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CO2-based fracturing is widely introduced to stimulate shale oil reservoirs for its multiple advantages. However, the range of CO2 entering the matrix around fractures and CO2-oil replacement capacity between matrix and fractures cannot be fully explained. To address this issue, a radial constant volume diffusion experiment on shale cores was designed in this study, and the pressure drop curve history was matched through numerical model to determine the composition effective diffusion coefficient. A field-scale numerical model was established, in which a series of certain grids were used to explicitly characterize fracture and quantify the prosess of CO2 mass transfer and oil replacement. Based on the field-scale numerical model, the process of shut-in, flow back, and oil production was simulated. The distribution of CO2 in fractured shale oil formation and its impact on crude oil during shut-in stage and flow back stage were investigated. This study concludes that CO2 gradually exchanges the oil in matrix into fractures and improve the fluidity of oil in matrix until the component concentrations of the whole reservoir reaches equilibrium during the shut-in process. Finally, about 30∼35 mole % of CO2 in fractures exchanges for oil in matrix. The range of CO2 entering the matrix around fractures is only 1.5 m, and oil in matrix beyond this distance will not be affected by CO2. During the process of flow back and production, the CO2 in fracture flows back quickly, but the CO2 in matrix is keeping dissolved in oil and will not be quickly produced. It is conclued that the longest possible shut-in time is conducive to making full use of the CO2-EOR mechanism in fractured shale oil reservoirs. However, due to the pursuit of economic value, a shut-in time of 10 days is the more suitable choice. This work can provide a better understanding of CO2 mass transfer mechanism in fractured shale oil reservoirs. It also provides a reference for the evaluation of the shut-in time and production management after CO2 fracturing.
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INTRODUCTION
Horizontal drilling and Hydraulic fracturing technologies have substantially increased oil production from unconventional resources (Zou et al., 2013; Zhao et al., 2018). The slick water fracturing fluid system is widely used in the process of hydraulic fracturing due to its high efficiency and low cost. However, a series of problems have also been introduced such as easily causing clay swelling, reducing formation permeability and consuming water resources (Myers, 2012; Vengosh et al., 2013). Introducing CO2 as a fracturing fluid seems to have broad application prospects for its multiple advantages (Liu et al., 2014; Meng et al., 2016; Wang et al., 2016b; Jin et al., 2017). Extensive experimental studies (Zhou et al., 2016; Zou et al., 2018; Li et al., 2019; Li et al., 2020a; Li et al., 2020b) and numerical simulation studies (Li et al., 2018b; Li and Zhang, 2019; Meng et al., 2019; He et al., 2020) have shown that CO2 fracturing fluid is beneficial to fracture morphology and fracture scale. Moreover, CO2-water-rock reaction also plays a positive role in the realization of large-scale hydraulic fracturing (Fischer et al., 2010; Zhang et al., 2018; Tian et al., 2020; Zhou et al., 2020a). In addition to the benefits of CO2 for fracture propagation and fracture morphology, another huge advantage of CO2 fracturing is the CO2-oil interactions.
The subject on CO2 enhancing oil recovery (EOR) in conventional oil and gas reservoir has been widely investigated. CO2 flooding and CO2 huff-n-puff has become an important means of enhancing oil reservoir production due to the behaviors of CO2 such solubility, miscibility, reducing viscosity, and suppling oil pressure after it contacts with crude oil (Habibi et al., 2017a; Habibi et al., 2017b). However, There is a big difference on the EOR mechanism of CO2 between unconventional formation and conventional formation mainly caused by the difference of transport mechanisms (Sorensen et al., 2015; Lu et al., 2016; Wang et al., 2016a; Zhou et al., 2019; Song et al., 2020).
In conventional reservoirs, the injected CO2 flows through the rock matrix and sweeps the oil out. However, in unconventional fractured reservoirs, CO2 will flow most rapidly through the major and minor fractures, but not significantly through the unfractured rock matrix due to the characteristics of low permeability and low porosity of rock matrix (Hawthorne et al., 2013, Hawthorne et al., 2014; Alharthy et al., 2015; Alfarge et al., 2018). In the early socking stage, pressure gradient between the fracture and the matrix lead to CO2 penetrating into limited rock matrix maily known as solution-gas drive. As the shut-in stage continues, advective mass transfer gradually weaken, and CO2 penetrates further into the matrix maily through diffusive mass transfer (Wei et al., 2020). During the whole socking satge, the CO2 transported into the matrix dissolve into oil and causes oil swelling, viscosity reduction. In addition, the pressure slightly increases in the matrix around fractures and this creates a local gradient where oil is extracted out of the matrix through fractures (Hawthorne et al., 2014).
