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Hydraulic fracturing is the most prominently used technique for increasing well productivity in shale oil reservoirs. Therefore, studying the method for optimizing fracture parameters is essential in the development of shale oil. This study established a mathematical model of non-Darcy flow in the fractured horizontal well section of a shale oil reservoir which considered the influence of the threshold pressure gradient. The finite element method was used to solve the problem, and the calculation method of pressure field and productivity was given. This model is used to study the optimal number of clusters, optimal cluster spacing, optimal fracture length, and optimal fracture conductivity in a horizontal well section. Simulation shows that the optimal number of clusters in a horizontal well section is five when the permeability is 0.02 × 10–3 μm2–∼0.10 × 10–3 μm2, and the optimal number is four when the permeability range is 0.15 × 10–3 μm2–∼0.30 × 10–3 μm2. With the increase in the number of clusters, the stimulation effect is more sufficient, the interference effect between fractures is enhanced, and the loss of stratum energy is accelerated. The optimal cluster spacing is 30 m. Several cases of non-uniform cluster spacing have little effect on the stimulation effect. The cluster number and the sum of the cluster spacing are the determinant factors affecting the stimulation effect. The optimal fracture half-length is 140 m. Several cases of the non-uniform fracture length have little effect on the stimulation effect. The cluster number and the sum of the length of the fracture are the determinant factors affecting the stimulation effect. The optimal conductivity is 20 D•cm. At last, it proposed a fracture parameter optimization method considering the stratum energy loss and productivity.
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1 INTRODUCTION
At present, most of the world’s shale oil is produced in the United States, but due to human demand for oil resources, more shale oil needs to be discovered and developed effectively (Janszen et al., 2015; Reynolds and Umekwe, 2019; Kang et al., 2019; Boak and Kleinberg, 2020). The Chang 7 layer of the Triassic Yanchang Formation in the Ordos Basin, China, deposited a set of shale-dominated source rock series during the heyday of the lake basin development (Liu, 2021; Zhang et al., 2021). After years of research (Ren et al., 2015; Guo et al., 2015; Qu et al., 2019), the macro evaluation method of shale reservoirs has been innovated (Huang et al., 2020; Wang et al., 2020; Gao, 2021; Yu et al., 2022), a new microscopic experimental approach to shale reservoirs emerges (Brohi et al., 2011; Crafton and Noe, 2013; Marongiu-Porcu et al., 2016; Huang et al., 2020), new standards for evaluating movable fluids in shale oil reservoirs have been established (Wang and Sheng, 2017; Li et al., 2019; Zhang et al., 2020; Huang et al., 2021), research methods of reservoir (Medeiros et al., 2010; Potapenko et al., 2017; Qu et al., 2020; Zhang et al., 2020) and fluid mechanics theories (Chaudhary et al., 2011; Jin et al., 2013; Zhang et al., 2020; Qu et al., 2022) of other unconventional reservoirs are used for reference, and major breakthroughs have been made in oil exploration in this area (Fu et al., 2020). By learning from the experience of the U.S. shale oil and gas revolution, we know that improving the multi-stage fracturing technology for horizontal wells and optimizing the fracturing design are the keys to achieving sustainable economic development of shale oil resources (Weijers et al., 2019). The optimization of the multi-stage fracturing scheme for horizontal wells is mainly to optimize the parameters of artificial fractures. There are two main directions for optimizing fracture parameters using mathematical models. One is to establish a fracture propagation model which considers the fracture geometry of each cluster and the induced stress field between the fractures (Guo et al., 2015). The other is to use the reservoir numerical simulation method, set the objective function, and select the best fracture parameters through the optimal target value (MoradiDowlatabad and Jamiolahmady, 2018). This study mainly aims at optimal productivity, comprehensively considers the loss of stratum energy, and explores the optimization method of fracture parameters in the horizontal well section of shale oil.
