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Fractures are developed in fractured carbonate reservoirs. Traditional fracture characterization methods and seepage mathematical models cannot accurately describe the complex spatial distribution of large-scale fractures and their stress sensitivity, and do not consider the two-phase seepage of oil and gas, resulting in the dynamic analysis results have large errors. Aiming at this problem, a two-phase seepage model of oil and gas in fractured carbonate reservoirs considering stress sensitivity is established in this paper, and the semi-analytical solution of the model is obtained by using three-dimensional source function theory and finite difference method. The accuracy of the model is verified by comparison with commercial numerical simulation software, the production performance curve of oil and gas two-phase is drawn, and the influence of key seepage parameters of reservoirs and fractures on production performance is analyzed. The results show that the hybrid solution method of 3D source function and finite difference can realize the accurate and efficient solution of 3D discrete fracture oil and gas two-phase seepage model. The stress sensitivity effect leads to serious loss of fracture permeability and increase of fluid seepage resistance, which seriously affects the production of oil wells. The greater the fracture permeability, the higher the initial value of production, and the higher the position of the production curve. The longer fracture length, the higher the production curve in the early and middle production stages, and the slower the production decline.
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1 INTRODUCTION
In recent years, with the deepening of exploration and development, many fractured carbonate volatile oil reservoirs have been discovered and show huge resource potential (Zhou and Yang, 2012; Yang et al., 2018), the reservoir pressure is lower than the bubble point pressure and degassing occurs, which seriously affects the productivity of the oil well (Sun et al., 2022a). Affected by diagenesis and tectonic processes, such reservoirs usually have dense matrix and uneven fracture development. Large-scale natural fractures are generally developed near faults, and are usually distributed discontinuously. Such fractures are not only important flow channels but also storage spaces (Zhang et al., 2017). In addition, a large number of studies have shown that the fracture system of such reservoirs exhibits strong stress sensitivity (Yang et al., 2009; Li et al., 2014; Li and Shao, 2017), and the stress sensitivity effect has a serious negative effect on the fluid seepage ability, which directly affects the stable production ability of the oil well. Therefore, fracture seepage parameters, oil and gas two-phase flow characteristics, and stress-sensitive effects are the key factors affecting the accurate prediction of the productivity of fractured carbonate volatile oil reservoirs, which should be considered in the productivity evaluation model.
At present, the productivity prediction methods of carbonate reservoirs mainly include analytical, semi-analytical and numerical simulation methods. The analytical method is usually based on the steady-state seepage theory, and uses the point-sink method and the superposition principle of potential to establish the productivity calculation model of carbonate oil and gas wells (Sun et al., 2022b). For carbonate reservoirs, the development process is in an unsteady flow stage for a long time. The productivity equation established based on the steady-state seepage theory cannot truly reflect the production process of the gas reservoir, and most of the analytical models are based on multi-media models (Pallav and Khalid, 2006; Jia et al., 2016; Shi et al., 2018). The multi-media model considers fractures as the main seepage channel, matrix as the main reservoir space, and quasi-steady or unsteady channeling to the natural fracture system at the same time, the fractures and the matrix system are continuously and uniformly distributed, and the fractures The characteristic parameters of cannot be shown to characterize, and this method is not suitable for fractured carbonate reservoirs. Many semi-analytical methods are mainly based on two-dimensional discrete models (Hazlett and Babu, 2014; Zhou et al., 2014; Fang et al., 2015), and the characteristic parameters of each fracture in the reservoir can be explicitly represented. In order to improve the calculation efficiency, the idea of reducing the dimension is usually adopted to simplify the number of fractures meshes, considering that the fractures are distributed in two-dimensional space, and the inside of the fractures is a one-dimensional flow problem. Although the discrete processing of the fracture system in the two-dimensional space can improve the computational efficiency to a certain extent, the description of large-scale three-dimensional fracture characteristics lacks authenticity. Therefore, the mathematical model of seepage established from this is difficult to accurately describe the real flow state of the reservoir. In addition, these analytical and semi-analytical methods are only suitable for the productivity prediction of single-phase fluids. For the two-phase flow of oil and gas during the development of fractured carbonate reservoirs, due to the serious nonlinearity of the mathematical model itself, the above models are no longer applicable. Numerical simulation methods can explicitly characterize the parameters of artificial fractures and deal with multiphase fluid flow problems (Zhang et al., 2015; Zhang et al., 2018; Sun et al., 2022c), but the preprocessing process of numerical simulation methods is complicated. As a result, the number of grids is huge, and the calculation timeliness is low when dealing with thousands of case studies. In a word, the difficulties in accurately predicting the productivity of fractured carbonate oil wells are mainly manifested in: first, it is difficult to characterize and simulate large-scale fractures; second, it is difficult to simulate oil and gas two-phase flow and stress sensitivity. Therefore, it is urgent to establish an efficient and accurate oil and gas two-phase seepage model in fractured carbonate reservoirs to clarify the production performance characteristics of oil wells under complex seepage conditions.
