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Abstract: The lack of research on flexible drilling tool leads to limited application of 
ultra-short radius horizontal wells. The flexible drilling tool is different from the 
conventional drilling tool. The flexible drilling pipe involves a mutual transition between 
the structure and the mechanism during the deformation process. At the same time, the 
flexible drilling pipe and the eccentric guide tube, the guide tube and the wellbore 
generate random contact. In this paper, 3-D beam elements, universal joint elements, 
rigid beam elements and the beam-beam contact elements are combined to establish a 
two-layer contact nonlinear finite element model of the flexible drilling tool in the 
wellbore. The dynamic relaxation method is introduced for numerical solution. The 
feasibility of the model and the algorithm is verified by an example. The mechanical 
analysis of flexible drilling tool under the four hole inclinations in the oblique section is 
carried out. It is found that the flexible drilling pipe has a “folded line” deformation. The 
contact force between the flexible drilling pipe and the guide tube is randomly distributed. 
The contact force between the guide tube and the wellbore in the oblique section is 
greater than that in the vertical section. As the hole inclinations increase, the torque and 
axial force transmitted to the drill bit gradually decrease.  
 
Keywords: Flexible drilling tool, beam element, universal joint, contact nonlinear, finite 
element. 

1 Introduction 
The ultra-short radius horizontal well is an effective technique for developing potential 
residual oil. The obvious difference from the conventional horizontal well is that the 
radius of curvature is particularly small, generally 1 m-4 m. Conventional drilling tools 
cannot meet this requirement and require special techniques and tools for drilling. In the 
existing ultra-short radius horizontal well technology, two types of high-pressure jet tools 
[Wade, Herman, Nees et al. (1992); Buset, Riiber and Eek (2001); Bruni, Biassotti and 
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Salomone (2007); Balch, Ruan, Savage et al. (2016); Wang, Li, Huang et al. (2016)] and 
flexible drilling tool [Gourley (2000); Zhang, Sun, Li et al. (2017); Lv (2018)] are mainly 
used. In engineering, flexible drilling tool generally adopt a two-layer flexible structure. 
The inner layer is a flexible pipe with controllable universal joint connection, which has 
the function of bearing pressure and transmitting torque. The outer layer is a single-sided 
slotted guide tube that transmits axial force. The structure of the main components of the 
flexible drilling tool is shown in Fig. 1.  

 
Figure 1: Structure of the main components of the flexible drilling tool: (a) Structure of the 
flexible drilling tool; (b) Structure of the flexible drilling pipe; (c) Structure of the guide tube 

