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During the operation of the drill string, it displays a degree of flexibility.
Simultaneously, its dynamic properties, influenced by complex stress conditions,
manifest nonlinearity and uncertainty. A comprehensive investigation into the
dynamics of flexible drill strings is imperative for deep well drilling. This paper
presents a model that simulates random interactions between a flexible drill
string and the borehole wall, simplifying the actual drill string model using
analogous principles. Dynamic simulation software is utilized for analysis, and
an indoor experimental setup has been established. The results reveal that with
a constant weight on bit (WOB), higher drill string rotational speeds correlate
with increased susceptibility to buckling deformation. Additionally, the critical
time for deformation onset exhibits a nearly linear relationship with rotational
speed. Maintaining a constant rotational speed, an increase in WOB enhances
the likelihood of buckling deformation. The experimental findings suggest a
correlation between the drill string’s rotation frequency and the WOB.
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1 Introduction

In the petroleum industry, the gradual depletion of shallow oil and gas resources has
resulted in an increase in the number of deep and ultra-deep wells. Consequently, drill pipe
failure accidents have become more frequent (Zhang and Zhu, 2020). Drill pipe failures
primarily occur due to the intricate interplay of tensile, compressive, and torsional forces,
as well as the impact of drilling fluids on the drill string during operation. The motion
of the drill string is highly complex, typically involving coupled motions that include
transverse, longitudinal, and torsional vibrations (Fang et al., 2022; Xie et al., 2023). The
dynamic characteristics of the drill pipe can diminish drilling efficiency and cause wear.
Given that the drill pipe’s radial dimension is significantly smaller than its axial length,
it is typically modeled as an elongated flexible rod. Consequently, it is crucial to analyze
the spatial orientation of downhole flexible drill columns and to examine their dynamic
behavior under specific WOB and speeds (Arslan et al., 2014; Liu, 2014; Gao and Huang,
2015; Xue et al., 2015; Wang, 2016; Xue et al., 2019). The study of drilling string mechanics
originated in the 1950s with Lubinsky’s development of the “second-order curved drill
string theory” and the “pendulum drill string theory.” Both theories are formulated using
the classical differential equation method (Lubinski, 1950; Lubinski and Woods, 1953;
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FIGURE 1
General scheme of the drill-string system.

Lubinski and Woods, 1955). Subsequent research by D.W. Dareing
and B.J. Livesay primarily focused on the vibration analysis of
drill columns (Dareing and Livesay, 1968). Millherm and Apostal
developed a dynamic finite element model of the bottom hole
assembly (BHA)usingD.Alembert’s principle.Thismodel integrates
inertial forces, friction, drilling forces, and drill column buoyancy
(Millheim and Apostal, 1981a; Millheim and Apostal, 1981b). As
the study of flexible drill pipe dynamics advances, the complexity
of mathematical models increases, necessitating the development
of numerical methods to tackle these challenges (Khulief and Al-
Naser, 2005). Dykstra has made a significant contribution to the
field by developing a nonlinear dynamic finite element model of
the drill pipe (Dykstra, 1996; Dykstra et al., 2001). Mitchell and
Allen supported the use of the finite element method for analyzing
complex BHA assemblies and conducted extensive numerical
investigations into downhole drilling tool motions. Advances in
finite element methods and computer technology have been pivotal
in driving research on drill pipe dynamics (Mitchell andAllen, 1987;
Ritto, 2010; Omojuwa et al., 2014).

Experimental observation is a vital method for studying drill
column dynamics. For instance, Zhang developed a model test rig
for drilling columns (Zhang, 2001), and numerous researchers have
performed related model test studies (Gao et al., 1996; Liu et al.,
2000; Guan et al., 2003; Li et al., 2004; Li et al., 2017). In the
investigation of flexible drill column dynamics, substantial efforts
have been dedicated to determining the critical buckling load and
its influencing factors (Gao and Miska, 2009; Gao and Miska,

FIGURE 2
Dynamic simulation model of drill string.

2010; Huang and Gao, 2014; Qin et al., 2016; Zhu and Li, 2019).
Salies et al. (1994) observed that high axial forces result in complex
spiral buckling patterns in drilling tools. Cunha JC modeled the
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TABLE 1 Simulated drillstring model parameters.