In this paper, a three-dimensional discrete fracture oil and gas two-phase seepage model considering the stress sensitivity of large-scale fractures is studied. In order to further approximate the real state of large-scale fractures in the reservoir, the large-scale fractures are discretized into several micro-elements. The mathematical model of seepage in discrete fractures is established, and by coupling the reservoir flow model, a three-dimensional discrete fracture oil and gas two-phase seepage mathematical model and a semi-analytical solution method are formed. The accuracy of the model is verified by comparison with commercial numerical simulation software, and the influence of fractures and key reservoir seepage parameters on productivity prediction is analyzed based on the semi-analytical model studied.
2 MATHEMATICAL METHODS
2.1 Model assumptions
Considering large-scale fractures as three-dimensional discrete fractures with limited conductivity, the reservoir is equivalent to a single medium, and the physical model diagram is shown in Figure 1. Reservoir fluids include oil and gas phases, and gas dissolved in oil is represented by the dissolved gas-oil ratio (Rs). A vertical well is drilled in a large-scale fracture and produces at a constant pressure. The large-scale fracture only intersects with the perforation of the well, and other sections of the well are closed, that is, it is assumed that the fluid flows into the wellbore only through the large-scale fracture, and some other basic assumptions as follows:
(1) The reservoir is closed at the top, bottom and sides;
(2) Two-phase flow of oil and gas is considered in large-scale fractures, and the flow of fluid in three-dimensional fractures is a two-dimensional problem, and the flow in reservoirs is a three-dimensional problem;
(3) Consider the permeability stress sensitivity of large-scale fractures;
(4) The fluid flow in the matrix and fractures conforms to the isothermal Darcy flow;
(5) The effects of gravity and capillary forces are ignored.
[image: Figure 1]FIGURE 1 | Physical model diagram of 3D discrete fracture.
2.2 Mathematical model
The flow from the reservoir to the wellbore is regarded as composed of two parts: the reservoir flow and the large-scale fracture flow. The mathematical model of seepage of each system will be established in the following, and then the pressure and flow will be used to couple the reservoir and large-scale fractures in the continuous condition of the fracture surface. The flow equation of fractures forms a three-dimensional discrete fracture seepage mathematical model and a semi-analytical solution method.
2.2.1 Mathematical model of oil and gas two-phase seepage in fractured system
Introducing the permeability modulus, considering the permeability of stress-sensitive large-scale fractures as:
[image: image]
According to previous research (Wang et al., 2021a), combined with Eq. 1, the differential equation of oil phase seepage in fracture system can be obtained as:
[image: image]
The gas-phase seepage differential equation is:
[image: image]
Initial conditions
[image: image]
The wellbore production conditions are (Peaceman, 1983):
[image: image]
[image: image]
[image: image]
In the formula, [image: image] is the initial reservoir pressure, MPa; [image: image] is the large-scale fracture pressure, MPa; [image: image] is the wellbore pressure, MPa; [image: image] is the initial permeability of the large-scale fracture, mD; [image: image] is the large-scale fracture permeability, mD; [image: image] is the relative permeability of the oil phase; [image: image] is the relative permeability of gas phase; [image: image] is the inherent porosity of large-scale fractures; t is time, d; [image: image] is the width of large-scale fractures, m; [image: image] represents the oil phase production per unit volume of matrix to fracture microelements, 1/d; [image: image] Oil production per unit volume of the wellbore, d−1; [image: image] gas production per unit volume of fracture microelements to the wellbore, d−1; Bo is the crude oil volume coefficient, m3/m3; Bg is the gas volume coefficient, m3/m3; μ o is crude oil viscosity, mPa·s; μg is gas viscosity, mPa·s; [image: image] oil phase saturation; [image: image] gas phase saturation; [image: image] represents the dissolved gas-oil ratio, m3/m3. [image: image] is the equivalent radius, m; [image: image] is the wellbore radius, m; is the large [image: image] scale fracture permeability modulus, MPa−1; β is the conversion coefficient; ε and ξ represent the two directions of the fracture surface [image: image]; Indicates [image: image] the height of the crack cell, m.