For flexible hinged pipes, scholars have carried out related mechanical analysis. Su et al. 
[Su and Zhao (1995); Zhao and Wang (1998)] regard the hinge joint as a plane hinge. A 
mechanical model of the hinged flexible drilling tool was created and the force condition 
at any hinge was derived through static analysis. Shuai et al. [Shuai and Liu (2001)] used 
the method of cohesive freedom to reduce the rotational freedom of the hinge point. A 
two-dimensional finite element model of the hinged drill assembly was established. 
Zhang et al. [Zhang and Di (2000); Di, Wang, Hu et al. (2012)] used the finite element 
iteration method to study the influence of the position of the hinge point on the dynamic 
characteristics of the bottom drilling tool. Liu et al. [Liu, Huang, Sun et al. (2016)] 
established a three-dimensional finite element model of flexible drilling pipe with 
different rotation angles. The ultimate tensile force and torque that the flexible drilling 
pipe can withstand was calculated. 
For the beam-beam contact problem, Wriggers et al. [Wriggers and Zavarise (1997)] first 
proposed a frictionless contact model for studying the contact dynamics of a circular 
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section beam. Thereafter, Zavarise et al. [Zavarise and Wriggers (2000); Litewka and 
Wriggers (2002)] extended the model to the contact problems of circular section beams 
and rectangular section beams with Coulomb friction. Weyler et al. [Weyler, Oliver, Sain 
et al. (2012)] analyzed the advantages and disadvantages of the penalty function method 
and the Lagrangian method. It was finally established that the two methods were similar 
when dealing with beam and beam contact problems. Litewka proposed the Hermitian 
polynomial smoothing method and the multi-point contact method for beam-beam 
frictional contact [Litewka (2007, 2013)]. Neto et al. [Neto, Pimenta and Wriggers (2015)] 
proposed a self-contact model of beams using the pinball algorithm. Meier et al. [Meier, 
Popp and Wall (2016); Meier, Wall and Popp (2017)] developed a novel all-angle beam 
contact formula based on Kirchhoff beam theory. The point contact formula was applied 
in the large contact angles range while the line contact formula was applied in a small 
contact angle range. Liu et al. [Liu, Yue, Li et al. (1994); Liu, Luan and Zhang (2009)] 
described the random contact state between beam and beam by placing gap elements at 
the node locations to form a continuum between the beams. Pang et al. [Pang, Liu, Meng 
et al. (2009)] proposed a method for solving nonlinear finite element equation of beam-
beam multi-directional contact by using the basic theory of cellular automata. Dong et al. 
[Dong, Zhang, Zhang et al. (2011)] applied movable two-way spring elements to describe 
the beam-beam contact state, and established a hybrid finite element simulation model 
describing the bending deformation law and contact pressure of the beams. 
In summary, in the current study, the hinge is considered as a flat hinge, and the relative 
rotation angle limit is not considered in the hinge. The contact beams are all concentric 
section beams. While the hinge of the flexible drilling pipe can only be rotated at a fixed 
angle, and the flexible drilling pipe is accompanied by the mutual transition between the 
mechanism and the structure under the external load. The cross-section of the single-
sided slotted guide tube is eccentric. The guide tube, the flexible drilling pipe and the 
wellbore form a three-body two-layer contact problem. How to reasonably describe the 
deformation state of flexible drilling tool, reveal its load transfer law, and establish the 
mechanical model and method of flexible drilling tool have certain difficulties. The 
relevant literature has not been reported.  
For the flexible drilling tool in the wellbore, considering the transition between the 
flexible drilling pipe mechanism and the structure, the eccentricity of the guide tube 
section and the nonlinear characteristics of the two-layer contact, the finite element 
method is used to establish the finite element model of the flexible drilling tool in the 
wellbore. Aiming at the convergence difficulty in the calculation, the dynamic relaxation 
method is introduced to solve it. We validate the feasibility of the model and the 
algorithm by an example with analytical solutions. Through the mechanical analysis of 
the flexible drilling tool under the different hole inclinations for oblique drilling of ultra-
short radius horizontal wells, we research the deformation state and load transfer law of 
the flexible drilling tool, and reveal the contact mechanics between the flexible drilling 
tool and the wellbore.  
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2 Finite element model and numerical solution method 
2.1 Physical model 
According to the drilling process of the flexible drilling tool in the oblique section, the 
mechanical analysis of flexible drilling tool under different hole inclinations is carried out. 
The structure of the flexible drilling tool is shown in Fig. 2. The flexible drilling tool 
consists of an upper triple connector, a flexible drilling pipe, a guide tube, a lower triple 
connector and a drill bit. The upper triple connector join the conventional drilling pipe, 
the flexible drilling pipe and the guide tube, while the lower triple connector join the drill 
bit, the flexible drilling pipe and the guide tube. During the oblique drilling process, the 
conventional drilling pipe transmits the axial force and torque to the upper triple 
connector, and the upper triple connector transmits the axial force to the guide tube and 
transmits the torque to the flexible drilling pipe, thereby the classification transmission of 
the load is realized. The lower triple connector transmits the axial force of the guide tube 
and the torque of the flexible drilling pipe to the drill bit, thereby the concentrated 
transmission of the loads is realized.  

 
           (a)                                         (b)                                         (c) 

Figure 2: Structure of the flexible drilling tool under different hole inclinations: (a) γ =0º; 
(b) 0º<γ <90º; (c) γ =90º 

The flexible drilling pipe and the guide tube are key components of flexible drilling tool, 
and their single-section structures are shown in Figs. 3(a) and 3(b), respectively. The 
units in the Fig. 3 are all mm. 
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(a)                                                                       (b) 

Figure 3: Structures of key components of flexible drilling tool: (a) Structure of single-
section flexible drilling pipe; (b) Structure of single-section guide tube 

