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Abstract

:

During perforation in ultra-deep wells, the blast shock wave can induce dynamic responses of the perforating tubing, leading to potential downhole accidents such as vibration, deformation, and even fracture of the perforating tubing. To comprehend the dynamic response characteristics of the perforating tubing under blast impact load, we conducted a joint finite element simulation using SolidWorks, Hypermesh, and LS-DYNA. The simulation included deformation analysis, motion analysis, and strength analysis of the perforating tubing. By analyzing these factors, we obtained the change in velocity, acceleration, and equivalent stress of the perforating tubing over time under the blast load. The finite element analysis indicates the following: (a) the bottom of the perforating tubing is susceptible to significant tension compression cycle; (b) the velocity amplitude variation is smallest at the top of the perforating tubing, while the frequency and peak values of velocity changes are maximal at the bottom of the perforating tubing; and (c) the top and bottom of the tubing string are the vulnerable parts of the perforating tubing system.
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1. Introduction


Perforation refers to the utilization of specialized instruments, typically, perforating guns, to detonate charges. This process enables the charges to penetrate the casing and cement sheath, creating channels (as shown in Figure 1). These channels, established between the reservoir and the wellbore, facilitate the flow of reservoir fluids into the wellbore, promoting the routine production of oil and gas wells.



Existing perforating processes include tubing-conveyed perforating (TCP) and wireline-conveyed perforating (CCP), which are widely used because tubing-conveyed perforating can carry out deep penetration operations. And with the development of perforating technology, a single perforating process has been developed into a perforating–testing–acidizing process. In this process, the perforating gun is connected with testing instruments to form an integrated tubing, which enables a single tubing to simultaneously perform perforating, well killing, fluid drainage, etc., thereby reducing the frequency of tubing retrieval and deployment and, consequently, lowering the cost of well testing [1,2,3,4].



Simultaneously, in the pursuit of further enhancing oil and gas production, many oilfield construction organizations have implemented high perforating density and lengthened perforating gun design [5,6], which increases the impact pressure generated by the perforating operation, making the perforating tubing more susceptible to buckling and fracture. Once the perforating tubing string in the wellbore fails and falls into the well, it becomes an obstacle, hindering operations such as fracturing and testing and posing risks to the daily production of oil and gas wells.



Numerous issues arising from perforating tubing incidents in China have been documented, including stuck pipe, debris and cuttings, formation damage, pressure and fluid loss, as well as tool failure [7,8,9,10,11,12] (as shown in Figure 2). For instance, during the testing and perforating of tubing in the Keshen-101 well and Wushen-1 well in the Tarim Oilfield in western China, the tubing below the packer fractured, resulting in its descent into the well. Similarly, there have been instances of tubing buckling and fracturing due to excessive pressure generated by the blast from perforation [13]. A notable case is the Manati-1 well in the Camamu Basin of Brazil, where the pulsating pressure generated by the perforation blast led to the shear failure of the ignition head, causing the tubing to fall into the well [14].



Perforation, as a specialized technological process, faces a complex downhole environment in oil and gas wells, involving diverse interdisciplinary knowledge such as underwater explosions, tubing dynamics, and shock wave propagation. Consequently, transferring methods and theories from other fields to directly address the trials encountered in perforation becomes a significant challenge. In the domain of underwater explosions, many scholars have focused on the response of metallic structures. For instance, in 2007, John, M. B. et al. investigated the dynamic response of a cylindrical shell underwater to shock waves and bubble pulsation by extracting acceleration and pressure data, employing high-speed imaging techniques [15]. In 2014, Bowen, X. et al. used AUTODYN and ABAQUS to study the dynamic response of a cylindrical shell in water under the impact load of three types of explosives [16]. In 2020, Kevin, B. et al. studied the deformation patterns of a cylindrical shell in different water depths through mathematical modeling and LS-DYNA finite element simulations [17]. In 2023, Weizheng, X. et al. conducted a photonic experiment on the dynamic response of a cylindrical shell structure under explosive loading in a water tank [18]. However, these studies primarily focused on cylindrical shells in open-water environments (as shown in Figure 3), where the propagation of underwater shock waves is relatively straightforward.



Perforation operations, on the other hand, are conducted in the confined and elongated downhole environment of the well’s sealed section in. The propagation process of shock waves during perforation is intricate and involves continuous reflection and coupling within the casing. Therefore, though research on damage to cylindrical shells in open-water explosion is valuable, there are challenges in direct research on damage to perforating tubing in the complex downhole environment.



