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In this paper, the adaptability characteristics of the packer to three types of common clastic rock reservoirs (mudstone, shale, sandstone) are analyzed systematically. Moreover, the identification and structural design of the packer in hydraulic fracturing are systematically conducted based on the finite element calculation. Finally, the nonlinear mathematical models of the packing safety factor and the pressure under the packer and the conditions of casing, mudstone, shale and sandstone are obtained. The results show that the maximum stress of the rubber cylinder in the three formation models of mudstone, shale and sandstone is lower than the compression set strength of the rubber cylinder, indicating that the rubber cylinder will not cause stress damage. At the same time, by analyzing the common rubber materials and constitutive models of the packers, the structure of the packer rubber cylinder and a new anti-shoulder protrusion device were redesigned. The Nitrile-butadiene rubber (NBR) meets the performance requirements of the rubber tube under the allowable pressure difference and temperature difference. The designed new anti-protrusion device can ensure the structural integrity and stress uniformity of the rubber tube, thereby ensuring good sealing performance. Under the three formation conditions of mudstone, shale and sandstone, the rubber cartridge can be in a safe working state, and its sealing width is close to the contact length of the rubber cartridge. In addition, the rubber cartridge is in a good elastic deformation range. The design of the packer in this study satisfies the third strength theory and the safety requirements. The deformation and sealing performance of the rubber cylinder are relatively stable, and the size of the rubber cylinder also meets the field requirements.
Keywords: fracturing, packer, structural optimization of rubber cylinder, finite element analysis, performance optimization
INTRODUCTION
The measurement of initial stress of underground rock mass has very important practical value to improve the development efficiency of tight oil and gas resources. In addition, the test of in-situ stress is also of great significance to the safe utilization of urban space, disaster reduction and prevention. Packers are the basic equipment for obtaining in-situ stress in hydraulic fracturing tests (Yohannes., 2017; Huang et al., 2020). The research object of this study is the Jurassic Ziliujing Formation in the X area of the Sichuan Basin, China. Typically, the rocks encountered by packers in the formation are mainly mudstone, shale, and sandstone. Hydraulic fracturing is one of the methods for measuring in-situ stress specified by the International Professional Committee of Rock Mechanics Testing Technology, and it is also the most effective method for measuring deep in-situ stresses. At present, the differential pressure of some newly developed bridging packers in the world is around 35 MPa, which cannot fully meet the temperature and pressure conditions required for deep hole geostress testing (Wakuda et al., 2002; Zhao et al., 2021a; Zhao et al., 2021b; Liu et al., 2022; Zhao et al., 2022; Zheng et al., 2022). Packers are important tools for downhole stress measurements. The sealing rubber material of the packer is prone to have problems such as stress relaxation and shoulder protrusion under high temperature and high pressure or tough environment, furthermore, it will lead to sealing failures (Akhtar et al., 2012). Shale is developed in the Jurassic Ziliujing Formation in the Sichuan Basin, and the shale has strong toughness or creep characteristics. It is easy to soften and expand after soaking with annotation, and it has small deformation modulus and poor sliding stability. There are a large number of interlayer pores and micro-fractures developed in shale rocks (Figure 1), thus higher requirements for deep hole in-situ stress testing are needed.
[image: Figure 1]FIGURE 1 | Development characteristics of interlayer pores and microfractures in the Ziliujing Formation shale in the Sichuan Basin (Liu et al., 2021). Notes: (A) Well F1, 2736.3 m; (B) Well X101, 2149.77 m; (C) WellX101, 2269.94 m; (D)Well Y30, 4007.13 m.
In order to improve the performance of the rubber cartridge, some scholars have carried out related research on the selection and design of the packer (Lan et al., 2019; Liu et al., 2020; Zheng et al., 2022). However, in the research on the improvement of the rubber tube structures of the packer and the selection of rubber materials, there is no systematic analysis of the influence of different lithologies on the adaptability of the packer. Existing models mainly assume that rubber is a linear elastic material with a fixed elastic modulus, which ignores the highly nonlinear and hyperelastic properties between the rubber barrel and the casing. Furthermore, these studies generally did not consider the effect of the anti-shoulder structure on sealing performance.