With the application of horizontal wells in unconventional oil and gas fields, the research on horizontal well productivity has gradually increased (Male, 2019). The earliest scholars applied the principle of hydropower similarity to the study of horizontal well productivity and obtained the productivity ratio equation between the horizontal well and vertical well under the influence of homogeneous isotropic reservoirs and permeability anisotropy (Giger, 1984). Researchers assumed that the fractures had infinite conductivity and calculated the productivity of multiple fractures in horizontal wells (Karcher and Giger, 1986). On this basis, an early production model of a horizontal well in an infinitely thick reservoir with multiple fractures and limited conductivity was established (Soliman, 1990). After that, the researchers established a single-hole reservoir model, including matrix and fractures, and compared the difference between the water-oil ratio and the cumulative production when the vertical well and horizontal well were produced (Haddad and Crafton, 1991). In order to solve the problem of single-phase flow in horizontal wells, the concept of equivalent wellbore radius and the correction method of the conductivity coefficient were proposed, and the productivity of horizontal wells with transverse and longitudinal fractures was successfully calculated (Heger, 1996). In the same year, a production model of fracturing horizontal wells under constant pressure conditions was proposed, in which horizontal wells have lateral or vertical fractures (Soliman et al., 1996). Subsequent research concluded a simple production calculation model for calculating horizontal well production under constant pressure or constant production conditions, where the calculation parameters are given by the formula (Helmy and Wttenbarger, 1998). Another scholar proposed a new semi-analytical method to solve the three-dimensional unidirectional flow problem in horizontal wells, in which the position of the wells can be flexibly arranged (Peter and Egberts, 2003). In order to analyze the influence of conductivity on productivity, the influence of the completion method on the productivity of tight gas layers was studied (Soliman, 2008). With the popularization of mathematical methods, a new numerical model was established to calculate the productivity of fracturing horizontal wells by applying the finite element–finite volume method and hybrid element mesh discretization (Geiger et al., 2007). The current research is to make improvements on the basis of predecessors, such as the computational fluid dynamics model for horizontal wells to simulate the complex interaction between the creeping reservoir flow and turbulent well flow for single phases to predict the inflow to the well (Szanyi et al., 2018); based on the theory of pseudo-steady-state flow, the effect of perforation cluster spacing on oil well productivity (Mahmood and Guo, 2019); a theory proposed for calculating fluid flow in laterally isotropic and spatially anisotropic permeable media; and a productivity analysis model derived for both the steady-state and semi-steady-state flow of inclined wells in this media (Johansen and Cao, 2022).
In previous studies, the productivity calculation of horizontal wells was mainly based on analytical or numerical methods. The advantage of an analytical method is that it provides immediate insight into the controlling parameters and steers further numerical analysis on stimulation optimization (Ozkan et al., 2011; Wong et al., 2013; Rojas and Lerza, 2018). Moreover, there are various analysis methods at present which solve many problems (Orangi et al., 2011; Weijermars and Khanal, 2019; Xiao et al., 2020). However, analytical methods face difficulty in solving the problem of irregularly shaped heterogeneous reservoirs (Rodriguez and Soeder, 2015; Zanganeh et al., 2015). The numerical method can realize the simulation of fracturing horizontal wells with various parameters. The finite element method, such as a numerical method, can deal with irregularly shaped oil reservoirs and various complex boundary conditions (Zhang et al., 2016). Therefore, this study adopts the finite element method to solve the mathematical model of the multi-stage fracturing horizontal well. At the same time, in order to finely optimize the fracture parameters, it is proposed to take a fracturing horizontal well section as the basic research object and optimize the parameters of each cluster of fractures in the section.
2 GEOLOGICAL OVERVIEW
The study area is located in the southern part of Dingbian Oilfield, in Dingbian County, Yulin City, Shaanxi province. It borders Jingbian County in Shaanxi province in the east, Huachi County and Huan County in Gansu province in the south, Yanchi County in Ningxia province in the west, and Etuokeqianqi in Inner Mongolia in the north (Ma et al., 2021). It is the junction of the four provinces of Shaanxi, Gansu, Ningxia, and Inner Mongolia. The regional structure belongs to the central and western part of the North Shaanxi Slope of the Ordos Basin. The tectonic setting is a gentle west-dipping monocline with a dip angle of about 1° and an average slope drop of 8–10 m/km.
The geotectonic structure of the Ordos Basin is located at the junction of the eastern structural domain and the western structural domain in China. Most of the oil and gas in the basin is mainly distributed on the Yi-Shan slope. During the extended period of the Late Triassic, a set of fluvial-delta-lake facie strata with a thickness of more than one thousand meters of yellow-green and gray-green sandstone intercalated with gray mudstone, dark brown mudstone, and black shale, was deposited. It can be divided into ten layers, from Chang 10 layer to Chang 1 layer from bottom to top. The Chang 7 layer is further divided into three sub-layers, Chang 73 layer, Chang 72 layer, and Chang 71 layer, from bottom to top, according to the sedimentary cycle. The Chang 73 period has the deepest water body, has mainly developed a set of semi-deep lake-deep lake facies deposits, and has deposited the most important set of source rocks of the Yanchang Formation. The Chang 72 and Chang 71 periods were mainly composed of semi-deep lake-deep lake facies and delta deposits developed in the direction of provenance. Affected by the distribution pattern of the lake basin terrain, type I shale oil in the Chang 73 period is mainly distributed in Wuqi, Zhidan, and Ansai areas in the east and is deposited in delta front facies. In the Chang 72 period, the lake water became shallow, and the northeast provenance controlled the delta front deposits to develop in and east of Xin’an, which is a favorable accumulation area for type I shale oil. In the Chang 71 period, as the lake water became further shallow, the northeast provenance-controlled delta front deposits could extend to the center of the lake, and a large amount of gravity flow deposits accumulated in the low-lying areas of the lake bottom or the bottom of the slope break belt. At this time, from the Xin’an edge to the east, all the deposits were delta fronts, and the underwater distributary channels developed in a large area, so the Chang 71 period of northern Shaanxi type I shale oil generally developed. In this study, the Chang 7 shale oil layer is taken as the research target, and the optimization method of fracture parameters in a horizontal well section of shale oil is explored.
