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Abstract

:

With advancements in the exploration and development of deep and ultra-deep oil and gas resources, the number of ultra-deep wells continues to rise globally. This trend places higher demands on testing technology. The combined perforating and testing technique, an established method for deep and ultra-deep wells, faces challenges. Frequent test operation failures due to perforation detonation failure increase down-hole complexity, restricting the timeliness of testing operations. Current methods use mechanical calibration software to calculate the minimum safety factor of the tubing string for safety assessments. However, without a thorough understanding of perforation detonation failure theory, existing mechanical analysis software remains unreliable for assessing well safety during operations. Simply using the safety factor method lacks reliability and cannot explain the causes of perforation detonation failure. This paper examines an ultra-deep well, referred to as TW1, to analyze perforation detonation failure mechanisms. Through metal microstructure examinations, chemical composition analysis, electron microscope scanning, and numerical simulation, the study yields the following insights: (1) The packer mandrel of Well TW1 fractured due to overstress from the detonation waves. (2) Detonation wave propagation patterns along the tubing string during perforation become apparent. (3) Simulation methods reconstruct the perforation detonation process, calculating effective stress at different tubing string positions over time. (4) It introduces an innovative approach for assessing perforation detonation failure mechanisms through a combination of laboratory testing and simulation modeling.
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1. Introduction


Deep and ultra-deep wells are defined as wells with a depth significantly greater than the commercially developed drilling depth. In this article, the term “depth” is understood as the vertical distance from the wellhead to the bottomhole of the well. Thus, extended horizontal wells are not considered. According to the International Continental Scientific Drilling Program (ICDP) adopted in 1997, ultra-deep wells are wells with a depth of more than 8 km [1]. By the end of 2022, there were a total of 580 exploratory wells exceeding 8000 m globally. Among these, 187 wells were land-based, while 393 were in offshore regions. Notably, there was one land-based well, the SG-3, that surpassed a depth of 10,000 m. Of these exploratory wells, 177 were located in China, with the remaining distributed across countries such as the United States, Mexico, and Australia, primarily concentrated in the Gulf of Mexico. A portion of the ultra-deep well depths has been compiled (Table 1).



TW1 sits within the East Bay anticline of the Huomatu thrust belt, at the southern margin of the Junggar Basin. It functions as a risk exploration well aimed at evaluating the hydrocarbon potential of the East Bay structural belt, achieving a total drilling depth of 8166 m. Downhole pressure gauge data reveals a formation pressure of 171.78 MPa and a temperature of 170.13 °C. This well boasts the record for the highest formation pressure among domestic oil and gas fields.



The combined process of perforation and testing is crucial for oil testing in ultra-deep exploratory wells. It enables a single tubing string to achieve perforation, testing, acidizing, fluid drainage, and other functions. This method offers significant reservoir protection, time efficiency, and reduced well control risks. The technical advantages have been maturely applied domestically for over 20 years, facilitating the exploration and development of deep and ultra-deep oil and gas resources in the country [2]. The perforation testing combined technology had been applied five times in the ultra-deep, ultra-high-pressure small wellbore reservoirs in the mid-southern edge, with mature energies, obtaining complete and accurate geological data and achieving safe and efficient oil testing. However, with the continuous increase in reservoir depth, temperature, and pressure, perforation testing combined technology has encountered perforation detonation issues in recent years. The temperature at the bottom of the TW1 measures 170.13 °C, with a calculated temperature gradient of 2.08 degrees, the temperature increases every 100 m. Following the analysis presented above, it was concluded that the perforation testing combined technology is one of the few important testing technologies to meet the needs of efficient exploration and development, dealing with complex and diverse geological features, and harsh engineering environments [3,4]. However, to reduce the impact of perforation detonation on the tubing string and ensure the success rate and accuracy of the test data, it is necessary to thoroughly analyze the failure mechanism of perforation detonation effects and clarify the propagation laws of perforation detonation waves, forming a perforation detonation failure evaluation technology for ultra-deep wells [5,6].