Based on the current problems in the research of packers in hydraulic fracturing, this study systematically analyzes the influence of three common lithologies on the contact pressure of packers. The outburst prevention device contacts directly with the rubber materials. We have designed a novel outburst prevention device according to high nonlinearity and superelasticity of rubber materials. Then, a finite element model of the packer is established based on the highly nonlinear and hyperelastic properties of the rubber material. The results of finite element analysis show that the sealing performance of the rubber cylinder with the new anti-outburst device has been significantly improved.
MATERIALS AND METHODS
Selection of cartridge material
The maximum working pressure difference and temperature of the packer are mainly limited by the material of the rubber barrel, and the choice of material is a key factor in the design of the packer tube (Luo et al., 2002; Bu et al., 2011; Li et al., 2013; Dorokhov et al., 2016). The main rubber materials of compression packers are fluorine rubber, nitrile rubber, and hydrogenated nitrile rubber. The advantages and disadvantages of these materials are shown in Table 1. By comparing these materials, nitrile rubber (NBR) has the following advantages: high tensile strength and elastic modulus, easy molding, and low cost. At the same time, it can be applied to the three clastic rock lithologic formations in this paper, and its physical properties are shown in Table 2.
TABLE 1 | Comparison of properties of different types of rubber materials.
[image: Table 1]TABLE 2 | Physical properties of nitrile rubber.
[image: Table 2]Constitutive models
Rubber material is a typical nonlinear material, its elastic properties are related to hardness, load size, load frequency and other factors, therefore it cannot be represented by a simple elastic modulus. In the study of constitutive relation of rubber, the phenomenological theory is used to describe its stress-strain relation. It assumes that rubber is isotropic in undeformed state and considers rubber as an incompressible material, it is difficult to obtain a reasonable structure of the sealing unit through theoretical calculation when designing the structure of the rubber cylinder (Guo et al., 2011; Polonsky and Tyurin., 2015; Zhang et al., 2017). In the analysis and calculation of rubber components, the highly nonlinear and superplastic models include Mooney-Rivlin model, Yeoh model and Gent model. The applicability of these models is shown in Table 3.
TABLE 3 | Comparison of different constitutive models.
[image: Table 3]The Yeoh model and the Gent model cannot be used for moderate and small deformation, while the Mooney-Rivlin model can better fit the stress-strain relationship of incompressible rubber materials at moderate deformation. Therefore, the Mooney-Rivlin model is selected in this study.
The strain energy density function in the Mooney-Rivlin model is expressed as:
[image: image]
where W is the strain potential energy, I1 and I2 are the deformation tensors, and C10 and C01 are the Mooney material coefficients.
The Poisson’s ratio of incompressible rubber materials can generally be set to 0.5. When the rubber material is in the small strain region, the relationship between its elastic modulus E0, shear modulus G0 and material coefficient can be expressed as:
[image: image]
According to the fitting results of the experimental data of rubber hardness and elastic modulus, the relationship between rubber hardness H and elastic modulus E0 can be obtained:
[image: image]
From Eqs 2, 3, the relationship between hardness and material coefficient can be expressed as:
[image: image]
The ratio of C10 to C01 is usually between 0.3 and 0.7. In this study, C10/C01=0.5. The mechanical properties of the rubber material constitutive model are shown in Table 4.
TABLE 4 | Mechanical properties of rubber materials.
[image: Table 4]Finite element simulation
The finite element method is a principle of the finite element method, which uses an electronic computer to solve the numerical solution of problems such as static and dynamic characteristics of complex structures. It has high precision, strong adaptability and wide application range. At present, the finite element analysis software used to solve nonlinear material problems mainly includes ANSYS and ABAQUS.
ANSYS (Analysis System) is a large-scale CAE general finite element analysis software that integrates structure, heat, fluid, electromagnetic and acoustics, and has powerful and extensive geomechanical analysis functions. It is widely used in linear and nonlinear problems with multi-physical fields such as structure, heat, fluid, electromagnetic, acoustics, and multi-field coupling.
ABAQUS software is a relatively powerful finite element software in the field of engineering simulation, especially in solving complex nonlinear problems. The ABAQUS operation interface is simple and user-friendly, and complex problems can be “simplified” through the combination of various option blocks, so that highly nonlinear problems can be simulated.
