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Abstract: Perforation is a pivotal technique employed to establish main flow channels within the reservoir formation at the outset of hydraulic fracturing operations. Optimizing perforation designs is critical for augmenting the efficacy of hydraulic fracturing and boosting oil or gas production. In this study, we employ a hybrid finite-discrete element method, known as the continuous–discontinuous element method (CDEM), to simulate the initiation of post-perforation hydraulic fractures and to derive enhanced design parameters. The model incorporates the four most prevalent perforation geometries, as delineated in an engineering technical report. Real-world perforations deviate from the ideal cylindrical shape, exhibiting variable cross-sectional profiles that typically manifest as an initial constriction followed by an expansion, a feature consistent across all four perforation types. Our simulations take into account variations in perforation hole geometries, cross-sectional diameters, and perforation lengths. The findings show that perforations generated by the 39g DP3 HMX perforating bullet yield the lowest breakdown pressure, which inversely correlates with increases in sectional diameter and perforation length. Moreover, this study reveals the relationship between breakdown pressure and fracture degree, providing valuable insights for engineers and designers to refine perforation strategies.
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1  Introduction

Hydraulic fracturing is a pivotal technology to increase oil and gas production [1,2]. In engineering applications, directional hydraulic fracturing techniques are employed to establish the main channels in the wellbore [3]. A commonly used technique is to use a perforating bullet, as shown in Fig. 1. Perforation can not only reduce the injection pressure but also guide the direction of hydraulic fracture propagation, enhancing well production capacity and assisting mechanical excavation for hard rock mass in underground engineering [4–7]. Breakdown pressure signifies the resistance to rock mass fracturing, playing a pivotal role in determining fracture gradients in drilling, designing perforation fracturing schemes, analyzing wellbore pressure evolution, and assessing wellbore compliance [8–10]. Various types of perforating bullets result in distinct perforation channel configurations, which in turn affect breakdown pressures and rock fracture degree.
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Figure 1: Diagram of directional perforating technique and perforating charge channel

Certain researchers conduct hydraulic fracturing experiments incorporating perforations. For instance, Behrmann et al. [11] acquired perforation geometry by using perforating guns and assessed the breakdown pressures using a triaxial stress cell. Abass et al. [12] induced a single wide fracture through directional perforation testing. Zhang et al. [13] conducted large-scale true triaxial hydraulic fracturing experiments in cubic rock samples, analyzing the fracture distribution of perforations and breakdown pressures. Zheng et al. [14] investigated the effect of pore pressure on breakdown pressure by true triaxial test. Zhai et al. [15] illustrated the effect of in-plane perforation using a large installation. Without the cost and hardware limitations of experiments, numerical studies offer a convenient means of obtaining results for perforating fractures.

Compared to experimental investigations, numerical methods are more efficient and flexible. Various numerical methods have been proposed to simulate the fracture propagation, including the extended finite element method (XFEM) [16–18], generalized finite element method (GFEM) [19], discrete element method (DEM) [20,21], discontinuous deformation analysis (DDA) [22] and cohesive zone method (CZM) [23], displacement discontinuity method (DDM) [24], gradient damage model [25], and phase field model (PFM) [26,27]. These methods represent advancements in traditional finite element or discrete element approaches. Additionally, other methods include the cracking elements method [28–30] based on the finite element method, peridynamics [31,32], the combined finite-discrete element method (FDEM) [33,34], general particle dynamics [35], field enriched finite element method [36] and the continuous–discontinuous element method (CDEM) [37–39], among others. The continuous–discontinuous element method, in comparison with other methods, amalgamates the attributes of finite element and discrete element methodologies, and can better simulate the deformation of solids [40], the expansion of cracks under thermal action [41], and the flow and diffusion of fluid matrix in cracks [42–44].

The simulations on perforation fracturing explore various key factors, such as perforation parameters (perforation angle, density, length), formation mechanical parameters (rock properties, in-situ stress difference), and fracturing parameters (flow rate, fluid viscosity) [45–47]. Some studies simplify wellbore and perforation into two-dimensional models, where perforation channels are substituted by pre-existing fissures [48–52]. Recently, researchers have employed fully three-dimensional models to investigate the perforation process. Zhao et al. [53] utilized FRANC3D to construct a three-dimensional cylindrical perforation model and examined the influence of various spatial arrangements of perforations on hydraulic fracture propagation. Shan et al. [54] developed a three-dimensional model using the finite element method (FEM) to investigate the expansion of horizontal well fractures. Wanniarachchi et al. [55] utilized the COMSOL Simulator to construct a three-dimensional horizontal well model to investigate the impact of perforation spacing. The results indicated that reducing the perforation spacing leads to an increase in overall strain levels. Dong et al. [56] employed the CZM to simulate the multi-angle perforation fracturing process under triaxial stress conditions and pointed out that perforation in vertical orientation was more likely to fracture. Huang et al. [57] studied the stress competition mechanism under three-dimensional multiple perforation conditions using the 3D Lattice Method. In addition to creating 3D physical models, researchers have integrated physical models with data-driven models not only to study the fracturing process but also to optimize pumping schedules [58,59].