It is concluded that diffusive mass transfer contributes CO2 transported further into the matrix, which may become the dominating transfer mechanism as pressure approaches equilibrium, until CO2 concentration equilibrium in oil phase is approached (Sorensen et al., 2015; Yu et al., 2015; Alfarge et al., 2018; Santiago and Kantzas, 2020). Thus, research on the diffusion of CO2 in porous media has become a vital subject for investigating CO2-EOR mechanisms in unconventional reservoirs. In previous experimental studies, indirect methods are mainly carried out to determinate the CO2 effective diffusion coefficient in laboratory. The process of CO2 diffusion in bulk liquid or in porous media is indirectly reflected by measuring and recording experimental data, including pressure decay, volume change, gas-liquid interface location (Trivedi and Babadagli, 2009; Ghasemi et al., 2018; Zhou et al., 2020b).
Among the different experimental methods, the pressure decay method is applied most commonly, such as the constant volume diffusion (CVD) method and radial constant volume diffusion (RCVD) method. Scholars usually dertermined the CO2 effective diffusion coefficient through establishing diffusion mathematical models with different factors considered (Li et al., 2016; Li et al., 2018a; Zhou et al., 2020b) or using commercial reservoir simulators (Ghasemi et al., 2016; Ghasemi et al., 2017; Tsau and Barati, 2018) and then historymatching the pressure profile. It is widely believed that the CO2 effective diffusion coefficient ranges from 10–10 to 10–9 m2/s, and lower viscosity of crude oil, higher temperature, and higher pressure facilitate the diffusion of CO2 into crude oil, under tight formation conditions (Li et al., 2018a; Fayazi; Amir and Apostolos, 2019; Zhou et al., 2020b).
Although the diffusion phenomenon in the laboratory is widely studied, there are few studies on the role of CO2 diffusion in field-scale simulation. The phenomenon that the distance of CO2 penetrating the matrix from fractures is usually several meters cannot be captured with the grids of several meters to tens of meters used in field-scale simulation (Alharthy et al., 2015; Ribeiro et al., 2015; Kanfar and Clarkson, 2017; Zuloaga et al., 2017; Zhang et al., 2019). Moreover, the dua-porosity model applied generally to simulate fractured reservoirs uses two independent sets of grids to simulate fractures and matrix respectively, which results that transient mass transfer process cannot be identified in the matrix adjacent to the fractures (Hoteit, 2011; Ghasemi and Suicmez, 2019).
In this study, a radial constant volume diffusion experiment on kerosene saturated shale cores was designed. and the pressure drop curve history was matched through numerical model to determine the composition effective diffusion coefficient. A field-scale numerical model based on data obtained in the laboratory was established, in which a series of certain grids were used to explicitly characterize fracture instead of a dual-porosity model to quantify the prosess of CO2 mass transfer and oil replacement. Through local refined grid of matrix around fractures, the true mass transfer distance of CO2 is obtained. In order to establish the initial shut-in conditions after CO2 fracturing, the porosity-permeability-pressure correlation curve of the fracture grids based on the fracture propagation numerical simulation results was used. Based on the field-scale numerical model, the process of shut-in, flow back and oil production after CO2-fracturing was simulated. The distribution of CO2 in fractured shale oil formation and its impact on crude oil during shut-in stage and flow back stage were investigated.
EXPERIMENTAL SECTION
Physical Model
The Radial-Constant-Volume-Diffusion (RCVD) method is adopted for this study, which physical model is shown in Figure 1 (Li S. et al., 2018). A core sample with two end faces sealed is positioned vertically in a diffusion cell. The gas diffusion occurs only along the radial direction as illustrated in Figure 1. The decrease of pressure in the diffusion cell is recorded as a function of time to generate a pressure decay curve which is used for determining the effective diffusion coefficient. The greater side surface area of the core sample provides a greater diffusion flux, and this advantage makes the measured pressure decay curve less sensitive to the environment than the constant volume diffusion (CVD) method (Li and Dong, 2009).
[image: Figure 1]FIGURE 1 | Schematic diagram of experimental apparatus and the physical model for CO2 diffusion.