Compared with ANSYS, ABAQUS adopts the parametric modeling method, which provides a powerful tool for parameter design and optimization of actual engineering structures and structural modification. Moreover, ABAQUS adopts CAD modeling and visualization window system, which has good human-computer interaction characteristics. Based on the above analysis, the ABAQUS software was selected for the nonlinear finite element analysis of the packer cylinder group in this study.
RESULTS
Influence of lithology on the contact pressure of packer
Different lithologic formations have different pore structures and rock mechanical properties. The scanning electron microscope images and rock mechanical parameters of typical mudstone, shale and sandstone of the artesian well formation in the study area are shown in Figure 2. Sandstone has the highest compressive strength and elastic modulus (uniaxial condition), followed by shale and mudstone, respectively. Cohesion represents the degree of aggregation between particles within a rock. The results show that loose mudstone has the lowest cohesion value, while sandstone with dense massive structure has the highest cohesion value.
[image: Figure 2]FIGURE 2 | Microstructures of clastic rock formations of different types of lithology based on SEM observations. Notes: (A) Mudstone, Well S1, 2243 m; (B) Shale, Well S1, 2247 m; (C) Sandstone, Well S1, 2255 m.
Due to the different lithology of the formation, the packing performance of the packer and the formation is also different. Under the pressure environment of the downhole packer, the contact pressure between the rubber cylinder and the formation should be greater than the gas channeling pressure on either side, so that the gas channeling channel can be cut off. Only by ensuring that the upper or lower gas channeling cannot pass through the contact surface between the rubber cylinder and the formation, can the packer be able to absolutely effectively seal the upper and lower pressures. Therefore, as long as the contact pressure between the rubber cylinder and the well wall is greater than the pressure below the rubber cylinder, it can be determined that the rubber cylinder can effectively seal the upper and lower pressure differences in this case.
In this study, a parameter to characterize effective containment, the packer safety coefficient (S), was introduced. It is defined as the ratio of the maximum contact pressure of the packer cartridge to the pressure below the cartridge. It assumes that the pressure below the packer is greater than the pressure above it. If the obtained packing safety factor is greater than 1, it can be determined that the packer can effectively pack the upper and lower pressure difference in the downhole.
According to the lithological parameters in Figure 2, the casing material takes yield strength σ=835 MPa, elastic modulus E=210 GPa, and Poisson’s ratio μ=0.28. By keeping the pressure above the packer rubber cylinder at 40 MPa, the contact pressure between the packer and the formation can be calculated using finite element, under different lithologic formations and different pressure conditions below the rubber cylinder. The length of the rubber barrel is 0.8 m, and the interference thickness is 3 mm. The interference thickness is the value of the interference fit between the rubber cylinder and the formation after expansion. In turn, the containment safety factor is obtained (Figure 3).
[image: Figure 3]FIGURE 3 | Relationship between the isolation safety factor and the pressure under the rubber cylinder.
Using the least squares fitting curve, the nonlinear mathematical model of the packing safety factor and the pressure under the packer can be obtained respectively under the formation conditions of casing, mudstone, shale and sandstone.
Casing:
[image: image]
Mudstone:
[image: image]
Shale:
[image: image]
Sandstone:
[image: image]
In above formulas, S is the packer safety coefficient; x is the pressure under the rubber cylinder, where 40 MPa < x < 60 MPa.
The above formulas (5–8) are empirical formulas established when the pressure below the packer rubber cylinder is 40–60 MPa. The application range of this empirical formula is further extended, that is, the pressure under the packer rubber cylinder is 40 ∼ x MPa (x≥40). When S=1, that is, when it can just be sealed, the maximum safe lower pressure of the rubber cylinder under the four models is calculated respectively: casing pT= 82.704 MPa > sandstone pS= 75.772 MPa > shale pY =60.988 MPa > mudstone pN= 44.28 MPa.
Cylinder stress under different lithology
In order for the packer to achieve the expected packing effect in the downhole, it must be ensured that the rubber tube of the packer does not undergo stress damage under the downhole pressure difference. The stress of the rubber cylinder under different formation models was calculated by finite element analysis, and the results are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Variation curve of the isolation safety factor with the pressure under the rubber cylinder under different formation models.