Previous studies have primarily simplified perforations as an ideal cylindrical shape, often overlooking the actual non-uniformity of perforation geometries. To the best of our knowledge, no investigation has been carried out to discuss the influence of specific perforation shapes on the effects of hydraulic fracturing while the created perforations are not perfectly regular cylindrical boreholes in practical engineering. In this study, the borehole shape characteristics and dimensions of four commonly used perforations are obtained based on engineering reports. With a hybrid finite-discrete element method known as CDEM [37–39], a model coupling hydraulic fracturing with perforation is created, providing a detailed representation of the four types of perforations, with some simulation parameters calibrated through experimental validation. Then the model was used to select the optimal perforation type. Subsequently, the study explored the impact of perforation shape parameters (cross-sectional diameter and penetration length) on the fracturing effectiveness.

2  Continuous−Discontinuous Element Method (CDEM)

2.1 The Basic Concept of CDEM

The CDEM is an explicit computational method that combines the FEM and the DEM [37–39]. FEM is utilized for computing the stress field, including node velocity and acceleration, node displacement, and node force. DEM is employed for calculating fracture network, which involves calculating spring force, applying fracture criteria for fracture assessment, and calculating fracture aperture. The theoretical foundation of CDEM is Lagrange’s equation, expressed by Eq. (1) [40–43].

ddt(∂L∂u˙i)−∂L∂ui=Qi(1)

where ui is the generalized coordinate, and u˙i is the temporal derivative of the generalized coordinate. Qi is the generalized non-conservative force. L is the Lagrange function, which can be expressed by Eq. (2).

L=Πm+Πe+Πf(2)

where Πm, Πe and Πf are the kinetic energy, elastic energy, and potential energy of the system, respectively.

The governing equations for CDEM are represented by Eq. (3).

Mu¨+Cu˙+Ku+Kcuc+Ccu˙c=Fe(3)

where M represents the concentrated mass matrix. C is the damping matrix. K is the element stiffness matrix. Kc is the element stiffness matrix of the contact surface. Cc is the damping matrix of the contact surface. Fe is the element external force vector, including the solid force and fluid pressure. u¨, u˙ and u are the acceleration, velocity, and displacement matrices of the nodes of block elements. uc and u˙c are relative displacement arrays and relative velocity arrays on virtual interface nodes.

In the time domain, Euler’s forward difference method is used for explicit iterative solutions in CDEM, and the difference form is expressed by Eq. (4).

{u˙n+1=u˙n+u¨nΔtun+1=un+u˙n+1Δt(4)

where n is the number of iteration steps and Δt represents a time step.

CDEM consists of two components: the block model and the contact model. The block model represents the material’s continuous properties, while the contact model encompasses real and virtual contact surfaces to characterize discontinuous behaviors such as material fracture and sliding. The composition of CDEM elements is illustrated in Fig. 2. The interfaces between block elements represent joints and faults within the rock mass and are depicted by real contact surfaces. Each block element consists of one or more units interconnected by virtual contact surfaces, which provide fracture pathways when damage occurs in the continuous part of the rock mass. Virtual normal and tangential contact springs connect the contact surfaces, and the failure of these springs signifies the transition from continuous to discontinuous material failure processes.
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Figure 2: Basic concept of CDEM

The stress-strain relationship and geometric relationship between the blocks are expressed by Eq. (5).

{σ=D:εε=12(u∇+∇u)(5)

where σ is the stress tensor. ε is the strain tensor. D is an elastic matrix.

2.2 Material Constitutive Relation and Failure Criteria

The constitutive behavior of the block elements is characterized by linear elasticity, and an incremental approach [38] is used to calculate the element stresses, representing the linear elastic constitutive model as shown in Eq. (6).

{Δσij=2GΔεij+(K−23G)Δθδijσij(t)=Δσij+σij(t−Δt)(6)

where Δσij denotes the stress increment at the current time step. Δεij represents the strain increment at the current time step. Δθ refers to the volumetric strain increment at the current time step. K is the bulk modulus (Pa). G is the shear modulus (Pa). δij stands for the Kronecker delta symbol. σij(t) represents the stress at the current time step (Pa). σij(t−Δt) represents the stress at the previous time step (Pa).

Mohr-Coulomb constitutive modeling of brittle fracture is employed for these contact surfaces, and the occurrence of failure is determined using the maximum tensile stress criterion. The calculation of contact forces for normal and tangential springs is initially determined using Eq. (7).

