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Abstract

:

The production potential of highly deviated wells cannot be fully realized by conventional acid fracturing, as it can only generate a single fracture. To fully enhance the productivity of highly deviated wells, it is necessary to initiate multiple fractures along a prolonged well section to ensure the optimal number of fractures, thereby maximizing the economic returns post-stimulation. Thus, the number of fractures is a crucial parameter in the acid fracturing design of highly deviated wells. Considering factors such as the random distribution of natural fractures within the reservoir and interference between fractures during production, and, based on the oil–water two-phase flow equation, a three-dimensional reservoir–fracture production coupling model and its seepage difference model are established to simulate the production performance of highly deviated wells under varying conditions, including the number of fractures, fracture spacing, and conductivity parameters. A numerical model for the number of acid fracturing fractures in highly deviated wells is also established, in conjunction with an economic evaluation model. The simulation results indicate that the daily oil production of highly deviated wells increases with the increase in fracture number, fracture conductivity, fracture length, and reservoir permeability. However, over time, the daily oil production gradually decreases. Similarly, the cumulative production also increases with these parameters, but shows a downward trend over time. By conducting numerical simulations to evaluate the productivity and economy of highly deviated wells post-acid fracturing, it is determined that the optimal number of fractures to achieve maximum efficiency is six. The reliability of this result is confirmed by the pressure distribution cloud map of the formation after acid fracturing in highly deviated wells.
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1. Introduction


To optimize the productivity of highly deviated wells post-fracturing, leverage their full potential, and enhance economic returns, it is essential to optimize the number of fractures in such wells [1,2,3,4].



As a result of the widespread adoption of horizontal well production technology in the 1980s, numerous studies have been conducted to optimize the number of hydraulic fractures in horizontal wells [5,6,7,8], resulting in its extensive application. The fundamental concept is to concentrate on analyzing the production capacity of multiple fractures (or multiple natural fractures) post-horizontal well fracturing, in tandem with evaluating the fracturing’s economic implications, with the objective of optimizing the number of fractures in horizontal wells [9,10,11,12]. Norris [13] presented a typical curve that enables the accurate prediction of horizontal well productivity, especially in single-phase porous media with multiple finite conductivity vertical fractures. Karcher et al. [14] examined the productivity of multiple fractures with infinite conductivity and introduced a calculation model to determine the production rate enhancement ratio under steady state conditions. In their study, Soliman et al. [15] established an early production model for horizontal wells with multiple finite conductivity fractures in an infinite thick reservoir. Simulation results reveal that high conductivity fractures can effectively mitigate the additional pressure drop due to the convergence of the flow lines in the vicinity of the horizontal well. According to the equation of steady state fluid flow, M.J. Economides [16] introduced a technique to estimate the productivity of oil wells by computing the pressure drop equation along the horizontal wellbore. Hegre [17] effectively clarified the correlation between the wellbore radius, fracture conductivity, fracture size, wellbore radius, fracture number, and fracture spacing, and successfully predicted the productivity of horizontal wells with lateral or vertical fractures using simulations. He introduced the notion of equivalent bore radius and conductivity correction to effectively address the problem of single-phase flow in horizontal wells. Roberts et al. [18] employed a non-Darcy flow model to simulate and assess the productivity of multiple fractures in a tight gas reservoir, concluding that the near-wellbore throttling effect would result in a significant decrease in production. When horizontal well production reaches a quasi-steady state, Guo et al. [19,20] introduced a prediction model for the productivity of multiple natural vertical fractures in a horizontal well with vertical distribution. Soliman et al. [21] examined the lateral or vertical fractures and introduced a production model for fractured horizontal wells under constant pressure conditions. Rajagopal [22] developed a mathematical model to depict the pressure dynamics of multiple fractures intersecting vertically within a horizontal well. Guo et al. [23] formulated an optimization model for the number of horizontal well fractures. They modeled the productivity of multiple fractured horizontal wells and combined it with a fractured economic assessment.



In recent years, many research efforts have been devoted to the optimization of fracture designs for highly deviated and horizontal wells. Roussel et al. [24] established a comprehensive optimization approach for hydraulic fracturing optimization of multiple fractured horizontal wells. Based on NPV (Net Present Value) maximization, they explain a methodology to help design engineers optimize several decision variables that are critical for the design of fracture treatments for unconventional reservoirs. Sun et al. [25] developed a fracture network with fractal-based techniques and demonstrated the feasibility of gridding complex natural fracture behavior with optimization-based unstructured meshing algorithms. Manriquez et al. [26] performed a novel approach to characterize reservoir and fracture pressures along the horizontal section of a well drilled in the Southwest part of the Eagle Ford unconventional shale play. Taghichian et al. [27] presented a geo-mechanical optimization procedure for toughness-dominated and viscosity-dominated regimes, based on the proposed equations that can be used for the estimation of different optimal fracturing patterns. Their optimization procedure can provide optimal simultaneous multi-stage hydraulic fracture treatment with no bias or collapse, no fracture trapping, the highest possible propagation potential in hydrocarbon-producing shale layers, and predictive proppant type/size decisions and fracture conductivity for proppant fractures. McClure et al. [28] presented a modeling study to investigate key physical processes and design considerations for a geothermal system created from multistage hydraulic stimulation, and the simulations demonstrate the impressive potential for geothermal energy production from multistage hydraulic stimulation.