2.2 Mechanical model 
The following assumptions are made: (a) regardless of the threaded connection between 
the upper tee and the tee cap, they are integrated; (b) simplify the connection of the ball 
column keys and the sides to a controllable universal joint; (c) the influence of internal 
and external pressure difference is not considered; (d) the wellbore is treated as rigid 
bodies and fixed; (e) the flexible drilling pipe and the guide tube before deformation are 
located in the center of the wellbore; (f) the initial annular gap exists between the flexible 
drilling pipe, the guide tube and the wellbore; (g) the each component of the flexible 
drilling tool is simplified to a beam of the corresponding structural size. 
Since this research focused on the contact state of the slender flexible drilling tool with 
the wellbore rather than the strength of the tool, to improve the calculation efficiency, the 
internal structure of the flexible drilling pipe is considered, and it is simplified into a 
cylindrical structure of the corresponding sectional size. The hinge is located at the 
junction of the sections S2 and S3. The simplified structure is shown in Fig. 4.  
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The flexible drilling tool and the wellbore were selected as the research objects. 
According to the force characteristics of flexible drilling tool, the boundary condition is 
set as: The lateral line degrees of freedom of the drill bit are treated as contact boundaries 
with initial gaps, torsion and axial degrees of freedom are treated as fixed boundaries. 
The contact boundaries are used between the flexible drilling pipe and the guide tube, the 
guide tube and the wellbore, the triple connector and the wellbore, and the drill bit and 
the wellbore. The torque T  and the axial force F at the upper triple connector are applied. 
Considering the weight q of flexible drilling tool, the mechanical model of the flexible 
drilling tool in the wellbore is shown in Fig. 5. 

 
Figure 5: Mechanical model of flexible drilling tool in the wellbore 

2.3 Finite element model  
The flexible drilling pipe, guide tube, wellbore and other components of the flexible 
drilling tool are discretized into 3-D beam elements by finite element method. The 3-D 
beam elements are BEAM188 beam elements by ANSYS Release 17.0. 

2.3.1 Finite element model of flexible drilling pipe  
Given that the controllable universal joint can rotate relative to each other in the two 
directions, it is defined by two nodes. Nodes I and J are coincident. Each node has three 
translational displacements and three rotational displacements. The coordinate representation 
of the universal joint element is shown in Fig. 6. Two nodes need to define a local Cartesian 
coordinate system to describe the motion constraints. The y-axis is the direction of the drive 
shaft.  
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Figure 6: Coordinate representation of universal joint element: (a) Schematic diagram of 
universal joint structure; (b) Coordinate representation of the universal joint element 

Since the displacement at the hinge is continuous, the displacement constraint of the 
universal joint element at any given time is expressed as 

JI uu =                                                                                                                              (1) 

where Iu  and Ju  are the line displacement vectors of node I and node J, respectively. 
Rotation constraint is expressed as 

0=J
z

I
x ee                                                                                                                          (2) 

where I
xe  and J

ze  are the unit vectors along the corresponding direction of each local 
coordinate system, respectively. 
In order to measure the amount of change in the relative position of the local coordinate 
system of node I and node J, the initial position coincidence of local coordinate system of 
node I and node J is taken as an example to illustrate, as shown in Fig. 7. Assume that the 
local coordinate system of node I is unchanged. If the local coordinate system of node J 
rotates around the x-axis direction and its rotation angle is φ, the rotation angle φ is in the 
y-z plane. If the local coordinate system of the node J rotates around the z-axis direction 
and its rotation angle is ψ, the rotation angle ψ is located in the x-y plane. 

X

Z
Y

I(J)

zI(zJ,zJ2)xI(xJ,xJ1)

  x-y
 plane

  y-z 
plane

  x-z 
plane

φ
ψ

yJ1

zJ1xJ2

yJ2

yI(yJ)

 
Figure 7: Relative position of node I and node J local coordinate system 
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Obviously, the first Cartden angle (rotation angle around the x-axis direction) and the 
third Cartden angle (rotation angle around the z-axis direction) of the relative position of 
the local coordinate system of the node I and the node J are respectively 

J
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I
z

J
z

I
y

ee
ee1tan−−=ϕ , J

x
I

x

J
y

I
x

ee
ee1tan−−=ψ                                                                          (3) 

The relative rotation angles of the two local coordinate systems are ϕ∆  and ψ∆ , which 
can be expressed as 

0ϕϕϕ −=∆ , 0ψψψ −=∆                                                                                            (4) 

where 0ϕ  and 0ψ  are the initial first and third Carden angles of the relative positions of 
the local coordinate systems of node I and node J. 
When φ and ψ reach the rotation limit, the motion constraint of the universal joint 
element is expressed as 

