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Abstract

:

The penetration force and depth of the slip teeth are important factors influencing the hanging capacity of liner hanger, which can lead to failure of well cementation. In this study, a method to calculate the penetration force of dual-wedge slip teeth was presented by considering the surface configuration and the force transfer mechanism of dual-wedge slip in three dimensions. The interaction between dual-wedge slips and casing was simulated using ABAQUS 6.14 software, and the contact force (penetration force) was obtained. Experimental research was carried out to verify the correction of calculation and simulation. The strain of casing was obtained after the dual-wedge slips set under axial loads. The experimental results, theoretical prediction, and the numerical simulation are in good agreement. The effects of geometrical parameters on force transfer characteristics were discussed, which shows that the penetration force of dual-wedge slips increases with increase in the liner weight and Eulerian angle γ, and it decreases with the increase in Eulerian angle α and friction coefficient. The geometric parameters of the dual-wedge slip can be designed to obtain an optimal penetration force, and ensure that the slip teeth penetrate into the inner wall of casing without damage to the casing. The penetration force can be obtained by optimizing the parameters related to geometry of dual-wedge slips.
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1. Introduction


Cemented liners are widely used to realize well integrity and reduce costs in well construction. The liner is the casing that does not come back to the surface but rather is hung using a liner hanger from the bottom of the prior run casing. These liners are usually hung approximately 200 ft up inside the prior cemented-in casing. The liner hanger is defined as “a device used to attach a liner from the internal wall of a set casing/conduit string” [1]. Typically, the liner is set 200–300 ft above the casing shoe of the host casing [2,3,4]. Liners are typically fixed by toothed slips which are located on liner hangers within a wellbore [5,6,7]. They are cost effective, require less time for tripping into the hole, improve cementation job, and provide more space to install completion tools above the liner [8,9,10].



The conventional liner hanger can be set by engaging the slip and cone (Figure 1) [11,12,13,14]. Basic conventional liner hanger has slips with teeth and tapped bottom by acting as a wedge. The slips will distribute the liner weight evenly on the tapered swivel cone. The teeth have hardness greater than the casing wall to penetrate the casing surface and anchor the liner [15,16].



When the slips are set and reach up to the inner wall of casing, its working surface produce the pre-tightening force. As the liner is released, the liner weight held by the drilling pipe is transferred to the liner hanger during the liner setting process. The liner weight forces the slips to move downward and imposes a radial and expansive force on the inner wall of the casing, and then the slip teeth can bite into casing with dents left [17,18]. Finally, the liner weight is fully supported by liner hanger which is set by engaging slip and cone in conventional version [19,20].



Failure of liner hanger and casing is often responsible for well control incidents [21,22,23,24]. The penetration depth of slip teeth depends on the penetration force and plays a crucial role in setting liner hanger. Under a small penetration force, the slips cannot hold the casing due to the shallow penetration depth. Conversely, the liner weight exerts a much larger force on slips and drives the slips to penetrate deeper into the casing wall, leaving a permanent damage [25,26].



The outer diameter of liner hangers is normally close to the casing drift diameter. The convention slips are installed on the cone body without any protection, and they are accidentally impacted by fraction and debris during running the liner into the hole [27]. The novel liner hanger systems with special slips are designed to reduce the risks of the premature setting related to the conventional liner hangers, and the dual-wedge slips type liner hanger with high reliability is among those hanger systems. The geometry of dual-wedge slips is different to conventional ones, and the guide rails instead of cones are used to redirect the slips [28,29] (Figure 2). The longitudinal fluid bypass channels between the dual-wedge slips and the mandrel increase the annular flow area, and the pressure loss and the risk of lost circulation can be reduced.



How to calculate the maximum hanging weight of liner hanger is important for casing and liner string design. The slips of liner hanger work as anchors in the casing wall. Once the liner hanger fails or fractures, the whole line string with a length of thousands of meters will lose its support and fall into the bottom of well, which will seriously affect wellbore stability and drilling safety. To solve the reliability problem of slip after hanging of the liner string, the current methods are mainly based on empirical formulas and experiments. The reliability problem of slip mainly depends on the penetrate force and the depth. Compared to conventional slips, the design and manufacture of dual-wedge shaped slips are very difficult, so they do not widely be used in cementing. Few researchers carried out some research about the force transfer mechanism of dual-wedge shaped slips for Liner Hanger, and there is no method to predict the penetration force of the special slips.