3 MODELING
3.1 The Mathematical Model
The basic differential equation of seepage in the stratum media is as follows:
[image: image]
The basic differential equation of seepage in the fracture media is as follows:
[image: image]
The initial condition is as follows:
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The inner boundary condition is expressed as follows:
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The outer boundary condition is as follows:
[image: image]
where Kx、Ky、 and Kz are the permeability values in three directions of the stratum, m2; Gx is the threshold pressure gradient in the x-direction of the stratum, Pa/m; Gy is the threshold pressure gradient in the y-direction of the stratum, Pa/m; Gz is the threshold pressure gradient in the z-direction of the stratum, Pa/m; Ct is the comprehensive compressibility of the stratum, 1/Pa; CL is the liquid compressibility, 1/Pa; p is the pressure, Pa; t is time, s; μ is the fluid viscosity, Pas; pi is the original stratum pressure, Pa; pwf is the bottom hole pressure, Pa; Kfx is the fracture permeability in the x-direction, m2; Kfy is the fracture permeability in the y-direction, m2; h is the thickness of the reservoir, m. The heterogeneity of shale oil reservoirs is characterized by the permeability of the three directions of xyz.
3.2 Finite Element Solution of the Mathematical Model
After introducing the Galerkin finite element method, Eqs 1 and 2 are transformed into Eqs 6 and 7, respectively.
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Applying the Green–Gauss formula and considering boundary conditions, Eqs 6 and 7 are transformed into Eqs 8 and 9, respectively.
[image: FX 1]
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where Ni and Nʹi are interpolation functions, Ω is the integral range, and [image: image] is the integral boundary. The region Ω is divided into E units and n nodes. Then, the continuous pressure field was dispersed to n nodes. Finally, the pressure of each node at different times is solved. In this study, the stratum media region is divided by any tetrahedral units (three-dimensional), and the fracture media region is divided by any triangular elements (two-dimensional). The pressure in the cell is linearly distributed, and the pressure expression is calculated and sorted out as follows.
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where pi, pj, pk, and pl are the pressure values of each node of the tetrahedral element, Mpa; pfi, pfj, and pfm are the pressure values of each node of the triangular element, Mpa; Ni, Nj, Nk, Nl, Ni’, Nj′, and Nm′ are interpolation basis functions, which are only related to node coordinates.
The integral expression in the stratum media unit is obtained as Eq. 12.
[image: FX 2]
where dV is the volume element; m = i, j, k, and l.
The integral expression in the fracture media unit is obtained as Eq. 13.
[image: image]
where dA is the area element; k = i, j, and m.
By further integral calculation of the aforementioned equations and substituting the differential value for the time derivative of the pressure, the finite element equation of the stratum media unit is Eq. 14, and the finite element equation of the fracture media unit is obtained as Eq. 15.
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where K1 and K2 are element pressure stiffness matrices; N1 and N2 are element temperature-variable matrices; P1 and P2 are column vectors of element nodal pressure values; Δt is the time interval, s; F1 is the start matrix of the formation medium unit.
By synthesizing all finite element equations, the overall finite element equation of the entire study area is obtained as Eq. 16.
[image: image]
where K is the overall stiffness matrix; N is the overall temperature-variable matrix; P is a column vector of all nodal pressure values; F is the overall start matrix of the stratum media.
The initial conditions and boundary conditions are introduced, the calculation time and iterations are given, the corresponding program is compiled, the pressure values of each node at each moment are solved, and the seepage field diagram can be drawn. Finally, the productivity of the fracturing horizontal well section is calculated by formula (17).
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where [image: image] is the pressure gradient at the fractured wellbore; N is the number of fractures; B is the crude oil volume coefficient, dimensionless; rw is the radius of the horizontal wellbore, m; h is the thickness of the reservoir, m.