JI uu = ， JI θθ =                                                                                                            (5) 

where Iθ  and Jθ  are the angular displacement vectors of node I and node J, respectively. 
It can be seen from the above analysis that the universal joint element has no shape 
function because the node positions are coincident. Its function is achieved only by given 
motion constraints. Combining the universal joint elements with the 3-D beam elements, 
the equilibrium equation of the flexible drilling pipe can be obtained.  
According to the radius of curvature of the wellbore and the structure parameters of the 
flexible drilling pipe, the bending angle (initial first and third Carden angles) of the 
universal joint when the flexible drilling pipe is bent through the wellbore can be 
determined. The bending angle of the universal joint is defined by the local coordinate 
system. The plane where the axis of the wellbore is located is the XY plane, then the 
initial first Carden angle of each universal joint is zero, and the local coordinate system of 
the flexible drilling pipe universal joint is determined as shown in Fig. 8. 
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Figure 8: Local coordinate system at the universal joint                          
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Suppose that the nth hinge consists of node In and node Jn, and the two nodes are 
coincident. nI

xe , nI
ye , nI

ze , nJ
xe , nJ

ye and nJ
ze  represent the local coordinate system of node 

In and node Jn, respectively. ye  is the direction of the drive shaft, xe  and ye  are 

perpendicular to each other in the XY plane, and ze  is perpendicular to the XY plane. 
nIξ  

and 
nJξ  respectively represent the angle between the y direction of the node In and node 

Jn and the Y-axis direction of the global coordinate system, that is, the initial third Carden 
angle of the node In and node Jn. θ  is the angle between the line connecting the universal 
joint and the center of curvature and the horizontal line. 
The length of the single-section flexible drilling pipe is a, and the following relationship 
is satisfied. 

54321 llllla ++++=                                                                                                      (6) 

The length of the single-section flexible drilling pipe is small relative to the radius of 
curvature. It can be considered that the arc length corresponding to the single-section 
flexible drilling pipe is equal to the chord length a. According to the geometric 
relationship:  
When n=1, in the ∆ABC: 
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The initial third Carden angle of each universal joint can be determined according to Eqs.  
(7) and (8), and the local coordinate system at the universal joint is also determined. 

2.3.2 Finite element model of guide tube  
The guide tube is discreted as 3-D beam elements. Based on the structural feature of the 
single-sided slotted guide tube, the complete circular section 1-1 and the eccentric section 
2-2 are defined accordingly. The model of the guide tube is built as shown in Fig. 9. 
Taking the beam elements ie  and 1+ie  as an example, the cross section of the ie  element is 
1-1, and the cross section of the 

1+ie  element is 2-2. The inner and outer diameters of the 
two sections are equal. Element ie  consists of node i and node i+1. The element 1+ie  
consists of node i+2 and node i+3. At the intersection of the two beam element sections, 



 
 
 
84                                                                                  CMES, vol.123, no.1, pp.75-100, 2020 

the nodes at the junction are not shared due to the different centroid positions, that is, the 
positions of node i+1 and node i+2 are different. The connection element je  is 
introduced to meet displacement and load coordination at the junction. Obviously, the 
connection element consists of nodes i+1 and i+2, and the element has 12 degrees of 
freedom. Therefore, the connection element adopts the rigid beam element to achieve 
tension transfer, compression, bending, torsion and other forces [Laulusa, Bauchuau, 
Choi et al. (2006)]. The rigid beam elements are MPC184 rigid beam elements by 
ANSYS Release 17.0. The guide tube is composed of a plurality of substructures of the 
same structure. The connection is established between the substructures through the 
connection element 1+je . Combining the rigid beam elements with the 3-D beam elements, 
the equilibrium equation of the guide tube can be obtained. 
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Figure 9: Analysis model of guide tube  

2.3.3 Beam-to-beam contact 
To analyze the contact problem of the flexible drilling pipe, the guide tube and wellbore, 
CONTA176 contact elements and TARGE170 target elements are created. The contact 
elements and the target elements are attached to the outer surface of the flexible drilling 
pipe and the inner surface of the guide tube, the outer surface of guide tube and the inner 
surface of the wellbore. The contact elements and the adherent 3-D beam elements satisfy 
the deformation coordination condition.  
When contact occurs, the contact surface experiences normal contact pressure. Whether 
contact occurs between circular section beams can be defined by introducing a gap 
function to define the contact state of the two objects. When the gap function is less than 
zero, it reflects the existence of contact. The contact model of the beam in the beam is 
shown in Fig. 10. 
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                                      Figure 10: Contact model of beam in beam 

Let the gap function between the flexible drilling pipe and the guide tube be 1h . The gap 
function between the guide tube and the wellbore is 2h . The gap function can be 
determined by the geometric relationship as: 





−−=
−−=

2dw2

1ca1

δ
δ

rrh
rrh

                                                                                                         (9) 

where wr  is the inner diameter of the wellbore; cr  is the outer diameter of the flexible 
drilling pipe; 1δ  and 2δ  are the minimum distance between the center line of the flexible 
drilling pipe and the center line of guide tube, the center line of the guide tube and center 
line of the wellbore, respectively. 
The contact pairs satisfy the deformation coordination at the contact boundary. Based on 
the contact gap of the contact surface along the normal direction, the augmented 
Lagrangian algorithm is used to calculate the normal contact force. 

