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Casing connection is a common connection method in oil and gas reservoir production, and the tripping of casing will seriously hinder the production process. To study the casing tripping process and the minimum tensile load required for casing tripping under different loosening buckle states, three kinds of casing tripping tensile tests were carried out. The thread morphology of the casing head and casing coupling was analyzed by local cutting at the end of the experiment, and the thread failure area was analyzed by scanning electron microscope, and then other loosening states were studied and analyzed using numerical simulation. The research results show that as the number of loosening buckles increases, the minimum tensile load required for the casing head and casing coupling to trip decreases. The observation of the thread shape shows that the thread part of the casing head was seriously damaged. Scanning electron microscopy results show that the fracture mode at the thread of the casing head is ductile fracture. Numerical simulation results show that the maximum stress area during the tripping process is at the contact position between the thread heads. Based on the experimental and numerical simulation results, the relationship between the number of casing loosening and the minimum tensile load required for casing tripping is obtained. The research results can be used as the experimental and theoretical basis for the investigation of casing tripping accidents and can also provide experimental reference for the design of the next-generation of casing.
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1 INTRODUCTION
Threads are widely used in real life. When the thread fails, it will cause severe damage to the system. Therefore, the failure of threads in various forms (Albdiry and Almensory, 2016; Mahmoud et al., 2016; Cirimello et al., 2017) has always been a hot issue in thread research. At present, scholars mainly use the methods of experimental research, theoretical research, and numerical simulation to study the thread.
Experimental research is the basis for thread failure research. Many scholars have obtained relevant results of thread failure under different conditions through experimental research. Among these studies, there are many studies on bolt fracture (Li et al., 2023; Yao and Zhang, 2023; Yapici et al., 2023). Duan and Joshi (2011) conducted full-scale tensile fracture experiments on steel tie rods with triangular thread connections and trapezoidal thread connections to test the maximum fracture load under different numbers of meshing thread turns. Experimental results show that the tensile breaking strength of trapezoidal threads is greater than that of triangular threads. Soussi et al. (2022) studied the ultimate load of nut threads with insufficient meshing length through experimental research and predicted the maximum load capacity of the thread. Through experiments and numerical simulation studies (Wang et al., 2020), found that improper buckle position of casing will lead to insufficient connection strength, resulting in loss of thread bearing area and ultimately causing casing tripping events. Regarding the study of the self-loosening behavior of threads (Zhang et al., 2018), studied the influence of lateral cyclic loads on the self-loosening behavior of bolt threaded connections through experiments and numerical simulation methods. Research results show that wear at the thread is one of the reasons for the self-loosening behavior of threaded connections. Yu et al. (2022) studied the loosening and fatigue fracture of mixed thread connections with different materials under cyclic load through experimental and numerical simulation methods. Nah et al. (2014) experimentally studied the influence of thread surface coating thickness and coating type on thread relaxation after clamping. Yang and Nassar (2011) proposed a thread self-loosening model under load through experiments and theoretical analysis. Tendo et al. (2001) studied the stress relaxation caused by creep deformation at the bolted joint of high-strength stainless steel plate using experiment and numerical simulation.
In related simulation studies of thread structures (Duan and Joshi, 2013), studied the structural response of the thread under different axial loads through numerical simulation. The results showed that the maximum stress of the thread occurs at the root of the meshing teeth, and the maximum contact pressure is between the medium diameter and the small diameter of the external thread. Liao et al. (2011) compared different models through numerical simulation and concluded that the damage and fracture prediction model needs to consider stress triaxiality. Lin et al. (2023) studied the relationship between tightening torque and bolt tension through numerical simulation and analyzed the influence of friction coefficient on the tightening coefficient value.