Number Name Simulation model

1 The material type Polyamide (PA6)

2 Modulus of elasticity (GPa) 2.3

3 Poisson ratio 0.394

4 Density (g/cm3) 1.10

5 Outer diameter (mm) 16.5

6 Internal diameter (mm) Solid rod

7 Length (mm) 5,000

TABLE 2 Drill string simulation parameters.

Parameter Value

WOB (N) 20\40\60\80\100\150\200\250\300

Rotation Speed [Rotations per second
(RPS)]

1\2\3\4\5\6\6.5

pipe string as a rod within a tube, noting that it buckles into a
sinusoidal shape when the axial force exceeds a critical threshold
(Cunha, 2003). Chen et al. comprehensively reviewed and analyzed
the buckling deformation characteristics and patterns of flexible
drill strings (Chen and Li, 2011; Chen and Fang, 2013; Fang et al.,
2013). Liu et al. (2018) examined the post-buckling behavior of
a long rod confined in a circular tube. These studies primarily
emphasized the impact of axial load on drill column buckling.
Additionally, friction on the drill column is recognized as a crucial
factor affecting the critical buckling load (Jia et al., 2022). However,
rotational speed is also a significant factor in determining the
flexibility of the drill pipe, with fewer studies addressing this aspect.
Furthermore, the friction between the drill column and the well wall
is influenced by both the axial load and the rotational speed of the
drill column.

To analyze the motion of a flexible drill string under varying
conditions of axial force and rotational speed, a novel theoretical
model is established. Given the high strength of the actual drill
pipe material, it only exhibits flexible rod properties when there
is a significant difference between axial and radial dimensions.
However, this scenario is challenging to replicate in laboratory
experiments. To overcome this, the principle of similarity is
employed to create a drill pipe model suitable for both simulation
and laboratory testing. The mathematical model is very complex
and difficult to solve, but it is still possible to analyse the
motion of the drill pipe under different drill weights and
speeds by simulation. Concurrently, an experimental apparatus
is designed to study this problem, and the experimental results
are compared with the simulation outcomes to verify the model’s
reliability. Finally, a dynamic simulation of an actual bottom hole
assembly is performed. This simulation can analyze drill string
vibrations during actual drilling operations and provide support for
subsequent analyses.

2 Mathematical model

2.1 Basic assumptions

During the drilling process, the bit interacts with the rock
through the combined action of weight on bit (WOB) and torque.
The axial length of the drill pipe is usually several kilometres
long, much larger than its radial dimensions. This disparity allows
the drill pipe to bend easily under the influence of WOB and
torque. Additionally, the drill pipe is constrained by the borehole
wall during deformation. When the drill pipe bends beyond the
borehole size, it inevitably contacts the borehole wall, complicating
its buckling deformation. To simplify the model and study the
nonlinear dynamics of drill pipe buckling, we made the following
assumptions:

(1) The drill string remains in a linear elastic state, with plastic
deformation being ignored;

(2) Before deformation, the drill string axis coincides with the
borehole axis;

(3) The diameter of the borehole in any horizontal section is
uniform and circular;

(4) The well wall is rigid and does not deform upon contact with
the drill string.

2.2 Governing equations

Numerous studies have shown that under the constraints of
the wellbore, the drill pipe buckles as the axial load increases. As
illustrated in Figure 1, the drill string can be considered as a series
of infinitesimal modules connected by spring elements. To describe
the characteristics of the drill string, a Cartesian three-dimensional
coordinate system is introduced, with its origin positioned at the
lower part of any concentric stabilizer. The concentric stabilizer
reduces the impact of the upper drill string’s movement on the lower
drill string, making the sections between the stabilizers relatively
independent. The movement of each module can be represented
by {xi(t),yi(t),zi(t)}, where t denotes time. The positions along the
drill string’s axis for block mi (the mass of the block) are denoted
by qi(t), and their relationship with {xi(t),yi(t),zi(t)} corresponds to
Eq. 1 (Zhao et al., 2016; Qian et al., 2017):

{{{{{{{{{{{{{{{{{
{{{{{{{{{{{{{{{{{
{

xi(t) = Ri −Ri cos(
√qi(t)2 − rθ

Ri
)

yi(t) = r sinθ

zi(t) = −Ri sin(
√qi(t)2 − rθ

Ri
)− nip

θ =
2πzi(t)

p

(1)

Where Ri represents the radius of curvature of block mi; r
represents the well bore radius; p represents the pitch of helical
buckling; θ is the angle from initial position of strings.