MATERIALS
Two core samples used in the experiments are collected from shale oil formation in the Ordos Basin, China, where its depth is 1,440 m at 46.4°C. After dring the core samples are dried at 105°C to constant weight, The permeabilities are determined with nitrogen gas flooding, and the porosities are determined using the Helium Porosimeter (Table 1). The core saturated with live oil cannot be put into the diffusion cell under high pressure in the experiment. As a compromise, kerosene withnot dissolved gas from the lab was used as experimental oil. As shown in Table 2, the viscosity and density of experimental oil are close to those of crude oil in the target formation characterized as a light oil. The CO2 gas with purity of 99.99% were used.
TABLE 1 | Physical properties for the core samples with different test pressures at 46.4°C.
[image: Table 1]TABLE 2 | Measured properties for the experimental oil sample and crude oil used in simulation.
[image: Table 2]Experimental Apparatus
The experimental apparatus is schematically shown in Figure 1. The core samples are placed vertically in the center of the diffusion cell with inner diameter of 37 mm and depth of 95 mm. The CO2 in the container is supplied from a CO2 cylinder, whose pressure can be controlled by a high-pressure booster pump. A constant temperature test chamber of accuracy 0.1°C is used to control the temperature of the CO2 container and the diffusion cell (dotted area in Figure 1). The pressure transducer with full scale pressure of 40.0 MPa and full scale accuracy of 0.5% is used to measure the pressure of the diffusion cell.
Experimental Procedures
The procedure for conducting the diffusion experiments is briefly described as follows:
1) The core sample is cleaned and dried at 105°C to constant weight. Then, the permeability is determined with nitrogen gas flooding, and the porosity is determined using the Helium Porosimeter.
2) The core sample is placed in a container, and evacuated for more than 10.0 h. The experimental oil is pumped into the container under indoor temperature until the pressure reaches the test pressure. It is laid aside for 48.0 h for oil saturating.
3) After oil saturating, epoxy, and aluminum foil are used to seal the two end faces of the cylindrical core sample to establish an environment for radial diffusion.
4) The equipment required for the diffusion experiments is connected and the air tightness of the equipment is tested. Then, the core sample is placed into the diffusion cell. Low pressure CO2 is injected into it to replace air.
5) Intermediate container and the diffusion cell are placed into the constant temperature test chamber. When the required temperature of test chamber is stable, open valve 2, pump CO2 into intermediate container from the CO2 cylinder, adjust the booster pump to ensure the pressure in the intermediate container reach the required test pressure. Then, the intermediate container and diffusion cell are kept in test chamber for 2.0 h at the constant test temperature and pressure to make CO2 reach stabilization.
6) Open valve 3 to measure the pressure of the diffusion cell with the pressure transducer. Then, open valves 1 and 4 to connect the intermediate container full of high pressure CO2 with the diffusion cell. After the pressure of the diffusion cell reaches a relative stable value within 1–2 min, close valves 1 and 4 quickly. Record the pressure data of the pressure transducer.
7) When the pressure of the diffusion cell no longer changes, the experiment can be stopped. Open all the valves of the diffusion cell slowly, discharge the remained CO2, take out the used core sample, and clean the equipment.
NUMERICAL SIMULATION
Model Description
In this paper, two base numerical models are established. Model A is a 2-D laboratory-scale model with a cylindrical (radial-angular) grid type used to determine the CO2 effective diffusion coefficient by historymatching the pressure decay curve of the diffusion experiments. Model B is a 2-D field-scale model used to investigate the distribution of CO2 in the fractured shale oil reservoir after CO2-fracturing during the process of shut-in, flow back and oil production.
Gridding and Model Set up
The commercial reservoir simulator GEM™ from CMG is used to construct numerical models in this study. The model A is represented by two regions with distinct properties. We refer the void space of the diffusion cell excluding the core as Region 1, and the core sample as Region 2. Although the height of the diffusion cell is not equal to the length of the core, according to the assumption that only Radial diffusion happens the RCVD experiment, we scale the height of the diffusion cell to be consistent with the length of the core in the model, keeping the void space volume constant.