{Fn(t+Δt)=Fn(t)−KnΔdnFs(t+Δt)=Fs(t)−KsΔds(7)

where Fn represents the normal contact force (N). Fs stands for the tangential contact force (N). Kn and Ks are the normal and tangential contact stiffness per element area (Pa/m). Δdn and Δds represent the normal and tangential relative displacement increments.

Eqs. (8) and (9) are employed to calculate tensile failure.

If

−Fn(t+Δt)≥T0Ac(8)

then

{Fn(t+Δt)=−T0AcT(t+Δt)=0(9)

Eqs. (10) and (11) are applied to determine shear failure.

If

Fs(t+Δt)≥Fn(t+Δt)tan⁡φc+c0Ac(10)

then

{Fs(t+Δt)=Fn(t+Δt)tan⁡φcC(t+Δt)=0(11)

where Fs(t+Δt) is the tangential contact force at the next time step (N). φc is the internal friction angle of the interface. c0 is the initial interface cohesion at the initial time step (Pa) and it becomes C(t+Δt) after failure.

2.3 Hydraulic Coupling Model

A model that describes fluid flowing along fractures is established. The coupling between solid and fracture seepage is achieved through the interaction between the contact surface and fracture seepage. Fracture seepage applies pressure on the contact surface between adjacent solids, and the deformation of the contact surface affects the fracture opening, which in turn affects fracture seepage. As depicted in Fig. 3, solid element A and the adjacent solid element B are connected by the fracture element. The diffusion of fluid generates fracture pressures on the two solid elements connected by the fracture element.
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Figure 3: Diagram of hydraulic coupling between solid deformation and fracture seepage

As shown in Fig. 4, crack pressure and node saturation are assigned at the node location, while the flow rate is specified at the cell centroid.

[image: images]

Figure 4: Diagram of planar fracture elements

The change in relative displacement between two solid elements affects the opening of the fracture element. It is assumed that the permeability of the crack or joint follows the cubic law. According to Eq. (12), the fracture permeability varies with the change in fracture aperture, denoted as w. In CDEM, KE is employed as the permeability coefficient (m2/(Pa·s)), representing the permeability characteristics of the fracture.

KE=κμ=w212μ(12)

where κ is the permeability ratio (m2). μ is the dynamic viscosity of fluid (Pa·s).

The seepage in fracture follows Darcy’s law. According to Darcy’s Law, the fluid velocity of a node can be expressed by Eq. (13).

vi=−KEks∂PE∂xi(13)

where xi represents the coordinate component of the direction i of a node. PE represents the total nodal fluid pressure. ks represents the relative permeability coefficient, which can be expressed by Eq. (14).

ks=S¯2(3−2S¯)(14)

where S¯ represents the average saturation of fracture element, S¯=∑i=1nSi. Si represents the saturation of each node.

According to the Gaussian divergence theorem, Eq. (13) can be formulated into Eq. (15).

vi=KEks1V∑j=1MP¯jniΔSj(15)

where M is the total number of faces per fracture element. V is the element volume. ni represents the component of the jth face associated with the node in the direction i. P¯jrepresents the average value of the total pressure PE of the node in the jth face, and ΔSj is the jth face area.

The flow rate of each node is q, which can be calculated by Eq. (16).

q=∑j=1M(v⋅nj)ΔSjNj(16)

where v is the fluid velocity vector of the fracture element. nj is the element outer normal vector of jth face, Nj is the total number of nodes of the jth face.

The flow rate through each node of the fracture element, Q, can be given by Eq. (17).

Q=∑j=1Nqj(17)

where N represents the number of elements connected to this node.

The saturation of each node is calculated by node flow and is expressed by Eq. (18).

S=−∑t=0t(Q+QEnVΔt)(18)

where QE is the external flow boundary condition. n is the total number of nodes of the fracture element. V represents the element volume.

When the saturation of the node accumulates to 1, the total nodal fluid pressure PE can be given by Eq. (19).

PE=−∑t=0t(KwQ+QEnVΔt)−S¯ρw(xgx+ygy+zgz)(19)

where Kw is the bulk modulus of fluid, ρw represents the fluid density. gx, gy, gz are the global component of the acceleration of gravity, respectively. x, y, z represent the three components of the global coordinate of a node, respectively.