These methods are primarily designed for horizontal well fracturing. The models that have been developed encompass both analytical and numerical aspects. However, the factors considered in these models are relatively degenerate. Due to their longer displacement length and capacity to traverse a wide range of reservoir horizons with diverse properties, horizontal wells are considered a special breed of highly deviated well. Therefore, optimizing the number of fractures in highly deviated well fracturing is more involved than in horizontal well fracturing and requires a more comprehensive examination of the factors involved. However, the optimization of the number of fractures in highly deviated well fracturing can also benefit from research ideas and methods used in horizontal well fracturing. Highly deviated well fracturing is a multi-fracture design that involves optimizing the number of fractures to achieve maximum economic efficiency in highly deviated well production. The distance between the fractures and the conductivity of the reservoir can affect the drainage radius between the fractures during production. Therefore, the determination of fracture spacing should not only avoid mutual interference during fracture initiation and propagation, but also minimize pressure interference during early production. Optimizing the number of fractures is a primary issue that must be accurately identified in the design of highly deviated well fracturing, in order to provide a reliable basis for the choice of fracture fluid scale and construction parameters.



In view of the unique characteristics of highly deviated wells, in this study we construct 3D equations for the oil–water two-phase flow in fractured reservoirs and their corresponding difference equations, based on an embedded discrete fracture model. Considering factors such as the random distribution of natural fractures in the reservoir and inter-fracture interference during fracture, this study numerically models the productivity of multiple fractures with different numbers, geometries, and spacing after the fracture of a highly deviated well. Combining this with an economic evaluation model for fracturing, a numerical model is established to optimize the number of fractures in highly deviated well fracturing, providing reliable data for the optimization of fracturing fluid scale and operation parameters, thus achieving the best economic results from the production increase and modification of the reservoir.




2. Three-Dimensional Reservoir–Fracture Productivity Coupling Model


The three-dimensional coupled model of oil reservoir and fracture productivity comprises the reservoir matrix flow model, fracture flow model, and the flow exchange model between fractures and the reservoir matrix. The reservoir matrix flow model and fracture flow model are, respectively, two-dimensional and one-dimensional models. In the construction of the flow exchange model between fractures and the reservoir matrix, an embedded discrete fracture model was employed [29,30]. This model, when addressing the flow exchange between fractures and the reservoir, offers significant advantages. It allows for the establishment of the relationship between fractures and the reservoir without the need for local grid refinement, thus reducing the complexity of grid division, the number of grids, and model solution time.



2.1. Assumptions and Physical Model


The black oil model in the reservoir numerical simulation is a fully implicit, three-dimensional, and three-phase general model. The widely used black oil model has been employed in numerical simulations of pressure-induced productivity in highly deviated wells, considering the actual condition of the reservoir in which the highly deviated well is located. A schematic diagram of the physical model of the high-inclination trap is shown in Figure 1, which is derived from the following assumptions:




	(1)

	
The reservoir is rectangular in shape and the fluid within it is in an isothermal state of percolation.




	(2)

	
The reservoir pressure is consistently larger than the saturation pressure, and there is no unconfined gas within the reservoir. The fluid inside the reservoir adheres to a two-phase flow of oil and water, following the Darcy flow regime.




	(3)

	
Highly deviated wells are primarily cemented, disregarding the effect of the borehole on production, and relying solely on perforations or fractures for production.




	(4)

	
The fracture fully penetrates the production layer and is symmetrically distributed around the center of the production layer, regardless of the transverse permeability of the reservoir. However, vertical gravity and the permeability of the production layer must be taken into account.




	(5)

	
During the simulation evaluation, the fracture is considered as a component of the reservoir, and fracture amplification is employed to introduce the fracture directly into the reservoir for immediate simulation.










2.2. Embedded Discrete Fracture Model


The embedded discrete fracture model (EDFM) is a method to simplify the meshing of the solution region of the fracture flow process by dimensionality reduction [31]. The reservoir simulated in this paper is a two-dimensional plane model, so the fractures are treated as one-dimensional. According to the principle of EDFM, the two-dimensional reservoir can use an orthogonal structured grid to discretize the reservoir area, while the corresponding fractures, which are treated as one-dimensional, are divided into multiple line segment units by the reservoir grid interface. These line segment units are considered as “line source sink items” embedded within the continuous matrix. Currently, the reservoir and fractures each utilize distinct grid systems. The reservoir employs an orthogonal structured grid, while the fractures are represented by a line segment grid. The model construction for each is illustrated in Figure 2. In practical scenarios, fractures possess a specific width and separate the matrix along their length, rendering the matrix on either side of the fracture discontinuous. In the EDFM framework, fractures, now considered one-dimensional, no longer maintain their actual width. The embedded fractures do not actually intersect the matrix but exist as “line source sink terms,” preserving the continuity of the matrix on either side of the fracture. The true physical volume of the fracture is redefined within a distinct grid system.



