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Tight oil is a kind of unconventional oil and gas resource with great development potential. Due to the unconventional characteristics of low porosity and low permeability in tight oil reservoirs, single wells generally have no natural productivity, and industrial development is usually conducted in combination with horizontal wells and hydraulic fracturing techniques. To capture the flow behavior affected by fractures with complex geometry and interaction, we adopted embedded discrete fracture models (EDFMs) to simulate the development of fractured reservoirs. Compared with the traditional discrete fracture models (DFMs), the embedded discrete fracture models (EDFMs) can not only accurately represent the fracture geometry but also do not generate a large number of refine grids around fractures and intersections of fractures, which shows the high computational efficiency. To be more consistent with the real characteristic of the reservoir and reflect the advantage of EDFMs on modeling complex fractures, in this work, the hydraulic fractures are set as oval shape, and we adopted 3-dimensional oil–gas two-phase model considering capillary forces and gravity effects. We developed an EDFM simulator, which is verified by using the fine grid method (FGM). Finally, we simulated and studied the development of tight oil without and with random natural fractures (NFs). In our simulation, the pressure varies widely from the beginning to the end of the development. In real situation, tight oil reservoirs have high initial pressure and adopt step-down bottom hole pressure development strategy where the bottom hole pressure of the last stage is below the bubble point pressure and the free gas appears in the reservoir. Modeling studies indicate that the geometry of fracture has a great influence on the pressure and saturation profiles in the area near the fractures, and dissolved gas flooding contributes to the development of tight oil, and NFs can significantly improve production, while the effect of the stress sensitivity coefficient of NFs on production is more significant in the later stage of production with lower reservoir pressure.
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INTRODUCTION
Along with the increasing social and economic development of world, the demand for energy is getting larger and larger. In China, conventional oil and gas resources only account for about 20% of the total resources, while the proportion of unconventional oil and gas resources is as high as 80% (Zou et al., 2012). Therefore, the abundant unconventional oil and gas resource is a major source of short- and long-term energy in China. As a kind of important unconventional oil and gas resource, tight oil is accumulated in tight clastic or carbonate reservoirs that is interbedded with or adjacent to oil-generating strata, which has not been migrated over large distances. Tight oil wells usually have no natural production capacity, or the natural production capacity is lower than the minimum industrial production capacity. To obtain economic development of tight oil, horizontal wells and hydraulic fracturing techniques are often used to stimulate the tight rock. It is important to accurately characterize and simulate the production of wells and variation of pressure in reservoirs for choosing the best stimulation and development strategy. However, compared with low-permeability matrices, fractures have high conductivity and complex geometry, which makes the numerical simulation of fluid flow very challenging. There are two major classes of models proposed to model the fractured system: dual continuum models and discrete fracture models (DFMs).
Dual continuum models are widely used in the industry. The concept of the dual porosity (DP) model was first proposed by Barenblatt et al. (1960). Later, Warren and Root (1963) developed the DP model, known as the sugar cube model. In Warren and Root’s model, reservoirs are divided into two systems: matrix system and fracture system. Fluid exchange between the two systems is described by interporosity flow. Warren and Root’s model is also called DP single permeability (DPSK or DPSP) because fluid stores in two systems, while fluid flow only occurs in the fracture system. The dual continuum model, in addition to DP single permeability, also includes the DP dual permeability (DPDK or DPDP) model and the multiple interacting continuum (MINC) model. DPDK was proposed by Blaskovich et al. (1983). In DPDK, both the fracture and the matrix systems are not only storage space but also flow channels of fluid. Multiple interacting continuum (Pruess and Narasimhan, 1982; Wu and Pruess, 1988) creates a series of “nested” matrix control volumes in fracture control volumes, which makes it successful to model nonisothermal and multi-phase flow and effectively reduces the subgridding cells compared to explicit discretization. Continuum models are widely used in analytical and semi-analytical solutions to research the fractured unconventional reservoirs (Zhao et al., 2013; Al-Rbeawi, 2017a; Al-Rbeawi, 2017b; Zhang et al., 2018; Kou and Wang, 2020). However, dual continuum models are only suitable for the reservoir with a large number of highly connected and small fractures (Karimi-Fard and Firoozabadi, 2003). Moreover, they may have difficulties representing highly localized anisotropy in reservoirs (Moinfar et al., 2013).