Subsequently, by incorporating the fluid pressure PE into Eq. (3), we can calculate the solid stress field and the discontinuous field, resulting in the updated nodal displacements of the solid elements (UAi, UBi, i = 1, 2, 3). The fracture aperture for each node is determined by Eq. (20). The coupling concept between the fluid and solid is shown in Fig. 5.

wi=|UAi−UBi|,i=1,2,3(20)
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Figure 5: Mechanism of hydraulic coupling between solid and fluid

3  Numerical Model Validation

3.1 Fluid Driven Fracture Propagation Simulation

To verify the effectiveness of CDEM in simulating hydraulic fracturing processes in rocks, this section conducts simulations of the seepage process in rock matrices containing pre-existing horizontal fissure. The simulation validation scheme is designed based on reference [32], which utilized the peridynamic model to simulate the seepage process. The two-dimensional rock model with a horizontal pre-existing fissure is illustrated in Fig. 6a. The rock specimen is simplified into a two-dimensional square model with a side length of 1 m. A horizontal fissure is pre-set at the middle position of this model, with a length of 0.2 m. Water pressure is applied to the horizontal fissure to simulate the process of fluid expanding the crack. Under the assumption of plane strain, Sneddon et al. [60] proposed that the y-direction displacement uy of a single pre-existing fissure with a length of 2 lc on a two-dimensional plane driven by water pressure p can be expressed by Eq. (21). Consequently, the vertical displacement along the crack direction of the model can be calculated and then the numerical results can be verified against analytical solutions.

uy(x,p)=2plc(1−v2)E(1−x2lc2)12(21)

where x is the distance from the center of the pre-existing fissure (m). E is the elastic modulus of rock (GPa). v is the Poisson ratio of the rock.
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Figure 6: Verification diagram of hydraulic driven crack propagation

Due to the low permeability of porous rock, this study only considers fracture seepage. The boundaries of the rock model are set as fixed permeable boundaries. The computational parameters of the rock are listed in Table 1. The model is divided into 5,000 triangular elements. Eleven monitoring points are evenly arranged at the position of the pre-existing fissure to monitor the simulated vertical displacement values. The analytical solution corresponds to a stable fracturing process. In this study, a constant water pressure of 22 MPa is applied over the entire pre-existing fissure. After 150,000 steps, convergence is reached, and displacement results are obtained.

[image: images]

Fig. 6b compares the magnitude of vertical displacement between numerical simulation results and analytical solutions. The simulation results of CDEM closely align with the analytical solution and existing research results [32]. This indicates that CDEM can effectively simulate the process of fluid-driven fracture propagation.

3.2 Validation against Experimental Data

This section entails a comparison between numerical simulations with hydraulic fracturing experimental results, the calibration of distinct simulation parameters concerning distinct stress conditions and material properties, and the validation of the accuracy of the simulation results. Jiang et al. [61] conducted physical tests of directional perforation fracturing on a cubic specimen measuring 300 mm on each side, composed of a mixture of cement and quartz sand. This test simulated the perforation fracturing process under conditions involving three directional in-situ stresses and water pressure, yielding data on fracturing pressure and fracture morphology. Parameters provided by the test include the sample size, wellbore dimensions, perforation size and arrangement, and the three directions of in-situ stresses. These parameters can be used for parameter correction of numerical models. Detailed fracturing test parameters can be found in Table 2. Additionally, to ensure the reliability of the comparisons, a three-dimensional model was constructed based on the experimental parameters, as illustrated in Fig. 7.
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Figure 7: Geometric diagram of the test model

A constant flow boundary condition is imposed at the termination of the perforation, a common practice in perforation fracturing simulations [5,51]. Owing to the low permeability of the sample material, the porous permeability of the block elements was disregarded in the simulation, with fluid flowing solely within fractures. Material parameters and the flow rates align with the experimental setup, and specific parameters are detailed in Table 3.
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As shown in Fig. 8, a comparison is made between the numerical results (Figs. 8a to 8c) and experimental results (Figs. 8d and 8e) of directional symmetric perforation fracturing at the azimuth angle of 60°. The figure illustrates that the fractures propagate along the direction of perforation and deflect towards the direction of maximum principal stress, resulting in a curved fracture surface. Due to spatial overlap of fracture planes when viewed planarly, the cracks in Fig. 8b exhibit a banded appearance. Fig. 8c displays a fracture surface resembling that in Fig. 8e, clearly indicating the correspondence between numerical and experimental observations.

[image: images]

Figure 8: Comparison between simulation and physical test of perforation fracturing at the azimuth angle of 60°: (a)~(c) are simulation results, and (d)~(e) are test results [61]

Fig. 9 presents statistical data on water injection pressure, where the peak pressure at the wellhead signifies the breakdown pressure, which increases with the azimuth angle. When θ is 30°, 45°, and 60°, the simulated values are 10.46, 10.65, and 15.64 MPa, respectively. Correspondingly, the measured breakdown pressures for these angles are 10.39, 10.55, and 15.55 MPa, respectively [61]. The simulated breakdown pressures closely match the measured values, confirming the reliability of the present numerical model.
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Figure 9: Validation of the simulation through comparison with experimental data

3.3 Validation against Field Data

This section contrasts the simulation outcomes with engineering data. While the material parameters align with those outlined in Section 3.2, there are notable differences in dimensions and in-situ stresses. Specifically, the specimen and perforation dimensions in the laboratory are considerably smaller than those encountered in the field. To validate the simulation capability, the field’s fracturing perforation results will be employed.