Through fracture identification techniques (such as seismic, logging, and outcrop core observation), the original data of natural fracture distribution in the reservoir are obtained. By employing probability statistics methods, the statistical analysis of this data is conducted to derive the parameters of the natural fracture distribution. Subsequently, software equipped with various probability distribution functions is utilized for programming to generate the plane model of the discrete fracture network within the reservoir model, as illustrated in Figure 3.




2.3. Three-Dimensional Single-Fracture Percolation Model for Oil and Water Phases


The effects of gas are not considered for the oil and water phases based on physical models of borehole fracture systems in highly deviated wells and associated assumptions. The physical parameters of the reservoir vary from one production zone to another, due to the lengthy borehole displacement and the numerous production zones traversed. In view of these circumstances, in this paper we use a 3D model of oil–water two-phase percolation to model the production performance of a reservoir after stimulation:


    V   o   = −   K   K   r o       μ   o     ( ∇   P   o   −   γ   o   ∇ D )  



(1)






    V   w   = −   K   K   r w       μ   w     ( ∇   P   w   −   γ   w   ∇ D )  



(2)




where Vo and Vw are the oil phase and water phase flow velocities, respectively, m/s. K is the air permeability of a low permeability core, m2. Kro and Krw are the relative permeability of the oil and water phases, respectively. μo and μw are the viscosity of the oil and water phases, respectively, Pa·s. Po and Pw are the starting pressure gradient of the oil and water phases, respectively Pa/m. D is the pressure gradient of gravity, Pa/m.     γ   o     and     γ   w     are the relative density of the oil and water phases, respectively, Dimensionless.



Based on the principle of matter balance, the equations for the matter balance of the oil–water two-phase are given as follows:


  − ∇ (   ρ   o     V   o   ) =   ∂ ( φ   ρ   o     S   o   )   ∂ t    



(3)






  − ∇ (   ρ   w     V   w   ) =   ∂ ( φ   ρ   w     S   w   )   ∂ t    



(4)




where,   φ   is the porosity, %. So and Sw are the oil saturation and water saturation, respectively.     ρ   o     and     ρ   w     are the relative density of the oil and water phases, respectively, kg/m3.



By combining Equations (1) and (4), we derive the differential equation for the oil–water two-phase flow:



Percolation equation for the oil phase:


  ∇     K   K   r o     ρ   o       μ   o       ∇   ρ   o   −   γ   o g   ∇ D     =   ∂   φ   ρ   o     S   o       ∂ t    



(5)







Seepage equation for the water phase:


  ∇     K   K   r w     ρ   w       μ   w       ∇   ρ   w   −   γ   w   ∇ D     =   ∂   φ   ρ   w     S   w       ∂ t    



(6)







After developing a 3D oil–water two-phase flow model for highly deviated wells, the key trick is to determine an efficient method to solve the reservoir flow model.




2.4. The Mathematical Model for the Phase Difference in Oil within Three-Dimensional Reservoirs


By utilizing the IMPES (IMplicit Pressure Explicit Saturation) method, the oil phase (Formula (5)) of the three-dimensional two-phase flow model undergoes spatial differentiation, resulting in the derivation of the given equation after simplification and rearrangement.


    1   Δ   X   i             K   K   r o     ρ   o       μ   o         i +   1   2     n         P   i + 1   n + 1   −   P   i   n + 1     Δ   X   i +   1   2       −   γ   o i +   1   2     n       D   i + 1   −   D   i     Δ   X   i +   1   2           +       K   K   r o     ρ   o       μ   o         i −   1   2     n         P   i − 1   n + 1   −   P   i   n + 1     Δ   X   i −   1   2       −   γ   o i −   1   2     n       D   i − 1   −   D   i     Δ   X   i −   1   2             +   1   Δ   Y   j             K   K   r o     ρ   o       μ   o         j +   1   2     n         P   j + 1   n + 1   −   P   j   n + 1     Δ   Y   j +   1   2       −   γ   o j +   1   2     n       D   j + 1   −   D   j     Δ   Y   j +   1   2           +       K   K   r o     ρ   o       μ   o         j −   1   2     n         P   j − 1   n + 1   −   P   j   n + 1     Δ   Y   j −   1   2       −   γ   o j −   1   2     n       D   j − 1   −   D   j     Δ   Y   j −   1   2             +   1   Δ   Z   k             K   K   r o     ρ   o       μ   o         k +   1   2     n         P   k + 1   n + 1   −   P   k   n + 1     Δ   Z   k +   1   2       −   γ   o k +   1   2     n       D   k + 1   −   D   k     Δ   Z   k +   1   2           +       K   K   r o     ρ   o       μ   o         k −   1   2     n         P   k − 1   n + 1   −   P   k   n + 1     Δ   Z   k −   1   2       −   γ   o k −   1   2     n       D   k − 1   −   D   k     Δ   Z   k −   1   2             =   1   Δ t         φ   ρ   o     S   o       n + 1   −     φ   ρ   o     S   o       n      



(7)




where


     T   x o i +   1   2     =   Δ   Y   j   Δ   Z   k     Δ   X   i +   1   2               K   K   r o     ρ   o       μ   o         n     i +   1   2       ,     T   x o i −   1   2     =   Δ   Y   j   Δ   Z   k     Δ   X   i −   1   2               K   K   r o     ρ   o       μ   o         n     i −   1   2       