A series of grids are set in the radial direction to capture the process of CO2 diffusion, butonly one grid is set in both the axial direction and the circumferential direction (Figure 2), as the effect of gravity is ignored and the diffusion process is hypothetically symmetric in the circumferential direction. In addition, a thin layer (0.1 mm) is set at the interface between Region 1 and Region 2; it acts as a contact zone connecting the oil and gas phase to capture the diffusion transfer mechanism (Tsau and Barati, 2018). Therefore, the number of grids in model A is 25 × 1×1 = 25, which are found to be sufficient to eliminate numerical effects.
[image: Figure 2]FIGURE 2 | Grid settings of model (A) and model (B).
Model B as a 2-D field-scale model includes three systems: matrix (M), hydraulic fracture (HF), and natural fracture (NF) drawing on (Zhang et al., 2017)’ study (see Figure 2). It is assumed that the fracture system after fracturing is composed of HFs and NFs, where HFs are evenly distributed in the horizontal well and symmetrically distributed on both sides of the horizontal well. NFs are orthogonal to HFs with the same spacing and length. Only a segment of SRV region is simulated and then the results can be scaled back to the full lateral. In addition, the method of fracture permeability stress sensitivity is also used for approximately simulating the process of fracturing, which needs injecting a large amount of CO2 into the formation in a short time (Zhang et al., 2017).
The scale of grid system is 16 × 31×1 cells with 0.008 m width of HFs and 0.004 m width of NFs. Due to the drastically pressure and saturation changing in the regions near the fracture face, the size of grids increases logarithmically along planes of HFs and NFs to the reservoir matrix perpendicularly. The fracture width of HFs and NFs in this model is wider than reality to ensure numerical stability however still honors real dimensionless fracture conductivities. In other words, to be consistent with the real fracture conductivity, any widening of the fracture width in the model is compensated for by reduced fracture permeability.
Fluid Flow Mechanism
Advective flow and molecular diffusion are considered in this study. Advection is a transport mechanism that is based on pressure and gravity gradients. Gravity drainage is ignored in this study because it is a minor force in a liquid-rich shale reservoirs with low permeable matrix (Alharthy et al., 2015). The contribution from the pressure gradient can be through changes of pressure during fracturing and producion stages and also as a result of oil swelling. The oil swelling during CO2 exposure causes reduction in hydrocarbon density, viscosity and interfacial tension. This in turn promotes CO2-hydrocarbon interaction, miscibility, and oil mobility. Molecular diffusion mass transport is driven by chemical potential gradient of the molecular species and is rather slow as an oil recovery mechanism; however, miscibility of CO2 and oil in a narrow region near the fracture-matrix surface interface is the main mechanism of oil extraction from the tight oil matrix. Thus, in this short distance, the role of molecular diffusion cannot be ignored.
Input Parameters
Parameters of core properties and fluid properties inputted in the laboratory-scale model (Model A) remain consistent with the diffusion experiments. According to (Tsau and Barati, 2018)’s research, the value of entry capillary pressure (Pe) is set to 0.69 kPa, the purpose of which is to keep the oil phase (wetting phase) held in the center of core cell.
The parameters of reservoir properties (Table 3) and fluid properties (Table 2) inputted in the field-scale model is from shale oil formation in the Ordos Basin, China. The target reservoir has low pressure and temperature, in which the crude oil is undersaturated, of low gas-oil ratio and of low viscosity. Considering that the solubility of CO2 in oil phase is far greater than that in the water phase, the reaction between formation water and CO2 is ignored this simulation. The parameters of the fracture system used in model B is from the research of (Zhang et al., 2017).
TABLE 3 | Grid properties for model B.
[image: Table 3]To simulating the process of fracturing, 28.8 m3 of supercritical CO2 (46.4°C, 13 MPa) is designed to be injected into model B within 1 h, equivalent to 230.4 m3 of supercritical CO2 fracturing fluid to create a SRV region of 25 m width in the formation of 16 m height.
Considering that in the process of fracturing fluid injection, the fractures with high conductivity will only form when the fluid pressure is greater than the breakdown pressure of the formation, while matrix permeability will increase, stress-dependent permeability of fracture grids is necessary. The following exponential empirical formula Eq. 1 can be used to describe the permeability changing with the pressure.
[image: image]
Where K is current permeability, mD; K0 is original permeability, mD; m is the permeability changing factor (exponent determined empirically), kPa−1; Pnet is net pressure (difference between original reservoir pressure and current gird cell pressure), kPa. The values of permeability changing factor m during the injection process are 0.197, 0.0943, and 0.116, respectively, and the production process are 0.197, 0.0276, and 0.131, respectively (Zhang et al., 2017). The result can be seen in the Figure 3.