Early assessments of stuck string, wellbore safety, and well control safety were conducted to ensure safety throughout the well control, wellbore, and surface energies. Innovative optimization of the tubing string structure was made, drawing from successful operations in Tarim, Southwest China, and other oilfields. A “two-valve (double RD valve), one-seal” tubing string combination was designed. Dynamic tracking and analysis of formation pressure, fluid properties, and production capacity during oil testing guided the prediction of production parameters, system adjustments, and safe production time forecasts [7,8].



The minimum safety factor of the tubing string was calculated before the operation, exceeding the required standard. Additionally, a thick-walled mandrel packer was used. Despite efforts to avoid safety risks, the extreme high-pressure, high-temperature conditions led to the packer mandrel breaking, causing all tools below the packer rubber tube to fall into the well. This demonstrated the unreliability of evaluating perforation detonation effects on tubing strings solely by safety factor methods. It also highlighted the limitations of current domestic and international tubing mechanical analysis and strength verification software under such extreme conditions. There is an urgent need for a reliable method to evaluate perforation detonation failure mechanisms [9].



Researchers have conducted extensive studies on perforation detonation mechanisms during oil testing. In 2013, Xiangtong Yang et al. used thermodynamic theory to analyze the impact load of perforation torque by examining perforation intervals, bottom hole pockets, and packer flow pressure, subsequently analyzing the structural integrity of perforation tubing using buckling theory [10,11]. In 2014, Liangliang Ding et al. created a jet penetration model for perforated projectiles based on fluid–solid coupling theory, investigating the energy conversion characteristics between jet kinetic energy and shell melting energy to determine the remaining energy conversion relationships of perforated projectiles under various influencing factors [12]. In 2016, Bale D et al. conducted studies on detonation wave oscillation-related theories based on temperature pressure influencing factors, using multiphase flow seepage theory [13]. In 2018, Qiao Deng et al. investigated the generation, attenuation, and reflection energies of pressure waves during the perforation process in wellbore completion fluids, establishing a complete calculation model for determining the safety distance of packers [14,15,16]. In 2020, Mark B et al. used numerical simulation methods to analyze the impact of detonation waves on fluids within the wellbore to accurately calculate maximum loads during perforation detonation [17,18,19,20,21,22,23,24]. In 2023, the Southwest Branch of China National Logging Corporation evaluated the stress state of the tubing during perforation detonation moments based on the measured frequency of the downhole perforation detonation wave through modal analysis methods [25]. In 2023, the CCDC Well Testing and Intervention Company, CNPC, proposed an analysis method for the dynamic load response of perforation detonation in ultra-deep, high-temperature, high-pressure sour wells based on peak perforation pressure, pulsation pressure, and perforation impact load tubing strength [26]. In 2024, CNPC Engineering and Technology R&D Company Limited conducted research on the nonlinear propagation and influencing factors of detonation waves in ultra-deep well perforations, studying the impact of completion fluid properties (density, viscosity, etc.) on the amplitude of detonation waves during propagation to provide theoretical reference for designing completion fluid parameters for oil and gas wells [27].



In 2024, Fayong Yuan et al. studied annular pressure pulsation regulations in the wellbore during perforation detonation, establishing a detonation wellbore pressure prediction model based on the fluid–solid coupling theory and predicting its distribution patterns [28]. Although previous researchers evaluated the propagation characteristics of perforation detonation waves using theoretical analysis and measured data, they did not verify the reliability of propagation laws through indoor testing, and they lacked quantitative evaluation methods for perforation detonation failure.



This study analyzed packer mandrel breakage using ultrasonic, physical, chemical, and microscopic methods, revealing detonation wave propagation laws. Researchers created physical models for simulation to replicate system behaviors on a computer. This allowed for the analysis and prediction of actual system performance. They reconstructed the entire perforation detonation process and calculated effective stress at various positions along the tubing string over time. A combined laboratory detection and simulation method evaluated perforation detonation failure mechanisms. The methodology flowchart clarifies the workflow (Figure 1).