In the domain of perforating tubing mechanics, various studies have been conducted to analyze different aspects. In 2003, Hongdong, Y. et al. performed a mechanical analysis of the longitudinal vibration of a perforating testing tubing, highlighting that the primary influencing factor on tubing vibration is the high pressure generated during perforation operation [10]. In 2011, Jack, B. et al. discussed a computer modeling program addressing the safety of perforating tubing, aiming to assess the mechanical risks faced by perforating tubing inside the wellbore [19]. In 2012, Yihua, D. et al. conducted a study comparing data from different wells to investigate the impact of parameters such as perforation interval, wellbore bottom, and perforation ratio on the strength of perforating tubing string [20]. In 2019, Mingfei, L. et al. studied the dynamic response of tubing by establishing a dynamic theory model and using ANSYS [21]. In 2023, Jun, L. et al. explored the vibration characteristics of tubing under different construction parameters [22]. However, these studies have tended to overlook the complex operating conditions of perforating tubing string, specifically in the high-temperature and high-pressure conditions of ultra-deep wells. This lack of consideration has resulted in an incomplete and non-systematic understanding of the mechanisms causing damage to perforating tubing, making the resolution of tubing impact safety issues challenging.



Due to the multidisciplinary nature of perforation technology, conducting large-scale perforating experiments is impractical. Moreover, perforating tubing string in ultra-deep wells faces complex conditions such as high temperature and high pressure, contributing to a lack of accurate and systematic recognition of the perforating tubing damage mechanism. The challenge of addressing tubing safety issues remains difficult. Utilizing numerical simulation, a widely applied computer technology in engineering [23,24], allows for the comprehensive simulation and calculation of the entire perforation process.



In this paper, we used numerical simulation to establish a finite element model and analyzed the simulation and results. The perforating tubing system is modeled by SolidWorks based on the actual engineering parameters of an oil and gas well in southwestern China, the meshing is conducted by Hypermesh, and the boundary conditions, equations of state, and data solving are set by LS-DYNA. In this paper, we extracted the data of displacement, velocity, acceleration, and equivalent stress of the tubing to reveal the vulnerable links of the perforating tubing system and explored the risks faced by the tubing during the perforating operation. Meanwhile, we plotted pressure contour plots to demonstrate the propagation of the blast wave in the perforating fluid and the perforating gun. Finally, the accuracy of the numerical simulation is demonstrated by example verification.




2. Materials and Methods


2.1. Simulation Modeling


The perforating tubing system comprises various downhole devices, such as manometers and negative pressure valves. To streamline computations and provide a more intuitive exploration of the impact of the perforation blast load on the perforating tubing, the perforating tubing string system is simplified. Using a straight 7660 m ultra-deep well in the southwest oilfield of China as a representative case, the three-dimensional model is constructed using SolidWorks. This model, depicted in Figure 4, incorporates components such as the charge, perforating gun, casing, perforating fluid, tubing, and connectors, based on actual parameters.



The perforation operation parameters include an initial wellbore pressure of 99.19 MPa, the setting depth of the packer at 7197 m, 2656 perforation charges, each with an explosive of 25 g, and the perforating fluid density of 1320 kg/m3. Among these, the perforating gun is made of 32CrMo4 steel, and the tubing and casing are of N80 steel grade. Specific modeling parameters, as per API [25], are detailed in Table 1.




2.2. Algorithm, Material, and Boundary Condition Setting


The established perforating tubing system model is imported into Hypermesh for the meshing of each component, ensuring that the Jacobian of 2D mesh quality is within the range of 0.6 to 1. Finally, the 2D mesh is mapped to a 3D eight-node hexahedral solid element (as shown in Figure 5). The Lagrange algorithm, which facilitates the determination of material boundary movement and provides accurate results for small deformations [26], is a commonly used finite element analysis method for studying solid structures. Therefore, the mesh models for the perforating gun, tubing, and casing are established using the Lagrange algorithm. The ALE algorithm combines the advantages of Lagrange and Euler algorithms. In solving the grid calculation, each step can have an arbitrary motion relative to the coordinate system, avoiding the problem of insufficient accuracy caused by the direct calculation of large deformation grids [27]. Hence, the explosive and perforating fluid utilizes the ALE algorithm to establish mesh models. Simultaneously, owing to the highly nonlinear nature of perforation explosions, the explosive region undergoes mesh refinement, as depicted in Figure 6.



