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For horizontal wells with small wellbores and large-diameter pipe strings, pipe sticking is prone to occur during oilfield completion operations. Avoiding pipe sticking can effectively save construction costs. In this paper, dynamics and Hertz contact theory are adopted, taking into account the influence of small wellbores and large-diameter pipe strings. Based on the principle of scaling, an experimental bench for the running-in of completion pipe strings is built, and a three-dimensional finite element model for analyzing the axial force and contact force of the completion pipe strings in the open-hole staged fracturing is established. The variation laws of the wellhead axial force, axial force along the well depth and contact force during the running-in process of the completion pipe strings are analyzed. The results show that with the increase in the packer size and friction coefficient in the open-hole section and the decrease in the radius of the open-hole section, the wellhead axial force will decrease, and the contact force will increase accordingly. The neutral point moves upward, the length of the pipe string section under axial pressure increases, and the pipe strings with buckling deformation are all under axial pressure. The pipe string will first buckle near the kick-off point, and then the buckling will extend upward along the straight section from the kick-off point. Moreover, the closer to the kick-off point, the more severe the buckling. The research in this paper provides a theoretical basis for the decision-making of the running-in of completion pipe strings.

Keywords: open-hole section, small wellbores, mechanical characteristics, completion string, buckling of pipe string
1 INTRODUCTION
The running-in of horizontal wells can lead to many mechanical problems, including axial force applied at the wellhead, contact force and frictional force generated by the contact between the pipe string and the wellbore wall. The pipe string may experience buckling as shown in Figure 1 (such as sinusoidal buckling, helical buckling, mixed buckling), wear, plastic deformation and failure. This will reduce the service life of the pipe string, delay the construction progress and cause serious economic losses (Li et al., 2023; Alzahabi et al., 2024). The axial force and contact force on the pipe string are the main factors affecting the failure of the pipe string. Therefore, through the study of the mechanics of horizontal well pipe strings, analyzing the influencing factors and variation laws of the axial force and contact force on the completion pipe string during the running-in process is of great significance for improving the production efficiency of oil and gas wells, prolonging the lifespan of the pipe string, avoiding abnormal damage to the pipe string and ensuring safe production.
[image: ]FIGURE 1 | Schematic diagram of coiled tubing buckling (Dong, 2018).Many scholars have conducted theoretical and field studies on well completion in the oil and gas industry. Shokry et al. (2024) successfully eliminated intermediate casing string from the design thereby achieving not only a 33% reduction in dry hole cost/meter, but also delivering wells and producing oil 25% faster than before. Removing an intermediate casing string resulted in a longer open hole. And describes how two string design was successfully engineered and executed serves as a guide for selecting proper candidates for this design and an operational guide for two section wells design. Galasso et al. (2025) propose a method for the simulation of the nonlinear dynamics of drill-string systems and the assessment of the stresses to which the pipe is subject under realistic conditions in drilling operations (Shan et al., 2024). Shan et al. (2024) based on the force analysis and calculation of pipe string, combined with the field practice, and taking into account technical challenges such as extreme depth and ultra-long open-hole sections, have formed the integration of oil test and completion, which is centered around “clean well completion, open-hole long support, shallow completion string and soft stratification transformation”, realizing the operational objectives of integration of testing, acid fracturing, completion and oil production. Al-Khaldi et al. (2021) by modeling the geomechanical properties of each formation, determined the range of mud density and rheological properties capable of stabilizing all eight formations. They successfully stabilized high-pressure formations and ultimately achieved the target total depth with a single borehole.
However, the above-mentioned research mainly focuses on static calculations. But under the condition of a small wellbore and a large pipe string size, the pipe string encounters great resistance when it is lowered into the open hole section, and the movement between the pipe string and the wellbore wall of the open hole section is complex, so dynamic analysis should be carried out. In order to smoothly lower the completion string to the designated position, this study, by means of a combination of numerical simulation and experimental measured data analysis, explores the influencing factors and variation laws of the axial force during the running-in of open-hole staged fracturing completion string under the condition of a small wellbore and a large pipe string size. It analyzes under which working conditions the pipe string is most prone to buckling deformation, identifies the well section where the pipe string is prone to deformation, and then strengthens the strength of the pipe string in this section. This has important guiding significance for the mechanical analysis and string combination of the running-in of small wellbore and large diameter open-hole staged fracturing completion string.