To overcome these limitations, DFMs were developed. DFMs can explicitly represent the real geometry of fractures. Each fracture has its own size, shape, orientation, and permeability. Scholars used many methods for simulation with DFMs, such as finite element methods (Kim and Deo, 2000; Karimi-Fard and Firoozabadi, 2003; Zhang et al., 2016), mixed finite element methods (Hoteit and Firoozabadi, 2006), control volume finite element methods (Bastian et al., 2000), and hybrid finite element/finite volume methods (Fu et al., 2005). Most of above methods rely on unstructured grids, which provide flexibility to model more realistic fracture geometries. However, the quality of the generated unstructured grids relies much on the mathematical algorithms applied, which could be very complicated for certain scenarios (Jiang et al., 2014). Besides, DFMs will generate a large number of refined grids around the position where fractures intersect or are densely distributed, which results in low computational efficiency.
Therefore, there is still a demand for improvement in the DFM. Lee et al. (2001) and Li and Lee (2008) proposed embedded DFMs (EDFMs). Compared to DFMs, embedded DFMs have simpler mathematical algorithms for generating grids and will not generate many refined grids when fractures have complex geometric features. Based on such advantages, many scholars used embedded DFMs to simulate and research the flow phenomenon in the fractured tight reservoir.
However, most scholars modeled the hydraulic fractures (HFs) as rectangle plates, which cannot reflect the complex geometry of HFs and the characteristic of fluid flow in the fractured reservoir. Besides, recent studies ignore the feature of abnormal high pressure in tight oil reservoirs. Owing to the stress sensitivity, the permeability of the matrix and fractures will gradually decrease as the pressure of reservoir drops down caused by development of the reservoir. Therefore, if the initial pressure of the reservoir is not high enough, the permeability of the matrix and fractures will only decrease a little from the beginning to the end of development. Consequently, some simulation results may seem overly optimistic because of the relatively high permeability. Furthermore, in the late stage of actual tight oil development, bottom hole pressure (BHP) will drop below the bubble point pressure, and two-phase flow of oil and gas occurs in the reservoir. Nevertheless, recent studies about tight oil hardly consider the fact of oil–gas two-phase flow and the energy of dissolved gas.
In this study, we used embedded DFMs to simulate the development of fractured reservoirs. Then, we verified our EDFM simulator and demonstrated EDFMs’ advantages for modeling complex fractures by a scenario setting HFs as oval shape in 3D reservoir models. In order to reflect the actual development of tight reservoir, reservoirs have high initial pressure, and multistage fractured wells adopt the step-down BHP production strategy. Moreover, an oil–gas two-phase flow model is applied to capture the phenomenon of dissolved gas drive. At last, we generate nature fractures in reservoirs to study the influence of nature fractures in the tight reservoir.
METHODOLOGY
Embedded Discrete Fracture Models
Lee et al. (2001) and Li and Lee (2008) developed embedded DFMs. Embedded DFMs use orthogonal structured grids to represent the matrix. In this model, each fracture passes through many matrix grids and is divided into a series of segments by matrix cell boundaries. These fracture segments are fracture cells, which are “embedded” into matrix cells, so this model is called embedded DFMs. In embedded DFMs, fluid flows in both matrix and fracture systems, and interporosity flow also occurs between two systems.
Figure 1 shows a 2D scenario of the EDFM. In this scenario, two fractures are divided into four fracture cells, and one fracture cell (f3) connects to the wellbore. As you can see, there are many kinds of connection relationship between cells, such as two adjacent matrix cells, fracture cell, and its embedded matrix cell, two adjacent fracture cells inside the same fracture, two intersecting fracture cells in two different fractures, and fracture cell and its connecting well cells. To describe and record these connection relationship, non-neighboring connection concept (Moinfar et al., 2013; Xu, 2015) and connection list method (Jiang et al., 2014; Zhao et al., 2019) are usually used, which is also helpful for assembling computational matrices.
[image: Figure 1]FIGURE 1 | EDFM with one horizontal wellbore and two fractures.
The mass exchange between these connections can be calculated by the following unified form:
[image: image]
[image: image]
where q (in m3/day) represents the flow rate, T represents the transmissibility, [image: image] (in kPa) represents the potential difference, G represents the transmissibility geometric factor, [image: image] represents a strongly nonlinear transmissibility term related to saturation, and [image: image] represents a weakly nonlinear transmissibility term related to pressure.