In the numerical simulation of tripping (Zhu et al., 2013; Zhu, 2015), used the finite element analysis method to study that the cause of the drill pipe thread gluing failure accident was sealing failure due to insufficient tightening torque and drill pipe suspension. Gao and Shi (2013) found through numerical simulation research that the pull-out failure of threaded connections begins at the first or second tooth of the thread end. Yang et al. (2021) obtained through numerical simulation research that the thread shear area will decrease during the bolt tripping process. In the numerical simulation of thread loosening (Gong et al., 2019), obtained through numerical simulation and experimental methods that the main influencing factors of thread loosening are preload force, friction coefficient of thread and supporting surface, clamping length, and fitting tolerance. Zhang et al. (2019) experimentally verified the feasibility of the finite element model to study the self-loosening of bolt joints caused by thread wear under lateral load and studied the influence mechanism of thread wear on the self-loosening of bolt connections through numerical simulation. IZUMI et al. (2007) studied the mechanism of the thread loosening process caused by surface slip of micro-bearing by numerical simulation. Gong et al. (2021) revealed the mechanism of local slip accumulation in threads through numerical simulation and experimental verification and verified the existence of critical self-loosening. Liu et al. (2021) obtained through numerical simulation and experiment that bolt joints with long meshing and fine thread had better anti-loosening performance.
Theoretical research is an explanation and supplement to experimental research. Aldana and Moore (2022) used a new reduced-order modeling method to calculate the behavior of three rods connected by two axially aligned threaded joints under different loads. Five states of the three rods under different loads were obtained. It was also studied that the intensity of the effect of loosening one joint on the other depends on the applied load and initial torque. Through theoretical research and experimental verification (Nassar and Xianjie, 2007; Nassar and Yang, 2008), obtained equations that can predict the torque and clamping force between threads and bearings and calculation equations between thread friction, pitch, and torque components. Mo et al. (2020) proposed a numerical calculation model for thread anti-loosening and verified its reliability through experiments. The research results show that the load has a more significant impact on the anti-loosening performance. Moore (2019) proposed a mechanical response model for bolt joint loosening when axial loads are applied that considers torque and joint stiffness.
In the studies by the scholars mentioned above, most of the loads acting on the threads were cyclic loads, and the thread tripping problem under the action of a single load was not studied. In addition, the threads studied are mainly circular threads, and there are few studies on trapezoidal threads. This paper uses experimental methods to study the tensile load required for tripping trapezoidal threaded casing under three working conditions. The cross-section of the damaged thread was analyzed, and samples from the damaged area were sampled for scanning electron microscopy analysis, and the damage mode during the thread tripping process was obtained. By comparing with the experimental results, the effectiveness of the numerical simulation method in studying the tripping problem of trapezoidal threads was verified, and the tensile load required for casing tripping under other working conditions was obtained using the numerical simulation method. Finally, by combining the results of experiments and numerical simulations, the tensile load calculation formula required for the tripping of the trapezoidal thread casing head and casing coupling was obtained. The research results can provide an experimental reference for analyzing oil well casing accidents in the oil and gas industry.
2 EXPERIMENTAL MATERIALS AND EXPERIMENTAL SETTINGS
2.1 Experimental materials
The specifications of the casing head and casing coupling used in the experiment are 13–3/8 in. The diameter of the casing head is 339.7 mm, and the wall thickness is 9.7 mm. The diameter of the casing coupling is 339.7 mm, and the wall thickness is 10 mm. The casing head and casing coupling are shown in Figure 1. The threads of the casing head and casing coupling are trapezoidal threads with a thread tooth height of 0.062 in, a pitch of 0.2 in, and a taper of 1/16.
[image: Figure 1]FIGURE 1 | (A) Casing head (B) Casing coupling.
The material of the casing head is J55 steel, with a yield strength of 380 MPa and a tensile strength of 518 MPa. The material of the casing coupling is 30CrMo steel, with a yield strength of 758 MPa and a tensile strength of 862 MPa. The chemical compositions of casing heads and casing couplings are shown in Table 1.
TABLE 1 | Main chemical components of casing heads and casing couplings.