Sun et al. [62] presented field data on the perforation fracturing of Changqing Oilfield (Xi’an, China). In Fig. 10a, a 2 m cube is used to model the underground rock stratum, with a horizontal wellbore located in the center. While Sun et al. [62] did not specify the size of the wellbore, the radius is assumed to be 70 mm. The model features one perforation cluster with 6 perforations. Each perforation has a length of 400 mm, a diameter of 20 mm, and a spacing of 200 mm. The perforation phase angle is 60°, and the direction of the middle two perforations is consistent with that of σH. To accommodate for engineering factors, a larger flow rate is used compared to indoor tests. The simulation utilizes parameters similar to those outlined in Table 3, with discrepancies in other parameters detailed in Table 4.

[image: images]

Figure 10: Simulated fracturing results for engineering data validation
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Figs. 10b to 10d present the results of the numerical simulation. In Fig. 10b, the initial crack originates from the base of the perforation at 7 s, consistent with the conclusion of Sun et al. [62]. At this moment, the tensile stress is primarily focused at the base of the perforation. The perforation root is located at the junction of the wellbore and perforation. Due to the large size gradient in the root area, stress concentration and crack initiation are easily produced. As shown in Figs. 10c and 10d, the simulated breakdown pressure of the spiral perforation is 44.26 MPa, compared to Sun’s 44.5 MPa and the field data’s 43.0 MPa, with differences of 2.93% and 3.49%, respectively. This underscores the model’s commendable simulation accuracy when handling high in-situ stresses and large perforation sizes.

4  Fracturing Simulation and Analysis

4.1 Acquisition of Real Perforation Shapes

Before analyzing perforating fracturing, it is essential to establish a perforation model. Real perforation data offer parameters for modeling of perforation, including perforation length, perforation diameter and shape characteristics. According to an engineering technical report, Figs. 11 and 12 illustrate the perforation effects and sizes of four types of penetration bullets in sandstone. These four types of penetrating bullets are: 25g DP3 HMX, 39g DP3 HMX, 89-type deep-penetrating perforating bullet (EH38RDX27-3), and 95-type deep-penetrating perforating bullet (213SD-95R-1HR).

[image: images]

Figure 11: Profile of four kinds of penetrating bullet through sandstone target
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Figure 12: Size diagram of four kinds of penetrating bullets

Fig. 11 illustrates that all four types of perforations display different cross-sectional shapes. The evolution of cross-sectional changes is characterized by initial constriction followed by expansion. These perforations can be divided into two sections: a constricted section (near to the wellbore) and an expanded section (away from the wellbore). While the lengths of the constricted sections are similar for all four perforation types, the lengths of the expanded sections vary, leading to variations in penetration lengths. Moreover, there is notable diversity in the far-end radius among different perforations.

The variable cross-sectional dimensions of each perforation are depicted in Fig. 12a. In this figure, the perforations are numbered from left to right as 1, 2, 3, and 4, and the cross-sectional radii are marked at 50 mm intervals along the penetration length. Sections beyond these intervals are considered as separate segments, and detailed data on perforation length are presented in Table 5.

[image: images]

Fig. 12b utilizes Perforation No. 2 as an example. The perforation is divided into two segments by a specific position where the cross-sectional radius transitions from constricted to expanded (position d4). The segment nearer to the wellbore, with a length denoted as lN, is referred to as the near-well section. The segment away from the wellbore, with a length denoted as lD, is referred to as the far-well section. Each segment is subdivided into five subsections, labeled as l1 through l5.

4.2 Model Setup

The section diameter and length of the perforation model can be determined based on the dimensions of various perforations provided in Fig. 12. Fig. 13a displays the geometric model of the rock, which is a 2 m cube with a cylindrical component in the center simulating the wellbore, featuring a radius of 70 mm. The perforations are positioned on one side of the wellbore. In practical engineering applications, perforations are often arranged using multi-angle and high-density configurations. To compare the fracturing behavior of different shapes with a single variable, the model’s perforation arrangement is set as single-hole and along the axis, following the direction of σH. This arrangement helps minimize the mutual interference between perforations. Perforations Nos. 1, 2, 3, and 4 were created using CAD variable cross-section extrusion to generate solid representations, as depicted in Fig. 13b. In this study, the perforation size significantly differs from that of the cube model. To improve the computational efficiency, a fine mesh is employed around the perforation, while a coarse mesh is utilized away from the perforation to decrease the total number of elements and the calculation time. Ultimately, the number of elements for the four models is adjusted to approximately 100,000. This principle is consistently applied in subsequent modeling phases.