The system can be solved by Euler—Lagrange equation in Eq. 2:

d
dt
∂L
∂q̇i(t)
− ∂L
∂qi(t)
= Fi (2)
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FIGURE 3
Test bench for drill string model test.

The Lagrange operator L can be derived from Eq. 3:

L =∑n
i=1
(Ti −Ui) (3)

Where Fi represents the non-conservative force, T i represents
the kinetic energy andU i represents the potential energy which can
be described by Eq. 4:

{{{{{{{{{{{{{
{{{{{{{{{{{{{
{

Ti(t, ẋi(t), ẏi(t), ̇zi(t)) =
1
2
mi(ẋi(t)2 + ẏi(t)

2 + ̇zi(t)2)

Ui(t,xi(t),yi(t),zi(t)) =migzi(t)

+1
2
[ki(xi(t) − xi+1(t))

2 + ki−1(xi(t) − xi−1(t))
2]

+1
2
[ki(yi(t) − yi+1(t))

2 + ki−1(yi(t) − yi−1(t))
2]

+1
2
[ki(zi(t) − zi+1(t))

2 + ki−1(zi(t) − zi−1(t))
2]

(4)

Where mi represents the concentrated mass, ẋi represents the
velocity in the x direction, ẏi represents the velocity in the y
direction, ̇zi represents the velocity in the z direction, and ki
represents the tensile strength of the drilling tool. xi represents the
displacement in the x direction, yi represents the displacement in the
y direction, zi represents the displacement in the z direction.

As shown in Figure 1, zi(t) can be obtained by Eq. 5:

zi(t) = Ri[sin(βi)cos(αi) + cos(βi) sin(αi) − sin(βi)] (5)

αi =
qi(t)
Ri

(6)

Where βi is inclination of the mass center at each block.
As the block mi is infinitesimal, and there Ri ≫ qi(t), Eq. 4 can

be simplified as shown in Eq. 7:

{{{{{
{{{{{
{

Ti(t, ẋi(t), ẏi(t), ̇zi(t)) =
1
2
miq̇i(t)

2

Ui(t,xi(t),yi(t),zi(t)) =migqi(t)

+1
2
[ki(qi(t) − qi+1(t))

2 + ki−1(qi(t) − qi−1(t))
2]

(7)

Note that q0 = 0, Eq. 2 can be simplified as shown in Eq. 8:

mi ̈qi(t) −migcos(βi) − ki(qi(t) − qi+1(t)) − ki−1(qi(t) − qi−1(t)) = Fi
(8)

Where ̈qi is the acceleration at point i. qi is the displacement at
point i. The non-conservative force Fi includes the friction force Fiμ,
the collision force between drill pipe and well wall FNi, the damping
force comes from fluid drag Fid, and the uncertain interaction of the
bit-rock ψNL.

The damping force Fid is inversely proportional to the velocity of
the drillstring block as shown in Eq. 9:

Fid = −c f q̇i(t) (9)

where c f is the fluid damper which depends on the fluid properties
and geometrical shape of the drill string.

The boundary conditions for drill string movement are as
follows: the upper end experiences tension and torque, while the
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TABLE 3 Drillstring dynamics research test procedure.

Number Research purpose Test method and procedure

1 Study drill string buckling and motion trajectory To provide rotational speed and WOB for simulating
drill strings, a camera is employed to record the
movement of the drill string from both the top and
side of the wellbore. The buckling changes of the drill
pipe are subsequently edited using video editing
software, and the trajectory of the drill string is traced
and depicted

2 Study the specific influence law of different rotation
speeds on drill strings movement

Apply a force of 40N to the drill pipe and adjust the
motor speed uniformly from 1 to 6 RPS. Record the
critical time it takes for the drill pipe to transition from
a rotating state to a whirl state. Use the camera to
calculate the number of turns at the mark_3 point
position at different speeds within 30 s. Subsequently,
analyze the influence of rotation speed on the buckling
deformation of the drill pipe. Determine the swing
frequency of the drill string at different rotation speeds
and analyze how rotation speed affects the swing
frequency of the drill pipe