[image: Table 1]2.2 Experimental settings
Three working conditions were designed in the experiment to test the tripping tensile load of the casing head and casing coupling. The working conditions were as follows: loosening the casing head and casing coupling by half a buckle, loosening one buckle, and loosening three buckles. The experiment first uses a machine to completely tighten the casing head and casing coupling, then inverts the casing coupling the relevant number of turns according to the number of buckles to be loosened, and then the casing head and coupling were installed in the composite loading experimental system (maximum tensile load is 2,500 t) as shown in Figure 2A for the experiment. The schematic diagram of the experimental process is shown in Figure 2B. The composite loading experimental system provides tensile load on the casing head and casing coupling. After the experiment starts, stretch the casing head and coupling until they are tripped. After the test, the casing head and casing coupling were cut to observe the damage results at the thread, and samples were taken for scanning electron microscopy to analyze the thread damage mode. The model of the scanning electron microscope is TESCAN MIRA LMS + Quantax 200 XFlash 6|60.
[image: Figure 2]FIGURE 2 | (A) Composite loading experimental system (B) Schematic diagram of the experimental process.
3 EXPERIMENTAL RESULTS
The experimental results mainly include tensile test results, thread damage results, and thread damage analysis. The tensile test results are the minimum tensile load required when the composite loading system stretches the casing head and casing coupling to tripping. The damage results at the thread are the analysis of the damage results at the threaded parts of the casing head and casing coupling. The tensile tripping analysis of the casing head and casing coupling uses a scanning electron microscope to analyze the thread damage and then infers the entire tripping process.
3.1 Tensile test results
The tensile test results are shown in Figure 3. It can be seen that more threads are exposed at the connection position between the casing head and the casing coupling. The tensile loading during the experiment is shown in Figure 4. The tensile force of the composite loading system was loaded at a constant speed. When the casing head and casing collar were pulled apart, the tensile force of the composite loading system would also decrease rapidly. During the loading process, the loading rate of the tension was 120 kips/min, which was 533.76 kN/min.
[image: Figure 3]FIGURE 3 | Tensile test results.
[image: Figure 4]FIGURE 4 | Tensile force change diagram during the stretching process of the composite loading system. (A) Half buckle (B) One buckle (C) Three buckles.
The tensile test results are shown in Table 2. The relationship between the minimum tensile load for tripping and the number of loose buckles in the experiment is shown in Figure 5. It can be seen that with the increase in the number of loosenesses of the casing head and casing coupling, the minimum load required for the two to trip continuously decreases. When the number of loose buckles increases from half a buckle to one buckle, the minimum load required for tripping decreases from 5,933 kN to 5,434 kN, a decrease of 8.4%. When the number of loose buckles increases from one to three, the minimum load required for tripping decreases from 5,434 kN to 3,876 kN, a decrease of 28.7%. The main reason for this phenomenon is that the number of threads connecting the casing head and the casing coupling decreases as the number of loose threads increases (Wang et al., 2020). At the same time, due to the existence of the taper, the contact area between threads will also decrease as the number of loose threads increases.
TABLE 2 | Tensile test results.
[image: Table 2][image: Figure 5]FIGURE 5 | The relationship between the minimum tensile load for casing tripping and the number of loose buttons.
3.2 Damage results at the thread
The experimental results of the casing head and casing coupling are shown in Figure 6. It can be seen that there are many broken filaments of different lengths at the casing head, and there are also many broken filaments on the casing coupling. The broken filaments can be inferred that the threads were broken during the tripping process of the casing head and the casing coupling. At the same time, it can be concluded from the different lengths of the filaments that the thread breaks are partial breaks and not complete breaks. The black substance on the thread surface is the lubricating oil used in threaded connections.
[image: Figure 6]FIGURE 6 | (A) Results for casing head (B) Results for casing couplings.