[image: Figure 3]FIGURE 3 | Stress-dependent permeability during injection and production stage.
Compositional Modeling
Considering the interaction between CO2 and crude oil, compositional modeling is needed. The component compositions of kerosene used in model A and crude oil used in Model B are measured in the laboratory; the component critical properties (Table 4, 5) are correctted by fitting a series of PVT experiments (such as CCEs, Swelling Tests) based on PR-EOS. For the crude oil components of the reservoir, proper combination of components is carried out to improve the calculation efficiency. The jobs of compositional modeling mentioned above are completed by the equation of state multiphase equilibrium property simulator Winprop™ from CMG.
TABLE 4 | Composition and properties of experimental oil components.
[image: Table 4]TABLE 5 | Composition and properties of live oil pseudo-component.
[image: Table 5]DETERMINATION OF CO2 EFFECTIVE DIFFUSION COEFFICIENT IN LAB-SCALE
The Principle of Fitting Experimental Data
For multicomponent mixtures, fick classical model assumes that diffusion of each component is independent of other components and diffusion flux is proportional to the component concentration gradient, and the physical quantity that characterizes the molecular diffusion ability of a substance is called the molecular diffusion coefficient. The effective diffusion coefficient mentioned in this paper is used to describe total dispersion phenomenon caused by diffusion, local velocity gradients, locally heterogeneous streamline lengths, and mechanical mixing (Lake, 1989). Dispersion phenomenon is a kind of strengthening effect on molecular diffusion caused by fluid flowing due to uneven velocity, which is called mechanical dispersion. It is impossible to separate mechanical dispersion from molecular diffusion in the diffusion experiment. Therefore, the diffusion coefficient obtained by the experiment is called the effective diffusion coefficient rather than the molecular diffusion coefficient to some extent.
The effective diffusion coefficient is related to the porous medium, temperature and pressure, and also the concentration at its location, which means that the effective diffusion coefficient changes at any time. For all that, we can still use a constant coefficient to characterize the diffusion process. Similar to fick’s law of diffusion, that dispersion of each component is proportional to the component concentration gradient is assumed. The dispersion flux [image: image] is given by:
[image: image]
Where, [image: image] is tortuosity of core sample, calculated by the Archie’s law [image: image], in which b is constant value of 0.25 (Matyka and Koza, 2012); ρk is the density of phase k; Deff,ik is effective diffusion coefficient of component i in phase k; yik is concentration of component i in phase k.
Due to the lack of experimental data support, The sigmund method is used to determinate the molecular diffusion coefficient of crude oil components in oil and gas phase (da Silva and Belery, 1989). In other words, mechanical dispersion was not considered for the crude oil components. Moreover, the CO2 effective diffusion coefficient in the gas phase is also calculated. In short, only the CO2 effective diffusion coefficient in oil phase is used as the target of fitting the experimental data.
In the early stage of diffusion, the pressure drop process is unstable due to the fast diffusion rate (Li et al., 2018a). Therefore, fitting the full curve of the experiment data does not yield perfect matching results. The stage of stable diffusion, whose pressure drop is proportional to t1/2 explained by the analytical solution (Li et al., 2016), is selected as the target of numerical simulation fitting. Average absolute relative deviation (AARD) is used to check the fitness between experimental and simulated pressure curves with data recorded every five minutes:
[image: image]
Where Pexp is the experiment pressure and Psim is the simulated pressure, and N is the number of data points.
Best Fit Result
Figures 4A,B presents linear fitting result of pressure drop and t1/2 for the two diffusion experiments respectively. For test 1, the pressure drop data after 65 min is used for history matching, and for test 2, 145 min.
[image: Figure 4]FIGURE 4 | Linear fitting result of pressure drop and t1/2 of Test 1 (A) and Test 2 (B); Best history fitting curves of Test 1 (C) and Test 2 (D).
Figures 4C,D presents the best history fitting curves of Test 1 and Test 2, and the fitting results show that the effective CO2 diffusion coefficients are 8.105 × 10–6 cm2/s and 3.138 × 10–5 cm2/s, respectively.
Figure 5 shows the average absolute relative deviation (AARD) of historymatching for different values of CO2 effective diffusion coefficient. The AARDs of the best-fitting values are 0.56 and 0.39%, respectively.