     T   y o j +   1   2     =   Δ   X   i   Δ   Z   k     Δ   Y   j +   1   2               K   K   r o     ρ   o       μ   o         n     j +   1   2       ,     T   y o j −   1   2     =   Δ   X   i   Δ   Z   k     Δ   Y   j −   1   2               K   K   r o     ρ   o       μ   o         n     j −   1   2       










     T   z o k +   1   2     =   Δ   X   i   Δ   Y   j     Δ   Z   k +   1   2               K   K   r o     ρ   o       μ   o         n     k +   1   2       ,     T   z o k −   1   2     =   Δ   X   i   Δ   Y   j     Δ   Z   k −   1   2               K   K   r o     ρ   o       μ   o         n     k −   1   2       











Then, Formula (7) can be simplified to:


    T   x o i +   1   2         P   i + 1   n + 1   −   P   i   n + 1   −   γ   o i +   1   2     n       D   i + 1   −   D   i       +   T   x o i −   1   2         P   i − 1   n + 1   −   P   i   n + 1   −   γ   o i −   1   2     n       D   i − 1   −   D   i         +   T   y o j +   1   2         P   j + 1   n + 1   −   P   j   n + 1   −   γ   o j +   1   2     n       D   j + 1   −   D   j         +   T   y o j −   1   2         P   j − 1   n + 1   −   P   j   n + 1   −   γ   o j −   1   2     n       D   j − 1   −   D   j         +   T   z o k +   1   2         P   k + 1   n + 1   −   P   k   n + 1   −   γ   o k +   1   2     n       D   k + 1   −   D   k         +   T   z o k −   1   2         P   k − 1   n + 1   −   P   k   n + 1   −   γ   o k −   1   2     n       D   k − 1   −   D   k       =     V   i j k     Δ t         φ   ρ   o     S   o       n + 1   −     φ   ρ   o     S   o       n      



(8)




where


     γ   o i +   1   2     n   =   1   2       γ   o i + 1   n   +   γ   o i   n     ,       γ   o i −   1   2     n   =   1   2       γ   o i − 1   n   +   γ   o i   n       










    λ   o i +   1   2     =       K   K   r o     ρ   o       μ   o         i +   1   2     ,   λ   o i −   1   2     =       K   K   r o     ρ   o       μ   o         i −   1   2      










    λ   o j +   1   2     =       K   K   r o     ρ   o       μ   o         j +   1   2     ,   λ   o j −   1   2     =       K   K   r o     ρ   o       μ   o         j −   1   2      










    λ   o k +   1   2     =       K   K   r o     ρ   o       μ   o         k +   1   2     ,   λ   o k −   1   2     =       K   K   r o     ρ   o       μ   o         k −   1   2      








where λ is the flow coefficient, and by analogy,     γ   o j +   1   2     n   ,   γ   o j −   1   2     n   ,   γ   o k +   1   2     n   ,   γ   o k −   1   2     n    



Where, for absolute permeability,     K   i +   1   2     =   2   K   i     K   i + 1       K   i   +   K   i + 1      ,     K   i −   1   2     =   2   K   i     K   i − 1       K   i   +   K   i − 1      , and by analogy,     K   j +   1   2      ,     K   j −   1   2      ,     K   k +   1   2      ,     K   k −   1   2      .   φ   is the porosity, %. So and Sw are the oil saturation and water saturation, respectively.     ρ   o     and     ρ   w     are the relative density of the oil and water phases, respectively, kg/m3.     γ   o     and     γ   w     are the relative density of oil and water phases, respectively, Dimensionless.



The upstream value of relative permeability Kro is employed, with flow direction from high pressure to low pressure. The high-pressure point has been identified, and the surrounding pressure around the node must be evaluated. Since ρo and μo only have time values and not spatial values, it is sufficient to use the previous time step.



To further simplify the formula,


         T   z o k −   1   2         P   k − 1   n + 1   −   γ   o k −   1   2     n     D   k − 1     +   T   y o j −   1   2         P   j − 1   n + 1   −   γ   o j −   1   2     n     D   j − 1     +   T   x o i −   1   2         P   i − 1   n + 1   −   γ   o i −   1   2     n     D   i − 1           −     T   z o k −   1   2     +   T   y o j −   1   2     +   T   x o i −   1   2     +   T   x o i +   1   2     +   T   y o j +   1   2     +   T   z o k +   1   2         P   i j k   n + 1           + ( γ   o k −   1   2     n     ∗     T   z o k −   1   2     +   γ   o j −   1   2     n     ∗     T   y o k −   1   2     +   γ   o i −   1   2     n     ∗     T   x o i −   1   2     +   γ   o i +   1   2     n     ∗     T   x o i +   1   2     +   γ   o y +   1   2     n           ∗     T   y o j +   1   2     +   γ   o k +   1   2     n   +   ∗     T   z o k +   1   2     )   D   i j k   +   T   x o i +   1   2         P   i + 1   n + 1   −   γ   o i +   1   2     n     D   i + 1           +   T   y o j +   1   2         P   j + 1   n + 1   −   γ   o j +   1   2     n     D   j + 1     +   T   z o k +   1   2         P   k + 1   n + 1   −   γ   o k +   1   2     n     D   k + 1           =     V   i j k   φ   ρ   o     Δ t         S   o     n + 1   −     S   o     n          