2.3.4 Finite element model of flexible drilling tool in the wellbore 
The elastic modulus, Poisson’s ratio and density of the flexible drilling tool are 210 GPa, 
0.3, and 7850 kg/m3, respectively. The length of the S1-S5 sections of the single-section 
flexible drilling pipe are 33 mm, 28 mm, 38 mm, 32 mm and 27 mm, respectively. The 
position of the hinge is between Section S2 and Section S3. The inner diameter of triple 
connector is 30 mm, the outer diameter is 110 mm, the length is ls=80 mm. The inner 
diameter of the drill bit is 30 mm, the outer diameter is 118 mm, the length is lz=76 mm. 
The inner diameter of the wellbore is 124 mm, and the outer diameter is 140 mm. The 
radius of curvature of the oblique section of the ultra-short radius horizontal well is 
ρ =3.2 m. Thus, the total length of the flexible drilling tool is given as l= ρπ /2+2ls+lz. 
The torque T is 2 mkN ⋅ . The axial force F is 40 kN. 
Since the single-section flexible drilling pipe has five different sections, the single-
section flexible drilling pipe is divided into five beam elements and one universal joint 
element. The single-section guide tube has two different sections, and one section is 
eccentric. The single-section guide tube is discretized into two beam elements and two 
rigid beam elements, and the wellbore is discretized into beam elements. The finite 
element model of the flexible drilling tool in the wellbore is shown in Fig. 11. 
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                          (a)                                              (b)                                         (c) 

Figure 11: The finite element model of the flexible drilling tool in the wellbore: (a) 
Overall finite element model; (b) Finite element model of the flexible drilling pipe; (c) 
Finite element model of the guide tube   

2.3.5 Dynamic relaxation method  
The above finite element model is difficult to solve by ANSYS software. Specifically in 
the following aspects: (a) the strong nonlinear mechanical behavior such as contact and 
separation between the flexible drilling tool and the wellbore cause a sudden change in 
the contact state in the calculation process. This physical phenomena is easy to cause 
abnormal termination of calculation and have difficulty in convergence; (b) the 
randomness of the universal joint movement and the unstable connection state, the beam 
is displaced by rigid body, which makes convergence difficult. To solve the convergent 
difficulty of flexible drilling tool in wellbore, we adopted a dynamic relaxation method 
for the nonlinear static contact analysis in ANSYS software. In this method, the 
dynamical method is used and larger damping is chosen [Zhang, Jiang, Huang et al. 
(2018)]. Calculation is stopped until the dynamic response of flexible drilling tool 
become stable. In other words, the flexible drilling tool in the wellbore static contact 
problem is solved by dynamical method. 

3 Model verification 
3.1 Model establishment  
To verify the correctness of the controllable universal joint model, the two-layer contact 
analysis model and the algorithm, a planar model shown in Fig. 12 is established. There 
is a controllable hinge connection in the middle of the inner beam. The length of the 
beam is 2 l. The degree of rotation limit of the controllable hinge is β. The diameter of the 
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inner beam is d. The annulus gap between the inner beam and middle beam is Δ1. The 
annulus gap between the middle beam and the outer beam is Δ2. The thickness of the 
middle beam is t. The moments of inertia of the inner and middle beams are I1 and I2, 
respectively. The elastic modulus of the inner beam and middle beam are both E. The left 
end of the inner beam is fully fixed, and the right end is a movable simply support. The 
left end of the middle beam is simply support and the right end is a movable simply 
support.0. The concentrated load F is applied at the hinge point of the inner beam. 

A B
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l l

C

t

x

y Outer beam Inner beam Middle beam

 
Figure 12: Beam-beam two-layer contact plane model 

3.2 Theoretical analysis  
Assume that the hinge of inner beam reaches the rotation limit degree and then comes 
into contact with the middle beam. According to the value of F, the contact state of the 
three beams can be divided into the following four cases as shown in Tab. 1. The dotted 
line is the bending deformation of the beam under concentrated load. Firstly, the inner 
beam is the research object. The critical concentration force is Fr when the hinge just 
reaches the degree of rotation limit. The deflection of the hinge point under the action of 
Fr is rδ . To make the hinge of inner beam reach the rotation limit degree and then 