[image: images]

Figure 13: Perforation layout and model establishment

4.3 Parameters Setting

In this study, an ideal homogeneous model is utilized without considering the effect of natural fractures. Porous permeability is not accounted for in the simulation, and constant flow loading is employed to inject water into the fracture joints at the end of perforation. The stress and seepage boundary conditions are applied to the model. Material properties of rock strata and the magnitude of the three-dimensional in-situ stress can be obtained from geological exploration data in the engineering report. The seepage conditions are applied with the same values as in Section 3.3. Based on the geological stress exploration data. Some parameters are calibrated in Table 3, while the remaining parameters are detailed in Table 6.

[image: images]

4.4 Simulation Results

Saturation signifies the extent to which fluid permeates the fracture grid, where a value of 1 denotes complete filling and 0 indicates no fluid flow. Fig. 14 visually illustrates the changes in saturation for the four perforation types. Water pressure is applied around the open-hole perforation wall, and over 1 to 60 s, fluid gradually permeates the surrounding rock formations from the perforation surface. Fig. 14 provides a visual representation of the loading process, indicating the location and shape of the perforations.

[image: images]

Figure 14: Saturation cloud images of four perforations ((a) Perforation No. 1; (b) Perforation No. 2; (c) Perforation No. 3; (d) Perforation No. 4)

Breakdown pressure serves as a crucial indicator of fracturing effectiveness. As illustrated in Fig. 15, the fluid pressure during loading initially increases, then decreases, and eventually stabilizes. The numerical simulation utilizes the cracking of a block element to describe the generation of fluid channels. Owing to the specific volume of the block and the interaction force between the blocks, the pressure curve will not sharply decrease after the fracture. The breakdown pressures for Perforations No. 1 through 4 are 68.02, 64.01, 68.56, and 65.37 MPa, respectively, with Perforation No. 3 exhibiting the highest breakdown pressure and Perforation No. 2 demonstrating the lowest breakdown pressure.

[image: images]

Figure 15: Fracture curves of four perforations

The breakdown pressure determines the difficulty of reservoir cracking, while the fracture network generated by perforation can enhance the reservoir’s permeability. By capturing the dynamic propagation process of hydraulic fractures, the impact of fracturing can be studied. Fig. 16 displays the process of fracture propagation for the four perforations. Initial cracks in the model occurred at 10 s. Due to the drastic change in the interface size of the perforating root, stress concentration and cracks are easily generated, primarily at the junction of the wellbore and perforation during the initial stage. As fracturing progresses, the fracture spreads from the root of the perforation to the middle, forming a complex network around it. By 60 s, the fracture has enveloped the entire perforation channel. Fig. 17 illustrates the failure state of the four perforations, with 0 indicating no damage, 1 indicating tensile damage, and 2 indicating shear damage. Under the influence of fluid pressure, the perforation consistently surpasses the tensile strength of the rock mass, resulting in primarily tensile failure. Fig. 18 shows the stress distribution of the four perforations in x direction. At 10 s, perforation was in the early stage of fracture. At this point, the area with significant tensile stress is at the root of the perforation (the junction of the perforation and the wellbore), where the cross-section undergoes significant changes, making stress concentration likely.

[image: images]

Figure 16: Fracture propagation diagram of four perforations ((a)~(b) Fracture propagation diagram of Perforation No. 1; (c)~(d) Fracture propagation diagram of Perforation No. 2; (e)~(f) Fracture propagation diagram of Perforation No. 3; (g)~(h) Fracture propagation diagram of Perforation No. 4)

[image: images]

Figure 17: Failure state of four perforations ((a) Perforation No. 1; (b) Perforation No. 2; (c) Perforation No. 3; (d) Perforation No. 4)

[image: images]

Figure 18: Stress distribution in x direction of four perforations ((a) Perforation No. 1; (b) Perforation No. 2; (c) Perforation No. 3; (d) Perforation No. 4)

The complexity of the fracture network can be quantitatively analyzed by the fracture degree. Fracture degree is defined as the ratio of the area of the contact surface that fractures to the total area of the contact surface that can be fractured [63]. This metric characterizes the complexity of the fracture network in the rock. As depicted in Fig. 19, Perforation No. 3 exhibited the smallest fracture degree, whereas Perforation No. 2 displayed the largest fracture degree. With decreasing the breakdown pressure, the fracture degree of the perforation increases. The relatively large length and section diameter of Perforation No. 2 result in a larger volume, potentially leading to a greater fracture degree due to this initial defect. Ultimately, among the four types of penetrating bullets, the Perforation No. 2 formed by the 39g DP3 HMX perforating bullet exhibited the lowest breakdown pressure and the highest fracture degree.

[image: images]

Figure 19: Fracture degree and breakdown pressure of four perforations

5  Influence of Perforation Shape on Hydraulic Fracturing

5.1 Simulation Model Setting

Based on Perforation No. 2, modifications were made to the parameters of the perforation shape to explore their influence on fracturing outcomes, encompassing penetration length and cross-section diameter. To clearly observe the distinct patterns of change, a significant gradient in parameter modification was employed. As depicted in Table 7, “Perforation No. 2” serves as the reference model. Models 1-1, 1-2, and 1-3 compare the variable cross-section column with the equal cross-section cylinder perforation, where the radii of the equal cross-section cylinders 1-1 and 1-2 align with the radii of the ends of Perforation No. 2. Model 1-3 represents a cylindrical perforation of equal section, matching the volume and length of Perforation No. 2, featuring a radius d1−3 of 36.34 mm, as calculated from Eq. (22).