2 NUMERICAL MODEL
2.1 Kinematic equations
The tools for open-hole staged fracturing completion strings mainly consist of tubing, open-hole packers, and ball-dropping sleeves. Figure 2 is a schematic diagram of the structure of a multi-stage fracturing completion string.
[image: ]FIGURE 2 | Schematic diagram of the structure of a multi-stage fracturing completion string.During the lowering process of the staged fracturing completion string, the string mainly bears axial forces. Axial force refers to the tensile or compressive force acting along the axial direction of the tubing. Generally, the tubing at the wellhead is under tensile force, while at the bottom of the tubing, due to the buoyancy of the fluid, the tubing will be under compressive force. In the presence of packers, the tubing at the packer location may also be subject to compressive force (Amir and Ahmed, 2021; Amir et al, 2021). The effective axial force on the tubing string is mainly the combined axial force resulting from the tensile force due to the tubing’s own weight, buoyancy, friction force, drag force, bending moment, additional axial force due to changes in temperature and pressure within the well after completion, and compressive force induced by packers (Zhu et al., 2008; Zhu et al., 2019).
Figure 2 shows the vertical profile of the wellbore trajectory for a horizontal well. Hk represents the depth of the kick-off point, Hv represents the vertical depth, L1 the horizontal displacement at the entry point (D), L2 is the length of the target section DE, and L is the total deviated depth of the wellbore.
In actual horizontal wells, the vertical tensile force generated by the tubing in the horizontal section is zero, and the vertical tensile force generated in the build-up section is also less than the total weight of the tubing in that section. Derive the following formulas in detail based on the mechanics of horizontal well pipe strings (Lian et al., 2002; Lian et al., 2006; Lian et al., 2015). As shown in Figure 3, take an infinitesimal segment ΔLi arbitrarily along the curved build-up section BDE. Let Wi be its weight, ρ be the density, h be the height, G be the gravitational acceleration, and r be the radius of the tubing. Then, the axial tensile force along the trajectory is Ti, and qs represents the weight of the tubing segment per unit length, in N/m. The well deviation angle is αi. Figure 3 illustrates its mechanical model, and the relationships among these variables are as follows:
Wi=Gρπr2h(1)
TB=∑i=1nWi⁡cos⁡αi=∫BDEqs⁡cos⁡αidl(2)
TA=qsHk+TB=qsHk+∫BDEqs⁡cos⁡αidl(3)
[image: ]FIGURE 3 | Vertical profile diagram of the wellbore trajectory for a horizontal well.In the formula: TB represents the axial tensile force of the tubing at point B, in Newtons (N); TA represents the actual tensile force of the tubing in the air at point A at the wellhead, in Newtons (N).