Before setting the boundary conditions, the perforating tubing string is taken as the research subject. In relation to the buoyancy, gravity, perforation impact force exerted on the tubing downhole, and the characteristics of perforation operations in the sealed section of ultra-deep wells, the following assumptions are made for the finite element model of the perforating tubing system.



	
The initial position of the tubing aligns with the borehole axis of the oil and gas well;



	
The tubing is treated as an elastic material and its material exhibits isotropic properties;



	
The gravitational force acting on the tubing due to downhole components is disregarded.






In accordance with the aforementioned assumptions, boundary conditions are set in LS-DYNA. Initially, upon detonation of the charges, the resulting shock wave propagates above the perforating tubing. Considering that the inner wall of the casing functions as a rigid surface, the shock wave predominantly undergoes continuous reflection within the casing. When the shock wave propagates upward to the packer, due to the rubber material of the packer, it results in more shock wave ground transmitting out at the interface between the packer and the perforating fluid. Consequently, a non-reflective boundary condition is applied at this interface.



Due to the perforating fluid being in an ultra-deep well environment, the pressure applied to the perforating tubing cannot be overlooked. Therefore, an equivalent pressure load is applied to the perforating fluid to simulate the effect of gravity on the fluid and an external load is applied to the outer surface of the casing to simulate soil-casing interaction. Due to the differing propagation characteristics of shock waves in rigid compared to elastic material, and considering the packer is made of rubber, the casing is assumed to be rigid. Finally, contact settings between components in contact within the wellbore are established on SURFACE-TO-SURFACE in LS-DYNA.



The perforating blast is a chemical reaction process that spans tens to hundreds of milliseconds [28]. The ZND model is acknowledged as suitable for describing the explosion process and elucidating the chemical reaction of explosives that generate high temperatures and pressures by means of a pre-pressurized shock wave. Upon completion of the reaction, it delineates the final state of the blast. This model aligns well with the phenomenon of the perforating gun’s perforating blast. Consequently, we establish the ZND model’s ignition to generate the explosives’ perforating charge in LS-DYNA.



The explosive in the perforating charge is HMX, designated as the HIGH_EXPLOSIVE_BURN material model in LS-DYNA. To illustrate the expansion work process of the perforating blast products within the high-temperature and high-pressure gas mass, the Jones–Wilkins–Lee equation of state (JWL) [29] is employed. This equation accurately captures the pressure-density energy characteristics of the detonation products and can be expressed as follows:


    P   w   =   A   1     1 −     ω   1       R   1     V   w         e   −   R   1     V   w     +   A   2     1 −     ω   1       R   2     V   w         e   −   R   2     V   w     +     ω   1     E   w       V   w      



(1)




where     P   w     is the explosive blast pressure;     V   w     is the relative volume;     E   w     is the unit volume of explosive initial explosion internal energy; and     A   1   ,     A   2   ,     R   1   ,     R   2   ,    a n d     ω 1    are the equation of state constants. The parameters of the JWL equation of state for the HMX charge are shown in Table 2.



The perforating fluid material adopts the MAT_NULL model and, simultaneously, the Grüneisen state equation is applied to it:


  p =     ρ   0     C   2   μ [ 1 +   1 −     γ   0     2     μ −   a   2     μ   2   ]   [ 1 −     S   1   − 1   −   S   2       μ   2     μ + 1   −   S   3       μ   3       ( μ + 1 )   2     ]   + (   γ   0   + a μ ) E  
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where     ρ   0     is the material’s initial density; C is the intercept of the shock wave velocity curve;   μ   is the medium’s compression coefficient; a is the first-order volume correction coefficient of     γ   0    ;     S   1   ,     S   2   ,    a n d     S 3    are the slope coefficients of the material’s stress wave velocity curve;     γ   0     is the gamma coefficient of the Grüneisen state equation; and E is the internal energy per unit initial volume. The parameters of the Grüneisen state equation for the perforating fluid are shown in Table 3.





3. Results and Discussion


3.1. Deformation Analysis of Perforating Tubing


After parameters settings, we introduced additional pre-processing steps into the perforating tubing string system. These steps involve defining boundary conditions, specifying contact conditions, and applying loads, all aimed at simulating perforating shock wave transmission and reflection to the fullest extent. Subsequently, stress contour plots are examined and kinetic data from the pre-processing setup are extracted upon completion of the simulation solution. Using the unit system of mm-g-μs, contour plots illustrating the combined displacement changes of the perforating tubing at different moments are generated to observe the dynamic response process, as depicted in Figure 7.