2. Theoretical Study on Force Transfer Characteristics of Hanging Mechanism


2.1. Mechanical Model of Conventional Slips and Cone


The liner hanger features slips that lands into the con seat to suspend the liner weight. The conventional slip has a tapped bottom (Figure 3). The load is carried by the top and bottom surfaces, which are the operating surfaces. The conventional slip has a non-uniform thickness and a uniform width, which is an axisymmetric body under the action of axisymmetric force, and the spatial problem is considered as an axisymmetric one [30,31,32,33]. Forces generated by the hanging mechanism and acting on the slips are shown in Figure 3.



The penetration force P between the casing and convention slips can be calculated as follows [34,35]:


   P =     W L     n    ×    t g (   θ + φ   )     



(1)




where WL is the liner weight, n is the slip number, θ is taper of slips and hanger angle, φ is the friction angle.




2.2. Mechanical Model of Dual-Wedge Slips and Slip-Seat


The dual-wedge slips are mechanically contained under the tool outer diameter and protected in the slip seat. Since, as already noted, the main objective of this work is to study the surface configurations and force transfer mechanism of dual-wedge shaped slips. The dual-wedge slip has a uniform thickness and a non-uniform width (Figure 4). The load is carried by the sides of dual-wedge slip. Both camping surfaces of slip and slip-seat press each other, and the axial force is transferred to the radial force.



After the liner hanger is set, the loading force changes from the axial force (liner weight) to the radial force (penetration force) acted on the slips that penetrate into inner wall of the casing with an opposite force. The dual-wedge slip is not an axisymmetric body, and it is difficult to predict the penetration force due to the complex shape of slips. The calculation of penetration force for dual-wedge slip is three dimensional problems. The object of this study is to obtain an analytical solution to the mathematical model and calculate the penetration force of dual-wedge slips under different liner weights.



The geometry shape of slips and slip-seat is complicated, and the ineffective geometry factors unrelated to load transfer such as slip teeth and guide rails (tongue and groove) are ignored. The structure of dual-wedge slips hanging mechanism is illustrated in Figure 5.



2.2.1. Main Geometrical Parameters and Force Analysis


Compared to conventional slips, the dual-wedge slips are difficult to be designed and manufactured. In order to study the mechanical properties of the moving pair composed of dual-wedge slip and slip-seat, a coordinate system is established to describe their geometric parameters, motion, and contact, as shown in Figure 5.



The wedge sides of slip and slip-seat are rotated on the XZ plane. They can also be manufactured with the milling cutter rotation by numerically controlling the milling machine. The inclined plane can be considered as the Eulerian angle α, β, and γ about the x, y, and z axes respectively.



Combining with the geometric parameters of slips and slip-seat, the force transfer model and interaction between slip and slip-seat can be analyzed through transformation of coordinates with the matrix method. The force of slips and slip-seat was analyzed respectively (Figure 5). Six forces acted on each slip: f1 and f2 are the friction forces that acted on the wedge faces of the slip; N1 and N2 are the normal forces that acted on the wedge faces of the slip; N is the radial force that acted on the top face of the slip by casing; P is the penetration force of the slip; T is the axial force that acted on the top face of slip by casing; WL is the weight of liner.




2.2.2. Force Vectors and Rotation Matrix Multiplication


The slip and slip-seat are plane-symmetric, and the two ramped surface are inclined at equal angles and in the opposite direction.


   −  α 1  =  α 2  = α  ⋯  0 ° ≤   α    <    90 °   



(2)






  β  =  0 °  



(3)






    γ 1   =  −  γ 2   = γ   ⋯  0 ° ≤    γ   <    90 °   



(4)







The force vectors acting on the wedge sides are described through real orthogonal 3 × 3 rotation matrix multiplication applied to the basis vectors (1, 0, 0), (0, 1, 0), and (0, 0, 1) followed by translation movement commonly parameterized by Eulerian angle α and γ. The matrix can be decomposed as follow:


    R  x z       ( α ,   γ ) =    R x    ( α )  ×   R z    ( γ ) =       1   0   0     0     cos   α       sin   α       0    −  sin   α       cos   α               cos   γ       sin   γ     0      −  sin   γ       cos   γ     0     0   0   1       



(5)







The normal force vectors on contact surfaces are calculated as follows:


    N 1   =  N 1      e   N 1        = N   1       ( e     N   x 1         ,   e     N   y 1         ,   e     N   z 1      ) =  N 1    ( 0 ,   1 ,   0  )      R  x z         ( α   1     ,   γ   1  )  



(6)






    N 2   =  N 2      e   N 2     =  N 2       ( e     N   x 2         ,   e     N   y 2         ,   e     N   z 2      ) =  N 2    ( 0 , − 1 ,   0  )      R  x z       ( α   2     ,   γ   2  )  



(7)