2. Materials and Methods


2.1. Ultra-Deep Well Testing String Design


The five major challenges faced before the oil testing operations of this well included the following: (1) Shut-in pressure exceeding the maximum of 20,000 psi (rated working pressure 137.9 MPa) pressure level of the wellhead device and the ground process pressure limit; (2) The internal pressure resistance strength of the casing at the wellhead was only 125.2 MPa, posing a risk of casing over-pressure; (3) Micro leaks at the hanger, abnormal pressure in the B annulus, poor well integrity, and risks; (4) The 5 1/2” small-size wellbore extended up to 1600 m, making subsequent workover operations very challenging; (5) Perforation detonation, which could have caused packer failure, deformation and sticking of linkage tubing, and breakage. After thoroughly evaluating the construction operation risk points, the following countermeasures were formulated: (1) Use of a two-wing, four-process system on the surface to ensure non-shut-in oil testing. Determine the nature and permeability of formation fluids, prepare double the amount of drilling mud on-site, and according to the actual well conditions, prepare for temporary closure of the production layer; (2) Conduct wellbore integrity tests before oil testing to locate leak points and monitor A annulus and B annulus pressures. Increase the density of the working fluid to reduce annulus pressure; (3) Conduct detonation force simulation assessments to predict detonation risks and achieve risk control.



Addressing the challenges of oil testing for TW1, considering geological characteristics, if using the “bare tubing” oil test string, it does not meet well integrity requirements, and the casing is overpressurized, posing high risks for oil testing. Therefore, the “Two Valves One Seal” perforation testing combined string (Figure 2) is used for testing, during which the well is not shut in to ensure well control safety. The design adopts 4 1/2” + 3 1/2” + 2 7/8” gas-tight tubing with 2 RD circulation valves + 103 mm RTTS packer + tailpipe (including 2 sets of shock absorbers) + a perforating gun for the perforation testing combined string structure.




2.2. Operation Overview and Testing Results


Negative pressure leak monitoring: We ran a “Three Valves One Seal” (RDS valve, RD circulation valve, hydraulic circulation valve, and RTTS packer) negative pressure leak monitoring string in the hole (Figure 3), verifying the passability of the wellbore tools, and conducting a leak monitoring on the hanger. After completion, we replaced the 1.35 g/cm3 oil-based mud in the wellbore with 1.2 g/cm3 salt fluid. Subsequently, we set the RTTS packer at the casing below the hanger. Since the formation pressure exceeds the hydrostatic pressure within the wellbore, if the hanger loses its seal, the casing pressure will increase. During the shut-in leak monitoring, the external pressure gauge showed a casing pressure rise, indicating a hanger leakage; however, the leakage rate was small. Combined with the previous pressure-bearing tests, a comprehensive analysis showed that the wellbore met operating conditions. We then ran a “Two Valves One Seal” (dual RD valves and RTTS packer) perforation testing in the hold, combining the string and setting the packer. We then perforated the layer in brine. The formation pressure measured 170.52 MPa, with a pressure coefficient of 2.152.



We released the packer and pulled the string out of the hole. It was found that the male thread end of the RTTS packer mandrel joint was broken off. The fish structure was as follows: packer rubber sleeve, slips, Ф73 mm tubing, and perforating gun assembly; the fish length: 214.88 m.



According to the relevant standards and common use for testing operations, we used 3–4–5–6–7.2–8.1 mm nozzles for the trial production, with oil pressures of 110.90, 123.36, and 117.14 MPa, obtaining an 8.1 mm nozzle trial production with a daily gas production of 75.82 million cubic meters, a daily oil production of 127.07 cubic meters, and a maximum wellhead flow pressure of 123.36 MPa. The shut-in after perforation converted original formation pressure at the middle of the gas layer (8079.00 m) is 171.78 MPa; the formation pressure coefficient is 2.167; and the converted middle of the gas layer formation temperature is 170.13℃, therefore, setting a national record for formation pressure and wellhead flow pressure in oil and gas fields. Refer to Table 2 for detailed well testing results.