During the perforating operation, the generated blast load impacts the perforating tubing for a very brief period, causing a significant pressure surge [30]. This surge results from the blast gas pressure within the perforating gun, the formation pore pressure, and the wellbore fluid pressure [31]. Consequently, the perforating tubing undergoes displacement due to the instantaneous impact of the generated blast wave. As illustrated in Figure 7, at 0 μs, i.e., before the start of the perforating operation, the perforating blast wave was not generated and the tubing was not displaced. After the detonation of the charge, the bottom of the tubing closest to the explosion area exhibits the initial response with displacement and deformation. At 1500 μs, the perforating tubing unit block progressively displaces from the bottom to the top due to the bottom–up propagation of the shock load generated by the charge explosion. At 5000 μs, as the top of the perforating tubing is distanced from the explosion area, the perforating tubing itself can absorb a certain amount of blast energy [32]. Additionally, the packer restrains the top of the tubing, resulting in the least displacement and deformation at the top and the greatest displacement and deformation at the bottom of the tubing.



To gain a clearer understanding of the tubing’s deformation pattern in all directions, displacement-time data in the X, Y, and Z directions are extracted from any node at the bottom of the tubing, as depicted in Figure 8. Following the detonation of the charge, the bottom of the tubing experiences different degrees of displacement changes in the X, Y, and Z directions. Due to the constraining of the casing, the radial displacement changes generated by unidirectional shear deformation in the X and Y directions is small. In contrast, the Z direction at the bottom of the tubing, due to the lack of external restraint, exhibits more obvious impact-induced deformation under the burst load and, thus, is susceptible to fatigue damage.



Between 450 μs and 700 μs, the bottom of the tubing rebounded in the X, Y, and Z directions. This rebound is attributed to the simplification of the charge as a cylindrical explosive in the modeling. The detonation of explosives does not instantaneously complete the chemical reaction but progressively concludes it. With explosives positioned at a certain spatial distance from the top and bottom of the tubing, the detonation wave rebounds at the top and bottom, resulting in the observed rebound at the bottom of the tubing. As the rebound transmits to the bottom of the tubing, a retraction in displacement occurs. Next, 700 μs later, the chemical reaction within the explosives accelerates, producing more blast waves that counteract part of the initial rebound. Simultaneously, the tubing stores elastic energy and kinetic energy from the blast [33], contributing to a gradual increase in displacement at the bottom of the perforating tubing string.




3.2. Movement Analysis of Perforating Tubing


Figure 9 illustrates the three-directional acceleration-time curves for a unit block at the bottom of the perforating tubing in the X, Y, and Z directions. It can be seen from the figure that the acceleration of the tubing exhibits fluctuations and oscillations in the X, Y, and Z directions, with acceleration values gradually decreasing and stabilizing over time. This can be attributed to the transient explosion of the charge, resulting in a substantial perforating impact load propagated upward by the perforating gun. Simultaneously, the detonation wave undergoes reflection and refraction on the rigid surfaces of the casing and tubing, leading to energy decay in the blast wave over time [34].



Considering that the Z-axis direction of the perforating tubing string is only constrained by the top packer, while the bottom of the Z-axis remains unconstrained, the peak acceleration in the Z-axis is notably greater than that in the X and Y directions. The X and Y directions, which are constrained by the casing, contribute to the differences in peak accelerations.



To comprehend the motion velocity of different sections of the perforating tubing, motion data are extracted from the top, middle, and bottom of the tubing. As depicted in Figure 10, around 100 μs, the top and bottom of the perforating tubing nearly reached their peak velocities, with the central part attaining its peak velocity later. The peak velocity of the central part falls between that of the top and bottom sections. During the outward expansion of the explosive gas generated by the charges, it propels the perforating fluid upward. When the expansion halts, the upward-moving perforating fluid, under gravity, returns to compress the explosive gas, resulting in increased pressure [21]. This process induces pulsation changes at the bottom of the perforating tubing.



In terms of the magnitude of velocity fluctuations, the top of the tubing exhibits the smallest changes. It is evident that the bottom of the perforating tubing linked to the perforating gun is subject to the initial impact of the blast wave, leading to intense velocity oscillations at the bottom. Moreover, since it takes time for the upward propagation of the blast wave and tubing and casing absorb some blast wave energy, there is a significant energy decay during the wave propagation. The top of the tubing constrained by the packer mitigates the velocity fluctuations at its upper end to some extent.




