carbon emission.
EXPERIMENTAL
Materials
The block H3, located in the Ordos Basin, Changqing Oilfield, is a typical low-permeability heterogeneous oil reservoir with the reservoir temperature of 60°C and pressure of 13.2 MPa. The viscosity and density of the oil sample obtained from block H3 are 4 mPa·s and 0.88 g/cm3 at formation temperature, respectively. The main oil layers of block H3, including C81, and C81 layers, are mainly deltaic depositions at the front edge of the oilfield. The thickness of the sand body at the front edge reaches 30–50 m (He et al., 2016). The porosity distribution ranges from 6.0 to 12.0% and the permeability distribution ranges from 0.07 to 2.0 mD, indicating that the block H3 could be considered as a low porosity and low permeability reservoir. A core sample from C81 layer with a length of 60 cm and a diameter of 2.5 cm is used for the experiment. Table 1 shows the component of crude oil analyzed from Gas Chromatography-Mass Spectrometry (IATROSCAN MK-6S, Japan). The simulated formation water was prepared with reference to the actual formation water. The brine compositions consist of 22.9 g/L sodium chlorid, 14.3 g/L potassium chloride, 0.569 g/L sodium bicarbonate, 2.762 g/L calcium chloride, distilled water and purity of 99.99% deuterium dioxide. The CO2 purity used in the experiment is 99.9%, which is produced by Beijing Hepu Gas Plant in China.
TABLE 1 | The oil component of H3 oilfield.
[image: Table 1]Equipment
In this paper, high-pressure mercury injection and CO2 flooding experiments were carried out. The equipment used for high-pressure mercury injection analysis is the ASPE-730 mercury analyzer from Coretest, United States. The schematic diagram of CO2 flooding experiment is shown in Figure 1 1) ICSO Pump (Broken Arrow,OK, USA) provides displacement pressure and back pressure for CO2 flooding; (2)Intermediate containers (Hai’an, Nantong, China) with oil and CO2 are respectively installed; 3) Pressure gauge (Dwyer, USA); 4) Core holder (Hai’an, Nantong, China); 5) Thermostat (Hai´an, Nantong, China) ensures that the experimental temperature is stable at 60°C, with an error of ±0.5°C; 6) Hand pump for holding pressure (P5, 35 MPa, 80°C,Oxford, UK); 7) Return valve (HY-2, Nantong, China); 8) Measuring device (50 scm, Alicat Scientific Inc., Tucson, Arizona, USA).
[image: Figure 1]FIGURE 1 | Schematic diagram of CO2 flooding experiment.
Procedures
CO2 Flooding
Step #1: The permeability of the core sample should be measured before the displacement experiment. In order to measure permeability, the core sample were dried in an oven at 105°C for 10 h. Then, its gas-measuring permeability was determined. After that the core sample was vacuumed with saturated brine.
Step #2: The core sample was again saturated with oil, and the pressures at the inlet and outlet end were 13 and 11 MPa, respectively. If no water was displaced from the outlet for 1 hour, oil injection is stopped and the remaining water in the core sample is the connate water. Then, the core sample were aged in a core holder for 240 h under experimental temperature and pressure conditions.
Step #3: The core samples were displaced with CO2 at a displacement pressure of 16 MPa, a displacement differential pressure of 2 MPa, and an confining pressure of 18 MPa. The oil and gas production data were recorded respectively. When the CO2 injection amount reached 3.5 pore volume (PV), the displacement experiment was stopped.
Step #4: The residual oil in the core sample was thoroughly cleaned with a solution prepared with alcohol and benzene in the volume ratio of 1:3, and then dried at 105°C for 10 h. Repeating step #2.
Step #5: The displacement pressure is set to 18, 20 and 22 MPa, respectively. Repeating step #3. The oil and gas production data were recorded throughout the whole process.
High-Pressure Mercury Injection
After the CO2 flooding experiment was completed, the core sample was cleaned, dried and cut to meet the experimental requirements. After vacuuming the core sample for 2 h, mercury was injected into the core sample until the pressure reached 206.8 MPa. Then, the pressure was reduced and the mercury was gradually discharged to obtain the pore-throat structure parameters at each scale.
The results showed that the pore radius distribution of the core sample ranges from 40 to 320 μm, with a peak value of about 130 μm. The throat radius ranges from 0.13 to 1.15 μm, and the mainstream throat radius was about 0.5 μm. The throat radius and distribution frequency are shown in Table 2.