2.1.1 The additional force caused by the friction between the tubing string and the wellbore wall
When the tubing in a horizontal well moves within the wellbore, it will generate dynamic additional tensile force. When there is no fluid in the tubing, the dynamic additional tensile force is composed of the friction force generated by the normal force between the tubing and the wellbore wall in both the build-up section and the horizontal section. The friction coefficient is denoted as fk. Then, the direction of the friction force generated in the vertical and horizontal sections (as shown in Figure 4) is along the axial direction of the tubing, and its magnitude is:
Tfi=Nifk=fkWi⁡sin⁡αi(4)
[image: ]FIGURE 4 | Mechanical model diagram of the completion tubing string for a horizontal well.Due to the relatively small size of the wellbore and the larger size of the tubing string, the tubing string will come into contact with the wellbore wall in the vertical section, generating a compressive force N1. When lifting or lowering the tubing string, the maximum cumulative friction force occurs near point A in Figure 3 i.e., near the kick-off point. The calculation formula for this force is:
TfA=∑i=1nTft=∑i=1nNiWi⁡sin⁡αi+∑i=1nN1Wi(5)
Equation 5 represents the additional dynamic tensile force when the tubing is being lifted or lowered. When the tubing is being lifted, TfA acts as a tensile force (−TfA) on the tubing, opposite to the direction of TfA in Figure 3A. When the tubing is being lowered, TfA acts as a compressive force (+TfA) on the tubing, in the same direction as TfA in Figure 3A. Therefore, the dynamic tensile force at the wellhead is:
TAd=TA±TfA(6)
In the above equations: fk represents the friction coefficient between the tubing and the wellbore; Wi denotes the weight of the ith infinitesimal tubing segment, in Newtons (N); Ti is the axial tensile force along the trajectory of the ith infinitesimal tubing segment ΔLi, in Newtons (N); Ni is the normal force acting on the outer wall of the ith infinitesimal tubing segment ΔLi from the wellbore all, in Newtons (N); αi is the well deviation angle of the ith infinitesimal tubing segment ΔLi, in radians; and TAd stands for the total tensile force at the wellhead caused by lifting or lowering the tubing, in Newtons (N). Given that the tensile force at the lowest end of the completion tubing string is zero, the axial tensile force along the entire completion tubing string can be determined point by point.
2.1.2 Mathematical model for the mechanics of horizontal well tubing strings with packers
When the packer is located in the build-up section and the horizontal section, as shown in Figure 1, the packer (F) is at the kick-off point, and r1 represents the radius of the packer.
TF=∑i=1nGρπr12hcosai=∫BFqs⁡cos⁡aidl(7)
In the equation: TF represents the axial tensile force in the tubing at the packer location as shown in Figure 1. The actual tensile force in the tubing at point A at the wellhead, when exposed to air, is:
TF=qsHk+∑i=1nWi⁡cos⁡ai=∫BFqs⁡cos⁡aidl+∫FDEqs⁡cos⁡aidl(8)
Similarly, when multiple packers are used for staged fracturing in the horizontal section, the actual tensile force in the tubing at point A at the wellhead, when exposed to air, can be obtained as:
TF=qsHk+∑i=1nWi⁡cos⁡ai=∫BFqs⁡cos⁡aidl+∫FDGqs⁡cos⁡aidl+∫GHqs⁡cos⁡aidl+∫HIqs⁡cos⁡aidl+∫IJqs⁡cos⁡aidl+∫JKqs⁡cos⁡aidl+∫KEqs⁡cos⁡aidl(9)
The integral term varies with the number of packers. The additional friction force at the packers in the build-up section and the horizontal section is also calculated using the previous Formula 5.
2.2 Control equation
Due to the excessive iterative calculations and computational difficulty associated with the aforementioned kinematic formulas, the energy method combined with Hamilton’s principle is adopted to establish the governing equation for the infinitesimal segment of the tubing string (Gao and Huang, 2021; Gao et al., 2011). Since the infinitesimal segment of the tubing string is very short, it is considered as a straight segment. Based on this assumption, the tubing string is simplified as a uniform Rayleigh beam, with the following geometric relationship:
εxx=∂u1∂x+12∂u2∂x2εyy=∂u2∂yεxy=12∂u2∂x+∂u1∂yεxz=εyz=εzz=0(10)
In the equation, εij (where i, j = x, y, z) represent the six strain components; u1, u2 and u3 are the displacement field functions corresponding to the coordinate system (x, y, z), and their expressions are:
u1x,y,t=ux,t−y∂w∂xx,tu2x,t=wx,tu3x,t=0(11)
In the equation, ux,t represents the longitudinal displacement in meters; wx,t represents the lateral displacement in meters; y is the horizontal coordinate in meters; and t is time in seconds.