[image: Figure 5]FIGURE 5 | Estimation of diffusion coefficients of Test 1 (A) and Test 2 (B).
The CO2 effective diffusion coefficient fitting from test 1 is less than that of test 2. This result reflects that higher pressure facilitate the diffusion of CO2 into crude oil, under tight formation conditions. Also, it is noticed that although there is an optimal fitting result, the average standard deviation of experimental and simulated data is less than 5% with the value of CO2 effective diffusion coefficient ranging from 1 × 10–6 cm2/s to 4 × 10–5 cm2/s. Generally, field-scale numerical simulations with historical fitting errors less than 5% are accepted. This shows that for the field-scale model (model B), the selection of the CO2 effective diffusion coefficient can be appropriately adjusted within a certain range. As a result, in model B, as a field-scale mechanism model, a typical value of 10–5 cm2/s is selected for the CO2 effective diffusion coefficient.
CO2 EOR Mechanisms in Field-Scale
During the shut-in process after the fracturing process is completed, CO2 will continue to penetrate into the matrix along the fracture system. During the flow back and production stage, part of CO2 is prodcucted with the crude oil, and some of CO2 may still be dissolved in the crude oil left in the formation. Therefore, we investigated the distribution of CO2 and the viscosity of crude oil during the long-term shut-in stage and during production stage after shutting in for a period of time, individually.
During Shut-in Stage
Figures 6A,B reports the concentration distribution of CO2 in from HF and NF surface to deeper matrix under different shut-in time, respectively. At the moment when the CO2 fracturing fluid injection is completed, the concentration of CO2 in the matrix within 0.1 m of the fracture has reached 0.8, which means that CO2 drives the crude oil to a deeper matrix in a short distance. As shown in Figure 6, with the increase of the shut-in period, the whole body of the curves move to the right direction. After shutting in for 6 months, the front edge of CO2 concentration where concentration is greater than to 1% reached a distance of 1 m from the fractures.
[image: Figure 6]FIGURE 6 | Mole concentration distribution of CO2 in from HF(A) and NF (B) and viscosity distribution of oil in from HF (C) and NF (D).
Figures 6C,D reports the viscosity distribution of oil in from the surface of HF and NF to deeper matrix under different shut-in time. As the fracturing fluid increases the formation pressure, the viscosity of the crude oil in the matrix after fracturing is generally higher than the original viscosity. It can still be observed that the viscosity of the crude oil is greatly reduced in the matrix within 1 m of the fracture, where the lowest viscosity of crude oil reaches 0.26 mPa·s (one-tenth of the original crude oil viscosity). It is noticed that the viscosity of crude oil does not always increase with the increase of distance. The abnormal phenomenon of viscosity increasing appears in the position between the position of the lowest crude oil viscosity and the fracture, which is caused by CO2 driving light components of crude oil deeper into matrix and leaving heavy components in this position. In the CO2-EOR process of conventional reservoirs, this process is called CO2 extraction. Long-term shut-in can eliminate the phenomenon of viscosity increase due to the redistribution of fluid components dominated by molecular diffusion mechanism.
Figure 7 reports the variation of average oil saturation and global CO2 concentration in fracture system in the injecting stage (Figure 7A) and shut-in stage (Figure 7B).
[image: Figure 7]FIGURE 7 | Variations of average oil saturation and global CO2 mole concentration in fracture system with the time of injecting stage (A) and shut-in stage (B).
During the 1-h injecting process, the fracture system was quickly filled with CO2, and rate of CO2 filling the NF was slightly slower than that of HF. At the end of fracturing, the HF contains the gas phase only constituted of CO2, while 10% oil phase exists in NF. This oil phase in NF is composed of a small amount of heavy components and a large amount of CO2, caused by the CO2 extraction mechanism mentioned above.
During the long-term shut-in stage, the components of the crude oil return to the fracture system through advective flow and molecular diffusion, which is a long process. 360 and 546 days are the time when HF and NF are completely filled with oil phase, respectively. It is noted that the oil phase returning into the fracture system is dissolved with CO2 with the molar concentration greater than 0.2. This part of the crude oil has better fluidity due to the viscosity reduction effect of CO2.
During Flow Back (Produciton) Stage
To investigate the production performance after CO2 fracturing, a basic production model was designed, in which the well is shut in for 10 days, and then producted at the bottom hole pressure of 5 MPa.