(9)








2.5. Three-Dimensional Spatial Water Difference Fractional Model


Similar to the approach used to create the 3D oil phase differential model, the aqueous phase obeys the following equations:


         T   z o k −   1   2       P   k − 1   n + 1   +   T   y o j −   1   2       P   j − 1   n + 1   +   T   x o i −   1   2       P   i − 1   n + 1         −     T   z o k −   1   2     +   T   y o j −   1   2     +   T   x o i −   1   2     +   T   x o i +   1   2     +   T   y o j +   1   2     +   T   z o k +   1   2         P   i j k   n + 1   +   T   x o i +   1   2       P   i + 1   n + 1         +   T   y o j +   1   2       P   j + 1   n + 1   +   T   z o k +   1   2       P   k + 1   n + 1   −   T   z o k −   1   2       γ   o k −   1   2     n     D   k − 1   −   T   y o j −   1   2       γ   o j −   1   2     n     D   j − 1         −   T   x o i −   1   2       γ   o i −   1   2     n     D   i − 1         + (   γ   o k −   1   2     n     T   z o k −   1   2     +   γ   o j −   1   2     n     T   y o j −   1   2     +   γ   o i −   1   2     n     T   x o i −   1   2     +   γ   o i +   1   2     n     T   x o i +   1   2     +   γ   o y +   1   2     n     T   y o j +   1   2             + γ   o k +   1   2     n     T   z o k +   1   2     )   D   i j k   −   T   x o i +   1   2       γ   o i +   1   2     n     D   i + 1   −   T   y o j +   1   2       γ   o j +   1   2     n     D   j + 1   −   T   z o k +   1   2       γ   o k +   1   2     n     D   k + 1         =     V   i j k     Δ t       S   o     ρ   o   φ     C   r   +   C   o         P   o   n + 1   −   P   o   n     + φ   ρ   o       S   o   n + 1   −   S   o   n            



(10)







Utilizing     P   w   n + 1   =   P   o   n + 1   −   P   c   n     and     S   w   n   = 1 −   S   o   n     substitution, where     P   c   n     is capillary pressure at time n.




2.6. Differential Mathematical Model of Oil–Water Two-Phase Seepage in a Three-Dimensional Reservoir


By using the above formulation, the differential equation for the spatial oil–water two-phase percolation model in a 3D reservoir reduces to the following:


    a   i j k     P   k − 1   n + 1   +   b   i j k     P   j − 1   n + 1   +   c   i j k     P   i − 1   n + 1   +   d   i j k     P   i j k   n + 1   +   e   i j k     P   i + 1   n + 1   +   f   i j k     P   j + 1   n + 1   +   g   i j k     P   k + 1   n + 1   +   h   i j k   = 0  



(11)




where, aijk, bijk, cijk, dijk, eijk, fijk, gijk, and hijk are coefficients.



The percolation differential equations are solved by partitioning the entire reservoir into grids, resulting in a set of 7-diagonal equations, which are then solved iteratively using a linear set of equation approximations.




2.7. Initial Conditions and Boundary Conditions


Taking into account the actual reservoir situation, the initial condition for the percolation differential Equation (12) is:


  P   x , y , z , 0   = φ   x , y , z    



(12)






    S   w   =   S   w o     x , y , z    



(13)







There are internal and external boundary conditions for defining the limits of a system. Since the wellbore of a highly deviated well is typically cemented, it can be regarded as a sealed condition, thereby imposing an internal boundary condition of     ∂ P   ∂ n     |   G   = 0  . In this context, “n” denotes the normal direction, and both the vertical and horizontal sections of the wellbore are considered as closed boundaries.



There are two types of external boundary conditions: the closed boundary condition and the constant pressure boundary condition, which is determined according to the specific situation. The boundary condition of closed boundary is     ∂ P   ∂ n     |   G   = 0  , whereas the boundary condition of constant pressure is     P   G   = C  .



Because hydraulic bag completion and perforated fracturing are performed primarily in highly deviated wells, only fracture production is considered when evaluating post-fracking productivity, disregarding the remaining area of the wellbore as a closed boundary.


  Q =   2 π K W   μ         P   i j k   −   P   w f       ln  ⁡      r   e       r   w       + S      



(14)






  K =    K   y     K   z     



(15)







For heterogeneous reservoir grids:


    r   e   =   0.28  (   K   z   /   K   y     )   0.5   Δ   y   2   + (   K   y   /   K   z     )   0.5   Δ   z   2      (   K   z   /   K   y     )   0.5   + (   K   y   /   K   z     )   0.5      



(16)







For homogeneous reservoir grids:


    r   e   = 0.14  Δ   x   2   + Δ   y   2     



(17)




where W is the fracture width, m; S is the formation skin factor, dimensionless; Pijk is the fluid pressure in the grid block where the center point of the fracture is located, MPa; Pwf is the flowing pressure at the bottom of the well, MPa; re is the equivalent radius of radial flow outer boundary radius, m; Kx, Ky, and Kz are the reservoir permeability in the X, Y, and Z directions, respectively, mD.