The horizontal and vertical components of the tubing lowering velocity V are given by Vx=V and Vy=∂w∂t+V∂w∂x, respectively. The expressions for the total kinetic energy T, potential energy U, and work done by external forces W of the tubing string are as follows:
T=12∫0Lρ1A∂u∂t2+∂w∂t2+ρ1I∂2w∂t∂x2+ρ0A0∂w∂t+V∂w∂x2+V2dx(12)
U=EA2∫0L∂w∂t2+14∂u∂x4+∂u∂x∂w∂t2dx+EI2∫0L∂2w∂x22dx(13)
W=∫0Lfx,tdu+ρx,tdwdx(14)
In the equation, ρ1 and ρ0 represent the densities of the tubing string and the fluid inside the tubing string, respectively, in kg/m2; E is the elastic modulus of the tubing string.
2.3 Mechanical solution model for lowering the completion tubing string
Through finite element software abaqus based on Well HF007-S007H in Ji Dong, a three-dimensional numerical model for a standard well with a 15-stage packer completion tubing string has been constructed. The drill string assembly is composed of [(4.5-inch tubing × 47 m + 5.63-inch sliding sleeve × 0.61 m + 4.5-inch tubing × 47 m + 5.625-inch packer × 0.86 m) × 15 stages] + 4.5-inch tubing × 98 m + hanging packer + 3.5-inch tubing to the wellhead.
The wellbore structure is a standard well as shown in Figure 5, with a vertical section length of 2,200 m, a build-up section with a slope of 5°/30 m, and a horizontal section length of 1,600 m. The casing specification is 7 inches and its depth is 2,850 m, while the open-hole specification is 6 inches. Other calculation parameters are shown in Table 1. The stiffness ratio of the pipe column is 1:106, the applied gravity is 9.8 m/s2, the wellbore is completely fixed, and the grid is divided into 56,254.
[image: ]FIGURE 5 | Wellbore trajectory.TABLE 1 | Calculation parameters table.	Variable	Data
	Column density (kg/m3)	ρ=7550
	Young’s modulus of the pipe column (Pa)	E = 2.1 × 1011
	Gravitational acceleration (m/s2)	g = 9.8
	Contact damping (N.s/m)	c = 1.56 × 104
	Contact stiffness (N/m)	k = 2.14 × 108
	Poisson’s ratio	0.3
	Friction coefficient (casing-tubing)	0.25
	Friction coefficient (open-hole - tubing)	0.3
	Friction coefficient (open-hole - sliding sleeve)	0.25
	Friction coefficient (open-hole - packer)	0.25


Since the tubing string is a slender rod, it can be regarded as a beam element, while the wellbore wall is a discrete rigid body that is fixed. The mesh sensitivity analysis of the model is as follows: When the approximate global size of the wellbore wall mesh is less than 0.3 and the approximate global size of the tubing string mesh is less than 0.5, the calculated results for axial force and contact force are most accurate.
2.4 Validate the model
A scaled-down model for simulating the run-in process of a completion tubing string with packers for staged fracturing has been established. In this model, packers are replaced by nylon rods, precision steel tubes simulate tubing, and PMMA tube simulate the wellbore wall. Based on similarity theory (Xu, 1982; Ren et al., 2016), and considering geometric similarity, kinematic similarity, and dynamic similarity, the experimental setup has been designed to mimic the actual conditions in terms of size, shape, structure, motion, mechanical properties, and boundary conditions. A scaled-down completion tubing string run-in experiment was designed with a scale ratio of 10:1. The schematic diagram of the experimental setup is shown in Figure 6, and the experimental bench in Figure 7 includes the supporting components (Figure 7A), hydraulic cylinders (Figure 7B), tension-compression sensors (Figure 7C), paperless recorders (Figure 7D), PMMA tube (Figure 7E), nylon rods (Figure 7F), precision steel tubes simulating tubing (Figure 7G), and a combination of PMMA tube + nylon rod + precision steel tube (Figure 7H). The build-up section of the wellbore trajectory is simulated by pre-bending the wellbore.