Figures 8A,B reports the concentration distribution of CO2 in from HF and NF surface to deeper matrix under different production time, respectively. It is noted that the front edge of the CO2 concentration continues to advance to the deeper matrix during production stage, for example, the front edge is located at a distance of about 3 m from the fracture system to matrix after 1,000 days of production. this phenomenon can be explained by the following two reasons: First, the existence of a concentration gradient provides a continuous driving force for the diffusion of CO2; besides, the crude oil in the deep matrix is gradually migrated into the fractures and is recovered from the formation along the fracture system, which increases the concentration gradient of CO2 and promotes the diffusion mechanism. In addition, it is also found that the concentration of CO2 seems to be higher in the matrix near NF than near HF. This is because the conductivity of NF is less than that of HF, and the crude oil recovery and CO2 recovery efficiency in the matrix near NF is lower than that near NF, making the apparent CO2 concentration higher.
[image: Figure 8]FIGURE 8 | Mole concentration distribution of CO2 in from HF(A) and NF(B)and viscosity distribution of oil in from HF (C) and NF (D).
Figures 8C,D reports the viscosity distribution of oil in from HF (a) and NF (b) surface to deeper matrix under different production time. As the crude oil that has dissolved CO2 is recovered from the reservoir, the viscosity-reducing effect of CO2 on the remaining crude oil gradually weakens. Also due to the difference in the conductivity of HF and NF, CO2 seems to have a stronger viscosity-reducing effect in the matrix near NF, where, in fact, the oil recovery is lower.
Optimal Shut-in Time
Through the analysis of the CO2 concentration distribution in the shut-in stage, we believe that the increase of shut-in time will facilitate CO2 entering deeper matrix and thereby further exerting its EOR mechanism. In order to investigate the impact of shut-in time on production performance, based on the basic production model, a series of simulations is carried out at different shut-in times.
Figure 9 reports the production performance and CO2 recovery efficiency at different shut-in times. Figure 9 visually shows that the increase in shut-in time helps to improve the oil recovery. The decrease of CO2 recovery efficiency (Figure 9) also reflects that more CO2 keeped in the formation is beneficial to oil recovery. Moreover, it is found that the increase of shut-in time makes the produced oil lighter through the calculation of the average molar mass of produced oil components (including produced oil and gas). In other words, the residual oil becomes heavier because more heavy components remain in the reservoir. For the target reservoirs saturated with low-viscosity oil, this phenomenon has no effect. However, for high-viscosity oil reservoirs rich in heavy components, a large amount of crude oil may not be recovered as a result.
[image: Figure 9]FIGURE 9 | Cumulative production (A), average molar mass of oil producted and CO2 recovery efficiency (B) at different shut-in times before producting.
Theoretically, unlimited shut-in time is the best choice to increase oil recovery for this reservoir in this study. However, due to the pursuit of economic value, short shut-in time is a popular choice. Therefore, according to the production curve in Figure 9, we tend to shut in the well for 10 days because the relative increase of production is the largest at this time.
DISCUSSION
In this paper, a radial constant volume diffusion (RCVD) experiment on kerosene saturated shale cores was designed, and the CO2 effective diffusion coefficient is determined through historymatching the experimental pressure drop curve with simulated data based a lab-scale numerical model constructed by using the commercial simulator. The advancement of the process of determining the CO2 effective diffusion coefficient is that it takes into account the molecular diffusion of the oil components, and it selects the stable diffusion stage as the target of historymatching, based on the conclusion of a typical analytical solution (pressure drop is proportional to t1/2).
In this paper, based on the typical data of fractured shale oil reservoir, the field-scale numerical simulation model of shut-in and production stages after CO2 fracuting is established by using the commercial simulator. The distribution of CO2 in fractured shale oil formation and its impact on crude oil during shut-in stage and flow back stage are investigated. The novelties of this model is that: 1) a series of certain grids were used to explicitly characterize fracture instead of a dual-porosity model to capture the exchange of CO2 between the matrix and the fracture system. 2) through the logarithmic distribution grid of the matrix near the fracture, the diffusion mechanism of CO2 is described and the true mass transfer distance of CO2 is obtained. 3) the process of injecting huge amount of CO2 into formation within a short time during fracturing operation is described by taking into account stress-dependent permeability. 4) through compositional modeling, the interaction between CO2 and crude oil is described.