The frictional force vectors are calculated as follows:


    f 1   =  f 1      e   f 1     =  f 1       ( e     f   x 1         ,   e     f   y 1         ,   e     f   z 1      ) =  f 1     (  0 ,   0 , − 1  )      R  x z       ( α   1       ,   γ   1   )   



(8)






    f 2   =  f 2      e   f 2     =  f 2    (    e     f   x 2         , e     f   y 2         , e     f   z 2      ) =  f 2    (   0 ,   0 , − 1   )     R  x z       (   α   2     ,   γ   2  )  



(9)







The normal force and friction force acted on the wedge faces are equal in magnitude:


   N 1  =  N 2  = N  



(10)






   f 1  =  f 2  = μ   N  



(11)







In the axial direction, the magnitude of support force acted on each slip can be expressed as:


   T =     W L   n   



(12)








2.2.3. Static Equilibrium


The dual-wedge slip is under the equilibrium condition. The forces acting on the slips are balanced, and they are expressed as


   N 1     + N   2     + f   1     + f   2   + N + T = 0   



(13)







In the axial direction, the mechanical equilibrium relationship is expressed as follows:


  2    N   ( sin   α + μ   cos   α ) = T   



(14)







In the radial direction, all forces are projected and balanced to obtain the following formula:


  2    N   sin   γ   ( cos   α   −   μ   sin   α ) = P   



(15)







The formula calculating the penetration force can be derived by integrating Equations (7)–(15):


   P =     ( cos   α   -   μ   sin   α )   sin   γ     n   ( sin   α + μ   cos   α )         W   L   



(16)




where P is the penetration force, WL is the liner weight, n is the slip number, α is Eulerian angle about the x axe, γ is Eulerian angle about the z axe, and μ is the friction coefficient.






3. Numerical Simulation of Interaction between Dual-Wedge Slips and Casing


3.1. Finite Element Model


The interaction and strength analysis for hanging system are carried out based on finite element method. ABAQUS 6.14 software was used to conduct numerical simulation of the dual-wedge slip hanger assembly. The ineffective geometry factors unrelated to load transfer such as slip teeth and guide rails (tongue and groove) are ignored, and finite element model for the dual-wedge slip hanger assembly was established in Figure 6. The finite element mesh was formed by ABAQUS-C3D8R (Eight-node brick element with reduced integration) which has better convergence and accuracy for the contact problems.



The type of constraint between slip and casing was Contact, which was the same as that in the theoretical study.



The geometric parameters of hanging mechanism are listed in Table 1. The material of liner hanger system is ASME A193 B2 alloy steel (Chinese designation: 35CrMo). To describe the mechanical behavior of the hanging mechanism, we used an elastic material model, and mechanical parameters are listed in Table 2.




3.2. Simulation Results


The strength of hanging mechanism under different axial load is calculated with the finite element (FE) method. The von Mises stress distribution of hanging system under the liner weight (axial load) of 1000 kN and the friction coefficient of steel to steel surfaces in drilling mud 0.1 is shown in Figure 7.



The distribution of von-mises stress can evaluate the safety of the hanging mechanism. It shows that the stress of slip hanger assembly is basically within the elastic range, and the maximum stress of slip-seat is 591.6 MPa. The FE analysis also reveals an uneven stress distribution on the inner wall of the casing under the contact force. The hanging system including slips and slip-seat and the upper casing can withstand the weight of the liner hanging. The radial slip/casing load is circumferentially distributed by the slip to the seat. And stress of the inner face is lower than outer surface of the seat, which shows this type of hanger loading protects the liner pipe from collapse loads.



The radial penetration force and depth of slip to casing is also an important parameter to the capacity of liner hanger, which depends on the contact force between slip and casing. The contact forces can be obtained from the contact pairs in the ABAQUS/Standard data, as shown in Table 3. The contact loads from the theoretical calculation and numerical simulation are compared, as shown in Figure 8.



According to Figure 8, the results from numerical simulation are comparable with those calculated in Equation (16). This confirms the validity of the formula proposed in this study and the formula is applicable in predicting the slip penetration forces under different liner weights.





4. Experimental Research


The tensile load due to the liner weight and the load from the pressure in the liner are the main loads of the hanger. In order to verify the theoretical model and investigate the force transfer mechanism of dual-wedge shaped slips liner hanger, the tensile experiment was carried out. The contact force and stress between slip and casing is difficult to obtain directly, but it can be calculated indirectly by the circumferential stress of the casing outer surface. Strain gauges were placed on the contact area of casing outer surface.



4.1. Experimental Setup and Equipment


The tests were carried out by using the equipment in Figure 9. The test machine is displacement-controlled and mainly consists of the horizontal hydraulic loading system for axial load and the liner hanger system. The load of hydraulic jacks can reach up to 5000 kN.