[image: ]FIGURE 6 | Diagram of the experimental setup.[image: ]FIGURE 7 | Experimental bench device. (a) Experimental stand. (b) Hydraulic cylinder. (c) Tensile transducer. (d) Paperless recorder. (e) PMMA tube. (f) Nylon rod. (g) Precision steel tube. (h) PMMA tube + nylon rod + precision steel tube.By setting up an experimental bench, assembling the experimental equipment, connecting and zeroing the paperless recorder, we conducted an experiment to simulate the run-in process of a completion tubing string with packers in the build-up section of the wellbore, and obtained experimental data for extraction. Record the changes in traction force data for 5 times in each experiment. Select the data in the stable section as the calculation basis, and take the average value as the hook load.
Run-in experiments were conducted with simulated tubing strings of 6 stages (one stage consisting of tubing + sliding sleeve + tubing + packer), 9 stages, 12 stages, 15 stages, and 18 stages in both air and aqueous media environments. As the number of stages increased, the axial tensile force at the wellbore mouth decreased accordingly. According to Equations 3, 5 and Figure 3, as the number of stages increases, the self-weight of the tubing string in the BDE section increases in air, resulting in a decrease in TfA and TAd, and consequently a decrease in the axial tensile force at the wellbore mouth.
Figure 8 shows the comparison between experimental measurements and actual values in field applications. It can be seen from the figure that the ratio of experimental values to actual values is 1:10.5, which is close to the scaling factor of 1:10 (Figure 9).
[image: ]FIGURE 8 | Comparison between experimental results and on-site measured values.[image: ]FIGURE 9 | Comparison of measured and calculated values.The comparison between the measured and calculated values of the axial force at the wellhead of Well HF007-S007H in Jidong is shown in. The measured value is 10% lower than the calculated value. The main reason for this situation may be that during the entire process of running in the tubing string, the actual working conditions in the open-hole section are complex. The friction coefficient between the same tubing and the open-hole section is not a fixed value, and the tubing string is more prone to buckling when passing through the open-hole section. Additionally, the scaling ratio of the simulation experiment is relatively large, and the error can be reduced by decreasing the scaling ratio of the tubing string. However, the experimental site needs to be over 300 m long, and the height of the experimental bench is approximately 80 m. The on-site conditions cannot meet the requirements of the experimental site.
Figure 10 presents the simulated hook load, with an average hook load of 163.56 KN. This finding is consistent with the field measurement data of the build-and-hold type well conducted by Maidla and Wojtanowicz (1987) in 1987, where the average hook load was measured to be 151 KN. All errors are within an acceptable range.
[image: ]FIGURE 10 | The hook load measured using a numerical model.3 ANALYSIS OF MECHANICAL CHARACTERISTICS OF SLIM-HOLE COMPLETION TUBING STRINGS
3.1 The influence of packer outer diameter on the running-in resistance of completion tubing strings
Performing numerical analysis on the influencing factors and patterns of axial forces and contact forces acting on the completion string can facilitate the smooth lowering of the completion string. The outer diameter of the tubing string is a crucial factor affecting its running-in. With other conditions remaining unchanged, we investigated the impact of packers with different outer diameters (as shown in Table 2) on the resistance of the tubing string. The calculated influence pattern of the packer outer diameter on the setting resistance of the completion string is shown in Figures 11, 12.