After the least squares curve fitting, the nonlinear mathematical models of the maximum stress under the casing, mudstone, shale, and sandstone under the pressure of 40–60 MPa were obtained.
Casing:
[image: image]
Mudstone:
[image: image]
Shale:
[image: image]
Sandstone:
[image: image]
where σmax is the rubber barrel stress, MPa; x is the bottom pressure, MPa.
After the above calculation of the stress of the rubber cylinder, the maximum stresses in the above four formation models are 7.146, 2.575, 2.740 and 3.707 MPa, which are lower than the compression set strength of the rubber material of the rubber cylinder of 23.9 MPa. This means that the rubber cartridge will not be damaged by stress under the pressure (40 MPa<x <60 MPa) under the rubber cylinder. Therefore, when the pressure above the rubber cylinder is 40 MPa and the pressure below the rubber cylinder is 40–60 MPa, the packer can safely seal the upper and lower pressure differences.
Influence of packer working state on formation
The influence of the packer on the formation mainly refers to the influence of the contact pressure between the packer and the formation on the formation: ① If the contact pressure between the packer and the formation is too small, the packer cannot effectively seal the upper and lower pressure difference; ② If the contact pressure between the packer and the formation is too large, the formation or formation rock will be fractured and shear stress damage will occur.
This study assumes that only vertical wells are considered, and the effects of well inclination and azimuth on in-situ stress are ignored. Moreover, the horizontal in-situ stress is non-uniform, and the formation pore pressure is considered in the sandstone layer. Since the wellbore diameter is much smaller than the well depth, the vertical wellbore model can be simplified as a plane strain problem. That is, the maximum horizontal principal stress σH acts at infinite distance in the X direction, the minimum horizontal principal stress σh acts at infinite distance in the Y direction, the packer contact pressure P acts on the inside of the wellbore, and the sandstone has the effect of overlying rock pressure.
In this study, considering that the packer is driven to a depth of 4 000 m, the triaxial stress state of the rock in the downhole is σH = 30 MPa, σh = 20 MPa, and the overburden pressure is 40 MPa. Furthermore, under this assumption, the formation shear stress under different lithologic formations and under different contact pressures is calculated by the finite element method. Figure 5 shows the change curves of the maximum formation shear stress under different lithologic formations and different contact pressures. It can be seen from Figure 5 that the maximum shear stress of the borehole formation under the action of triaxial stress increases linearly with the increase of the contact pressure of the rubber.
[image: Figure 5]FIGURE 5 | Variation of maximum formation shear stress under different contact pressures.
In addition, it can also be seen from Figure 5 that the straight line slope of the sandstone formation is the largest, followed by shale and mudstone. The slope represents the rate at which formation shear stress varies with packer contact pressure. Therefore, the maximum formation shear stress under different lithologic formations is proportional to the increasing rate of the packer contact pressure and the elastic modulus of the formation.
Thus, the relational models of formation shear stress and contact pressure under different lithologic formations and under different contact pressures are established.
Sandstone:
[image: image]
Shale:
[image: image]
Mudstone:
[image: image]
where τ is the formation shear stress, MPa; p is the contact stress, MPa.
These models can be used to calculate the maximum safe contact pressure for shear stress failure in different lithologic formations. It provides the basic conditions for the structural optimization of the packer.
Calculation of cartridge parameters
In order to verify the sealing performance and bearing capacity of the compression packer, the basic size parameters and setting pressure of the packer cartridge are calculated as follows:
In order to facilitate installation and interchangeability, the inner diameter of the rubber barrel should be larger than the outer diameter of the central pipe, and it should contact and close the well wall quickly during the setting process. Therefore, the gap between the rubber barrel and the central tube should not be too large. The outer diameter of the central tube was 35 mm, and the inner diameter of the rubber cartridge was determined to be 35.5 mm.