contact with the middle beam, the relationship rδ>∆1  should be satisfied. When the 
values of F are different, the contact states of the three beams are different. When the C 
point of the inner beam is just in contact with the middle beam, the critical force F=F1. At 
this time, the deflection of the C point of the inner beam is 1∆− . When the middle beam 
is just in contact with the outer beam, the critical force F=F2. At this time, the deflection 
of the C point of the inner beam is )( 21 ∆+∆− , and the deflection of the middle beam 
corresponding to point C is 2∆− . The contact force between the inner beam and the 
middle beam is FC. The contact force between the middle beam and the outer beam is CF ′ . 
The bending moment at point C is MC and the deflection is Cδ . According to the 
superposition principle, equilibrium equation and deformation coordination condition, 
deflection and bending moment of the hinge, contact forces between the beams under 
different values of F can be obtained. It should be pointed out that when 2FF > , the 
contact between the middle beam and the outer beam is actually a linear. For the 
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convenience of calculation, F is slightly larger than F2. It is assumed that a point contact 
is established between the middle and the outer beam, and the contact boundary is still 
processed as concentrated force. The expressions of the parameters are summarized in 
Tab. 1. 

Table 1: Deformation conditions of beams under the action of different concentrated 
loads and the expressions of the parameters 
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Given that: =E 2.1×1011 Pa, d=20 mm, l=1 m, β =1º, t=3 mm, =∆1 8 mm, and 2∆ =3 
mm. Fr=34.48 N, 1F =57.49 N and 2F =390.96 N can be obtained respectively. F is taken 
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as 20 N, 45 N, 200 N and 400 N, respectively. According to Tab. 1, theoretical solutions 
of deflections and bending moments at the hinge and contact forces between the beams 
under different lateral loads are shown in Tab. 2. 

Table 2: Theoretical solutions of various parameters under different lateral loads 

F/N Cδ /mm CM /N·m CF /N 
CF ′ /N 

20 -4.04 0.00 0.00 0.00 
45 -7.44 3.27 0.00 0.00 

200 -9.18 16.25 113.48 0.00 
400 -11.00 28.39 274.62 8.89 

3.3 Numeral analysis  
The above-mentioned controllable universal joint model, two-layer contact model and 
dynamic relaxation method are used to perform numerical analysis on the plane model. 
The boundary conditions of the plane model are shown in Tab. 3. It should be noted that 
the first Carden angle at the hinge of the inner beam is limited. 

Table 3: The boundary conditions of the plane model  

Category Constrained position UX UY UZ ROTX ROTY ROTZ 

Inner beam 
A √ √ √ √ √ √ 
B  √ √ √ √  

Middle beam 
A √ √ √ √ √  
B  √ √ √ √  

Outer beam All nodes √ √ √ √ √ √ 

The numerical solutions of deflections and bending moments at the hinge and contact 
forces between the beams under different lateral loads are shown in Tab. 4. 

Table 4: Theoretical solutions of various parameters under different lateral loads 

F/N Cδ /mm CM /N·m CF /N 
CF ′ /N 

20 -4.04 0.00 0.00 0.00 
45 -7.44 3.27 0.00 0.00 

200 -9.29 16.30 113.30 0.00 
400 -11.00 28.50 274.24 9.23 
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3.4 Error analysis  
For the beam-to-beam two-layer contact plane model, the results of theoretical and 
numerical analysis of deflections and bending moments at the hinge and contact forces 
between the beams are shown in Tab. 5.  

Table 5: Comparison of theoretical solutions and numerical solutions 

F/
N 

Error/% 
Cδ  CM  CF  CF ′  

20 0.00 0.00 0.00 0.00 
45 0.00 0.00 0.00 0.00 
200 1.20 0.31 0.16 0.00 
400 0.00 0.39 0.14 3.80 

It can be seen from Tab. 5 that the maximum error of the theoretical solution and the 
numerical solution is only 3.8%, which verifies the feasibility of the model and the algorithm. 

4 Result and discussion  
Through mechanical analysis of flexible drilling tool in the wellbore with hole 
inclinations γ  of 0°, 30°, 60° and 90°, we obtain the deformation form of the flexible 
drilling pipe in different coordinate planes as shown in Fig. 13. The third Carden angle 
and the first Carden angle of the flexible drilling pipe universal joint are as shown in Fig. 
14. The contact force between the flexible drilling pipe and the guide tube is as shown in 
Fig. 15. The torque and axial force distribution of the flexible drilling pipe are shown in 
Figs. 16 and 17. 
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Figure 13: Deformation of flexible drilling pipe in different coordinate planes: (a) γ =0º; 
(b) γ =30º; (c) γ =60º; (d) γ =90º 
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Figure 14: Carden angle of universal joint: (a) γ =0º; (b) γ =30º; (c) γ =60º; (d) γ =90º 