In order to further observe the damage of the trapezoidal threads of the casing head and casing coupling, wire cutting was performed on the threaded part. The cut entities are shown in Figures 7, 8. Figure 7 shows the damage results and cross-section of the casing head. From Figure 7A, it can be seen that the overall damage to the thread is small. At the same time, because the tooth height and pitch of the thread are small, the damage is almost invisible to the naked eye. In Figure 7B, it can be seen that the damage results in the thread. First, there are unbroken filaments at the thread, and second, the top of the thread is deformed. It can be seen that there is plastic deformation and partial fracture at the top of the thread of the casing head.
[image: Figure 7]FIGURE 7 | (A) Destruction result (B) Cross-section view.
[image: Figure 8]FIGURE 8 | (A) Destruction result (B) Cross-section view.
Figure 8 shows the damage results and cross-section of the casing coupling. It can be seen from Figure 8A that the thread is relatively complete as a whole, and no signs of damage are found. From Figure 8B, we can see that the cross section of the thread is very intact, and no deformation can be seen.
It can be seen from the above results that during the tripping process of the casing head and casing coupling, the damage was mainly concentrated on the casing head part, and almost no damage was found on the casing coupling. The main reason for this phenomenon is that the strength of the casing head is lower than that of the casing coupling. During the tension tripping process, the thread belonging to the casing head will first undergo plastic deformation, and at the same time, local threads will break to form filaments. The main reason for the different lengths of the filaments is that during the experiment, the casing was placed horizontally, which was affected by gravity. Subsequently, the fit between the threads will produce a small amount of offset due to the gap existing in the loosening.
3.3 Analysis of the tripping process
In order to determine the damage mode of the thread at the casing head, the damaged part of the casing head was sampled and observed using a scanning electron microscope. The SEM observation position is shown in Figures 9A, B, and the SEM results are shown in Figure 9C. The observation scales for this position are 10 μm, 5 μm and 1 μm. It can be seen that the microstructures at different scales are dominated by dimples, so it can be inferred that the wire drawing formation method of thread damage is ductile fracture.
[image: Figure 9]FIGURE 9 | Scanning electron microscope diagram of the damaged part of the casing head. (A) Sample observation position (B) Side view of the observation position, (C) Scanning electron microscope results (10 μm, 5 μm and 1 μm).
Based on the above analysis, the whole process of tripping the casing head and casing coupling under tensile load can be obtained. Under the action of tensile load, the threads of the casing head and casing coupling begin to interact. The threads of the low-strength casing head subsequently undergo plastic deformation. As the tensile load continues to increase, ductile fracture occurs in the plastic deformation area of ​​the thread, eventually causing the casing head and casing coupling to trip.
4 NUMERICAL SIMULATION SETUP
Through experimental research, the minimum tensile load required for the casing head and casing coupling to trip under three different working conditions was obtained. However, in reality, there will be a variety of working conditions for the connection between the casing head and the casing coupling. Therefore, the minimum tensile load required for tripping under more working conditions is simulated through numerical simulation, and then combined with the experimental data, the relationship between the minimum tensile load required for tripping of the casing head and casing coupling under different connection conditions can be obtained.
4.1 Numerical model setup
The setting of the numerical model should be consistent with the actual object. Considering that there are too many threads on the casing head and casing coupling, and the thread tooth height is small relative to the wall thickness of the casing head (1.5:10), it is not conducive to meshing. At the same time, the structure of the casing head and the casing coupling is symmetrical to the axis position. Finally, considering the practices of other scholars (Wang et al., 2020), the numerical model is established as the cross-section part of the solid model. The specific numerical model is shown in Figure 10. The number of threads in the model is 21. The parameters of the threads are the same as in Section 2 of this article. As shown in the figure, the red part is the casing head model, and the blue part is the casing coupling model. Hexahedral mesh is used in the modeling process, the mesh type is C3D8R. The boundary conditions of the model are set to make the entire model symmetrical about the z-axis, and the edge position of the casing head is fixed. The stretching position is arranged above the casing coupling.
[image: Figure 10]FIGURE 10 | Numerical model diagram.