The main difference among these connections is the calculation method of the transmissibility geometric factor, which is described as below. It is noted that, in this study, fluid cannot directly flow from the matrix to the wellbore, which fits the fact of hydraulic fracturing. Therefore, there is no connection between the matrix and wellbore.
(1)Two adjacent matrix cells, such as m1–m2 in Figure 1
[image: image]
where [image: image] and [image: image] (in D) represent the permeability of two matrix cells, respectively, [image: image] (in m2) represents the contact area of two matrix cells, [image: image] and [image: image] (in m) represent mean distance from the common surface of two matrix cells to their centers, respectively, and [image: image][image: image] represents the transmissibility constant.
(2) Fracture cell and its embedded matrix cell, such as m3–f1 in Figure 1 (Li and Lee, 2008)
[image: image]
where [image: image] (in D) represents the permeability of this connection, which is approximately equal to matrix permeability, since this interporosity flow is mainly determined by the matrix with low permeability; [image: image] (in m2) represents the contact area between the fracture cells and its imbedded matrix cell, which is equal to twice the area of one side of the fracture plane ([image: image]), since both sides of the fracture are connected to the matrix; and [image: image] (in m) represents the average normal distance, which can be obtained by calculating the integral value of average vertical distance between all points in the matrix cell and the fracture.
(3) Two adjacent fracture cells inside the same fracture, such as f1–f2 in Figure 1 (Xu, 2015)
[image: image]
where [image: image] and [image: image] (in D) represent the permeability of two fracture cells, [image: image] (in m2) represents the contact area of two fracture cells, and [image: image] and [image: image] (in m) represent mean distance from all points in fracture cells to the common surface of two cells, respectively.
(4) Two intersecting fracture cells inside same matrix cell, such as f2–f4 in Figure 1 (Moinfar et al., 2014)
[image: image]
where [image: image] and [image: image] (in D) represent the permeability of two fracture cells, respectively, [image: image] and [image: image] (in m) represent the aperture of two fracture cells, respectively, [image: image] (in m) represents the length of intersecting lines of two cells, and [image: image] and [image: image] (in m) represent the mean distance from all points in fracture cell to the common surface of the two cells, respectively.
(5) fracture cell and its connecting wellbore, such as f3–w2 in Figure 1 (Moinfar et al., 2013)
[image: image]
where [image: image] (in D) represents the fracture permeability, [image: image] (in m) represents the fracture aperture, [image: image] (in m) represents the length of the fracture cell, [image: image] (in m) represents the height of the fracture cell, [image: image] (in m) represents the equivalent well grid radius, [image: image] (in m) represents the wellbore radius, and [image: image] (in rad) represents the central angle of the well within the fracture, which is, in general, equal to [image: image], since the wellbore passes through one fracture cell.
Model Assumptions and Boundary Conditions
The basic assumptions for this research are as follows. 1) The flow obeys Darcy flow in both the fracture and matrix. 2) Ignore changes in temperature in the reservoir. 3) The reservoir is rectangular. 4) The shapes of fractures are parallel plates of equal thickness. 5) Only fluid from the HF flows into the wellbore, and no fluid from the matrix flows into the wellbore. 6) Ignore capillary force in fractures.
The boundary conditions of the reservoir and fractures are as follows. 1) The reservoir has closed boundaries. 2) There is fluid exchange between the matrix and the fracture. 3) In order to conform to the actual hydraulic fracturing technology, only the fluid in HFs flows into wellbore directly, while fluid in the matrix do not flows into wellbore directly.
Governing Equations
The mass conservation equations of two-phase oil–gas flow are
[image: image]
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where subscripts o and g represent oil and gas, respectively; [image: image] (in D) represents absolute permeability; [image: image] (dimensionless) represents relative permeability; [image: image] (in Pa•s) represents viscosity; [image: image] (dimensionless) represents volume factor; [image: image] (in kPa) represents pressure; [image: image] (in kg/m3) represents density; [image: image] (in m) represents height; [image: image] (=9.8066 m/s2) represents the acceleration of gravity; [image: image] (in m3/day) represents source/sink term; [image: image] (dimensionless) represents porosity; [image: image] (dimensionless) represents saturation; and [image: image] (dimensionless) represents solution gas/oil ratio.