2.2.2 Mathematical model of reservoir seepage
The partial differential equation for seepage control in a single-medium reservoir in a rectangular closed formation is:
[image: image]
Initial conditions:
[image: image]
Outer boundary conditions:
Along the x-coordinate direction
[image: image]
Along the y-coordinate direction
[image: image]
Along the z coordinate direction
[image: image]
In the formula, [image: image] is the pseudo-pressure of the matrix system, MP a; [image: image] is the matrix permeability, mD; [image: image] is the matrix porosity; [image: image] represents the comprehensive compressibility of the matrix system, MPa−1; x e is the distance from the outer boundary in the x direction, m; ye is the outer boundary distance in the y direction, m; ze is the outer boundary distance in the z direction, m; [image: image] is the position coordinate of the point source; δ () is the Dirac function.
2.3 Solution of seepage mathematical model
2.3.1 Numerical solution of oil and gas two-phase flow in fractured system
Divide the large-scale fracture into several micro-elements, and use the numerical discretization method to discretize the seepage differential equation of the large-scale fracture system in time and space. Taking the fracture micro-element (i, j) as an example, the oil phase seepage differential equation is transformed into
[image: image]
The gas phase equation simplifies to
[image: image]
In the formula, [image: image] is a two-dimensional array, and its value is the index of the fracture micro-element adjacent to the fracture micro -element [ [image: image] i, j], representing the volume flow of the matrix to the fracture micro-element, m3/d; [image: image], [image: image] represent the oil production and Gas production, m3/d; [image: image] indicates the volume of fracture microelements, m3.
The stress-sensitive term is explicitly processed, updated by the pressure value calculated at the current time step, and included in the conductivity term as a whole.
[image: image]
[image: image]
In the formula, G represents the geometric conductivity, which is usually calculated by harmonic mean:
[image: image]
[image: image]
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Simplify the right-hand terms of Eqs 13, 14 (Jia et al., 2017) to obtain a simplified form of the oil-gas two-phase differential equation, in which the oil phase equation is transformed into
[image: image]
The gas phase equation is
[image: image]
In the formula, [image: image] and [image: image] represent the conductivities of oil and gas phases between fracture microelements (i, j) and adjacent fracture microelements at the n + 1th time step, respectively.
The boundary conditions are discretely processed as follows:
[image: image]
[image: image]
where [image: image] is the conductivity of the gas phase between the wellbore and the adjacent fracture micro-elements.
Eqs 20, 21 are established for [image: image] a crack micro-element, which contains two [image: image] equations and two unknowns the same time, the matrix equation can be expressed as
[image: image]
Among them,
[image: image]
[image: image]
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2.3.2 Analytical solution of reservoir flow
At present, for the research of three-dimensional point source function in real space, most of them are obtained by the Newman (Wang et al., 2021b) product method. The fracture element is regarded as a surface source, and the point source solution is integrated by curve, and the fracture surface pressure solution can be obtained:
[image: image]
According to the superposition principle, the pressure drops generated by all fracture micro-elements to any point in the three-dimensional space is:
[image: image]
To simplify the form of the equation, let
[image: image]
Eq. 30 into Eq. 29, we have
[image: image]
At the current time step, the pressure generated by the joint action of all fracture micro-elements on the g-th segment fracture micro-element is:
[image: image]
Applying Eq. 32 to all fracture elements, the solution matrix equation of the matrix system flow equation can be obtained:
[image: image]
[image: image]
[image: image]
2.3.3 Discrete fracture-reservoir flow coupling solution
Combined with the two-phase flow equations of oil and gas in the fracture system and the flow equations in the matrix system, the reservoir and fracture seepage models are coupled to solve the equations:
[image: image]
At the fracture surface, the pressure and flow are continuous, and there are
[image: image]
[image: image]
Combining Eqs 36–38, the coupling solution matrix of the three-dimensional discrete fracture oil and gas two-phase seepage model can be formed.
3 ANALYSIS OF PRODUCTION DYNAMIC CHARACTERISTICS
3.1 Model validation
This section verifies the accuracy of the theoretical model by comparing it with the calculation results of the commercial numerical simulation software Eclipse. First, a three-dimensional vertical fracture numerical model as shown in Figure 2 was established using commercial numerical simulation software. Secondly, the 3D discrete fracture system and the matrix system are partitioned, and then the stress sensitivity of the 3D discrete fracture system is considered. Figure 3 shows the relationship curve of fluid high-pressure physical property parameters, and Figure 4 shows the relative permeability curve of oil and gas two-phase in the fracture system. The reservoir, fluid, and fracture-related parameters used for both methods are summarized in Table 1. The initial formation pressure is set higher than the bubble point pressure, so the initial fluid in the reservoir is oil phase; the production well produces at a constant bottom hole pressure.