4 RESULTS AND DISCUSSION
In this article, the fracture parameters in the horizontal well volume fracturing section are optimized. The basic parameters are as follows: the horizontal well section spacing is 60 m; the half-length of the artificial fracture is 150 m; the fracture conductivity is 20 D•cm; the original stratum pressure is 10 MPa; the bottom hole pressure is 6 MPa; and the effective thickness of the reservoir is 5 m. The porosity of the reservoir is 7%; the average permeability is 0.15 × 10–3 μm2 (0.02–0.30 × 10–3 μm2); crude oil viscosity is 2.63 mPas; the crude oil volume factor is 1.224; and the comprehensive compressibility is 15.7 × 10–4 MPa−1. Unless otherwise specified, the analysis in this chapter is based on the above parameters. The fracturing section is used as a unit to establish a basic model, and the finite element division of the basic model is shown in Figure 1 (four clusters of fractures in a horizontal well section). The parameter selection of this study is based on the actual data in the oilfield. The calculation schemes are also based on the actual situation of the oilfield.
[image: Figure 1]FIGURE 1 | Finite element partition diagram of the basic model.
This study refers to the experiment of the threshold pressure gradient by Zhao Jiyong et al. (Zhao et al., 2018). The threshold pressure gradient corresponding to reservoirs with different permeability is compared and analyzed, and the calculation chart of the threshold pressure gradient in different permeability ranges is regressed. As shown in Figure 2, this chart is mainly for the Chang 7 layer of the shale oil reservoir in the Ordos Basin.
[image: Figure 2]FIGURE 2 | Calculation chart of the threshold pressure gradient for different types of permeability.
4.1 Optimum Number of Clusters
In this section, the fracture cluster spacing is set to 20 m. With different permeabilities of the Chang 7 layer, the production of fractures in the fracturing section under the conditions of 1–6 clusters was calculated. The pressure fields were drawn, and the optimal number of fracture clusters under different reservoir conditions was selected. The permeability values are 0.02 × 10–3, 0.05 × 10–3, 0.10 × 10–3, 0.15 × 10–3, 0.20 × 10–3, 0.25 × 10–3, and 0.30 × 10–3 μm2.
Figures 3A and B show the daily production and cumulative production (1 year) of different cluster numbers, when the permeability is 0.02 × 10–3 μm2. When the number of clusters increases, the daily production increases. The difference in the output is mainly reflected in the first 100 days of production, and the daily production curve almost overlaps after 100 days. When the number of clusters increases, the cumulative production increases. When the number of fractures increases to 5 clusters, the cumulative production increases very little, indicating that when there are five clusters of fractures in the section, the productivity is optimal. Figure 3C shows the pressure fields of fractures with different cluster numbers for 15 days, when the permeability is 0.02 × 10–3 μm2. The pressure reduction in the fracture is the fastest, and the energy of the reservoir is continuously replenished to the fracture and its surrounding area, resulting in the gradual expansion of the pressure reduction area centered on the fracture. When the pressure drop gradient in the expansion area is greater than the threshold pressure gradient, the crude oil in this area will migrate. When the crude oil converges in the fractures, the seepage resistance is reduced, and the fluid flows into the wellbore in a linear flow to achieve the purpose of increasing productivity. Comparing the pressure fields of such reservoirs with different cluster numbers, the more clusters, the larger the area is effectively stimulated by artificial fractures. Combined with the characteristics of productivity, the optimal number of clusters is 5.
[image: Figure 3]FIGURE 3 | Analysis of productivity and pressure fields with different cluster numbers when permeability is 0.02 × 10–3 μm2. (A) Daily oil production curve of different numbers of clusters. (B) Cumulative oil production curve of different cluster numbers. (C) Pressure fields with different numbers of clusters.
Figures 4A and B show the daily production and cumulative production (1 year) of different cluster numbers, when the permeability is 0.05 × 10–3 μm2. Figure 4C shows the pressure fields of fractures with different cluster numbers for 15 days when the permeability is 0.05 × 10–3 μm2. At this time, the productivity characteristics are similar to that of 0.02 × 10–3 μm2, and the productivity is optimal when there are five clusters of fractures in the horizontal well section. As the formation permeability increases, the threshold pressure gradient becomes smaller, the effective stimulated area corresponding to each cluster of fractures increases, more crude oil flows into the fractures, and the productivity increases.
[image: Figure 4]FIGURE 4 | Analysis of productivity and pressure fields with different cluster numbers when permeability is 0.05 × 10–3 μm2. (A) Daily oil production curve of different numbers of clusters. (B) Cumulative oil production curve of different cluster numbers. (C) Pressure fields with different numbers of clusters.