[image: images]

VP2=π(12d1−3)2(lN+lD)(22)

where VP2 represents the volume of Perforation No. 2, which can be calculated by CAD software.

In Models 2-1 and 2-2, the radius of each cross-section in the far-well section was increased (or decreased) by 5 mm, and in Models 3-1 and 3-2, the radius of each near-well section was increased (or decreased) by 5 mm, as detailed in Table 8. Models 4-1 and 4-2 involved changes in the length of Perforation No. 2, with the length of each small section being increased (or decreased) by 10 mm. To visually compare the differences in perforation sizes, Fig. 20 presents the 3D perforation patterns in each model.
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Figure 20: Schematic of the perforation in three dimensions ((a~c) Equal cross-section cylinder; (d~e) Change the diameter of the far-well section; (f~g) Change the diameter of the near-well section; (h~i) Change the perforating length)

5.2 Simulation Results and Analysis

Previous investigations did not specify the method used to simplify the perforation into an equal cross-section cylinder. In Fig. 21a, when the minimum and maximum radius of Perforation No. 2 are used as the radii of equal cross-section cylinders, the breakdown pressures are 66.83 MPa (Model 1-1) and 53.86 MPa (Model 1-2), respectively. The breakdown pressure of Perforation No. 2 falls between these two values, with pressure differences of 2.82 and 10.15 MPa, respectively. With the influence of water pressure, the rock mass primarily overcomes the tensile strength after overcoming the effects of in-situ stress. Comparing the difference of breakdown pressure and tensile strength of different perforations can significantly indicate the difficulty of cracking. The two difference values account for 94.0% and 338.3% of the rock tensile strength (3 MPa), respectively. Under the same volume, the breakdown pressure is 65.35 MPa (Model 1-3), which is 1.34 MPa higher than that of Perforation No. 2 and represents 44.7% of the rock tensile strength (3 MPa). These results suggest that a significant deviation in breakdown pressure may occur when the perforation is simplified into an equal cross-section cylinder.

[image: images]

Figure 21: Fracture degree and breakdown pressure of various models

Figs. 21b and 21c illustrate that increasing the cross-section diameter of both the far-well section and near-well section yields breakdown pressures of 56.67 MPa (Model 2-1) and 58.35 MPa (Model 3-1), respectively. Conversely, reducing the perforation cross-section diameter of the far-well section and near-well section leads to breakdown pressures of 65.67 MPa (Model 2-2) and 66.66 MPa (Model 3-2), respectively. Overall, there is a negative correlation between breakdown pressure and perforation diameter, which aligns with findings from research on simplified regular-shaped perforations [23,55]. Increasing the perforation diameter enlarges the size difference around the perforation channel, intensifying the weakening effect on the rock mass and rendering the perforation more susceptible to cracking. Consequently, this results in a decrease in the perforation breakdown pressure.

In Fig. 21d, the breakdown pressures are 68.75 MPa (Model 4-1) and 56.97 MPa (Model 4-2) when the penetration length is increased, respectively. Increasing the penetration length expands the effective area of fluid pressure on the hole wall, resulting in greater fluid energy used to break the rock layer. Consequently, this increases the circumferential stress of the borehole, potentially reducing the breakdown pressure.

Fig. 21 indicates that a decrease in breakdown pressure is associated with an increase in fracture degree when a single parameter is changed. Additionally, when changing the perforation shape, the breakdown pressure and fracture degree of Model 1-2 (large uniform cross-section cylinder, 53.86 MPa, 0.31‰) are lower than those of Model 4-1 (increased perforation length, 56.97 MPa, 0.56‰). This suggests that perforations with irregular sections are more likely to induce crack propagation than those with equal radius sections after perforation initiation.

6  Conclusions

The conclusions of this study can be summarized as follows:

(1)   Perforation geometries demonstrate a pattern of regularity, deviating from ideal cylindrical shapes. These real-world perforations are characterized by an initial constriction followed by an expansion, a trait consistent across the four examined types. The 39g DP3 HMX perforating bullet was found to produce the lowest breakdown pressure and a significant fracture degree. Conversely, the 95-type deep-penetrating perforating bullet resulted in the highest breakdown pressure and the least extent of fracturing.

(2)   Different simplification approaches for the perforation model have distinct impacts on the outcomes. Modeling the perforation as a cylinder with a uniform cross-section can lead to considerable discrepancies in predicted breakdown pressure. Using the diameter of the perforation entry as the basis for the cylinder’s diameter yields a breakdown pressure that diverges from that of a detailed perforation model. Variations in breakdown pressure among cylindrical perforations with equivalent volumes are relatively minor.