The height of the rubber barrel determines the contact length between the rubber barrel and the hole wall, which is an important factor in determining the sealing performance. The relevant empirical formulas are: 
[image: image]
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In the formula, σz is the axial stress of the rubber tube; E is the elastic modulus of the rubber tube material; μ is the Poisson coefficient; R3 is the inner diameter of the casing; R2 is the outer diameter of the rubber tube; R1 is the inner diameter of the rubber tube; h is the rubber The height of the pipe; f is the friction coefficient; [τ] is the allowable shear force of the rubber cylinder; A is the annular cross-sectional area between the central pipe and the well wall.
Since R3=76 mm, R2=72 mm, R1=35.5 mm and ΔP=35 MPa, the axial stress and the height of the rubber cylinder can be calculated: Fε=19.11 kN and h=100 mm.
The differential equation of radial displacement of elastic body is expressed as:
[image: image]
where u is the radial displacement and r is the radius of curvature.
Its general solution can be expressed as:
[image: image]
where u is the radial displacement and r is the radius of curvature.
According to the boundary conditions, the definite integral can be calculated as:
[image: image]
Therefore,
[image: image]
[image: image]
In the formula, R3 is the inner diameter of the casing, R2 is the outer diameter of the rubber cylinder, and R1 is the inner diameter of the rubber cylinder.
Substituting Eqs 22, 23 into the definite integral (20), the relative radial elongation εr and relative tangential elongation εθ can be obtained: 
[image: image]
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where u is the radial displacement, r is the radius of curvature, R3 is the inner diameter of the casing, R2 is the outer diameter of the rubber cylinder, and R1 is the inner diameter of the rubber cylinder.
The change in volume of an elastomer θ can be expressed as:
[image: image]
where εz is the relative axial elongation, εr is the relative radial elongation and εθ is the relative tangential elongation.
Assuming that the sealing element is incompressible, that is, θ=0, Eq. 26 can be expressed as:
[image: image]
where εz is the relative axial elongation, εr is the relative radial elongation and εθ is the relative tangential elongation.
Substituting Eqs 24, 25 into Eq. 27, the relative axial elongation εs can be obtained: 
[image: image]
where R3 is the inner diameter of the casing, R2 is the outer diameter of the rubber cylinder, and R1 is the inner diameter of the rubber cylinder.
According to generalized Hooke’s law, radial, tangential, and axial normal components can be calculated:
[image: image]
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where εz is the relative axial elongation; εr is the relative radial elongation; and εθ is the relative tangential elongation; σr is the radial stress; σθ is the radial stress; σz is the radial stress; μ is the Poisson’s coefficient; E is the elasticity modulus.
Further, the above three expressions can be transformed into:
[image: image]
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where R3 is the inner diameter of the casing; R2 is the outer diameter of the rubber cylinder; R1 is the inner diameter of the rubber cylinder; εz is the relative axial elongation; εr is the relative radial elongation; εθ is the relative tangential elongation; σr is the radial stress; σθ is the radial stress; σz is the radial stress; μ is the Poisson’s coefficient; E is the elasticity modulus.
Substitute Eq. 34 into [image: image], and the compressive force Fε in plane deformation can be obtained: 
[image: image]
where R3 is the inner diameter of the casing; R2 is the outer diameter of the rubber cylinder; μ is the Poisson’s coefficient; E is the elasticity modulus.
By analyzing the relationship between the force and deformation of the rubber cylinder under uniaxial compression, the equilibrium conditions of the force can be obtained:
[image: image]
In the formula, ΔP is the packer pressure difference; A2 is the annular cross-sectional area between the packer center pipe and the well wall; f is the friction coefficient; Pk’ and Pk are the pressures of the axial load acting on the inner and outer surfaces of the rubber cylinder; S1 and S2 are the lateral areas of the inner and outer sealing surfaces after the rubber tube is deformed.
The simplified calculation is as follows:
[image: image]
[image: image]
where Pk’ and Pk are the pressures of the axial load acting on the inner and outer surfaces of the rubber cylinder; S1 and S2 are the lateral areas of the inner and outer sealing surfaces after the rubber tube is deformed.
Therefore,
[image: image]
where S1 and S2 are the lateral areas of the inner and outer sealing surfaces after the rubber tube is deformed; R1 is the inner diameter of the rubber cylinder; h is the height of rubber tube.