3.3. Strength Analysis of Perforating Tubing


After analysis of motion and deformation in the perforating tubing, the dynamic response characteristics become evident. Figure 11 shows the contour plots of equivalent stress in the perforating tubing at each moment after the detonation of the charges measured in units of 100 MPa. Through an analysis of Figure 11, it is evident we must consider how the strength of the perforating tubing string changes with time under the influence of the perforating blast load.



At 300 μs, the explosive detonates, generating perforation impact load that acts on the bottom of the tubing, leading to the concentration of local equivalent stress. By 2000 μs, the response at the top of the tubing, constrained by the packer fixation due to the upward propagation of the blast wave, initiates, causing a gradual rise in equivalent stress at the top. Subsequently, at 6500 μs, the blast wave commences reflecting from the top to the bottom, concentrating the equivalent stress in a local area of the tubing.



To further investigate the kinetic response pattern of the overall equivalent stress in the perforating tubing, we extracted the equivalent stress data over time for corresponding unit blocks at the top, middle, and bottom of the tubing. As depicted in Figure 12, despite the brief explosion duration and the rapid speed of the blast wave, the propagation of the explosive shock wave still takes some time. Consequently, the impact load on each part of the tubing does not react simultaneously but sequentially.



Upon detonation of the explosive, the bottom of the tubing initially experienced a peak equivalent stress of 134.09 MPa. With the upward propagation of the blast wave, the middle of the tubing exhibited a peak stress of 97.16 MPa, while the top registered a peak equivalent stress of 293.83 MPa. Notably, the three sections of the perforating tubing do not immediately decay with time after reaching their respective peaks but react again to the tubing after the blast wave reflects at the bottom of the well, causing the three parts of the tubing to generate equivalent stress peaks once more.



Subsequently, the downward rebound of the blast wave from the packer, coupled with the upward reflection of the blast wave from the bottom of the well, can be regarded as the next cycle of change. According to the Von Mises yield criterion, if the maximum equivalent stress at the top of the perforating tubing exceeds the yield value of the tubing material itself due to the tensile–compressive stresses generated during downhole perforating operations, the perforating tubing will yield [35]. This indicates that the top of the perforating tubing is a vulnerable link in the overall system. In subsequent studies, the Von Mises stress equivalence criterion can also be applied to predict the vibration fatigue life of the vulnerable part of the tubing.




3.4. Propagation of Blast Wave


To further investigate the propagation of blast waves in perforating fluid, we extracted pressure from the perforating fluid inside the wellbore during the perforation process and plotted a pressure distribution contour plot. Figure 13 illustrates how the explosion caused by the detonation of the charges causes a high-temperature, high-pressure gas to expand and compress the perforating fluid, increasing fluid pressure and driving the movement of the fluid. At 500 μs, the blast wave propagates upward, reaching the interface with the packer. Owing to the packer’s restriction, some blast waves reflect downward. A contour plot similar to this one was generated in order to analyze the blast wave propagation within the perforating gun. Since the perforating gun is near the bottom of the well, the blast wave goes upward to the well bottom and causes a pressure response in the perforating gun that is similar to that of perforating fluid (as shown in Figure 14).




3.5. Validation


To validate the accuracy of the numerical simulation model, we extracted the displacement data for the tubing. It is observed that during the perforating tubing operation, the blast wave generated by the charges explosion induced dynamic responses in the tubing, resulting in changes in tubing displacement. Simultaneously, the tubing’s displacement alteration increased over time, eventually leading to a fracture at the top of the tubing, as depicted in Figure 15. Furthermore, as shown in Figure 16, the fracture position of the perforating tubing was discovered to be near the top of the tubing in the majority of field wells. This observation lends some support to the correctness of the numerical simulation.



The numerical simulation model parameters in this paper are derived from the structural parameters of the well and the actual perforating operation parameters of an oil and gas well in southwestern China. It is worth noting that the perforating tubing of this well experienced fracture during the field perforating operation. The ultimate tensile force leading to fracture for the perforating tubing used in the oil field site is measured at 530 kN. In contrast, the peak axial force in the numerical simulation model reaches approximately 460 kN, as depicted in Figure 17. The margin of error between the two values is about 13.2%, demonstrating that the accuracy of this numerical simulation falls within a reasonable engineering margin of error.