It can be seen from Figs. 13 and 14 that the “folded line” deformation of the vertical 
section of the flexible drilling pipe in the XY plane is more obvious than that of the 
oblique section under the four hole inclinations, because the initial third Carden angle of 
the vertical section of the universal joint is zero, but the initial third Carden angle of the 
oblique section is not zero. Under the rotation limit of 3º, the relative rotation angle of the 
vertical flexible drilling pipe is larger than that of the oblique section, thus the 
deformation is more obvious. The “folded line” deformation of the vertical section and 
the oblique section of the flexible drilling pipe in the YZ plane are both obvious. This is 
because the initial first Carden angle of the vertical section and the oblique section are 
both zero and the relative rotation angles are both large. Since the initial first Carden 
angle of the universal joint is zero, the current first Carden angle is equal to the relative 
rotation angle. Most of the current Carden angles of the universal joint reach rotation 
limit. The top end of the flexible drilling pipe is inclined in the positive direction of the 
X-axis. This is because the slits of the guide tube are closed under the reaction of the axial 
force, and line displacements degree of freedom of the top nodes of the flexible drilling 
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pipe and the guide tube are coupled through the upper triple connector, and the line 
displacements in the three directions are equal. Thus, the top of the flexible drilling pipe 
would produce lateral bending along with the guide tube.  

 
                                             (a)                                                                                    (b)                        

 
                             (c)                                                                            (d) 

Figure 15: Distribution of contact between flexible drilling pipe and guide tube: (a) γ =0º; 
(b) γ =30º; (c) γ =60º; (d) γ =90º 

It can be seen from Fig. 15 that the contact force between the flexible drilling pipe and 
the guide tube is randomly distributed, and only the maximum cross section of the 
flexible drilling pipe is in contact with the guide tube. The maximum contact force is in 
the vertical section. This is due to the fact that the guide tube slit closure of the vertical 
section causes its shortened distance to be greater than the oblique section. That is, the 
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shortened distance of flexible drilling pipe of the vertical section shortens is greater than 
the oblique section. The hinged connection results in a large radial displacement of the 
flexible drilling pipe. Therefore, when γ=0º, the contact force between the flexible 
drilling pipe and the guide pipe is the largest, and the contact area is large. 

 
                                           (a)                                                                                  (b)                          

 
                                   (c)                                                                           (d) 

Figure 16: Torque distribution of flexible drilling pipe: (a) γ =0º; (b) γ =30º; (c) γ =60º; 
(d) γ =90º  

Fig. 16 shows that the torque of the flexible drilling pipe in the vertical section fluctuates 
around 2000 N·m, and the change is small. The torque of the flexible drilling pipe in the 
oblique section gradually decreases. The torque loss of a flexible drilling pipe consists of 
two parts: one part is the frictional torque generated by the circumferential friction, which 
causes torque loss, which is unrecoverable. However, the torque loss caused by friction is 
small. The other part is that the universal joint drive shaft is not in a straight line, and 
there is a certain angle. The angle between the universal joint drive shafts at different 
positions increases the torque and some reduces the torque. The positive and negative 
values of the third Carden angles and the first Carden angles of the vertical section 
universal joint are equivalent, that is, the value of the flexible drilling pipe torque 
increase is substantially equal to the reduced value. Therefore, the torque loss of the 
vertical section of the flexible drilling pipe is small. The positive and negative values of 
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the first Carden angles of the oblique section universal joint are equivalent. However, the 
third Carden angles are positive, so the torque of the flexible drilling pipe is gradually 
reduced. When the hole inclinations are 0º, 30º, 60º and 90º, the torque values at the 
bottom end of the flexible drilling pipe are 1997 N·m, 1971 N·m, 1947 N·m and 1924 
N·m, respectively. The torque loss rates are 0.2%, 1.5%, 2.7%, and 3.8%, respectively. 

 
                                            (a)                                                                                         (b)                          

 
                                      (c)                                                                             (d) 

Figure 17: Axial force distribution of flexible drilling pipe: (a) γ =0º; (b) γ =30º; (c) 
γ =60º; (d) γ =90º 

Fig. 17 shows that the axial force of the flexible drilling pipe under the four hole 
inclinations has a neutral point. This is because the shortened distance between the 
flexible drilling pipe and the guide tube are equal. When the guide tube slits are 
completely closed, the flexible drilling pipe have universal joints that don’t reach the 
rotation limit. The flexible drilling pipe is also subjected to its own weight, so the top end 
of the guide tube supports the flexible drilling pipe, causing the upper part of the flexible 
drilling pipe to be pulled and the lower part to be pressed. As the hole inclinations of the 
well increases, the force from self-weight decomposition to axial direction of the flexible 
drilling pipe gradually decreases, and the pressed area gradually decreases. 
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The deformation form of the guide tube is as shown in Fig. 18. The contact force between 
the guide tube and the wellbore is as shown in Fig. 19. The axial force distribution law of 
the guide tube is as shown in Fig. 20.  