Figures 5A–C respectively show the daily production, cumulative production (1 year), and pressure fields (15 days) under the conditions of different numbers of clusters when the permeability is 0.10 × 10–3 μm2. The productivity characteristics are similar to those of 0.02 × 10–3 μm2, and the productivity is optimal when there are 5 clusters of fractures in the horizontal well section. The formation permeability increases, the threshold pressure gradient decreases, the effective stimulated area corresponding to each cluster of fractures increases, and the productivity increases. However, in the pressure fields with more than 3 clusters, the pressure drop areas between fractures overlap, and the overlapping part is the interference area between fractures. The crude oil here is difficult to produce, indicating that the cluster spacing at this time is not the optimal cluster spacing.
[image: Figure 5]FIGURE 5 | Analysis of productivity and pressure fields with different cluster numbers when permeability is 0.10 × 10–3 μm2 (A) Daily oil production curve of different numbers of clusters. (B) Cumulative oil production curve of different cluster numbers. (C) Pressure fields with different numbers of clusters.
Figures 6A–C respectively show the daily production, cumulative production (1 year), and pressure fields (15 days) under the conditions of different numbers of clusters when the permeability is 0.15 × 10–3 μm2. The number of clusters increases, the daily production increases, and the cumulative production increases. After increasing to four clusters, the cumulative production increases very little, indicating that the productivity is optimal when there are 4 clusters of fractures in the horizontal well section. The difference between the corresponding optimal production capacity (457.53 m3) and the optimal production capacity (457.28 m3) when the permeability is 0.10 × 10–3 μm2 is only 0.25 m3. The permeability increases, but the optimal productivity value is almost unchanged. This is because the interference area between the fractures increases, and the interference effect reduces the optimal productivity value.
[image: Figure 6]FIGURE 6 | Analysis of productivity and pressure fields with different cluster numbers when permeability is 0.15 × 10–3 μm2. (A) Daily oil production curve of different numbers of clusters. (B) Cumulative oil production curve of different cluster numbers. (C) Pressure fields with different numbers of clusters.
Figures 7A and B show the daily production and cumulative production (1 year) of different cluster numbers, when the permeability is 0.20 × 10–3 μm2. Figures 7C and D show the daily production and cumulative production (1 year) of different cluster numbers, when the permeability is 0.25 × 10–3 μm2. Figures 7E and F show the daily production and cumulative production (1 year) of different cluster numbers, when the permeability is 0.30 × 10–3 μm2. The optimal productivities of these three permeabilities are similar to those of 0.15 × 10–3 μm2, and the productivity is optimal when there are 4 clusters of fractures in a horizontal well section, but with the increase of permeability, the difference between the optimal productivity values is very small. Figure 8 shows the pressure fields of different cluster numbers for the three permeability conditions. The distribution characteristics of the pressure fields of the three types of reservoirs are similar. As the number of clusters increases, the overall stimulated area becomes larger. After increasing the number of clusters to 4, increasing the number of clusters can only improve the stimulation effect of the reservoir at the horizontal boundary of the section. Permeability increases, and the interference between fractures is stronger, which affects the convergence of crude oil in fractures. At the same time, the loss of stratum energy reduces the pressure drop gradient in the stimulated area, and the crude oil migration stops in the region where the pressure drop gradient is less than the threshold pressure gradient. So the permeability increases and the optimal productivity is not improved.
[image: Figure 7]FIGURE 7 | Analysis of productivity with different cluster numbers when the permeability is 0.20 × 10–3, 0.25 × 10–3, or 0.30 × 10–3 μm2. (A) Daily oil production curve of different numbers of clusters (0.20 × 10–3 μm2). (B) Cumulative oil production curve of different cluster numbers (0.20 × 10–3 μm2). (C) Daily oil production curve of different numbers of clusters (0.25 × 10–3 μm2). (D) Cumulative oil production curve of different cluster numbers (0.25 × 10–3 μm2). (E) Daily oil production curve of different numbers of clusters (0.30 × 10–3 μm2). (F) Cumulative oil production curve of different cluster numbers (0.30 × 10–3 μm2).
[image: Figure 8]FIGURE 8 | Analysis of pressure fields with different cluster numbers when permeability is 0.20 × 10–3, 0.25 × 10–3, or 0.30 × 10–3 μm2. (A) Pressure fields with different numbers of clusters (0.20 × 10–3 μm2). (B) Pressure fields with different numbers of clusters (0.25 × 10–3 μm2). (C) Pressure fields with different numbers of clusters (0.30 × 10–3 μm2).