TABLE 2 | Frequency distribution of throat radius of the core sample.
[image: Table 2]METHODOLOGY
Quantitative Characterization of Microscopic Pore and Throat Structure
Microscopic heterogeneity mainly focuses on the distribution and size of pore space and pore throat. Pore space mainly characterizes the magnitude of reservoir storage capacity, while pore throat characterizes the magnitude of seepage capacity. To some extent, the influence of pore throat on seepage capacity is much larger than that of pore space (Li and Gu, 2014; Han et al., 2018). This paper focuses on the effect of the throat’s size and distribution on CO2-oil miscible flooding. The mainstream throat contributes 95% to the permeability of core samples, and its radius can be calculated by the following equation (Meng and Liu, 2019; Wang et al., 2020b; Zhong et al., 2021).
[image: image]
Where K is the permeability, rp is the mainstream throat’s radius.
On the other hand, the parameters such as porosity, tortuosity, and specific area of the pore can be characterized by permeability in combination with the capillary bundle model in this paper (Alemu et al., 2013; Gharbi et al., 2013; Zhou et al., 2020; Gao et al., 2021), as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Capillary bundle model.
Porosity:
[image: image]
Tortuosity:
[image: image]
Specific surface area:
[image: image]
Poiseuille’s law:
[image: image]
According to Darcy’s law:
[image: image]
Combining Equations 2, 4, 5, we will have:
[image: image]
The capillary bundle model can be corrected by the Kozeny-Calman equation:
[image: image]
Where: L is the length of the rock sample, A is the rock section area; n is the number of capillary roots per area; Ve is the pore volume; Vb is the volume of the rock sample; La is the actual distance passed by the fluid in the core; [image: image] is the porosity; S is the specific surface area; τ is the tortuosity; μ is the fluid viscosity; r is the pore radius; a is the total internal surface area of all capillaries; ΔP is differential pressure at both ends of the core.
Through the above equation, permeability can reflect parameters such as pore tortuosity, porosity and specific surface area. Thus, permeability can be used to comprehensively characterize the heterogeneity of pores and throats and then reflect the microscopic heterogeneity of the reservoir. Therefore, once the relationship between permeability and MMP is clarified, the relationship between any other parameter and MMP can be determined.
However, the pore throat structure in the actual reservoir is extremely difficult to describe. Therefore, based on the quantitative characterization of the microscopic pore throat structure of the reservoir, a physical model for calculating the MMP is established based on a simplification of actual reservoir, as shown in Figure 3. The model is mainly divided into two parts; in the vertical direction, three small layers, each corresponding to a permeability, are established; in the plane, each small layer is subdivided into N units, which have the same reservoir physical properties.
[image: Figure 3]FIGURE 3 | The microscopic heterogeneity model established in this paper.
Phase Equilibrium Calculation
The phase equilibrium calculation considers the variation between gas and liquid phases by using the P-R equation of state and the flash vaporization equation. Then, the thermodynamic equilibrium equation is used to determine the fugacity of the gas and liquid phases in the compound. Finally, the MMP can be obtained iteratively.
The P-R equation of state, e.g., vdW one of the most widely used equations in petroleum and chemical industries, can accurately simulate the gas-liquid equilibrium behavior of miscible systems of CO2 and alkanes (Petitfrere and Nichita, 2015; Zhang and Jia, 2019; Yang and Li, 2020).
The basic form of the P-R equation of state is as follows:
[image: image]
where, P is the system pressure, MPa; T is the thermodynamic temperature, K; R is the universal gas constant, which is 8.3145 J/(mol·K); V is the molar volume of the gas phase, L/mol; a, b, and m are the characteristic parameters of the mixture, dimensionless; Tc is the critical temperature, K; Pc is the critical pressure, MPa; Tr is the comparison temperature; and [image: image] is the acentric factor, which is dimensionless. More details about the derivation process of P-R equation of state can be referred to Li et al. (2020).
Nevertheless, there are many narrow throats in low-permeability reservoirs, when the vdW equation is no longer applicable for non-wetting fluids (Duan and Sun, 2003; Li et al., 2020). Zarragoicoechea and Kuz, (2004) proposed the critical parameter of the fluid in narrow pore spaces can be transformed into the following equation.