In EDFMs, the interporosity flow is represented in the source sink term q. Owing to kinds of cell connection in the EDFM, the mass conservation equation (Eqs. 8 and 9) can be transformed into the following discrete form: the left side of the equation is expressed as the sum of the flow into the cell by different connections, while the right side of the equation still maintains the form of net cumulative fluid.
Combined with the relationship of saturation,
[image: image]
the equations of the matrix cells can be transformed as follows:
[image: image]
[image: image]
and the equations of fracture cells can be transformed as follows:
[image: image]
[image: image]
where [image: image] (in m3) represents the volume of the matrix grid block, [image: image] (=1) the volume conversion constant, [image: image] (in day) represents time step, subscript m and f represent the matrix and fracture cell, respectively, [image: image] (dimensionless) represents the ratio of the pore volume in the matrix cell to the volume of the matrix cell block, [image: image] (dimensionless) represents the ratio of the pore volume in the fracture grid to the volume of the matrix grid block where the fracture is embedded, [image: image] (in m3/day) represents the rate of flow from all adjacent matrix grids to the matrix grid, [image: image] (in m3/day) represents the rate of flow from all fracture grids to the matrix grid where all these fracture grids are embedded, [image: image] (in m3/day) represents the rate of flow from all adjacent fracture grids to the fracture grid (all fracture grids are in the same fracture plate), [image: image] (in m3/day) represents the rate of flow from the matrix cell, in which the fracture cell is embedded, to the fracture cell, [image: image] (in m3/day) represents the total rate of flow from all the other intersecting fracture cells to the fracture cell (all fracture cells are embedded in the same matrix cell), and [image: image] (in m3/day) represents the rate of flow from the well to its connected fractured grid, whose value will be negative when the well is a production well.
Stress Sensitivity in Tight Reservoirs
In order to highlight the flow mechanism of tight reservoirs, the stress sensitivity of tight reservoirs is considered to study stress sensitivity effects of matrix and fracture permeability. There are kinds of types of stress-sensitive models, including binomial, logarithmic, power law, and exponential relationship (Jones, 1975; David et al., 1994; Zhao et al., 2011; Xiao et al., 2016).
In this study, a widely used exponential relationship model is adopted for both matrix permeability and fracture permeability:
[image: image]
where a (in MPa−1) represents the stress sensitivity coefficient, [image: image] (in MPa) represents reference pressure, and [image: image] (in D) represents permeability under reference pressure.
MODEL VERIFICATION
EDFMs have the flexibility to handle fractures with complex shapes and in any orientation. In our model, the HFs are considered as oval shape in 3D reservoirs, and fractures are allowed to be not perpendicular to the border of reservoir, so it is complex to generate 3D unstructured cells by DFMs. Therefore, we used fine matrix grid (FMG) method to verify accuracy of our simulator developed by using embedded DFMs.
In the FMG method, the reservoirs are divided into a large number of FMGs, and the effect of high permeability of fracture is considered into the matrix cells. When a matrix grid passes through fracture, to maintain fracture conductivity, the permeability of this matrix cell will increase as below.
[image: image]
where [image: image] (in D) is the permeability of fracture, [image: image] (in m) is the aperture of fracture, and [image: image] (in m) is the effective aperture of fracture, which is equal to the grid size in this verification.
In this verification, we modeled the development of the tight oil reservoir. The size of the reservoir is 100 m × 100 m × 100 m. There is a horizontal well with two HFs of oval shape. The angle between the fracture plane and horizontal well is 55°, as shown in Figure 2. The reservoir’s initial pressure is 30 MPa. The development process of the reservoir consists of two stages of production with two constant BHP, 20 and 10 MPa, respectively. Because the bubble point pressure is 12 MPa, the first production stage is a single-phase (oil) flow, and the second production stage is a two-phase (oil-gas) flow. We also considered the influence of gravity and capillary effect in the matrix in two-phase flow, while the capillary effect in fracture is ignored. The PVT property of oil and gas is shown in Appendix, and other reservoir properties and some simulation parameters are shown in Table 1. The oil and gas relative permeability relationship and gas–oil capillary force of matrix are shown in Appendix. We ignore the capillary force in fractures. The oil and gas relative permeability of fracture cells is equal to the oil and gas saturation of fracture cells.
[image: Figure 2]FIGURE 2 | The matrix cell size and the location of the horizontal well with oval hydraulic fractures.
TABLE 1 | Simulation parameters for verification.