In order to improve the optimal productivity, one has to increase the energy of the stratum, that is, to increase the stratum pressure of the shale oil reservoir by supplementing liquid or gas. However, due to the low permeability, economical and effective energy supplementation methods are not yet mature. The second is to reduce the interference between fractures which can slow down the consumption of stratum energy and prolong the time of oil migration. By adjusting the fracture parameters, such as cluster spacing, we can improve the optimal productivity. This study aimed to improve the productivity by adjusting the fracture parameters.
4.2 Optimum Cluster Spacing
The basic parameters of the model remain unchanged, the average permeability of the shale oil reservoir is 0.15 × 10–3 μm2, and there are four clusters of fractures in the horizontal well section. Cluster spacing between each fracture is equal. The oil productions in the horizontal well section of different types of cluster spacing were calculated, and the pressure fields were drawn.
4.2.1 Cluster Spacing Optimization for Uniform Fracture Distribution
The cluster spacing of plan one to plan five is 5, 10, 15, 20, 25, and 30 m, respectively, and the half-length of the fractures is 150 m.
From Figures 9A and B we can observe the following: the cluster spacing increases, and the daily production increases. The difference in the output is mainly reflected in the first 50 days of production, and the daily production curve almost overlaps after 50 days. If cluster spacing increases, the cumulative production increases. The productivity is optimal when the cluster spacing is 30 m. Figure 9C shows the pressure fields of fractures of different plans for 15 days. The cluster spacing of plan 1 and plan 2 is too small, so the stimulated areas of each cluster of fractures are highly overlapping, and the pressure value in the overall stimulated area is very low. Stratum energy consumption is too fast, resulting in insufficient seepage of crude oil into fractures, and artificial fractures have a poor stimulation effect on shale oil reservoirs. The pressure field of plan 3 can show the shape of four clusters of fractures, but the interference of fractures makes the crude oil in the overall stimulated area flow into the wellbore in the form of radial flow. Also, the seepage resistance is great, which reduces the degree of crude oil recovery. The effective stimulated area of fractures in the pressure field of plan 4 increases. This is because the cluster spacing increases, the interference between fractures is small, and the crude oil in the far-end fractures resumes linear flow. However, in the area of the fracture near the wellbore, there is still a characteristic of radial flow, and the stratum energy will also be lost. According to the pressure fields of plan 5 and plan 6, as the cluster spacing continues to increase, the interference effect of fractures decreases, the stimulated area of a single cluster of fractures increases, and the overall stimulated area expands. In plan 6, the stimulation effect of single-cluster fractures and the entire reservoir is the best, and the cluster spacing of 30 m is the optimal cluster spacing. At this time, the pressure gradually decreases outward along the stimulated area of each cluster fracture. As the main seepage channel of crude oil, the artificial fractures greatly promote the crude oil to overcome the constraints of the threshold pressure gradient and complete the migration process from the shale oil reservoir to the wellbore.
[image: Figure 9]FIGURE 9 | Analysis of productivity and pressure fields with different cluster spacing plans. (A) Daily oil production curve of different cluster spacing plans. (B) Cumulative oil production histogram of different cluster spacing plans. (C) Pressure fields of different cluster spacing plans (From left to right, plan 1, plan 2, plan 3, plan 4, plan 5, and plan 6).
4.2.2 Cluster Spacing Optimization for Non-Uniform Fracture Distribution
The simulation calculation scheme is shown in Table 1, and the half-lengths of the fractures are 150 m d01, d12, d23, d34, and d45, representing the spacing between the fractures from left to right.
TABLE 1 | Calculation scheme of different types of cluster spacing when each fracture cluster spacing is unequal.
[image: Table 1]From Figures 10A and B, we observed that the daily production curves corresponding to different cluster spacing types almost overlap, and the corresponding cumulative production differences are small, indicating that the distribution of several cluster spacing has little effect on productivity. Figure 10C shows the pressure fields of fractures of different plans for 15 days. When the cluster spacing is small, there is interference between fractures, and the effective stimulated area of a single cluster of fractures is reduced. When the cluster spacing is larger, the interference between fractures is weakened, and the effective stimulated area of a single cluster of fractures increases. According to the pressure fields, it can be judged that there is little difference in the overall stimulated area of different plans. In conclusion, when the number of fracture clusters is the same in each plan, and the sum of the cluster spacing is equal, the overall stimulation effect of artificial fractures on the reservoir in a horizontal well section is basically the same.
[image: Figure 10]FIGURE 10 | Analysis of productivity and pressure fields with different cluster spacing plans. (A) Daily oil production curve of different cluster spacing plans. (B) Cumulative oil production histogram of different cluster spacing plans. (C) Pressure fields of different cluster spacing plans (From left to right, plan 1, plan 2, plan 3, plan 4, plan 5, and plan 6).