More stress-monitoring points will get more data and better results, but the number of stress-monitoring points is limited to the size of strain gauges and data collection channels. Five pairs of strain gauges were attached to contact area of casing outer surface along the axial direction in Figure 10.




4.2. Experimental Results


After the hanger was set up, axial tension loads of 500 kN, 1000 kN, 1500 kN, 2000 kN were applied by the tensile testing machine. The axial load exerts a radial force on slips, which drives the slips to penetrate into the casing wall, and leaving dents, which are shown in Figure 11. The circumferential strains of the casing outer surface were collected in Figure 12.



It shows that liner hanger worked well, and six dual-wedge slips all penetrated into the inner wall of casing. It can be assumed that the tensional load has transferred uniformly from the slip-seat to every slip, based on which we carry out further calculation.



The stress is directly proportional to the liner weight (Figure 12), and the stress increases with an increase in the tension load. The penetration force of slips leads to an uneven stress distribution on the contact area. The stress on points 1 and 5 is lower than that on other points, which indicates that it has higher circumferential stress in the middle area and lower circumferential stress in both ends along the axial direction, which are also consistent with the numerical simulation in Figure 7.




4.3. Comparison of Theoretical Calculation and Test Results


It is assumed that the contact load (penetration force) is uniformly distributed over the inner face of contact area between the slips and casing. The average contact stress between dual-wedge slips and casing can be written as:


   q =   P S   =     ( cos   α   −   μ   sin   α )   sin   γ     S   n    (  sin   α + μ   cos   α  )        W   L   



(17)




where q is the average contact stress, P is contact load (penetration force) between slip and casing, S is the contact area between slip and casing.



The circumferential stress components of casing outer wall can be calculated with Lame formula.


   σ φ   =    2      a   2     q     b 2       −   a   2       



(18)




where θφ is the circumferential stress, a is the inner diameter of casing, b is the outer diameter of casing, q is the average contact stress.



The results of theoretical calculation and test are compared as Figure 13.



It shows that the calculated value well coincide with the measured mean values, which can verify the accuracy of the theoretical model for predicting the penetration force of the dual-wedge slip.





5. Discussion


5.1. Effects of Geometrical Parameters on the Slip Penetration Force


Equation (16) shows that the penetration force P depends on several parameters such as geometric parameters α and γ and liner weight WL and friction coefficient μ. In order to study the effects of several parameters on the penetration force P, the control variate method was introduced.



5.1.1. Eulerian Angle α


The liner weight WL, the second Eulerian angle γ, and friction coefficient μ are considered as constants, the relationship between the penetration force P and the first Eulerian angle α is expressed as Equation (19), and the curve is shown in Figure 14.


     P = a   1   +     b 1     c 1   + tan α     



(19)







Figure 14 shows the penetration force P decreases with an increase in the first Eulerian angle α, and it decreases significantly within the range of 0–30°. The slope of the function curves is also affected by the Eulerian angle γ. The Eulerian angle α has significant influences on the penetration force when the first Eulerian angle α is less than 60°, and has less significant effects when the first Eulerian angle α is higher than 60°.




5.1.2. Eulerian Angle γ


The liner weight WL, the first Eulerian angle α, and friction coefficient μ are considered as constants, and the relationship between the penetration force P and the second Eulerian angle γ is expressed as Equation (20), and the curve is shown in Figure 15.


     P = a   2     sin   γ   



(20)







The penetration force P is a sinusoidal function of the second Eulerian angle γ, and the penetration force P increases with an increase in γ. The slope of the sinusoidal function curves are affected by the Eulerian angle α. The second Eulerian angle γ has significant influences on the penetration force when the first Eulerian angle α is less than 30°, and has less significant effects when the first Eulerian angle α is higher than 30°.



It can be seen from Figure 14 and Figure 15 that the slips and slip-seats can be designed by changing the geometry of the slip edges to adjust the penetration force.





5.2. Effects of Friction Coefficient on the Slip Penetration Force


The liner weight WL, the Eulerian angle α and γ are considered as constants, and the relationship between the penetration force P and the friction coefficient μ is expressed as Equation (21), and the curve is shown in Figure 16.


     P = a   3  +    b 3    (   c 3  + μ  )    



(21)







The penetration force P decreases with an increase in the friction coefficient μ, and it decreases significantly within the range of 0–0.1. The friction coefficient μ can also affect the penetration force during the liner hanger setting process, and the friction coefficient can be changed by changing the surface roughness during design and manufacturing processes. Adding a friction reducer to the slip seat also can be a good design to provide a smoother slip ride along the slip seat.