[image: Table 1]In the FMG method, the number of matrix cells is 9,261 (21 × 21 × 21), while the number of matrix cells is only 3,375 (15 × 15 × 15) in the embedded DFM. Adding the number of fracture cells 198, the total number of cells in EDFM is 3,573. The matrix cell and the location of the fractured horizontal well are shown in Figure 2.
We simulated this scenario with the EDFM and FMG. The oil and gas production curve is shown in Figure 3, where the dotted lines represent daily production and the solid lines represent cumulative production. Figure 4 compares the pressure profiles after 5 days of production and the gas saturation profiles after 100 days of production of the EDFM and FMG. In Figure 4, the two-dimensional figures represent the pressure and saturation profiles on the horizontal surface where the horizontal well is located. Although the total cell number of the EDFM is about one-third of that of FMGs, all figures (Figures 3 and 4) indicate that our EDFM simulator can reach similar accuracy as the FGM simulator. Moreover, as shown in Figure 4, in the region containing free gas around fractures, the gas saturation at higher place is higher than that at lower place, confirming our simulator can reflect the effect of density and gravity. Besides, the daily production declines more slowly and cumulative production is larger in the second stage, reflecting the effect of dissolved gas flooding on production, which is consistent with qualitative knowledge.
[image: Figure 3]FIGURE 3 | Comparison of oil and gas production by using EDFM and FMG.
[image: Figure 4]FIGURE 4 | Comparison of pressure and gas saturation profiles by using EDFM and FMG.
From this verification, it seems that FMGs are similar to EDFMs and EDFMs do not show much advantage. However, if there are more fractures with more complex interaction relationship and we still want to get enough simulation accuracy, such as Figure 9, there will be much more fine cells in FMGs to achieve satisfying accuracy, resulting in very low efficiency for model calculation.
EXAMPLE SIMULATION
A Multi-Stage Horizontal Well With Oval Hydraulic Fractures
First, we stimulated the development of a horizontal well with multi-stage oval HFs, as shown in Figure 5. In order to reflect the actual development of the tight reservoir, reservoirs have high initial pressure, and multi-stage fractured wells adopt the step-down BHP production strategy. At the last step-down BHP production stage, the BHP is lower than bubble point pressure of oil, resulting in oil–gas two-phase fluid flow in the reservoir.
[image: Figure 5]FIGURE 5 | A horizontal well with multi-stage oval hydraulic fractures.
We set the initial reservoir pressure at 50 MPa. There are four stages of production (200 days per stage). The BHP of four stages is set as 40, 30, 20, 10 MPa. Because the bubble point pressure is 12 MPa, the last stage of production is oil–gas two-phase flow in the reservoir. Other simulation parameters are listed in Table 2. The PVT property of oil and gas is shown in Appendix. Appendix shows the oil and gas relative permeability relationship and gas–oil capillary force of the matrix. For fractures, we ignore the capillary force in fractures, and the oil and gas relative permeability of fracture cells is equal to the oil and gas saturation of fracture cells.
TABLE 2 | Simulation parameters.
[image: Table 2]We simulated this scenario. The results of daily and accumulative production of oil and gas are shown in Figure 6. The simulation results show that in each production stage, the early production decreases rapidly, followed by a slow rate of production decline. Figure 7 shows the pressure and gas saturation at the end of simulation. The free gas dissolved from oil in formation occurs only in the near-well area because the region of pressure below the bubble point is relatively small, which is only around the well. Moreover, due to the good seepage condition in the near-well area, the free gas is quickly produced by the fractured well, which keeps the gas saturation in the near-well area low and does not significantly affect the oil phase permeability. Figure 8 presents the pressure and gas saturation profiles of a vertical y-z section of reservoir where the fracture in the middle of horizontal well locates. Figure 8 clearly exhibits the effect of fracture shape, gravity, and fluid density on pressure and saturation profiles.
[image: Figure 6]FIGURE 6 | Production curve of the fractures horizontal well.
[image: Figure 7]FIGURE 7 | Pressure and gas saturation profiles after 800 days of production.
[image: Figure 8]FIGURE 8 | Pressure and gas saturation profiles of a x-y section of reservoir where a fracture locates.