The permeability can be reduced at a particular diversion capacity by enlarging the fracture into a grid with a single production term at the fracture center, resulting in a final yield that is the sum of the yields from each fracture.



During the initial phase of production following hydraulic fracturing, every fracture contributes fluid from its distinct control area, denoted as azf (as illustrated in Figure 2). Moreover, each area does not impede the flow of the other, thereby allowing for an infinite boundary production. As production progresses, the fracture supply area will expand beyond its individual control, leading to inter-fracture interference and altered production outcomes. In this case, the constant pressure production method is employed to determine the amount of fluid flowing into each direct control zone, azf, at any given time within the common control zone. As production progresses, the pressure within the direct control zone, azf, of each fracture decreases, and the pressure profile is determined by numerical simulations. The flow volume of fluid from the common control area azrf into the direct control area azf is computed, and the multi-fracture production capacity after fracturing can be ascertained. These processes can be implemented in numerical simulations.



The pressure distribution and production at various times can be determined by applying the method described above. The production obtained from numerical simulations is compared with that obtained using analytical solutions to validate the results. Finally, the mesh is subdivided in each direction.




2.8. Reservoir Grid System Division


In Figure 4, a schematic diagram of the horizontal section of fractures and wellbore in a highly deviated well in a reservoir is presented. The reservoirs are classified into two distinct types of zones, each with its own independently controlled zone, azf, and common controlled zone, azrf.



Obtaining analytical solutions for 3D oil–water two-phase flow models in highly deviated wells is a challenging task. In this paper, an implicit finite difference approach is used to develop a flow difference model. Figure 5 shows a schematic diagram of a reservoir–fracture mesh for the fracture single-wing splitting of an unequal-spacing reservoir–fracture system.



The number of grids and their respective locations are determined based on the number and location of the simulated fractures. The computational load can be reduced while maintaining a certain level of accuracy by fixing the number of grids at 40 between fractures in advance. Simultaneously, the number of grids between the fractures can be input to maximize the number of grids within the allowed limits of the computer, thereby guaranteeing computational accuracy. Due to the expected pressure interference between fractures after a certain production period, the grid in the vicinity of the fracture should be identified. For this purpose, an inhomogeneous mesh in both the X and Y directions is recommended. In the Y direction, a gradual shift based on an arithmetic progression is recommended, while in the X direction, a shift based on the same progression is also recommended. Each production layer should be partitioned into grid blocks for the Z direction.





3. Numerical Simulation of Fracture Number Optimization


3.1. Numerical Model


The determination of the optimal number of fractures for highly deviated well fracturing is based on a comprehensive evaluation of fracturing well productivity and economic viability. Numerous research findings indicate that an increase in the number of fractures leads to a continuous rise in oil well productivity, although not in a linear manner [32,33,34,35]. As the number of fractures increases, the investment in fracturing also increases, making the implementation of fracturing technology more challenging, and the mutual interference time between production fractures increases. Therefore, the increase in fractures is limited by specific technologies and funds. The optimization of the number of fractures is a crucial research topic for the efficient production of highly deviated well fracturing.



The optimization of fractures is influenced by numerous factors, with the most obvious being the properties of the reservoir and fluids. Furthermore, the number of fractures is influenced by the reservoir’s area and pressure drop. As the permeability of the formation decreases, it could potentially take longer to produce the reservoir until it is depleted, for instance. To expedite the production of the reservoir, it is necessary to create more hydraulic fractures. Furthermore, economic factors play a crucial role as a control factor in determining the ideal number of fractures. The greater the number of fracturing fractures, the more rapidly the return on investment can be realized; however, the optimal number of fractures will result in a higher output/input ratio.



By conducting numerical simulations of productivity in a highly deviated well, considering various numbers of fractures, fracture locations, and fracture geometries in the reservoir, the production capacity and cumulative production output of such wells are established. To maximize fractures, the variables Nf (number of fractures) and QLt (cumulative production) are independent, while the NPV (Net Present Value) is a function of these two. The total investment for highly deviated wells comprise PV1 (drilling and completion costs), D1 (fracturing costs for a single fracture), D2 (conventional production costs), and PV2 (additional costs). Following the principle of cash flow balance, the NPV of fracturing highly deviated well is given:


   N P V =   Q   L t   × (     P   r    ⁡  −     T   a   ) ×   S   r   × (       P   r     F ×   i   r   × t     r   ) − [ P   V   1   +   D   1   ×   N   f   × (     P   r     F ×   i   r   × 1   )    + P   V   2   × (     P   r     F ×   i   r   × t   ) +   D   2   × (     P   r     F ×   i   r   × t   ) ) ]   



(18)




where Pr is the crude oil price, dollar/barrel. F is the residual value of funds, dollar. Ta is the oil duty, dollar/barrel. ir is the discount rate, %. t is the production time, day. PV1 is the drilling and completion costs, dollar/barrel. D1 is the fracturing costs for a single fracture, dollar. D2 is the conventional production costs, dollar. PV2 is the additional costs, dollar.