5.3. Effect of Liner Weight WL


The Eulerian angle α, γ and friction coefficient μ are considered as a constant, and the relationship between the penetration force P and liner weight WL can be expressed as:


     P = a   4       W   L   



(22)







According to Equation (22) and Figure 17, it shows the positive correlation between the penetration force P and the liner weight WL. As the liner weight increases, the penetration force of the slips increases, and the slips are inserted deeper into the inner wall of the upper casing. When the light liner is tripped into the borehole, the weight is insufficient to achieve the action of slips, and a pre-determined minimum gripping force must be applied to avoid slippage of liner.





6. Conclusions


This study presents the analytical solution to the mathematical model to explain the force transfer mechanism of dual-wedge slips for liner hanger. Numerical simulation and experimental study were carried out to verify the mathematical model. The conclusions are obtained as follows:




	(1)

	
The formula of calculating the penetration force for dual-wedge slip was presented. The formula shows that the penetration force is affected by several parameters such as geometric parameters α and γ, liner weight WL and friction coefficient μ.




	(2)

	
The penetration force of dual-wedge slips increases with an increase in the liner weight and Eulerian angle γ, and it decreases with an increase in Eulerian angle α and friction coefficient. The sensitive range of Eulerian angle α is (0, 30), and the sensitive range of Eulerian angle γ is (0, 60). The geometric parameters of the dual-wedge slip can be designed to obtain an optimal penetration force, and ensure that the slip teeth penetrate into the inner wall of casing without any damage to the casing.




	(3)

	
The simulation and experimental results demonstrate that the penetration force leads to an uneven stress distribution on the casing. By optimizing the bearing surface of dual-wedge slip and seat, the radial slip/casing load can be circumferentially distributed by the slip to the seat with minimal stress concentration, and this protect the liner pipe and hanger mandrel from collapse loads.









The research about the force transfer mechanism for liner hanger is based on linear elastic material models. The formula cannot apply to elastic–plastic materials, and the collapse model of casing under large penetration force is not clear, which needs to be further studied in the future.
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Figure 1. Conventional liner hanger. 
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Figure 2. Liner hanger with dual-wedge slips. 
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Figure 3. Conventional liner hanger profile. (a) Prototype model of slips and cone; (b) the forces acted on the slip. 
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Figure 4. Concept of hanging mechanism with dual-wedge slips. (a) 3-D CAD model; (b) cross sectional view. 
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Figure 5. Mechanical model and main geometrical parameters of (a) slip and (b) slip-seat. 
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Figure 6. Finite element model of hanging mechanism. (a) Assembly; (b) part; (c) mesh. 
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Figure 7. Von-Mises stress distribution of (a) casing, (b) slip, and (c) slip-seat. 
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Figure 8. Comparison of results from theoretical calculation and numerical simulation. 
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Figure 9. Experimental setup for liner hanger test. (a) Test device schematic diagram; (b) the liner hanger; (c) machine used to conduct the experiments. 
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Figure 10. Strain gauges location. 
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Figure 11. Leaving dents. 
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Figure 12. Circumferential stress of outer casing under liner weight. 






Figure 12. Circumferential stress of outer casing under liner weight.



[image: Energies 16 03177 g012]







[image: Energies 16 03177 g013 550] 





Figure 13. Comparison of theoretical calculation and test results. 
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Figure 14. Relationship between the penetration force P and Eulerian angle α. 
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Figure 15. Relationship between the penetration force P and Eulerian angle γ. 
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Figure 16. Relationship between the penetration force P and fiction coefficient μ. 
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Figure 17. Relationship between penetration force P and liner weight WL. 
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Table 1. Geometric parameter of hanging mechanism.
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Casing

	
Slip and Slip-Seat




	
Outer Diameter

(mm)

	
Inner Diameter

(mm)

	
Eulerian Angle α (°)

	
Eulerian Angle γ (°)

	
Contact Area (mm2)






	
365

	
337

	
5

	
30

	
1.8e4
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Table 2. Mechanical parameters of the material of the hanging mechanism.
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	Density (kg/m3)
	Elastic Modulus (GPa)
	Poisson’s Ratio
	Yield Stress (MPa)
	Tensile Strength (MPa)





	7860
	210
	0.3
	835
	985
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Table 3. Contact force between slips and slip-seat under different axial force.
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	Axial force (kN)
	100
	200
	300
	400
	500
	600
	700
	800
	900
	1000



	Contact force (kN)
	265.1
	530.2
	795.3
	1060.4
	1325.4
	1590.5
	1855.6
	2120.7
	2385.8
	2650.9
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