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Where Tcp is the critical temperature of the fluid in the narrow pore, K; Pcp is the critical pressure of the fluid in the narrow pore, MPa; Tc is the critical temperature, K; Pc is the critical pressure, MPa; rp is the radius of the mainstream throat, nm; [image: image] is the molecular collision diameter, nm.
From Equations 12, 13, it can be seen that the size of the mainstream throat radius rp directly affects the size of Tcp and Pcp. Tcp and Pcp are corrected by substituting them into the P-R equation of state to combine theory and practice, thus reflecting microscopic heterogeneity.
Since the system is usually miscible, the P-R equation of state needs to be modified by using the mixing rule. The vdW mixing rule was used to express the parameter a and b.
[image: image]
[image: image]
Where kij is the binary interaction coefficient of component i and component j, dimensionless; kij = kji and kii = kjj = 0; [image: image] are the respective molar fractions of component i and component j; aij is the binary interaction of component i and component j, dimensionless.
According to the thermodynamic principle, the fugacity coefficient of the mixture can also be derived from the P-R equation of state (Zhang et al., 2017):
[image: image]
Where [image: image] are the respective fugacity coefficients for the gas and liquid phases of component i, dimensionless; the subscript V represents the gas phase, the subscript L represents the liquid phase; nLi, nLj are the respective molar fractions of the liquid phase of component i and component j, dimensionless; VV, VL are respective the volumes of the gas and liquid phases, m3; ZV, ZL are the respective deviation factors of the gas and liquid phases, dimensionless.
When the oil-gas system reaches its critical point, all the intrinsic properties (meaning properties independent of quantity) of the liquid and gas phases are the same, which means that the interfacial tension between the phases is eliminated when the system becomes miscible. Therefore, the pressure corresponding to a certain composition of the oil and gas system at the critical point is generally considered as MMP, and the equilibrium constant of all components tends to be constant (Adesina et al., 2010; Assareh, 2017; Zhang et al., 2017). Ahmed (1997) proposed an accurate miscible function for the oil and gas system near the critical point, which is defined as:
[image: image]
Where zi is the mole fraction of component i, dimensionless; Ei is the equilibrium constant of component i, dimensionless. The miscible function shows that when all the components are changed by CO2 injection and reach the critical components, the function decreases monotonically and tends to 0 or a negative value.
Multi-Stage Contact Model
The MMP of a unit in the microscopic heterogeneous model can be obtained from the above phase equilibrium calculation. However, when injecting CO2 into the reservoir, the crude oil and CO2 will undergo multi-stage contact and mass transfer to reach the miscible phase. Multi-stage contact is divided into forward contact and backward contact (Zhang and Jia, 2019). The forward and backward contact models cannot determine the ratio m between the CO2 and the crude oil during gas injection. Therefore, the diffusion effects between each unit are considered to determine the mass concentration of CO2 in each unit. Taking the first layer in the microscopic heterogeneous model as an example (Figure 3), the equation for the variation of CO2 mass concentration along the seepage direction is established from the idea of differentiaion. Furthermore, the following assumptions are made: 1) adsorption is not considered; 2) the whole flooding process is steady flow; 3) the diffusion coefficient is a constant.
Take a unit in Figure 4 and assume that its length, width and height are dx, dy and dz. According to the law of conservation of matter, in the microscopic hexahedron dxdydz, the mass concentration of the inflowing matter minus the mass concentration of the outflowing matter is equal to the change in the mass concentration of the matter in this hexahedron. The equation for variation of CO2 mass concentration along the direction of seepage in Cartesian coordinates is as follows:
[image: image]
Where: c is the mass concentration of gas in the liquid phase, mol/m3; D is the diffusion coefficient of gas in the liquid phase, m2/s; v is the convection velocity, m3/s.
[image: Figure 4]FIGURE 4 | Multi-stage contact process.
The initial conditions is:
[image: image]
The boundary conditions is:
[image: image]
Under initial and boundary conditions, the theoretical solution of Eq. 17 is:
[image: image]
Where erfc is the residual error function, and its mathematical meaning is as follows:
[image: image]
The mass concentration distribution function of CO2 in the liquid phase can be available by Equations 17–21. Consequently, the ratio m of CO2 and crude oil is determined and the MMP of each cell of the model is calculated. Consequently, the prediction model of MMP based on microscopic pore-throat structure was established by phase equilibrium and multi-stage contact model.