The commercial software Abaqus was used to perform numerical model calculations. Considering that there is a large deformation process, such as thread destruction, in the model calculation, the simulation algorithm adopts the explicit dynamics algorithm. The contact between the casing head and the casing coupling is set to ‘General contact (explicit),’ the friction formula is ‘Penalty’, and the friction coefficient is 0.3 (Swissi et al., 2019). The material model of the casing head and casing coupling is an elastic-plastic material model, and the specific parameters are shown in Table 3.
TABLE 3 | Main parameters of each material.
[image: Table 3]4.2 Numerical model accuracy verification
Through comparative analysis with experimental results, the appropriate mesh size can be obtained, thereby ensuring the accuracy of numerical simulation and improving calculation efficiency. The experimental results when the casing head and casing coupling were loosened by one buckle were selected as a reference to verify the mesh size. The mesh has six sizes to choose from 0.05 mm, 1 mm, 2 mm, 3 mm, 4 mm, and 5 mm. The comparison of the minimum tensile load required for tripping simulated by meshes of different sizes and the experimental results is shown in Figure 11. It can be seen that as the mesh size decreases, the simulation results of the minimum tensile load required for the casing head and casing coupling to trip have decreased. When the mesh size is 1 mm, the simulation results are already close to the experimental results. The results of 0.5 mm are close to the results of 1 mm, but the time required for simulation will increase significantly. In order to perform numerical simulation more accurately and efficiently, the grid size is selected to be 1 mm.
[image: Figure 11]FIGURE 11 | Comparison of the minimum tensile load required for tripping with different mesh sizes and experimental results.
After the mesh size of the numerical model is determined, the accuracy of the model needs to be verified by comparison with experimental results. The accuracy verification is mainly carried out from two aspects, namely, the minimum load required for model tripping and the damage result of the model mesh.
The comparison between the numerical simulation results and the experimental results of the minimum tensile load required for model tripping is shown in Table 4. It can be seen that when the number of loose buckles is half, the numerical simulation results are larger than the experimental results first, while when the number of loose buckles is one and three buckles, the numerical simulation results are relatively smaller. From the perspective of errors, the errors in the three working conditions are 167 kN, 234 kN, and 176 kN, respectively. The error ranges are all within 5%, which is an acceptable error. The model damage results are shown in Figure 12. It can be seen that the threads of the casing head are broken, but the threads of the casing coupling are intact, which is consistent with the experimental results. Through comparison of these two aspects, it can be considered that the error of the numerical simulation results is acceptable.
TABLE 4 | Comparison of numerical simulation results and experimental results.
[image: Table 4][image: Figure 12]FIGURE 12 | Numerical simulation results of loose one buckle working condition.
5 NUMERICAL SIMULATION RESULT
After verifying the accuracy of the numerical simulation, numerical simulations were carried out under five working conditions of loosening two buckles, four buckles, five buckles, six buckles, and seven buckles between the casing head and the casing coupling. The stress distribution results at different positions of the casing head and casing coupling during the tripping process were studied, and the minimum tensile load required for tripping under different working conditions was also studied.
5.1 Tensile process analysis
By analyzing the stress distribution diagram, it can be obtained that the stress distribution of the casing head and casing coupling during the stretching process, and then understand the vulnerable locations of the casing head and casing coupling. Figures 13, 14 show the stress distribution diagrams in different states when the casing head and casing coupling are loosened by 1 and 7 buckles, respectively. It can be seen from the figure that the stress of the threaded part is larger than that of other parts, that is, the areas with the highest stress are concentrated in the threaded part. It can be seen from Figures 13A, B that the maximum stress area is concentrated in the thread root area. Figures 14A, B show that the maximum stress area is concentrated at the contact position between the casing head and the casing coupling thread, and there is also a maximum stress area at the thread root. Comparing Figures 13, 14, it can be seen that during the tension tripping process of the casing head and casing coupling, the maximum stress area is mainly the thread contact head position and the thread root. It can be seen from Figure 13C and Figure 14C that the thread fracture occurs in the area with the greatest stress, which is also the head position where the thread contacts.