By utilizing Equation (18) and combining the results of numerical simulation evaluations of productivity in multi-fractured highly deviated well after fracturing, it is possible to establish the maximum net present value for a highly deviated well with varying numbers of fractures, and thereby determine the optimal number of fractures (Figure 6).




3.2. Mathematical Model Calculation Steps


A numerical simulation model was developed to predict the productivity of multiple fractures in highly deviated wells. A fracture number optimization model was developed, incorporating reservoir grid partitioning and economic evaluation. Based on the research concepts, Figure 7 presents a computational diagram of a numerical simulation model of fracture number optimization for highly deviated wells.



Numerical simulation studies of fracture number optimization in highly deviated wells involve the following main computational steps:




	(1)

	
Enter the geometric dimensions of the reservoir, the number of fractures, the location of fractures, the geometric dimensions of fractures, as well as the physical parameters of the reservoir, including initial permeability, viscosity, density, initial pressure, saturation, and capillary pressure, among others.




	(2)

	
According to Figure 6, divide the reservoir–fracture system grid.




	(3)

	
Calculate the viscosity, density, Kr, Pc, and other parameters at time tn, and ascertain the coefficients a, b, c, d, e, f, g, and h of the differential Equation (12).




	(4)

	
After solving the seven-diagonal linear equation set, compare it with the initial assumed value, and if it does not meet the accuracy requirement, go back to step (3) and iterate repeatedly until the accuracy requirement is met.




	(5)

	
Calculate the pressure and production at time tn+1.




	(6)

	
If the time falls short of the development and production time, return to step (3) and continue simulating the production pressure at the subsequent time step until the development and production time is completed.




	(7)

	
Determine the optimal number of fractures for fracturing a highly deviated well by utilizing the fracturing economic evaluation model.











4. Results and Discussion


4.1. Case Calculation and Result Analysis


Using the reservoir, fracture, and economic data parameters presented in Table 1, numerical simulations were performed to determine daily and cumulative oil production at various fracture counts, fracture lengths, and permeability rates. Based on the aforementioned model, the productivity of oil wells in the highly deviated reservoir is established for an area of 500 m × 1000 m × 50 m, with an optimal number of six hydraulic fractures, and a reservoir grid size of 4 m × 4 m × 1 m. The grid system is illustrated in Figure 8.



Figure 9, Figure 10, Figure 11 and Figure 12 demonstrate the analysis of the net present value for various numbers of fractures, in conjunction with the fracture economic assessment. In Figure 9, the relationship between single-well oil production and cumulative oil production over various production periods is demonstrated. Both well production and cumulative production increased as the fracture count increased, yet the rate of increase tapered off. Oil well production continued to decline as the year progressed; while total well production may be rising, the rate of increase is gradually decreasing.



The oil production and cumulative oil production curves for wells with varying fracture conductivity are plotted in Figure 10. As the fracture conductivity increases, the production rate of individual wells also increases, and the rate of increase gradually accelerates. As the production time continues, the well production rate decreases, which is more pronounced as the reservoir permeability increases more rapidly.



In Figure 11, curves representing oil production and cumulative oil production are depicted for various numbers of fractures. As the number of fractures increases during the same production period, so does the well’s oil production and cumulative oil production. The longer the production period, the more oil production diminishes and the acceleration of cumulative oil production slows down. The oil production and cumulative oil production curves are depicted in Figure 11 for various fracture lengths. When the number of fractures is kept constant, the cumulative production of the well increases with the fracture length. However, the rate of increase decreased. Production from the well showed a sustained decline as the production time progressed.



The daily and cumulative oil production curves for wells with varying reservoir permeability are depicted in Figure 12. When the number of fractures remains constant, the increase in reservoir permeability results in a marginal boost to daily oil production, which is, however, relatively insignificant. Daily production from the well gradually decreased as production progressed. The effect of a shift in the permeability of the reservoir on the output of the well is not particularly significant.



In Figure 13, the economic net present value curves are presented for various numbers of fractures following well fracturing. As the number of fractures increases, the daily production rate of the well increases, resulting in a higher net present value of the fracture. However, the rate of increase gradually slows. At the same time, as the number of fractures rises, so does the challenge of advancing fracture technology and increasing investment in fracturing. As the number of fractures increases up to a certain level, the net present value of fractures peaks and subsequently decreases. As a result, there exists a specific number of fractures, corresponding to the optimal net present value of the fracture, for a particular fracture technology and financial situation. Based on numerical simulations evaluated for productivity and fracture economics, the appropriate number of fractures is six, and the appropriate fracture length is 200 m, considering the reservoir and fracture parameters.




4.2. Validation of Model Results


The formation pressure nephogram of horizontal wells with varying fracture lengths and a constant conductivity distribution, after 60 days of segmented multi-fracture production, is illustrated in Figure 14. Figure 14 reveals that near fractures with shorter lengths, there’s a noticeable color difference in the formation pressure nephogram, suggesting a rapid decrease in formation pressure. In contrast, near fractures with longer lengths, the color difference diminishes, indicating a slower decrease in formation pressure at that point. This pattern aligns with the behavior observed when considering only a single fracture. After 60 days of production, the formation pressure nephogram shows a pattern dominated by the main fracture, indicating that flow within the reservoir primarily occurs as a Darcy linear flow within the fractures.