Substituting Eq. 28 into Eq. 39, it can be transformed into [image: image]. Then, substituting it into formula (36), we can get:
[image: image]
where R3 is the inner diameter of the casing; R1 is the inner diameter of the rubber cylinder; ΔP is the packer pressure difference; f is the friction coefficient; h is the height of rubber tube; εz is the relative axial elongation.
At the same time, when the axial load acts on the inner and outer sealing surfaces of the rubber cylinder, the radial pressure and the axial pressure are equal:
[image: image]
where F is the total compressive force; R1 is the inner diameter of the rubber cylinder; R2 is the outer diameter of the rubber cylinder;
The compressive load required for the packer to work in a sealed state is:
[image: image]
where ΔP is the packer pressure difference; R3 is the inner diameter of the casing; R2 is the outer diameter of the rubber cylinder; R1 is the inner diameter of the rubber cylinder; f is the friction coefficient; h is the height of rubber tube; εz is the relative axial elongation.
By substituting the known database into the above formula, the relative axial elongation εs, the compressive load FΔP in the sealed state, the compressive force Fε in the plane deformation and the total compressive force F can be obtained:
[image: image]
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Furthermore, the pressure on the cartridge unit:
[image: image]
[image: image]
where S is the stress area of the total compressive force, mm2; P is the pressure on the cartridge unit, MPa.
Structural design of compression packer and rubber cylinder
The compression packer” is one that compresses the packer by axial force and enlarges the diameter of the packer to seal it. It's widely applicable and can be used in various conditions of deep Wells, ultra-deep Wells, directional Wells, horizontal Wells and window-side drilling. The compression packer cartridge consisting of two cartridges in this paper was selected as the study object. Its overall structure consists of a connecting device, a setting device, an anti-midway setting device, a locking device, a sealing device, etc., (Figure 6). The working principle is as follows: the piston and the central pipe are connected by threads, and the inner and outer sides are sealed with the central pipe and the liquid cylinder respectively through O-rings. When working, the piston is fixed on the central tube, and the high-pressure liquid enters the cylinder through the central small hole between the piston and the liquid cylinder. In turn, it pushes the cylinder to the left and forms a seal condition in the compressed rubber cartridge.
[image: Figure 6]FIGURE 6 | Schematic of a compression packer.
The structure of the rubber cylinder is shown in Figure 7. The difference from the general packer is that it has an anti-protrusion structure and adopts steel with lower rigidity. Compared with red copper, it reduces the cost, in addition, it can use the radial extension of the rubber barrel to closely contact the outer diameter of the rubber barrel, thereby effectively preventing the possibility of shoulder protrusions. Therefore, it improves the contact stress between the rubber cylinder and the pipe wall, and ensures the good sealing performance of the packer.
[image: Figure 7]FIGURE 7 | Schematic diagram of the rubber barrel structure.
DISCUSSION
Design of a new anti-shoulder structure
The direct contact between the rubber barrel and the casing will directly lead to structural deformation and performance degradation of the rubber hose, especially under high temperature and high pressure. Therefore, the existence of an anti-shoulder structure is very necessary. A new type of anti-shoulder structure is designed using the conical surface shape of the double rubber cylinder. The structure is shown in Figure 8, and its working principle is shown in Figure 9.
[image: Figure 8]FIGURE 8 | Schematic diagram of the shoulder pad structure.
[image: Figure 9]FIGURE 9 | Schematic diagram of the rubber barrel structure.
The material used for the shoulder pads is low-strength steel. Its low stiffness allows a slight radial deformation of the cartridge, thereby effectively reducing contact stress, and reducing the possibility of cartridge failure and effectively preventing shoulder protrusions. Furthermore, the contact stress between the rubber cylinder and the pipe wall is increased, which ensures the good sealing performance of the packer.
Finite element analysis of rubber cartridge
The finite element software ABAQUS contains most constitutive models of hyperelastic materials. In the Mooney-Rivlin model selected in this paper, C01 = 0.610, C10 = 1.221. The mechanical parameters of the key components of the packer are shown in Table 5.
TABLE 5 | Mechanical parameters of materials in key parts of packer.