 
        (a)                           (b)                            (c)                                          (d) 

Figure 18: Deformation of guide tube: (a) γ =0º; (b) γ =30º; (c) γ =60º; (d) γ =90º 

       
           (a)                         (b)                              (c)                                     (d) 

Figure 19: Contact force distribution between guide tube and wellbore: (a) γ =0º; (b) 
γ =30º; (c) γ =60º; (d) γ =90º 
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Figure 20: Axial force distribution of guide tube: (a) γ =0º; (b) γ =30º; (c) γ =60º; (d) γ =90º 

It can be seen from Fig. 18 to Fig. 20 that the triple connector on the top end of the guide 
tube is inclined in the positive direction of the X axis. This is because the guide tube is 
laterally bent due to the axial force. When hole inclinations are 0º, 30º and 60º, the upper 
triple connector on the guide tube is in contact with the wellbore, and the guide tube near 
the upper triple connector is not in contact with the wellbore. When hole inclination is 
90º, the radial displacement of the upper triple connector is smaller than the annular space 
between the guide tube and the wellbore, and the triple connector is not in contact with 
the wellbore. Due to the support of the drill bit, the guide tube near the drill bit do not 
come into contact with the wellbore. The contact area of the oblique section between the 
guide tube and the wellbore is larger than that of the vertical section. The axial force of 
the vertical section guide tube is gradually increased, and the axial force near the top end 
of the oblique section guide tube is firstly stabilized. As the length increases, the axial 
force gradually decreases, and then increases. The change of the axial force of the guide 
tube is determined by the contact force between the guide tube and the wellbore. If the 
axial force of the self-weight decomposition of the guide tube is greater than the axial 
cumulative frictional resistance, the axial force of the guide tube will increase, and vice 
versa. The axial force transmitted to the drill bit is the sum of the axial forces of the 
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bottom end of the guide tube and the flexible drilling pipe. When the hole inclinations are 
0º, 30º, 60º and 90º, the axial forces transmitted to the drill bit are 42.11 kN, 41.28 kN, 
35.80 kN and 32.99 kN, respectively.  

5 Conclusions 
(1) Based on the structural characteristics of the flexible drilling tool, considering the 
mechanism and structural transition of the flexible drilling pipe, the eccentricity of the 
guide tube section and the nonlinear characteristics of the two-layer contact, 3-D beam 
elements, universal joint elements, rigid beam elements and the beam-beam contact 
elements are combined to establish a two-layer contact nonlinear finite element model of 
the flexible drilling tool in the wellbore. In order to solve the problem of convergence in 
the calculation process of finite element model, the dynamic relaxation method is 
introduced for numerical solution. 
(2) A two-layer contact plane model of inner beam with a controllable hinge and middle 
beam and outer beam is established. In the case where the inner beam is subjected to 
different lateral loads at the controllable hinge, based on the superposition principle, 
equilibrium equation and deformation coordination conditions, deflection and bending 
moment at the controllable hinge and the contact force between the beams are derived. 
Comparing the theoretical solution with the numerical solution, the maximum error is 
only 3.8%, which verifies the feasibility of the model and numerical calculation method 
of the flexible drilling tool in the wellbore.  
(3) The deformation of the hinged flexible drilling pipe exhibited a “folded line” 
deformation with respect to the initial configuration. The contact force between the flexible 
drilling pipe and the guide tube is randomly distributed, and only the largest sections of the 
flexible drilling pipe are in contact with the guide tube. As the length increased, the torque 
of the flexible drilling pipe of the vertical section did not change much, and the torque of 
the flexible drilling pipe of the oblique section gradually decreased. The contact force 
between the guide tube and the wellbore of the vertical section is smaller than that of the 
oblique section. As the length increased, the axial force of guide tube of the vertical 
section gradually increased, and the axial force of guide tube of the oblique section 
gradually decreased. As the hole inclinations increases, the torque and axial force 
transmitted to the drill bit gradually decrease. When the hole inclination is 90º, loss rates of 
the torque and the axial force transmitted to the drill bit are 3.8% and 17.5%, respectively. 
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