[image: Figure 2]FIGURE 2 | Schematic diagram of fracture distribution and discretizing for numerical simulation.
[image: Figure 3]FIGURE 3 | Curves of oil properties versus pressure.
[image: Figure 4]FIGURE 4 | Relative permeability curve used for numerical model and semi-analytical model.
TABLE 1 | Input parameters of reservoir, fluid and fracture used for model verification.
[image: Table 1]Figure 5 shows the comparison results between the model in this paper and the numerical simulation method. It can be seen that the production dynamic curves of the two methods are in good agreement. Except for a little deviation in the early stage, the degree of agreement in other stages is high, and the overall fitting error is in the engineering within the allowable range of error. Notably, although complex numerical formulas are utilized in the proposed numerical model, the model can be solved analytically, ensuring its fairly high computational performance.
[image: Figure 5]FIGURE 5 | Comparison of the proposed model and other methods.
3.2 Parameter sensitivity analysis
After verifying the accuracy of the theoretical model, based on the semi-analytical model studied, the influence of stress sensitivity coefficient, fracture half-length and fracture half-height parameters on the oil and gas two-phase production dynamic curve of the three-dimensional discrete fracture model is mainly analyzed, and the basic parameters are input to the model. All are listed in Table 1, and the value range of each sensitivity parameter is shown in Table 2.
TABLE 2 | Range of sensitivity parameters.
[image: Table 2]Figure 6 reflects the effect of fracture permeability stress sensitivity on the three-dimensional discrete fracture oil and gas two-phase production performance curve, and the magnitude of permeability modulus just reflects the strength of fracture permeability stress sensitivity. It can be seen from Figure 6 that the change of fracture permeability will affect the development process of the entire reservoir, especially in the early and middle production stages. In addition, the stronger the fracture stress sensitivity, the lower the oil and gas production curve position, and the faster the production decline rate. This is mainly because the strong stress sensitivity leads to a serious loss of fracture permeability, an increase in fluid seepage resistance, and more oil and gas cannot be produced, which eventually leads to a decrease in oil and gas production and a faster decline in production.
[image: Figure 6]FIGURE 6 | Effect of perm e ability modulus on production dynamic curves.
Figure 7 reflects the influence of the fracture half-length on the three-dimensional discrete fracture oil-gas two-phase production performance curve. It can be found that the change of fracture length affects the whole development stage, especially the early production stage. From the oil and gas two-phase production curves under different fracture half-lengths shown in Figure 7, it can be seen that the larger the fracture half-length, the larger the initial value of oil and gas two-phase production, and the more upward the production curve moves. This is mainly because the longer the fracture length is, the larger the linear seepage area of the fracture is. Under the production condition of constant bottom-hole flow pressure, production can be maintained with a small production decline, so the production curve moves upward.
[image: Figure 7]FIGURE 7 | Effect of fracture half-length on production dynamic curves.
Figure 8 shows the effect of fracture half-height on the three-dimensional discrete fracture oil and gas two-phase production dynamic curve. Similar to the effect of fracture half-length on production performance, the change of fracture height has an impact on the entire production stage, especially in the early stage. As the fracture height increases, the initial value of oil and gas two-phase production increases, and the production curve moves upward. This is mainly because the larger the fracture height, the larger the linear seepage area of the fracture, and under the production condition of constant bottom-hole flow pressure, production can be maintained through a small production decline, so the production curve moves upward.
[image: Figure 8]FIGURE 8 | Effect of fracture half-height on production dynamic curves.
4 CONCLUSION
Dynamic response characteristics of oil and gas two-phase production in fractured carbonate reservoirs are obtained. Through the research of this paper, the following conclusion are mainly obtained:
(1) The fracture heterogeneity in carbonate reservoirs is relatively large, and the spatial distribution and flow characteristics of actual three-dimensional fractures can be reflected only by discrete treatment of fractures. Moreover, by combining the finite difference method and the point source function theory, the effective solution of the three-dimensional discrete fracture oil-gas two-phase seepage mathematical model can be achieved.
(2) The stress-sensitive effect leads to a serious loss of fracture permeability and an increase of fluid seepage resistance, which seriously affects the productivity of oil wells in fractured weakly volatile carbonate reservoirs.
(3) The key seepage parameters of fractures play an important role in the two-phase production performance of oil and gas in fractured carbonate reservoirs. The larger the fracture half-length and fracture half-height, the higher the production curve in the early and middle production stages. Production declines more slowly.
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