3. Results and Discussion


3.1. Macroscopic Analysis


The macroscopic appearance of the mandrel of the TW1 packer is shown in Figure 4, Figure 5 and Figure 6 below, with a total length of 67.22 mm. There are a pair of clamping jaw marks on the fracture side (clamping jaw mark 1 and jaw mark 2); its macroscopic appearance is shown in Figure 5. The macroscopic appearance of the fracture is shown in Figure 6. The fracture is basically an oblique fracture, with an angle of approximately 40° to the axis. The fracture surface is relatively smooth and appears light gray. At the 270° direction of the illustrated fracture, the base metal is raised. The measurements of the inner and outer diameters, pitch, tooth height, and clamping jaw marks of the packer mandrel are shown in Table 3.



From the above analysis, it can be seen that the fracture location is at the end of the 2 3/8” male thread of the mandrel, at the retreat groove, and the fracture is an oblique fracture, characterized by shear type fracture. It can be preliminarily determined that the mandrel fracture of the packer is an overload fracture.




3.2. Physicochemical Test Analysis


A sample of 40 × 30 mm was taken from the packer mandrel, and, according to the GB/T 4336-2016 standard for Carbon and low-alloy steel—determination of multi-element contents—spark discharge atomic emission spectrometric method [29], the content of elements C, Si, Mn, P, S, Ni, Cr, Mo, Cu composition analysis, and the results are shown in Table 4, which details the chemical composition of the supplied packer mandrel.



Metallographic samples were taken from the packer mandrel away from the fracture, according to GB/T 13298-2015 standard for inspection methods of microstructure for metals [30], GB/T 10561-2023 standard for determination of content of non-metallic inclusions in steel—micrographic method using standard diagrams [31], and GB/T 6394-2017 standard for determination of estimating the average grain size of metal for microstructure, non-metallic inclusion, and average grain size analysis [32]. Using the DMI3000M model metallurgical microscope, examine the microstructure of the packer core. The results are shown in Figure 7 and Table 5. It can be seen that the structure of the packer mandrel is tempered sorbite + bainite, with a higher bainite content in the structure.




3.3. Microanalysis


Gold metallographic samples were taken from the fracture site and examined under a DMI3000M metallographic microscope to assess the polished fracture morphology, as shown in Figure 8. The four images in Figure 8 represent the crack conditions at different circumferential positions of the fracture. Notably, two microcracks appear at the fracture, with gray substances present within the cracks. The corrosion morphology of the fracture is illustrated in Figure 9. The four images in Figure 9 depict the crack conditions at various circumferential locations around the fracture. Clearly, significant deformation lines are observable near the fracture, indicating that localized plastic deformation occurred during the fracture process.



The fracture surface shows severe corrosion damage. After removing the fracture, it was cleaned using the cellulose acetate film method and. A scanning electron microscope, model JSM-IT500LA, analyzed the outer, middle, and inner morphologies, illustrated in Figure 10, Figure 11 and Figure 12. It can be seen that the main morphology of the fracture is dimpled, further confirming that the mandrel of the packer is a tensile fracture.




3.4. Establishment of a Perforated Detonation Model


Based on the aforementioned macro, physical, chemical, and micro-experimental detection and analysis results of the packer mandrel. Combined with perforation parameters, oil casing parameters, wellbore, and reservoir parameters. Using the finite element modeling method to simulate the perforation detonation process. The model fully considers the tensile strength of downhole tools, the outer diameter and length of the perforation gun, the weight and type of perforating charges, the perforation phase, the distance between the top of the perforation gun and the packer, the distance between the bottom of the tubing string and the artificial well bottom, the type and density of the wellbore working fluid, and formation flow pressure parameters (refer to Table 6).



However, due to the complex behavior of such an event, several factors were usually oversimplified, leading to the compromised accuracy of the methodology. Recommendations were also proposed for analyzing the perforation detonation’s behavior using modern and robust techniques such as computational string dynamics [33]. Simulated the detonation response of the tubing section from packer to perforating gun throughout the perforation process.