Model Calculation
Step #1: Firstly, an initial pressure is defined, and the corrected critical temperature Tcp and critical pressure Pcp can be calculated from Equations 12, 13.
Step #2: The initial value of equilibrium constant Ei can be calculated by the Wilson’s equation (Wilson, 1964) as follows:
[image: image]
Where ωi is the acentric factor of component i; Pcpi is the critical pressure of component i; Tcpi is the critical temperature of component i.
Step #3: Through bringing the initial Ei into the two-phase flash evaporation equation (Zhang et al., 2017), the gas-phase molar fraction nV through Newton iteration can be obtained.
Step #4: Both xi and yi can be calculated according to nV, and subsequently are brought into the mixing rule equation (Equations 10, 11) to obtain a, b.
Step #5: Bringing a, b into the P-R equation of state to obtain ZL, ZV, which then can be brought into Eq. 15 to calculate the fugacity coefficients [image: image] and [image: image], consequently the fugacity [image: image] and [image: image] can be calculated.
Step #6: Calculate [image: image] . If [image: image], then proceed to the next step, else repeat steps step #1 to step #5 until the result meets the condition.
Step #7: Bringing Ei and zi into Eq. 16, respectively. When all components reach the critical component, the miscible function will monotonically decrease and tend to 0 and even a negative value. If not, increasing the pressure by 0.1 MPa and repeating the above process to obtain the MMP finally.
Step #8: The MMP of each unit of the microscopic heterogeneous model is calculated according to the multi-stage contact model.
The calculation of the model is implemented by the python programming language, and the calculation process is shown as Figure 5.
[image: Figure 5]FIGURE 5 | Process chart of the calculation of the MMP prediction model based on microscopic pore-throat structure.
RESULTS AND DISCUSSION
MMP Distribution of Heterogenrous Core
Based on the throat radius of the core sample obtained from high-pressure mercury injection experiment, MMP corresponding to each throat radius can be calculated based on the model in part 3.4. The calculation results have been shown in Table 3. Combined with the distribution frequency of throat radius of the core sample, the distribution map and the cumulative distribution diagram of MMP were plotted, as shown in Figures 6, 7.
TABLE 3 | The throat radius of the core sample corresponds to the minimum miscible pressure.
[image: Table 3][image: Figure 6]FIGURE 6 | Minimum miscible pressure distribution diagram.
[image: Figure 7]FIGURE 7 | Minimum miscible pressure cumulative distribution diagram.
Figure 6 shows that MMP distribution in the core sample ranges from 18.3 to 21.8 MPa, and the diagram shows a trend of high in the middle and low on both sides, with the peak at 20.3 MPa, which corresponds to a throat distribution frequency of 19.05%. As shown in Figure 3, when MMP reaches 20.3MPa, the corresponding throat distribution frequency is 90%. Drawing on the thin tube experiment to define the pressure at which the final recovery reaches 90% as MMP. Consequently, the pressure at which more than 90% of the throats can reach miscible phase is selected as the final MMP of the core sample in this paper. In other words, the minimum miscible pressure of the core sample is 20.3 MPa.
Through the CO2 flooding experiment, the diagram of time-varying corresponding recovery efficiency can be obtainedcorresponding to different displacement pressure, e.g., 16, 18, 20 and 22 MPa, as shown in Figure 8. The recovery factor increases slowly at the beginning, mainly since the swept area of CO2 during this period is relatively small and the displacement energy is insufficient. When the displacement time reaches 1000–1500 s, the recovery factor increases rapidly, and finally gradually becomes stable. As the displacement pressure increases, the ultimate recovery factor increases. The ultimate recovery factor increased significantly by 3 and 3.5%, respectively when the displacement pressure separately increases from 16 to 18 MPa and from 18 to 20 MPa. Due to the increasing of the displacement pressure, some pore-throats in the core sample can change from immiscible state to miscible state. However, when the displacement pressure increases again from 20 to 22 MPa, the difference of displacement pressure is 2 MPa, but the ultimate recovery factor only increases by 0.9% correspondingly. It further shows that when the displacement pressure reaches 20 MPa, the recovery factor increases slightly. This is mainly because most of the pore-throats in the core sample have reached the miscible state. Thus, it can be determined that the MMP of the core sample is 20 MPa, which is consistent with the calculated results of the MMP prediction model established in this paper, and also verifies the accuracy of the he MMP prediction model.