[image: Table 5]In the process of finite element analysis, the following assumptions are made in this study without affecting the use function of the packer:
① The packer is located in the center of the wellbore before and after setting, and is symmetrical about the centerline of the bottom hole;
② The effect of the packer’s own weight on the results is ignored;
③ The influence of the irregularities of the wellbore on the analysis is ignored, and the casing is used instead of the wellbore to conduct the test;
④ In the analysis, only the part of the rubber cylinder is taken, the lower spacer ring, the central pipe and the well wall are fixed, and only the rubber cylinder is compressed.
The finite element analysis mainly analyzes the deformation of the rubber cylinder. Since both the spacer ring and the center tube are alloy steel, the elastic modulus is large, so the distance ring and the center tube are set as rigid bodies. According to the structure and size of the rubber cylinder in the assembled state, the contact design between the rubber tube and the metal part is established: the outer tube and the inner ring are fixed, the lower shoulder pad is fixed, and the upper shoulder pad is set as the loading reference point. The finite element model of the rubber tube was established by the finite element analysis software ABAQUS. The material of the central tube is 42CrMo, the Young’s modulus and Poisson’s ratio are 2.16e5 MPa and 0.286, respectively; the casing material is 45 steel, the material of the anti-outburst ring is 20 steel, the Young’s modulus and Poisson’s ratio are both 2.06e5 MPa and 0.3. The cartridge material parameters are designed to be C01 = 0.610, C10 = 1.221. The solid model is shown in Figure 10.
[image: Figure 10]FIGURE 10 | Finite element model of rubber cartridge.
The axial load of the rubber cartridge is 13.05 MPa (from Figure 8), and the bottom and lower shoulders of the model are restrained. The deformation, stress and contact stress cloud of the rubber cylinder are shown in Figure 11. In the deformation cloud, it can be seen that the stress is evenly distributed on the gluing cylinder. The cartridge is in close contact with the casing without excessive stress concentration. This shows that the anti-shoulder structure can make the stress uniform, and it also meet the energy requirements of the structure using low-strength steel. Its proper deformation makes the deformation degree of the rubber cartridge more elastic.
[image: Figure 11]FIGURE 11 | Simulation results of the stress distribution of the rubber cylinder. Notes: (A) Deformation cloud of the rubber cylinder; (B) Stress cloud of the rubber cylinder; (C) Contact stress cloud of the rubber cylinder.
The contact pressure curve is shown in Figure 12. On the contact pressure curve, the maximum contact stress is near the two shoulder guards, and the contact pressure on the rubber tube is very uniform. Therefore, the rubber tube is protected by shoulder guards at both ends, thereby ensuring the structural integrity and uniformity of the force of the rubber tube. According to the stress cloud calculation results, the packer does not reach the maximum safe contact pressure when the lithological stratum is damaged by shear stress in the contact stratum.
[image: Figure 12]FIGURE 12 | Contact stress curve of the rubber cartridge.
CONCLUSION
In this study, in order to optimize the sealing performance of the conventional compression packer, the packing performance of the packer and the formation was systematically studied according to the different lithology of the formation. Empirical equations for packer suitability under three formation conditions were derived. A new anti-shoulder protrusion device is designed by comparing the commonly used rubber materials for packers and constitutive models. The main conclusions obtained in this paper are as follows:
1) The maximum stress of the rubber cylinder in the three formation models of mudstone, shale and sandstone is lower than the compression set strength of the rubber cylinder, indicating that the rubber cylinder will not cause stress damage.
2) At the same time, by analyzing the common rubber materials and constitutive models of packers, the structure of the packer rubber cylinder and a new anti-shoulder protrusion device were redesigned. Nitrile-butadiene rubber (NBR) meets the performance requirements of the rubber tube under the allowable pressure difference and temperature difference. The designed new anti-protrusion device can ensure the structural integrity and stress uniformity of the rubber tube, thereby ensuring good sealing performance.
3) Under the three formation conditions of mudstone, shale and sandstone, the rubber cartridge can be in a safe working state, and its sealing width is close to the contact length of the rubber cartridge. In addition, the rubber cartridge is in a good elastic deformation range.
4) The design of the packer in this study satisfies the third strength theory and safety requirements, the deformation and sealing performance of the rubber cylinder are relatively stable, and the size of the rubber cylinder also meets the field requirements.
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