[image: Figure 13]FIGURE 13 | Stress distribution diagram of different states of loose one buckle. (A) Intermediate state one (B) Intermediate state two (C) Damage state.
[image: Figure 14]FIGURE 14 | Stress distribution diagram of different states of loose seven buckle. (A) Intermediate state one (B) Intermediate state two (C) Damage state.
From the above analysis, it can be inferred that during the stretching process of the casing head and casing coupling, the stress is mainly concentrated on the thread part. The stress in the thread part is mainly concentrated at the thread root and the head position where the threads contact. When the thread strength is less than the tensile strength, the thread will be damaged, and the damage location will be at the head position where the thread contacts.
5.2 Simulation results of minimum tensile load for tripping
The simulation results of the tripping of the casing head and casing coupling under different working conditions are shown in Figure 15. It can be seen that both the casing head and the casing coupling can be fully tripped. The minimum tensile load required for tripping is shown in Table 5, and the line graph shown in Figure 16 can be obtained by processing it. It can be seen that as the number of loosening of the casing head and casing coupling increases, the minimum tensile load required for tripping continues to decrease.
[image: Figure 15]FIGURE 15 | Simulation results of tripping of casing head and casing coupling under different working conditions. (A) 0.5 buckle (B) 1 buckle (C) 2 buckles (D) 3 buckles (E) 4 buckles (F) 5 buckles (G) 6 buckles (H) 7 buckles.
TABLE 5 | Numerical simulation results under different working conditions.
[image: Table 5][image: Figure 16]FIGURE 16 | Change curve of the number of loose buckles and the minimum tensile load required for tripping.
By fitting the experimental and numerical simulation results in Figure 16, the relationship between the minimum tensile load [image: image] required for tripping and the number of loose buckles [image: image] can be obtained, as shown in Eq. 1.
[image: image]
In previous research (Sacquepey and Spenlé, 1993), the minimum tensile load required for bolt tripping can be calculated using Eq. 2.
[image: image]
in the formula, [image: image] is the ultimate shear strength, [image: image] is the basic major diameter, [image: image] is the thread engagement length.
When the research object is bolted, the [image: image] parameter in formula (2) changes regularly. For the trapezoidal thread of the casing head and casing coupling, as the number of loose buckles increases, the thread engagement length decreases. At the same time, the contact length between threads will also be reduced (see Figures 13, 14). Therefore, this study combines formula (1) and formula (2) and obtains formula (3) as follows.
[image: image]
In formula (3) A, B, and C are constants. Substituting the parameters of the casing head and casing coupling studied in this study into formula (3), the calculation formula of this study can be obtained, as shown in formula (4).
[image: image]
For different types of trapezoidal threaded casing, the minimum tensile load required for the casing head and casing coupling to trip can be obtained through experimental results and combined with Eq. 3. For the same trapezoidal threaded casing in this study, the minimum tensile load required can be calculated using Eq. 4.
6 CONCLUSION
This study conducted tripping experiments on casing heads and casing couplings under three different working conditions, observed the damage results at the casing threads, and conducted a scanning electron microscope analysis of the damage at the threads. The accuracy of the numerical simulation was verified based on the experimental results, and the tripping of the casing head and casing coupling under more working conditions was studied through numerical simulation. This study can draw the following conclusions.
(1) The minimum tensile load required for the casing head and casing coupling to trip is related to the number of loose buckles. The greater the number of buckles, the smaller the minimum tensile load required. When the number of loose buckles increases from seven buckles to half a buckle, the minimum load required for tripping increases from 2,500 kN to 5,933 kN.
(2) When the casing head and casing coupling are tripped, the most severely damaged part is the threaded part. The threaded portion will plastically deform and fracture, and the fracture form is ductile fracture.
(3) During the tension tripping process between the casing head and the casing coupling, the maximum stress area is the thread contact head position and the thread root position.
(4) Future research can conduct more tripping experiments on different types of casing heads and casing couplings to obtain a tripping prediction formula with a wider range of applications.
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