Establish a perforation detonation simulation analysis model (Figure 13) by ABAQUS software (ABAQUS 2024, Dassault Systems Simulation Corp., Johnston, RI, USA). Based on the wellbore structure, perforation string, and well trajectory data, create a composite model of the perforation string and the wellbore’s material and cross-sectional characteristics. Assemble the string and wellbore geometries, utilizing PIPE31 as the mesh element type. Use edge-to-edge technology to simulate the dynamic contact interaction between the string and wellbore. Define the internal and external pressure loads, as well as buoyancy, through ABAQUS’s user subroutine DLOAD. Differentiate load types using the variable JLTYP. When JLTYP is assigned to 27, we specify the internal pressure load for the string. For JLTYP==28, we define the external pressure load. When JLTYP is assigned to 43, we establish buoyancy load. Furthermore, we apply explosive shock loads based on fundamental parameters such as perforator specifications, perforation characteristics, and segment-specific wellbore parameters via the user subroutine DLOAD. The computational methodology for the pCJ model of explosive pressure is as follows:


    p   C J   =      ρ   0     D   2     γ + 1     



(1)







In the equation: pCJ indicates explosive pressure, GPa;     ρ   0     indicates density for explosives, g/cm3;   D   indicates the detonation velocity of explosives, mm/µs; and   γ   indicates multiple indices, with an approximate value retrieval   γ = 1.6 + 0.8   ρ   0    .



The axial and lateral forces of the perforation are simplified to concentrated forces. The axial load is defined as follows:


    F   a   = 1000 × K ×   p   C J   ×   π ×   R   2   / 4 +   R   1   × w    



(2)







Lateral force load is defined as follows:


    F   s   = 1000 ×   K   1   ×   p   C J   ×   π ×   R   1   2   / 4    



(3)







In the equation     F   a     indicates perforation axial force, N; K indicates the correction factor; R indicates the internal diameter of the string, mm;     R   1     indicates borehole diameter, mm; and   w   indicates thickness of the string, mm.




3.5. Interpretation and Discussion


To thoroughly comprehend the perforation detonation loads on tubing string in different orientations, designate the directions as X, Y, and Z. At the perforation moment, the tubing string will undergo varied stress variations in the X, Y, and Z axes. Due to the spatial constraints of the casing, radial displacement in the X and Y directions remains minimal. However, the absence of external restraints amplifies the perforation detonation load in the Z direction. This load manifests as tensile and compressive forces, potentially causing fatigue damage to the tubing string in the Z axis. Refer to the perforation moment as the zero reference point. This study evaluates intervals of 500 µs, 1000 µs, 1500 µs, and 2500 µs post-perforation. These four detonation points are the primary focus of analysis. By evaluating the effective stress distribution along the tubing string, spanning from the packer to the perforating gun, derive the subsequent results:



(1) During perforation detonation, shock pressure and shock wave jets release into the formation, causing axial and lateral impact forces. These impact forces induce stress wave responses in the tubing string.



(2) Post-detonation of the perforating gun, the bottom of the tubing responds first, showing an equivalent stress concentration. The detonation wave propagates from the bottom to the top of the tubing. At the packer, the shock wave reflects, again showing an equivalent stress concentration. The effective stress distribution at the four selected moments appears in Figure 14.



(3) Calculate the axial force on the tubing from the packer to the perforating gun during detonation (Figure 15). At the moment of perforation, the maximum axial force on the packer mandrel is about 1317 kN, directed downward, far exceeding the rated tensile strength of the packer mandrel of 620 kN, causing the tubing to break due to perforation detonation.



[image: Processes 12 01971 g014a][image: Processes 12 01971 g014b] 





Figure 14. Schematic representation of effective stress distribution within tubing at different moments during perforation detonation, respectively, 500 µs, 1000 µs, 1500 µs, and 25,000 µs. 






Figure 14. Schematic representation of effective stress distribution within tubing at different moments during perforation detonation, respectively, 500 µs, 1000 µs, 1500 µs, and 25,000 µs.
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4. Conclusions


This study examines the TW1 perforation failure case. It combines physical-chemical experiments and simulation techniques. The research explores the dynamic response characteristics and failure mechanisms of the perforating string at depths beyond 8000 m. The conclusions drawn from the analysis are:



(a) The physicochemical and microscopic inspections revealed key findings about the TW1 packer mandrel. The mandrel undergoes tensile overload when subjected to perforation detonation stretching load. This load surpasses the mandrel’s tensile yield strength, leading to its failure and fracture. These results illuminate the propagation dynamics of the perforation detonation wave, enabling both qualitative analysis and quantitative calculation.