This paper provides some explanation for the difference of the CO2 EOR mechanism in field-scale and that in lab by comparing the lab-scale model and the field-scale model. When measuring the diffusion coefficient experimentally, the volume of CO2 is in the same order of magnitude as the volume of crude oil or saturated crude oil porous media, and CO2 can achieve sufficient dissolution and diffusion. Until the pressure balances, there is still a large amount of single phase contained with CO2 only; however, in the formation, CO2 gradually diffuses into the matrix along the fracture system, which volume is very small relative to the matrix, that is, the initial volume of CO2 is limited in field-scale. Moreover, whether it is a full-diameter core or a small core column (2.5 cm or 3.8 cm in diameter) in lab, the scale of core samples remains at the centimeter level, which is still too small relative to the scale of the reservoir in meters. The distance that CO2 enters the matrix through diffusion mechanism is relatively short in lab, causing the entire core easily swept by CO2. That is, the actual mass transfer distance of CO2 in the reservoir cannot be captured in the lab.
The CO2 mass transfer distance obtained in this paper is basically agreed with previous reports. However, this paper further distinguishes the different performance of CO2 in the shut-in stage and the production stage, which provide a better understanding of CO2 EOR mechanism in fractured shale oil reservoirs. CO2-EOR performance during shut-in stage exhibits the characteristics of short effect distance and high viscosity-reducting effect. These characteristics indicate that, the CO2 diffusion mechanism has limited effect, although it is more important in shale oil reservoir than in conventional reservoir. At the same time, in this limited range, the viscosity reducting effect of CO2 on crude oil is very encouraging, mainly due to the undersaturation of the target crude oil. It is believed that the high solubility of CO2 in undersaturated oil reservoirs promote the EOR effect of CO2. During production stage, although more than half of the injected CO2 will flow back to the surface, the remained CO2 still plays a positive role in the reservoir. The viscosity of crude oil in the matrix within 1 m near the fracture system is still relatively low.
The relationship between shut-in time after fracturing operation and production performance is still controversial as the phenomenon of fracturing fluid imbibition is a mixed blessing. However, if the water-based fracturing fluid is replaced with CO2 fracturing fluid, that production increases as the shut-in time prolongs seems to be an inevitable conclusion. In this research, we got the conclusion that the increase of shut-in time helps to improve the oil recovery. At the same time, we also found that the increase of shut-in time makes the produced oil lighter. Although an unlimited shut-in time as the best choice to increase oil recovery is not realistic. This conclusion also provides a reference for the evaluation of the shut-in time and flowback measure after CO2 fracturing.
The interaction characteristics of CO2 and different crude oils are different. For saturated oil, it is difficult for CO2 to dissolve into crude oil, and the extraction effect of CO2 may become more obvious. In addition, during the production stage, the pressure drop may cause CO2 to separate from the crude oil in the formation. In this process, CO2 may extract the light components of the crude oil, resulting in an increase in the viscosity of the residual oil, which may be a negative effect. Therefore, in future study, we need to understand the applicability of CO2 in different unconventional reservoirs further. In addition, this work did not take into account the reaction of CO2 with formation water and rocks as a regret, which is also a key direction that needs to be tackled in the future.
CONCLUSION
The main conclusions are obtained in this study:
1) the effective CO2 diffusion coefficients are 8.105 × 10–6 cm2/s and 3.138 × 10–5 cm2/s.
2) During fracturing operation, CO2 drives the crude oil in a short distance of less than 0.1 m to a deeper matrix.
3) During shut-in stage, the range of CO2 entering the matrix around fractures is less than 1 m, where the viscosity of the crude oil is greatly reduced (the lowest viscosity of crude oil reaches 0.26 mPa·s). The crude oil gradually return to the fracture system through advective flow and molecular diffusion. 360 and 546 days are the time when HF and NF are completely filled with oil phase, respectively.
4) During production stage, more than half of the injected CO2 will flow back to the surface. CO2 left in the formation continues to maintain the advantage of improving the fluidity of oil in matrix. the front edge of the CO2 concentration keeping moving forward is located at a distance of about 3 m from the fracture system to matrix after 1,000 days of production.
5) The increase in shut-in time helps to improve the oil recovery and makes the produced oil lighter. Due to the pursuit of economic value and high-yield shut-in time, 10 days is the optimal shut-in time.
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