4. Conclusions


This paper conducts a collaborative simulation to investigate the dynamic response characteristics of the perforating tubing string during downhole perforating operations in ultra-deep wells. The study covers tubing deformation, tubing motion, and tubing strength, deriving the response laws of the perforating tubing string. The analysis leads to the following conclusions:




	(a)

	
The perforating impact load induces a significant pressure step for the perforating tubing string, leading to an overall displacement of the perforating tubing. As the tubing itself absorbs a portion of the energy transmitted by the shock wave during propagation and considering the top of the tubing is farther away from the explosion center, the deformation of the top of the tubing is comparatively smaller. In contrast, the displacement deformation at the bottom of the tubing is more pronounced. The velocity–time curve of the perforating tubing reveals that the bottom of the tubing experiences the fastest velocity changes within the perforating tubing string system. Additionally, the unconstrained Z-axis direction at the bottom of the tubing exhibits a noticeably higher peak acceleration than in other directions, indicating that the bottom of the tubing is highly susceptible to deformation in the perforating tubing system;




	(b)

	
Following the volatile explosion, the shock wave affects the bottom, center, and top of the perforating tubing over time, resulting in these sections’ respective peak equivalent stresses. The shock wave undergoes rebound transmission between the top of the packer and the bottom of the well, causing fluctuations in the equivalent stress of the perforating tubing, characterized by peaks and subsequent decay. Notably, due to the largest peak equivalent stress occurring at the top of the tubing, the Von Mises yield criterion suggests that the top of the tubing is particularly susceptible to fatigue damage within the entire system;




	(c)

	
To accurately and systematically analyze the dynamic mechanical response of tubing during perforating tubing operations, numerical simulation can serve as a valuable tool for studying the safety aspects of perforating tubing under various working conditions. In instances where simulations indicate incidents like tubing fractures, adjustments can be made to pertinent process parameters during the perforating process. For example, reducing the number of perforating charges can help mitigate the impact load from the perforating blast and adjusting the perforating fluid density can reduce the initial pressure exerted on the perforating tubing, among other potential adjustments.
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Abbreviation




	TCP
	tubing-conveyed perforating



	WCP
	wireline-conveyed perforating



	mm
	millimeter



	cm
	centimeter



	m
	meter



	Pa
	Pascal



	MPa
	million Pascal



	GPa
	giga Pascal



	g
	gram



	kg
	kilogram



	μs
	microsecond



	s
	second



	kJ
	kilo-Joule



	N
	Newton



	kN
	kilo-Newton
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Figure 1. Schematic diagram of perforating operation. 






Figure 1. Schematic diagram of perforating operation.



[image: Processes 12 00380 g001]







[image: Processes 12 00380 g002] 





Figure 2. Plastic bending of perforating tubing string [12]. 
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Figure 3. Schematic of an underwater explosion in open water. 
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Figure 4. Schematic diagram of the model of the perforating tubing system. 
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Figure 5. Partial view of the grid model of the perforating tubing string system. 
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Figure 6. Cross-section view of the mesh model. 






Figure 6. Cross-section view of the mesh model.



[image: Processes 12 00380 g006]







[image: Processes 12 00380 g007] 





Figure 7. The variation of displacement of the bottom of the perforating tubing at different moments, respectively, 0 μs, 1500 μs, and 5000 μs. 
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Figure 8. Displacement variations in three directions at the bottom of the perforating tubing string. 
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Figure 9. Variation of acceleration in three directions at the bottom of the perforating tubing at different moments. 
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Figure 10. Velocity changes at the top, middle, and bottom of the tubing at different moments. 
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Figure 11. Equivalent stress distribution of perforating tubing at different moments, at, respectively, 300 μs, 2000 μs, and 6500 μs. 
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Figure 12. The variation of equivalent stress of perforating tubing at different moments. 
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Figure 13. Propagation of blast waves in the perforating fluid. 
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Figure 14. Propagation of blast waves in the perforating gun. 






Figure 14. Propagation of blast waves in the perforating gun.



[image: Processes 12 00380 g014]







[image: Processes 12 00380 g015] 





Figure 15. Resultant displacement of the top of the perforating string. 
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Figure 16. Fracture failure of the perforating tubing string [12]. 






Figure 16. Fracture failure of the perforating tubing string [12].



[image: Processes 12 00380 g016]







[image: Processes 12 00380 g017] 





Figure 17. Axial force of perforating tubing. 
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Table 1. Parameters of the main model components of the perforating system.
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	Components
	Length

(m)
	Density (kg·m−3)
	Size

(mm)
	Yield Strength (MPa)
	Modulus of

Elasticity (GPa)
	Poisson’s Ratio





	Tubing
	226
	7800
	62.00/73.02
	536
	206
	0.30



	Casing
	463
	7800
	118.62/139.70
	460
	206
	0.25



	Packer
	0.1
	1975
	73.02/118.62
	/
	/
	0.49



	Perforating Fluid
	462
	1320
	118.62
	/
	/
	/



	Formation
	463
	2620
	139.70/170.00
	/
	66
	/



	Perforating Gun
	166
	7800
	86.00/89.00
	550
	206
	0.30










 





Table 2. The parameters of HMX explosives for charges.