4.3 Study on the Effect of Uniform Fracture Length
There are four clusters of fractures in a horizontal well section, the cluster spacing is 20 m, and the lengths of the fractures are the same. The half-lengths of plan 1 to plan 5 are 80, 100, 120, 140, 160 and 180 m, respectively.
Figures 11A and B show the daily production and cumulative production (1 year) of different fracture lengths. As the length of fractures increases, the daily production increases. The difference in output is mainly reflected in the first 150 days of production, and the daily production curve almost overlaps after 150 days. When the length of fractures increases, the cumulative production increases. While the fracture half-length is 180 m, the productivity is the largest. Figure 11C shows the pressure fields of fractures of different lengths for 15 days. As the length of fractures increases, the overall stimulated area becomes larger. In plan 1 and plan 2, the pressure decreases rapidly in the fractures and stimulated area. This is because the interference between fractures causes stratum energy consumption to be too fast. Also, the reservoir crude oil seeps in the form of radial flow. In plan three and plan 4, the fracture length increases, and the interference effect decreases. Among them, the pressure in plan 4 decreases the slowest, and the interference effect is the smallest. At this time, the crude oil in the far-end fractures seeps in a linear flow mode, and the crude oil in the fractures with a certain length in the center of the wellbore seeps in a radial flow mode. In plan 5 and plan 6, the increase of fracture length leads to the accelerated reduction of pressure in the central part of the stimulated area, and the interference between fractures is strengthened again, which hinders the linear flow of crude oil in the fractures and is not conducive to the production of crude oil. Plan 4 has higher productivity and less energy loss, so plan 4 corresponds to the optimal fracture length.
[image: Figure 11]FIGURE 11 | Analysis of productivity and pressure fields with different fracture lengths (A) Daily oil production curve of different fracture lengths. (B) Cumulative oil production histogram of different fracture lengths (C) Pressure fields of different fracture length plans (From left to right, plan 1, plan 2, plan 3, plan 4, plan 5, and plan 6).
4.4 Study on the Effect of Non-Uniform Fracture Length
The simulation calculation scheme is shown in Table 2. There are four clusters of fractures in a horizontal well section, and the cluster spacing is 20 m. Fracture 1, fracture 2, fracture 3, and fracture 4 are fractures from left to right.
TABLE 2 | Calculation scheme of different fracture lengths when each half-length is unequal.
[image: Table 2]From Figures 12A and B, we can see that the daily production curves corresponding to different fracture length types almost overlap, and the corresponding cumulative output differences are small. Figure 12C shows the pressure fields of fractures of different lengths for 15 days. The shapes of the stimulated areas of the four types are different, but the overall stimulated areas are similar in size. The crude oil at the far-end of the fracture flows linearly, and the crude oil near the wellbore of the fracture flows radially, and there is still interference between the fractures. In this calculation of parameter conditions, when the total length of the fractures in a horizontal well section is the same, the stimulation effect of the reservoir in the section is the same, that is, the productivity and the size of the stimulated area are similar.
[image: Figure 12]FIGURE 12 | Analysis of productivity and pressure fields with different fracture lengths. (A) Daily oil production curve of different fracture lengths. (B) Cumulative oil production histogram of different fracture lengths. (C) Pressure fields of different fracture length plans (From left to right, type 1, type 2, type 3, and type 4).
4.5 Study on the Effect of Fracture Conductivity
There are four clusters of fractures in a horizontal well section, the cluster spacing is 20 m, and the half-length of each fracture is 150 m. The conductivity value of each cluster of fractures is the same. The conductivity values of plan 1 to plan 8 are 5, 10, 15, 20, 25, 30, 35, and 40 D•cm, respectively.
From Figures 13A and B, we can see that as the fracture conductivity increases, the daily production increases. The difference in output is mainly reflected in the first 50 days of production, and the daily production curve almost overlaps after 50 days. When the fracture conductivity increases, the cumulative production increases. When the value of fracture conductivity increases to 20 D•cm, the cumulative production increases very little, indicating that 20 D•cm is the optimal fracture conductivity. Figure 13C shows the pressure fields of fractures of different fracture conductivities for 15 days. The greater the fracture conductivity, the larger the overall stimulated area is. But when the conductivity increases to 20 D•cm, the overall stimulated area does not change much by increasing the conductivity. Between each single cluster of fractures, the greater the conductivity, the stronger is the interference between the fractures, the faster is the pressure reduction in the fracture and the stimulated area, and the greater is the threshold energy loss. Therefore, considering the productivity and the stimulation effect of the reservoir, plan 4 corresponds to the optimal conductivity value.