(3)   An inverse relationship was identified between breakdown pressure and perforation diameter when variations were restricted to the diameters of the far-well and near-well sections. In a similar vein, breakdown pressure showed a negative correlation with perforation length when adjustments were made solely to the lengths of the far-well and near-well sections. Additionally, an increase in the degree of fracturing corresponded with a decrease in breakdown pressure. Perforations with non-uniform cross-sections were more prone to facilitate crack propagation than those with uniform radii, despite having comparable breakdown pressures.

This research sheds light on the variability of perforation shapes under actual conditions, a notion not previously explored, and provides a numerical approach for optimizing perforation design. It also offers a basis for further investigation into the effects of perforation geometry on fracturing behavior. However, the acquisition of field data remains a challenge, and further experimental validation is necessary to corroborate the findings of this study.
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Table 3: Material parameters and simulation parameters

Parameter Value Parameter Value
Young’s modulus (GPa) 8.402 Internal friction angle (°) 40

Density of solid (kg/m’) 2500 Flow rate (m'/s) 2.1 x 107
Poisson’s ratio (—) 0.23 Density of fluid (kg/m?) 1000
Tensile strength (MPa) 2.59 Bulk modulus of fluid (MPa) 10

Shear modulus (GPa) 3.42 Permeability coefficient (m?*/(Pa-s)) 8.33 x 107"
Cohesive strength (MPa) 6.0
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Table 8: Setting of models for changing perforating length

Perforation model Iy (mm) [, (mm) Perforation
length (mm)
ll 12 13 14 15

Perforation No. 2 50.00  50.00 50.00 50.00  30.00  230.00
4-1 60.00  60.00 60.00 60.00 40.00 280.00
4-2 40.00  40.00  40.00  40.00 20.00  180.00
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Table 4: Parameters of engineering data validation

Parameter Value Parameter Value
Young’s modulus (GPa) 21.5 Vertical stress (MPa) 43
Tensile strength (MPa) 3.0 Minimum horizontal stress (MPa) 34
Shear modulus (GPa) 8.75 Maximum horizontal stress (MPa) 38
Flow rate (m’/s) 1.0 x 1077
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Table 7: Setting of models for changing the diameter of perforation section

Perforation model

Cross-sectional diameter (mm)

d, d, dy d, ds ds
Perforation No. 2 33.44 3333  28.80 23.50 48.77  50.00
1-1 33.44 3344 3344 3344 3344 3344
1-2 50.00  50.00  50.00  50.00  50.00  50.00
1-3 36.34  36.34  36.34  36.34 3634  36.34
2-1 33.44 3333  28.80  33.50  58.77  60.00
2-2 33.44 3333  28.80 13.50  38.77  40.00
3-1 43.44 4333  38.80 23.50  48.77  50.00
3-2 23.44 2333 18.80  23.50  48.77  50.00
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Table 1: Computational parameters for the rock specimen

Parameter Value Parameter Value
Young’s modulus (GPa) 210 Internal friction angle (°) 40

Density of solid (kg/m?) 1000 Pressure of fluid (MPa) 22
Poisson’s ratio (—) 0.25 Density of fluid (kg/m?) 1000
Tensile strength (MPa) 3.0 Bulk modulus of fluid (MPa) 10

Shear modulus (GPa) 84 Permeability coefficient (m?*/(Pa-s)) 8.33 x 107"
Cohesive strength (MPa) 5.0 Initial opening of crack (m) 5x10°°
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Table 6: Formation materials and simulation parameters

Parameter Value  Parameter Value
Young’s modulus (GPa) 21.5 Flow rate (m’/s) 1.0 x 1077
Tensile strength (MPa) 3.0 Vertical stress (MPa) 76

Shear modulus (GPa) 8.75 Minimum horizontal stress (MPa) 60
Cohesion strength (MPa) 17.0 Maximum horizontal stress (MPa) 73
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Table 2: The fracturing test parameters

Parameter Value Parameter Value
Perforation pattern (—) Symmetric Azimuth (°) 30, 45, 60
Sample size (mm x mm x mm) 300 x 300 x 300 Phase angle (°) 180
Wellbore diameter (mm) 20 Vertical stress (MPa) 15
Perforation diameter (mm) 2 Minimum horizontal stress (MPa) 1

Perforation length (mm) 30 Maximum horizontal stress (MPa) 6
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Table 5: Perforation length of four kinds of penetrating bullets

ID Penetrating bullet types Perforation length (mm)
1 25¢g DP3 HMX 235.00
2 39g DP3 HMX 230.00
3 89-type deep-penetrating perforating bullet 200.00
4 95-type deep-penetrating perforating bullet 195.00
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