TABLE 2 | Packers with different outer diameters.	Norm	Outer diameter (mm)	Inner diameter (mm)	Length (mm)	Temperature (°C)/Pressure (Mpa)
	Y221–142	142	50	1,545	130/35
	Y221-144	144	62	1,545	130/35
	Y221-146	146	66	1,545	130/35
	Y221-148	148	72	1,545	130/35
	Y221-150	150	76	1,545	130/35


[image: ]FIGURE 11 | The influence of the packer outer diameter on the axial force of the packers. (a) Axial tension varies with the size of the packer. (b) The axial force along the well depth varies with the size of the packers.[image: ]FIGURE 12 | The influence of packer outer diameter on the contact force of the tubing string. (a) The contact force along the well depth varies with the size of the tubing string. (b) The contact force at 1406 m and the kick-off point varies with the size of the tubing string.As shown in Figure 11A, as the packer size increases, the mean value axial tension at the wellhead decreases from 169.3 KN to 159 KN. This is because an increase in packer size results in a smaller gap between the packer and the wellbore wall, with more of the packer surface being covered by the wellbore wall. Consequently, the obstruction to the tubing string increases, causing the axial tension at the wellhead to decrease. In Figure 10B, the dashed line represents the neutral point (where neither tension nor compression is applied, and the axial force is 0 N; an axial force greater than 0 indicates the tubing string is in tension, and vice versa). It can be observed that as the well depth reaches 1384 m, the axial tensile force on the tubing string gradually converts into axial compression force (In the diagram, “+ve” represents axial tension and “-ve” represents axial compression.). As the diameter of the packer increases, the weight of the lower string also increases, causing a reduction in the axial force along the wellbore depth of the string and resulting in the neutral point shifting further upwards. After calculation, the neutral point has shifted up from 1416 m to 1384 m.
According to Figure 12A, when the tubing string with a packer outer diameter of 150 mm is run into the hole to a depth of 1,406 m, contact begins to occur. The contact force between the tubing string and the wellbore wall increases from 1406 m to the kick-off point. The direction of contact indicates that the tubing string is in contact with both the left and right sides of the wellbore wall, suggesting that buckling (subject to axial compression force) has occurred in this section. At a depth of 3000 m, the contact force of the tubing string experiences intermittent sudden increases. This is because the contact force here refers to the force acting on the packer, which is fully pressed against the wellbore wall in the horizontal section and weighs significantly more than the tubing. Therefore, the reaction force acting on the packer is also much greater than that on the tubing. When the packer outer diameter increases, the weight of the packer increases, leading to closer contact between the packer and the wellbore wall and a larger tubing contact force. The point where contact between the tubing string and the wellbore wall begins rises from 1454 m to 1406 m, resulting in an increase in the length of tubing string buckling. Figure 11B shows that the tubing string at a depth of 1406 m experiences intermittent contact at 18 s, while the tubing string at the kick-off point experiences intermittent contact at 1.1 s, earlier than at 1406 m. This indicates that buckling of the tubing string first occurs near the kick-off point. As the running-in process continues, the buckling extends from the kick-off point to the depth of 1406 m. In conclusion, it is recommended to select the Y221-142 packer for completion operations in small wellbores.
3.2 The influence of the open-hole section radius on the running-in resistance of the completion tubing string
Small wellbore diameters constitute a significant factor hindering the smooth running-in of the tubing string. With other conditions remaining unchanged, we designed open-hole section radii of 81.2 mm, 78.7 mm, 76.2 mm, 73.7 mm, and 71.2 mm to investigate the impact of different open-hole section radii on tubing string resistance. The calculated influence pattern of the completion string on the setting resistance under different open-hole radii is shown in Figures 13, 14.
[image: ]FIGURE 13 | The influence of the open-hole section radius on the axial force of the tubing string. (a) The axial tension varies with the radius of the open-hole section. (b) The axial force along the well depth varies with the radius of the open-hole section.[image: ]FIGURE 14 | The influence of the open-hole section radius on the contact force of the tubing string. (a) The contact force along the well depth varies with the radius of the open-hole section. (b) The contact force at 1358 m and the kick-off point varies with the radius of the open-hole section.From Figure 13A, it can be observed that when the open-hole section radius is greater than 76.2 mm, the axial tension at the wellhead increases with the increase in the open-hole radius. When the open-hole radius is less than 76.2 mm, the axial tension at the wellhead decreases sharply with the decrease in the open-hole radius. This is because when the open-hole radius is greater than 76.2 mm, it falls outside the category of slim holes (A slim hole refers to a wellbore with a diameter of less than 6 inches Zhou et al., 1994), and the tubing string is less constrained by the wellbore wall in the open-hole section, allowing for a wider range of movement within the wellbore. When the open-hole radius is less than 76.2 mm, the wellbore wall fits more closely with the tubing string, resulting in greater obstruction and a sharp decrease in axial tension. Therefore, an open-hole section radius of 76.2 mm should be ensured for smoother running-in. According to Figure 12B, the neutral points of the frac-pack completion tubing string corresponding to the five radii (from smallest to largest) are 932 m, 1072 m, 1242 m, 1286 m, and 1436 m, respectively. It can be seen that as the open-hole radius increases, the neutral point shifts upward accordingly. The smaller the open-hole section radius, the higher the step at the junction between the kick-off section and the horizontal section, leading to a decrease in the axial tension transmission efficiency of the tubing string in the horizontal section. The accumulated axial compression force in the horizontal section will increase, and consequently, the maximum axial compression force on the tubing string will also increase.