[image: Figure 13]FIGURE 13 | Analysis of productivity and pressure fields with different fracture conductivities. (A) Daily oil production curve of different fracture conductivities. (B) Cumulative oil production curve of different fracture conductivities. (C) Pressure fields of different fracture conductivity plans (From left to right, plan 1, plan 2, plan 3, plan 4, plan 5, plan 6, plan 7, and plan 8).
4.6 Optimization Method of Fracture Parameters in a Horizontal Well Section
Shale oil reservoirs are tight, with strong heterogeneity and low stratum pressure. The multi-stage fracturing technology of horizontal wells is the key technology to develop such reservoirs. The reservoir properties of each stage of multi-stage fracturing are different. In this study, each stage of fracturing is taken as the research object, and the parameters of each cluster of fractures in the stage are optimized to achieve the best intra-stage stimulation effect. At this time, the fracture parameter design of each horizontal well section has differences and pertinence, which ensures the stimulation effect of the whole well. Taking the optimization of productivity as the basic goal, comprehensively considering the energy consumption of the stratum as the criterion for selecting fracture parameters, the optimal productivity is visually determined by daily production and cumulative production. Stratum energy is analyzed through the characteristics of the pressure field. First, the characteristics of energy consumption are determined according to the pressure change characteristics of the whole area in a horizontal well section. Second, the pressure change characteristics between each cluster of fractures and their affected areas reflect stratum energy consumption. Interference between fractures is the main analysis method in this part. Based on the analysis of the aforementioned two points, the fracture parameters are adjusted so that the overall reconstruction in the horizontal well section is sufficient, and the interference between fractures is minimized. It is a difficult problem to maintain the long-term stable production of horizontal wells in shale oil reservoirs. Through the design of fracture parameters in the early stage, the interference between fractures can be reduced, which helps crude oil to maintain linear flow in the fractures and their stimulated areas and reduce the energy consumption of the stratum. This not only improves economic efficiency but also saves energy and protects the environment.
5 CONCLUSION
In this study, a mathematical model of multi-stage fracturing horizontal well seepage under non-Darcy conditions in shale oil reservoirs was established, the solution was completed, and the calculation method of horizontal well pressure field and productivity was given. The optimization method of fracture parameters in the shale oil reservoir in the study area is formed. From this study, we can conclude the following:
When the permeability is 0.02 × 10–3∼0.10 × 10–3 μm2, the optimal number of clusters in a horizontal well section is 5. When the permeability is 0.15 × 10–3∼0.30 × 10–3 μm2, the optimal number of clusters in the horizontal well section is 4. The number of clusters in a horizontal well section increases, and the overall stimulated area increases. However, when the number of clusters increases to a certain value, the increase in productivity is very small, and the interference of fractures accelerates the loss of stratum energy, causing the pressure drop gradient in some areas to be smaller than the stratum gradient and hindering the migration of crude oil.
The optimal cluster spacing is 30 m when each fracture cluster spacing is equal. When the cluster spacing is small, the crude oil seeps in the radial flow into the stimulated area. With the increase of cluster spacing, the interference effect of fractures decreases, the seepage resistance decreases, and crude oil seeps in a linear flow mode at the far end of the fractures, which improves the effectiveness of artificial fractures. When the cluster spacing is 30 m, the productivity is optimal, and the energy loss is the smallest. When each fracture cluster spacing is unequal, the distribution of several cluster spacing has little effect on the stimulation effect. When the number of fracture clusters is the same and the sum of the cluster spacing is equal, the overall stimulation effect of artificial fractures on the reservoir in a horizontal well section is basically the same.
When the length of each fracture is the same, the optimal fracture half-length is 140 m. When the fracture length is small, the interference between fractures is strong, and the energy consumption of the reservoir is fast. After increasing the fracture length, the effectively stimulated area increases, the interference effect of fractures is weakened, the energy loss is reduced, and a linear flow pattern appears in the far-end fractures. When the fracture half-length exceeds 140 m, the central interference area expands again, the increase in productivity becomes very small, and the energy loss increases. Therefore, the optimal half-length is 140 m. When each fracture length is unequal, the distribution of several lengths has little effect on the stimulation effect. When the number of fracture clusters is the same and the total length of the fractures in a horizontal well section is the same, the stimulation effect of the reservoir in the horizontal well section is basically the same.
When the conductivity of each fracture is the same, the optimal conductivity is 20 D•cm. When the fracture conductivity increases, the overall stimulated area increases, but when it exceeds 20 D•cm, the overall stimulated area remains unchanged. The conductivity increases, the interference between fractures increases, the central interference area expands, and the energy consumption increases. Therefore, the conductivity value should not be too large. Considering the productivity and the stimulation effect, it is concluded that 20 D•cm is the optimal conductivity.
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