Table 2. The parameters of HMX explosives for charges.





	Density

(g·cm−3)
	Explosive Velocity

(cm·μs−1)
	A1

(GPa)
	A2

(GPa)
	R1
	R2
	ω1
	EW

(kJ·cm−3)





	1.89
	0.91
	778.3
	7.07
	4.2
	0.99
	0.3
	0.105










 





Table 3. The parameters of the Grüneisen state equation for the perforating fluid.
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	Density

(g·cm−3)
	C

(m·s−1)
	   μ   

(N·s·m−2)
	a
	S1
	S2
	S3
	γ0
	E

(Pa)





	1.00
	1.647 × 103
	0.8684 × 10−3
	0
	1.921
	−0.096
	0
	0.35
	2.895 × 105
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file26.jpg
o 1000 au0ms 000 100





media/file8.jpg
Perforating Fluid
Perforating Gun
Formation

Joint

Casing

Packer

Tubing






media/file27.png
Pressure
1.118x 10*
1.025% 10+
9.314 % 10
8.383X 10% -
7.451% 10% -
6.520% 10%
5.589x 105 -~
4,657 10%
3.726 X 10
2.794% 10% -
1.863 % 10
9.314 X 10

0

| _—

L ——






media/file13.png
LS-DYNA keyword deck by LS-PrePost
Time = 0

Contours of Resultant Displacement

min=0, at node# 209

max=0, at node# 209

Resultant Displacement

4.394X 101
4.028X 10
3.661X 10
3.295X 101
2.929X 101
2.563 X 101
2.197X 10
1.831X 101
1.465X 101
1.098 X 101
7.323X 102
3.661X 102
0 -

(V4

LS-DYNA keyword deck by LS-PrePost
Time = 1500

Contours of Resultant Displacement

min=0, at node# 1519

max=0.593722, at node# 209

Resultant Displacement
4.394X 101
4.028 X 101
3.661X 10
3.295X 10
2.929X 101
2.563X 10
2.197X 10
1.831X 101
1.465X 10!
1.098 X 10!
7.323X 102
3.661X 102

0

(Vg

LS-DYNA keyword deck by LS-PrePost
Time = 5000

Contours of Resultant Displacement

min=0, at node# 4468

max=0.728105, at node# 209

Resultant Displacement
4.394X 10!
4.028X 10
3.661X 10
3.295X 101
2.929X 101
2.563X 101
2.197X 107
1.831X 10!
1.465X 10!
1.098X 10!
7.323X 102
3.661X 102

0 .






media/file31.png
L

™~

’”ﬁ?’ff‘f' m}"m )






media/file12.jpg
HEHEEIEELEE LEEREEHERE I HIHS
FERREEREEELE i i

il i ﬂ_
Giii SEE i





media/file18.jpg
35

25

05

1,000

2,000

—— Velocity at the bottom of the tubing
—— Velocity at the top of the tubing
Velocity at the middle of the tubing.

3000 4000 5000 6000
Timelps

7,000





media/file9.png
Perforating Fluid
Perforating Gun
Formation

Joint

Casing

Packer

Tubing





media/file14.jpg
Displacement/mm

05

04

03

02

01

-01

-02

-03

Xeaxis displacement Y-axis displacement Zeaxis displacement

4000 5000 6000 7,000

Time/ps






media/file20.jpg
p-—ci - mdend Eftectve Stress (vm)
S 400X 109
3667 109
3333% 109
3000 109
2667 103
2333% 109
2000 105
1667 109
1333 109
1000 109
667X 106
3333% 100
o
Lo s b LSt
B e Eftectve Stress (vm)
S PN
3667 109
3333% 109
3000 109
2667 109
2333% 109
2000% 10¢
1667 109
1333% 109
1000 103
66675 106
3333% 10¢
i o
L 0TMA peorssck by L ot
=t~ e Effective Stress (v-m)

SR 4500X 10

3667 10°
3333% 10°
3000 105
2667% 10°
2333% 10°
2000% 105
1667% 105
1333% 105
1000% 105
6667 10°
3333 10¢

o o





media/file23.png
Effective stress/MPa

350

300

250

200

150

100

50

1,000

Jr—

— Stress at the top of tubing
Stress at the middle of the tubing
Stress at the bottom of the tubing