(b) This article reveals the failure mechanisms of perforating detonation. Specifically, perforation shock loads oscillate between the bottom (perforating gun) and top (packer) of a perforating test string with a packer. This affects the effective stress load on the string until the shock loads dissipate. During this process, the tubing and downhole tools primarily experience axial tension or pressure, causing deformation. If the tension or pressure at any point in the string exceeds its rated tensile strength, the string breaks, leading to perforating detonation failure. Notably, the packer mandrel’s thickness can’t be endlessly increased due to spatial constraints. In this case, even with an increased thickness, the packer mandrel remains the system’s weakest point, susceptible to fatigue damage.



(c) The finite element simulation method restored the complete process of perforation detonation. It calculated the effective stress experienced at different positions in the tubing string at various times. This analysis revealed the failure mechanism behind the perforation detonation in the TW1. To efficiently evaluate the dynamic response of impact loads during perforation and assess the pre-detonation effects, a combined methodology was established involving both laboratory testing and simulation. If simulation results indicate a risk of string failure, related process parameters must be optimized before operation to prevent complex downhole incidents. Thus, establishing this method is of significant importance. The study provides methods for evaluating the detonation effects before perforating with the perforation testing combined string for an ultra-deep well and analyzing the detonation failure reasons after perforation.



The finite element simulation replicated the perforation detonation process. It computed the stress at various tubing string positions over time. This analysis identified the TW1 perforation failure mechanism. To effectively evaluate dynamic impact loads and pre-detonation effects, a method combining lab testing and simulation was developed. If simulations show a risk of string failure, adjust process parameters before operations to avoid complex downhole issues. This method is crucial for assessing detonation effects and understanding failure mechanisms in ultra-deep well perforation.
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	mm
	millimeter



	cm
	centimeter



	m
	meter



	Pa
	Pascal



	MPa
	million Pascal



	GPa
	giga Pascal



	g
	gram



	kg
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	μs
	microsecond



	s
	second



	kJ
	kilo-Joule



	N
	Newton



	kN
	kilo-Newton



	PBTD
	plug back total depth



	CNPC
	China National Petroleum Corporation
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	rupture disk
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Figure 1. The flowchart of the methodology. 
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Figure 2. Schematic diagram of perforation and testing combined string. 
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Figure 3. Schematic diagram of negative pressure leak monitoring string. 
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Figure 4. Macroscopic appearance of the packer mandrel sent. 
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Figure 5. Macroscopic morphology of plier tooth marks at different position, respectively, mark 1 and mark 2. 
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Figure 6. Macroscopic morphology at the fracture site. 
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Figure 7. Microstructure of the packer mandrel. 
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Figure 8. Morphology of the different position (from (a–d)) fracture surface (polished state). 
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Figure 9. Morphology of the different position (from (a–d)) fracture surface (corroded state). 
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Figure 10. Morphology near the outer wall fracture of the mandrel. 
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Figure 11. Morphology of the middle part of the mandrel fracture. 
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Figure 12. Internal morphology of mandrel fracture. 
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Figure 13. Establishing a simulation model. 
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Figure 15. Simulation results reveal the effective tensile force acting on the packer mandrel. 






Figure 15. Simulation results reveal the effective tensile force acting on the packer mandrel.



[image: Processes 12 01971 g015]







 





Table 1. A portion of the ultra-deep well depths data.
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	No.
	Well
	Region
	Actual Depth, m
	Drilling Period, Years