3 Study the specific influence law of different axial loads
on the movement of drill strings

Apply sequential pressure to the drill string within the
range of 20–300N, maintaining a rotation speed of
approximately 2RPS. Record the critical time required
for the drill rod to transition from a rotation state to a
whirl state. Utilize the camera to count the revolutions
at the mark_3 position under varying WOB within
30 s. Following this, analyze the impact of different
WOB on the buckling deformation of the drill pipe.
Calculate the swing frequency at this point under
different WOB and assess the influence of WOB on the
swing frequency of the drill pipe

bottom bit is subjected to WOB and torque. When the lateral
displacement of the drill string exceeds the clearance between
the drill string and the wellbore, it becomes constrained by the
wellbore.

The friction force Fiμ can be obtained from the Stribeck friction
model which is related to velocity as shown in Eq. 10

Fiμ(q̇i(t)) =
2μFNi arctan[ξq̇i(t)]

π(1+ δ|q̇i(t)|)
(10)

Where ξ = 106 is a accuracy parameter, the constant δ represents
the lubrication effect in the dynamic friction coefficient, when δ =
0 it means that Stribeck friction becomes dry friction. The normal
force FNi in Figure 1 can be calculated by Eqs 11-12

FNi =mi gsin (βi + αi) − sin
dβi
2

× [ki  (qi − qi+1) + ki−1  (qi − qi−1)] +Kh d1.5 (11)

d =
{
{
{

s+ rd − ro s ≥ rd − ro
0 s ≥ rd − ro

(12)

where dβi = βi − βi−1 is the radian of the block mi. Kh is the contact
stiffness. d is distance between drill pipe and shaft wall

The uncertain interaction of the bit-rock ψNL can be
obtained from a stochastic computational model (Ritto et al.,
2009; Ritto et al., 2010a; Ritto et al., 2010b; Ritto and Soize, 2012;
Ritto et al., 2013; Li and Li, 2014). As shown in Eq. 13:

ψNL(U(t), U̇(t), Ü(t)) = Fbr(U̇(t)) (13)

where U is the random response, ψNL is the stochastic expression
of φNL, which represents all the terms in Eqs 14–16 except for
the bit force fbr. fbr is non-zero components which related to
the axial and torsional degrees of freedom at the bit and can be
represented by:

([M] + [M f]) ü+ ([C] + [C f]) u̇+ ([K] + [K f] + [Kg  (us)] u = φNL  (t,u, u̇, ü)
(14)

φNL(t,u, u̇, ü) = fke(u, u̇, ü) + fse(u) + fip(u) + fbr(u̇) + g(t) (15)

us = [K]−1( fg + fc + ff ) (16)

where u = u− us, that is represented in a subspaceVm ⊂ Rm, wherem
equals the number of degrees of freedom of the system. [M], [C] and
[K] are the usual mass, damping and stiffness matrices, [M f], [C f]
and [K f] are the fluidmass, damping and stiffnessmatrices, [Kg(us)]
is the geometric stiffness matrix, fke is composed of kinetic energy,
fse is composed of strain energy, fip subjects composed to the impact
and rubbing between the column and borehole, fbr is the force vector
due to the bit-rock interactions, and g(t) is the force corresponding to
the Dirichlet boundary condition. fg is the gravity; fc is the reaction
force at the bit, and f f is the fluid axial force.

The equations presented indicate that the drilling tool
experiences axial forces, torque, gravitational weight, and contact
forces between the drill pipe and borehole wall, as well as between
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FIGURE 4
Displacement response curve of Mark-1 under 2RPS and 40N. (A) Displacement response curves in X and Y directions. (B) Displacement response
curves in Z directions. (C) 3D displacement trajectory.

the drill bit and rock mass, leading to rotary motion. In this paper,
a straight wellbore is assumed. When the combination of drilling
tools and the interaction between the drill bit and rock body are
constant, the main factors influencing the rotational state of the
drilling tools are drilling pressure and rotational speed. Adjusting
the drilling pressure and rotational speed alters the rotational speed
of the drilling tools, which in turn changes the collision force
between the drill pipe and the well wall. These variances lead to
differences in the rotational state. The establishment and analysis
of drill string dynamics model is helpful to the understanding of
drill string motion. In addition, it also helps to guide the parameter
selection and boundary conditions determination of subsequent
numerical simulations and experiments.