2,000

3,000 4,000
Time/pus

5,000

6,000

R —

7,000





media/file5.png





media/file15.png
Displacement/mm

0.5

0.4

0.3

0.2

0.1

- 0.1

=02

-03

X-axis displacement Y -axis displacement Z-axis displacement

2,000 3,000

4,000 5,000 6,000 7,000

Time/ps





media/file19.png
Velocity/m/s

3.9

29

0.5

Velocity at the bottom of the tubing
Velocity at the top of the tubing
Velocity at the middle of the tubing

SN VO s =

1,000 2,000 3,000 4,000 5,000 6,000 7,000
Time/ps





media/file28.jpg





media/file2.jpg





media/file32.jpg
Z-ForeekN.

-200

=300

Timels

1000

2000

3000

4000

5000

6000

7000





nav.xhtml


  processes-12-00380


  
    		
      processes-12-00380
    


  




  





media/file11.png
Perforating Fluid
. Perforating Gun
Casing

. Formation






media/file6.jpg
Perforating Gun (8600/8900mm)
Formation (13970/170.00mm)

Perforating Flid (115 62mm) +————
Tubing (62007302mm)

Packer (730218 62mm)

Casing (11862139 70mm)





media/file24.jpg





media/file29.png
Resultant Displacement

1.307X 10! —

1.198x 10! -
1.089% 10! -
9.800X 109 -
8.711X 10° -
7.622X 100
6.533x 10°
5.444X% 10°
4355X 100 -~
3.267X 10°
2.178X% 10°
1.089% 10° -

0 -

Z
X

Ous 500us 1000us 1500us 2000us

| | | | | Y






media/file1.png
Safety Valve

Tubing
Seal Integrity
Packer
: Joint
Perforating Gun Perforating Fluid
o Casing
Cement

: Artificial Bottom Hole






media/file10.jpg
Perforating Gun

2
]
=
o0
£
g
£
5
&

Formation
Charge
Casing






media/file7.png
Perforating Gun (86.00/89.00mm)

» Formation (139.70/170.00mm)

Perforating Fluid (118.62mm) +————
Tubing (62.00/73.02mm)

g Packer (73.02/118.62mm) <

Casing (118.62/139.70mm)





media/file33.png
Z-Force/kKN

100

- 100

=200

=300

=400

=500

Time/ps

1,000

2,000

3,000

4,000

5,000

6,000

7,000





media/file16.jpg
Acceleration/9.$1m's"(-2)

18,000

16000

14000

1200

10000

8000

6000

4000

Zeaxis aceeleration

1,000

2000

Xeaxis acceleration

3000 4000 5000
Timelps

Y-axis acceleration

6000 7000





media/file3.png





media/file22.jpg
Effective stress/MPa

350

300

200

150

100

50

0

1,000

2,000

—— Stress at the top of tubing
Stress at the middle of the tubing

—— Stress at the bottom of the tubing

3000 4,000
Timelps

5,000

6,000

7,000





media/file17.png
Acceleration/9.81m-s”(—2)

18,000

16,000

14,000

12,000

10,000

8,000

6,000

4,000

2,000

X-axis acceleration —— Y-axis acceleration

Z-axis acceleration

4!.‘—\ ” _— - ,"A\ -

1,000 2,000 3,000 4,000 5,000 6,000 7,000
Time/ps





media/file4.jpg





media/file30.jpg





media/file25.png
Pressure
1.758 X 105
1.611X 105 -
1.465% 105 -
1.318X 105 ~
1172 % 105 7
1.025X 105 |
8.789 < 10%
7.324 X 106
5.859 X 106
4.394 X 10%
1.465X 106

0

| — —

1

500pus 1500ps 2500us 3500ps 4500us






media/file0.jpg
Siféty Valie

Seal Integrity

Perforating Gun Perforating Fluid

Artificial Bottom Hole






media/file34.png





media/file21.png
LS-DYNA keyword deck by LS-PrePost
Time=  499.97 .
Contours of Effective Stress (v-m) Effective Stress (v-m)

maxe7 55626.05, at siem# 65 4.000 X 10

3.667 X 1075
3.333X 107
3.000 X 10
2.667 X 1075
2.333X 1075
2.000X 105
1.667 X 105
1.333 X 105
1.000 X 107
6.667 X 106
3.333X