As shown in Figure 14A, as the radius of the open-hole section decreases, the tubing contact force increases, with the most significant increase occurring in the kick-off section. When the radius of the open-hole section decreases, the global tubing in the open-hole section tightly fits against the wellbore wall, resulting in increased resistance for the lower tubing. Additionally, due to the presence of a step at the junction between the kick-off section and the open-hole section, the axial force transmission efficiency decreases (the higher the step, the lower the transmission efficiency), forcing the tubing in the kick-off section to transmit more axial force. This leads to more severe compression of the wellbore wall by the tubing in the kick-off section. As seen in Figure 13B, contact at the tubing kick-off point occurs before it does at 1358 m, indicating that buckling (compression due to axial force) first occurs near the kick-off point, similar to the influence pattern of changes in the outer diameter of the packer discussed earlier. However, the diameter of the open-hole section has a greater impact on the resistance encountered during tubing running-in. This is because the tubing in the open-hole section consists of packers, sliding sleeves, and tubing; the additional resistance due to increased packer size is less significant compared to the resistance caused by the close contact between the tubing, sliding sleeves, and the open-hole Section 3.3. The impact of different friction coefficients in the open-hole section on the running-in resistance of the completion tubing string. When the radius of the naked eye segment is less than 76.2 mm, there will be a significant increase in friction in the pipe column.
3.3 The influence of different friction coefficients of open-hole sections on the setting resistance of completion strings
The rocks commonly encountered in drilling are sedimentary rocks, and the types of sedimentary rocks vary among different rock formations, mostly including shale, sandstone, limestone, etc (Fernández et al, 2023; Fang et al., 2024). The friction coefficients on the surfaces of different rocks also differ. Generally speaking, the friction coefficient of the shale surface is relatively small. With other conditions remaining unchanged, the impact of designing different friction coefficients of 0.15, 0.2, 0.25, 0.3, and 0.35 in the open-hole section on the completion tubing string was analyzed. The calculated influence pattern of the setting resistance of the tubing string in different rock formations is shown in Figures 15, 16.
[image: ]FIGURE 15 | The influence of the friction coefficient of the open-hole section on the axial force of the tubing string. (a) The axial tension varies with the friction coefficient of the open-hole section. (b) The axial force along the well depth varies with the friction coefficient of the open-hole section.[image: ]FIGURE 16 | The influence of the friction coefficient of the open-hole section on the contact force of the tubing string. (a) The contact force along the well depth varies with the friction coefficient of the open-hole section. (b) The contact force at 1254 m and the kick-off point varies with the friction coefficient of the open-hole section.As can be seen from Figure 15A, as the friction coefficient increases, the axial tension at the wellbore mouth decreases accordingly. When the friction coefficient reaches 0.35, the axial tension at the wellbore mouth decreases significantly over time. This is because the additional axial tension caused by the friction between the tubing string and the wellbore wall increases, resulting in a decrease in the axial force at the wellbore mouth. Figure 14B indicates that when the friction coefficient increases from 0.15 to 0.35, the axial tension and axial compression along the wellbore depth decreases, and the location of the neutral point shifts upwards from 1980 m to 480 m. With the increase in the friction coefficient, the Coulomb friction force acting on the tubing string increases, leading to greater resistance for the tubing string. The more significant the upward shift of the neutral point, the longer the length of the tubing string under axial compression.