Influence of Stress Sensitivity of Natural Fractures
Because of the absence of proppant, natural fractures (NFs) are generally more stress-sensitive than HFs, resulting in NFs to be nearly closed at late period of production and causing a significant impact on well production. In our work, we generated 70 random NFs (as shown in Figure 9). The parameters of NFs are listed in Table 3. Then, we studied the effect of stress sensitivity of NFs by varying the stress sensitivity coefficient of NFs (0.03, 0.05, and 0.08 MPa−1), while the stress sensitivity coefficient of HFs and the matrix are smaller, 0.02 and 0.001 MPa−1, respectively. Figure 10 represents the relationship between permeability of fractures and pressure, including HFs and NFs.
TABLE 3 | Parameters of natural fractures.
[image: Table 3][image: Figure 9]FIGURE 9 | Distribution of the multi‐stage fractured horizontal well and natural fractures.
[image: Figure 10]FIGURE 10 | The relationship between permeability of fractures and pressure.
Figure 11 shows the relationship between production and the stress sensitivity coefficient of NFs, where the dotted lines represent the production without NFs. Simulation results demonstrate the remarkable effect of increasing production of NFs. According to Figure 11, in the first stage of production (0–200 days), the difference of production among three stress sensitivity coefficients is small. As time goes on, the difference of production among three stress sensitivity coefficients become lager, and the effect of NFs on production decreases with the increase in the stress sensitivity coefficient. At the last stage, NFs with 0.08 MPa−1 stress sensitivity coefficient have little effect on production compared the scenario without NFs.
[image: Figure 11]FIGURE 11 | Oil and gas production curve under different stress sensitivity coefficient of natural fractures.
Figure 12 presents the pressure profiles after 200 and 800 days of production. In Figure 12A, pressure profiles under different stress sensitivity coefficients are almost the same, and the distribution of pressure is also affected by fractures obviously. However, in Figure 12B, pressure profiles differ from each other, which is reflected in the smoothness of the shape of isopiestic lines affected by NFs. In Figure 12B, on the condition that the stress sensitivity coefficient is 0.08 MPa−1, the pressure profile is almost the same as if there were no NFs (Figure 7A). Besides, at the first stage of production, the permeability of NFs in three scenarios is quite different (Figure 11), but the production of three scenarios is almost equal (Figure 11), which may be due to the fact that the production/development of the tight reservoir with fractures is determined only by the matrix when the permeability difference between matrix and fracture is extremely great. Because the permeability of the tight reservoir matrix is very small, the fluid transport capacity from the matrix to the fracture is much smaller than the capacity in fractures. Therefore, when the permeability of fractures is high enough, the overall flow in the formation is mainly determined by the matrix with smaller permeability. As the fracture permeability decreases, production becomes more sensitive to the permeability of fractures.
[image: Figure 12]FIGURE 12 | Comparison of pressure profiles after 200 days and 800 days of production (Unit MPa).
CONCLUSION
In our work, an EDFM simulator is developed to study the development of multi-stage horizontal wells in tight reservoirs. To capture the complex shape of HFs, the HFs are considered as oval shape. In our simulations, reservoirs have high initial pressure, and wells adopt the step-down BHP production strategy conforming to the character of the actual tight reservoir and its development strategy. Moreover, the phenomenon of solution gas drive is also captured by applying an oil–gas two-phase flow model. Our EDFM simulator is verified by using the fine matrix cell method, which also demonstrates the advantages of the EDFM for modeling fractures with complex shape. Finally, we generate random nature fractures in reservoirs to study the influence of nature fractures and their stress sensitivity in tight reservoirs. From simulations, we could obtain following conclusions from simulation results:
(1) The geometry of fracture has a great influence on the pressure and saturation profiles in the area near the fractures, but the influence distance is limited.
(2) Dissolved gas drive contributes to the development of tight oil. Free gas first appears in the near-wellbore fractured zone with low pressure and quickly flows out of the reservoir because of the good seepage condition in the near-wellbore fractured zone, which does not harm the oil permeability around wells significantly.
(3)As high-permeability channels in the reservoir, NFs can greatly improve production and affect the shape of the oval-like low-pressure zone formed by multi-stage fractured horizontal wells. However, with the development of production, the stress-sensitive effect of NF permeability gradually weakens the positive effect of NFs on production, and the effect of stress sensitivity coefficient on production is more significant in the late stage of production with low reservoir pressure.
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APPENDIX
TABLE A1 | Property of oil and gas.
[image: Table a1]TABLE A2 | Oil and gas relative permeability relationship of matrix.
[image: Table a2]TABLE A3 | Oil–gas capillary force of matrix.
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