[image: Figure 8]FIGURE 8 | Diagram of CO2 displacement experimental results.
MMP Distribution of Heterogeneous Reservoir
The Y29-101 well group, a typical well group in the H3 field, was selected to analyze the distribution pattern of MMP in the low permeability reservoir and the location of CO2, crude oil miscible front and non-miscible area during different production stages. The permeability in the well control area of the Y29-101 well group ranges from 0.1 to 2.2 mD with a significant permeability heterogeneity. The permeability distribution of this well group is shown in Figure 9. The physical parameters of each well in the Y29-101 well group are shown in Table 4.
[image: Figure 9]FIGURE 9 | Permeability distribution of Y29-101 well group.
TABLE 4 | Basic information of well group Y29-101.
[image: Table 4]The radius of the mainstream throat in each well in the Y29-101 well group was calculated based on the permeability, and then the MMP of each well was calculated based on the MMP prediction model (see part 3.3 for more details). The MMP distribution graph is shown in Figure 10. The MMP of this well group located in the northwest area is larger the 20.5 MPa, while the MMP in the northeast area of the well group is smaller than 18.9 MPa.
[image: Figure 10]FIGURE 10 | MMP planar distribution of Y29-101 well group.
However, during the actual production process, MMP can not reach 20.5 MPa, because most areas can achieve miscible state, but it will consume a lot of manpower and material resources. Similarly, the MMP of 18.3 MPa cannot be achieved because very few areas of the reservoir are miscible and most of the oil is difficult to drive. So we need to determine an intermediate value to achieve the maximum oil recovery efficiency. During the slim tube experiment, when the final recovery rate reaches 90%, the corresponging pressure is defined as the minimum miscible pressure. Similarly, it is defined that the formation pressure of more than 90% of the well control area of this well group exceed MMP is the best MMP corresponding to the whole well group, it can be found that the MMP is 19.8 MPa of Y29-101.
Miscible-Phase State Determination
In the actual production process of the reservoir, the pressure between the injection and production wells is in the form of two pressure drop funnels, a pressure drop funnel around the injection wells with a gradually decreasing pressure centered on the injection wells, and a pressure drop funnel around the extraction wells with a gradually increasing pressure centered on the extraction wells. The shape of this pressure drop funnel is controlled by the injection rate, injection pressure, and extraction rate. The entire CO2 displacement process can be divided into two stages. At the first stage, the miscible-phase front has not yet reached the production well with the pressure drop funnel, i.e., the unstable flow stage, while at the second stage, the miscible-phase front has reached the extraction well, i.e., the stable flow stage, as shown in Figure 11. Taking well Y29-101 (injection well) and well Y29-102 (production well) as an example, the CO2 and crude oil miscible-phase state during different flow stages are determined.
[image: Figure 11]FIGURE 11 | CO2 flooding pressure drop funnel.
Unsteady Flow Stage
The distance between well Y29-101 and Y29-102 is 470 m. The formation pressure curve of well Y29-101 along the direction of well Y29-102 can be obtained from the field monitoring data starting from the well production. The MMP prediction model can calculate the MMP at different locations along the direction of well Y29-102. Using Y29-101 as the origin and the well distance as the x-axis, the formation pressure curve and the MMP curve are plotted in the same coordinate system, e.g., Figure 12.
[image: Figure 12]FIGURE 12 | Formation pressure vs. MMP in unsteady flow phase.
As shown in Figure 12, along the direction of the injector to the producer, there is a slight pressure drop in the zone near the injection wells. The formation pressure varies steadily in most zones between the injection and production wells. There is still a significant pressure drop near the production well. Comparing the formation pressure curve with the MMP curve, the intersection point appears at the location 430 m from the injection well, indicating that the front of the miscible phase is at the position roughly 430 m from the injection well at this time, and the MMP in the area located beyond 430 m is significantly higher than the formation pressure and thus cannot reach the miscible phase.
The distribution between injection and production wells at this time is shown in Figure 13. Within 430 m from the injection well, there may be a CO2-enriched zone and a miscible-phase zone. Beyond 430 m from the injection well, a immiscible-phase zone and a crude oil zone may exist. At this time, the front of the miscible is expanding, which means two parts denoated by ② and ③ are expanding, while part ④ is decreasing.
[image: Figure 13]FIGURE 13 | Phase distribution between injection and production wells in unstable flow.