As shown in Figure 16A, when the friction coefficient reaches 0.35, the tubing string begins to experience contact force at 1254 m. As the friction coefficient in the open-hole section increases, the Coulomb friction force generated by the contact between the tubing string and the wellbore wall during lowering also increases. Coulomb force is a major factor hindering the smooth lowering of the tubing string. An increase in Coulomb friction force makes relative motion between the tubing string and the wellbore wall more difficult, leading to more severe buckling of the tubing string and a corresponding increase in the contact force between the tubing string and the wellbore wall. Figure 15B indicates that the kick-off point of the tubing string experiences contact before 1254 m, and buckling (due to axial compression in this section) occurs first at the kick-off point. The contact force at the kick-off point shows an increasing trend, suggesting that the tubing string is pressed more tightly against the wellbore wall at this point, indicating more severe buckling of the tubing string at this location.
To sum up, the calculation results are in line with the expected results of the axial force distribution of the pipe string, that is, the axial force of the pipe string near the wellhead is tensile force. As the pipe string is lowered deeper into the well, the axial tensile force gradually changes into axial pressure. The greater the resistance experienced during the lowering process of the pipe column, the longer the length of buckling of the diameter section of the pipe column. The pipe string is most likely to buckle where it is subjected to the maximum axial pressure, which is mostly near the Kick-off Point This is mainly because the increase in friction coefficient and pipe string size leads to greater frictional resistance on the pipe string. The collision between the pipe string and the wellbore at the kick-off point becomes more intense, making the pipe string more prone to buckling at this location. During the construction, the strength of other sections of the pipe string remains unchanged, and the strength of the pipe string near the Kick-off Point should be focused on strengthening to prevent buckling. The strength of the pipe string at the kick-off point can be enhanced by increasing the thickness of the pipe string and using higher-strength materials at this location. The findings of this study are not only applicable to small wellbores but also to conventional horizontal wells. And it can save the cost of replacing and repairing the pipe column.
4 CONCLUSION
Addressing the difficulty of lowering the completion tubing string in the open-hole section during staged fracturing in small-diameter wellbores with large-sized tubing strings, this study analyzes the factors and patterns influencing the axial and contact forces acting on the completion tubing string during lowering, as well as the locations prone to buckling throughout the wellbore. The following conclusions are drawn:
	(1) An experimental setup was constructed based on the principle of scaling and experiments were conducted to simulate the lowering of tubing strings in different stages, with varying kick-off rates and in different media, validating the accuracy of the results obtained from the three-dimensional finite element model.
	(2) The impact of different packer outer diameters on the axial tension at the wellbore mouth, axial tension and axial compression along the wellbore depth, and contact force along the wellbore depth of the completion tubing string was compared. It was found that as the packer outer diameter increases, the neutral point shifts upwards, resulting in an increase in the length of the tubing string under axial compression. The tubing string first comes into contact with and buckles against the wellbore wall near the kick-off point, and buckling occurs upwards from the kick-off point.
	(3) The impact of different open-hole radii on the resistance of the completion string was compared. It was found that as the open-hole radius decreases, the axial tension at the wellhead of the tubing string decreases accordingly, and both the axial tension and axial compression along the well depth also decrease. Meanwhile, the contact force increases, with the most significant increase occurring in the kickoff section. Compared to changes in packer radius, changes in the diameter of the open-hole section have a greater impact on the setting resistance of the tubing string.
	(4) The trends and patterns of axial and contact forces in tubing strings with different friction coefficients were compared. It was found that as the friction coefficient of the tubing string increases, the resistance during lowering also increases, leading to a significant decrease in the axial tension at the wellbore mouth. The contact force along the wellbore depth increases notably, and the degree of buckling in the tubing string near the kick-off point worsens over time. It is recommended to enhance the strength of the pipe string at the kick-off point during operations, such as by increasing the wall thickness at this critical section. This reinforcement approach can effectively reduce pipe string maintenance frequency, thereby achieving the objective of lowering construction costs.
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