	1
	Kolskaya SG-3
	Russia
	12,262
	1970–1990



	2
	Tiber
	USA
	10,692
	2009



	3
	Deep Water
	USA
	10,500
	1985



	4
	Blackbird West
	USA
	10,064
	2008



	5
	KTB-Oberpfalz
	Germany
	9901
	1987–1995



	6
	Berta Rogers
	USA
	9583
	1973–1974



	7
	Baden Unit
	USA
	9159
	1970–1971



	8
	Hauptborung
	Germany
	9100
	1990–1994



	9
	Pengshen-6
	China
	9026
	2023



	10
	Luntan-1
	China
	8882
	2018–2019



	11
	53-2N
	China
	8874
	2020



	12
	University
	USA
	8668
	1970–1980



	13
	Zisterdorf
	Austria
	8553
	1990–1994



	14
	Chuanshen-1
	China
	8420
	2018



	15
	Tashen-1
	China
	8408
	2006



	16
	Saatlinskaya SG-1
	Azerbaijan
	8340
	1977–1990



	17
	En-Yakhinskaya SG-7
	Russia
	8250
	2000–2006



	18
	Wutan-1
	China
	8060
	2018



	19
	Guole-3C
	China
	8057
	2023










 





Table 2. TW1 testing results data.
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	Nozzle Size

mm
	Tube Pressure

MPa
	Flow Pressure

MPa
	Pressure Differential

MPa
	Gas Production

104 m3
	Fluid Production

m3
	Oil Production

m3
	Oil Cut

%
	Gas–Liquid Ratio

m3/m3
	Gas–Oil Ratio

m3/m3





	3
	107.15–111.08
	168.86
	2.92
	2.83
	35.26
	/
	0
	803
	/



	4
	105.86–116.90
	167.05
	4.73
	11.90
	166.23
	/
	0
	716
	/



	5
	114.07–123.36
	162.71
	9.08
	21.89
	212.85
	/
	0
	1028
	/



	6
	116.15–121.95
	162.44
	9.34
	41.73
	199.96
	85.74
	30
	2087
	4867



	7.2
	115.58–119.93
	160.47
	11.31
	56.82
	150.16
	122.76
	45
	3784
	4628



	8.1
	112.31–117.19
	158.51
	13.27
	75.82
	127.32
	127.22
	50
	5955
	5960







Note: The gas–liquid ratio and gas–oil ratio data were obtained through ground-based measurements.













 





Table 3. Dimensions of the packer mandrel.
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	Item
	OD (Away from the Fracture)

mm
	OD

(Near the Fracture)

mm
	ID (Away from the Fracture)

mm
	ID

(Near the Fracture)

mm
	Tooth Height

mm
	Pitch
	Length of Plier Tooth Mark 1

mm
	Length of Plier Tooth Mark 2

mm





	Result
	59.94
	58.27
	47.87
	46.85
	+0.13
	−0.03
	10.77
	15.33










 





Table 4. Chemical composition analysis results of the packer mandrel (wt.%).
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	Element
	C
	Si
	Mn
	P
	S
	Ni
	Cr
	Mo
	Cu





	packer mandrel
	0.42
	0.23
	0.67
	0.015
	0.006
	0.05
	1.0
	0.17
	0.19










 





Table 5. Microstructure, non-metallic inclusion rating, and grain size results of the packer mandrel.
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	Test Items
	Packer Mandrel





	Microstructure
	Tempered sorbite + bainite



	Non-metallic inclusion rating
	Class B 2.0; Class C 2.0; Class D 1.0



	Average grain size
	Level 8.0










 





Table 6. Basic parameters for simulation.
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	No.
	Item
	Parameter
	No.
	Item
	Parameter





	1
	Perforation gun OD
	89 mm
	10
	Type of gunpowder
	HNS



	2
	Perforation gun length
	26 m
	11
	Weight of charge
	25 g



	3
	Casing ID
	108.1 mm
	12
	Gunpowder density
	1.6 g/cm3



	4
	Casing steel grade
	TP140 V
	13
	Tubing OD
	73.02 mm



	5
	Distance from top of gun to packer
	179 m
	14
	Tubing ID
	62 mm



	6
	Formation pressure
	162.47 MPa
	15
	Tubing steel grade
	P110



	7
	Pocket length
	74 m
	16
	Perforation Phase
	60 degrees



	8
	Wellbore pressure
	162.47 MPa
	17
	Type of packer
	RTTS



	9
	Perforating fluid density
	1.2 g/cm3
	18
	Packer tensile strength
	620 kN
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