Steady Flow Stage
A specific moment of the stable flow stage is selected to obtain the formation pressure distribution graph, and the MMP prediction model is used to calculate the MMP distribution, as shown in Figure 14.
[image: Figure 14]FIGURE 14 | Formation pressure vs. MMP in steady flow phase.
As we can see from Figure 15, the phase state during steady flow can be divided into three zones, i.e., CO2-enriched zone, CO2 and crude oil miscible-phase zone, and near-miscible-phase zone. When the front of the miscible phase is at 310 m from the injection well, most of the area in the formation becomes miscible, and the corresponding pressure is 19.6 MPa. However, when the front is between 200–300 m from the injector, the MMP curve becomes convex, and the formation pressure has not yet reached the MMP. This is mainly because that the permeability around this area is relatively larger and thus leads to a higher MMP, indicating the local immiscible phase phenomenon or the residual oil-rich zone, as shown in Figure 15. The oil recovery can be improved in actual production by adjustment of production measures and well drilling operations. As shown in Figure 14, the MMP at the front of the miscible phase is larger. The formation pressure in the area which is 310 m away from the injection well is close to the MMP so that it may reach a near-miscible phase state, but it is difficult to extend the miscible phase zone by increasing the injection pressure.
[image: Figure 15]FIGURE 15 | Phase distribution between injection and production wells in steady flow phase.
CONCLUSION
This study establishes a new method to determine the CO2 miscible pressure by considering microscopic pore-throat structure, which is more economical than the experimental method. This new method considers the reservoir pore-throat structure that is ignored in the conventional theoretical calculation method. It is simple, fast, and practical as well. This method provides a new technical support for the accurate calculation of MMP and determination of miscible-phase state in low-permeability reservoirs. Moreover, it can guide the oilfield to adjust the injection and production plan for further excavation of residual oil. This method can also effectively improve the CO2 utilization effect, which is of great significance to the sustainable supply of global oil resources and slow down the greenhouse effect. Four key findings can be summarized as follows:
1) The MMP prediction model based on the microscopic pore throat structure has benn established. Specifically, the P-R equation is modified by the critical parameter transformation equation of the non-wetting phase in the narrow pore throat to obtain the P-R equation of state, which is applicable to low-permeability reservoirs. Meanwhile, a multi-stage contact model is established considering the multi-stage contact process and diffusive mass transfer between CO2 and crude oil.
2) Throat radius of the core sample was obtained based on high-pressure mercury injection experiment. MMP corresponding to different throat radius can be calculated according to MMP prediction model. By analyzing distribution of MMP, the minimum miscible pressure of the core sample is determined to be 20.3 MPa. The CO2 flooding experiment shows that the final recovery factor improves as the displacement pressure increases. Nevertheless, when the displacement pressure reaches 20 MPa, the increasing rate of recovery factor decreases significantly. This is mainly because most of the pore-throats in the core sample have reached the miscible state. Thus, it can be determined that the MMP of the core sample is 20 MPa. Comparing the results of MMP prediction model with the results of CO2 flooding experiment, it can be seen that the MMP obtained by these two methods is basically consistent, which also verifies the accuracy of MMP prediction model.
3) The prediction model established in this study is applied to obtain the MMP planar distribution for H3 oilfield. The formation pressure of more than 90% of the well control area of this well group exceed MMP is the best MMP corresponding to the whole well group, the MMP is 19.8 MPa of Y29-101. Comparing the formation pressure curves between injection and production wells in different stages with the MMP curves calculated by the model, the front of miscible phase in the unstable flow stage is at 430 m from the injection well, and CO2-enriched zone, CO2-oil miscible-phase zone, local immiscible-phase zone and crude oil-enriched zone exist in the formation. In the stable flow stage, the miscible front is at 310 m from the injection well, and there are CO2-enriched zone, CO2-oil miscible-phase zone, and near-miscible-phase zone in the formation.
4) The size of the miscible zone will primarily affect the final recovery rate. During the actual CO2 displacement process, the MMP can be calculated by the MMP prediction model first, and then the propagation range of the pressure wave and the miscible-phase zone during the steady flow stage is used to determine the best displacement pressure, which should be greater than MMP. This will also obtain the best CO2 flooding efficiency, which results in achieving a better CO2 storage effect and greatly contributing to the development prospect of low carbon process for effective utilization of CO2.
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