In reservoirs with natural fracture systems, the formation pressure at 300 days of segmented multi-fracture production for horizontal wells with the same fracture length and varying fracture conductivity distributions is illustrated in Figure 15. After 300 days of production, the formation pressure has spread to the reservoir boundary, and the formation pressure within the entire reservoir area has begun to decrease, with all pressures below the original formation pressure. As fracture conductivity increases, the decline in formation pressure within the reservoir progressively intensifies, suggesting an expanding flow area controlled by fractures, thereby enhancing the fluidity of the entire reservoir, and promoting the stimulation of oil wells. After 300 days of production, the interference among multiple main fractures intensifies, and the formation pressure distribution begins to exhibit a quasi-radial flow centered on the main fractures.





5. Conclusions


By combining the reservoir–fracture grid system splitting with the IMPES differential method, we have developed a numerical equation for the 3D oil–water two-phase percolation differential for the highly deviated wells. Numerical simulations were performed for various reservoir sizes, fracture locations, and geometrical dimensions, to evaluate the multi-fracture production capacity of the highly deviated wells at different production times, taking into account the inter-fracture interference phenomena at the later stages of post-fracture production. Based on economic assessment models and case calculations of fractures, the number of fractures in the highly deviated wells was optimized, resulting in the following insights:




	(1)

	
A single fracture falls far short of unlocking the full production potential of a highly deviated well. There exists an optimal number of fractures that maximizes production and economic return for such wells. An essential parameter that must be defined prior to fracture design is the optimal number of fractures for the highly deviated wells. Given the complexity of highly deviated wells, it is feasible to employ a three-dimensional oil–water two-phase percolation differential numerical model to simulate the productivity of multiple fractures post-stimulation in such wells.




	(2)

	
The fracturing of highly deviated wells involves multi-fracturing. As production progresses, interference between the fractures appears, affecting fracture production output. Therefore, it is imperative to consider the impact of inter-fracture interference on fracture productivity.




	(3)

	
By integrating numerical simulations of post-stimulation multi-fracture productivity with fracturing economic evaluation models, the number of fractures in highly deviated wells can be optimized to six, thereby furnishing a dependable foundation for selecting the scale of fracturing operations and equipment.




	(4)

	
The embedded discrete fracture model establishes a productivity model for fractured wells in oil reservoirs, simulates the performance of oil wells under varying conditions of hydraulic fracture size and conductivity, evaluates the impact of optimizing fracture conductivity on productivity, and takes into account the communication of hydraulic fractures with randomly distributed natural fractures and when six hydraulic fractures are generated by horizontal well fracturing and coexist with natural fractures. The model’s reliability is verified through the post-fracturing strata pressure distribution cloud map.
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Figure 1. Physical model of highly deviated wellbore fracture. 
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Figure 2. Planar model of reservoir grid with fracture. 
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Figure 3. Embedded discrete fracture model with random distribution of natural fractures. 
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Figure 4. High-angle well reservoir fracture wellbore profile. 
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Figure 5. Grid diagram of fractured reservoir–fracture system. 
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Figure 6. Numerical simulation of multi-slit fracturing in highly deviated wells. 
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Figure 7. Numerical simulation calculation diagram for optimizing the number of fractures. 
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Figure 8. Reservoir grid system with six fractures. 
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Figure 9. Oil production and cumulative production curves under different production times. (a) Daily production. (b) Cumulative production. 
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Figure 10. Oil production and cumulative production curves under different fracture diversion capacities. (a) Daily production. (b) Cumulative production. 
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Figure 11. Oil production and cumulative production curves under different fracture lengths. (a) Daily production. (b) Cumulative production. 
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Figure 12. Oil production and cumulative oil production curves under different formation permeability. (a) Daily production. (b) Cumulative production. 
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Figure 13. Curve of the net present value of oil well production and the number of fractures under different fracture lengths. 
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Figure 14. Cloud chart of formation pressure distribution at 60 days of production under different fracture lengths (without natural fractures). (a) The fracture length is 100 m, and the conductivity is 50 mD·m. (b) The fracture length is 150 m, and the conductivity is 50 mD·m. 
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Figure 15. Cloud chart of formation pressure distribution at 300 days of production under different fracture lengths (with natural fractures). (a) The fracture length is 150 m, and the conductivity is 50 mD·m. (b) The fracture length is 150 m, and the conductivity is 100 mD·m. 
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Table 1. Reservoir fracture parameters and economic evaluation data.






Table 1. Reservoir fracture parameters and economic evaluation data.





	Parameters
	Value
	Unit





	Reservoir length
	1000
	m



	Reservoir width
	500
	m



	Reservoir thickness
	50
	m



	Porosity
	0.10
	-



	Formation pressure
	50.0
	MPa



	Fracturing cost
	0.8
	million dollars



	Vertical permeability of reservoir
	0.01
	mD



	Horizontal permeability of reservoir
	0.1
	mD



	Fracture permeability
	50
	mD



	Fracture length
	50~200
	m



	Fracture width
	0.005
	m



	Number of fractures
	2~7
	-



	Drilling and completion costs
	7.0
	million dollars



	Oil price
	550
	dollar/t



	Earning rate
	0.20
	-
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