3 Numerical analysis and experimental
verification

3.1 Numerical analysis and experimental
model

Advances in computer technology have led to the maturation of
dynamic analysis and simulation for mechanical systems. During
simulations, the Cartesian coordinate system of the cylinder’s
center of mass and Euler angles or generalized Euler angles, which

represent rigid body displacements, are typically used as generalized
coordinates. The dynamic equation established using the Lagrange
multiplier method is shown in Eq 17

d
dt
(∂T
∂q
)
T
−(∂T
∂q
)
T
−ΦT

qρ+ θTq = Q (17)

Holonomic constraint is shown in Eq. 18

Φ(q, t) = 0 (18)

The non-holonomic constraint is shown in Eq. 19

θ(q, t) = 0 (19)

Where T represents the kinetic energy of the system, q
represents generalized array of systems; Q represents generalized
force array, ρ represents a Laplacemultiplier subarray corresponding
to holonomic constraints, μ represents a Laplace multiplier subarray
corresponding to nonholonomic constraints.

The application of numerical simulation can quickly adjust
multiple model parameters, reducing the need for a large
number of physical experiments, resulting in significant efficiency
improvements. However, the reliability of the numerical simulation
results is heavily dependent on the reasonable construction of the
analysis model. In this study, relevant simulations are conducted by
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FIGURE 5
Displacement response curve of Mark-2 under 2RPS and 40N. (A) Displacement response curves in X and Y directions. (B) Displacement response
curves in Z Directions (C) 3D Displacement trajectory.

constructing a physical model that mirrors the simulation model
and applying identical loading conditions. The simulation results
are subsequently compared with experimental results to validate the
reliability of the numerical simulation analysis.

3.1.1 Numerical analysis model
The dynamic simulation model of the drill string is established

as shown in Figure 2. During the simulation and testing processes,
the simulated borehole radius R is set to 90 mm. As the axial load
increases, the simulated drill string will gradually bend. However, it
will contact the borehole wall once the bending amplitude reaches
a certain value. Under the constraints of the borehole wall, the
simulated drill string exhibits a different motion pattern compared
to free buckling. Numerical analysis can be employed to evaluate its
motion state under various conditions.

These parameters of the drill string model are presented in
Table 1. When establishing a rigid-flexible coupling model, it is
essential to refine the models of the well wall, drill bit, and bottom
rock. Fixed pairs should be added between the well wall and the
earth, as well as between the bit and the drill pipe. Additionally,
parallel pairs should be included between the drill pipe and the
well wall (Yang et al., 2021). Gravity load must be applied to the
entire model, with contact forces added between the drill pipe

and the well wall, and between the bottom rock and the drill bit.
The bushing force between the bottom rock and the earth also
needs to be incorporated. The STEP function is used to apply a
unidirectional force and a single degree of freedom drive to the
upper section of the drill pipe. The simulation time for the model
is set to 30 s, with a step size of 200 steps. The Newmark method
is employed to solve the model. A modal set is assigned to the
flexible drill string. By using a combination of modal vectors and
modal coordinates, the elastic displacement at any point on the
object can be determined. The elastic displacements of all regions at
each moment can be linearly combined to describe its deformation
movement.

To investigate the impact of bit weight and rotational speed
on drill pipe motion, various combinations of rotational speed
and WOB parameters are selected for simulation. The detailed
parameters are presented in Table 2 below. These conditions are
selected based on the preceding theoretical analysis.

In this simulation, four reference points are selected for analysis
and illustration, as depicted in Figure 2. These points include
mark-1 (located at the outer wall of the drill string’s 4400 mm
section), mark-2 (at the outer wall of the 2,500 mm section),
mark-3 (at the outer wall of the 500 mm section), and mark-4 (at
the center of the 500 mm section).
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FIGURE 6
Displacement response curve of Mark-3 under 2RPS and 40N. (A) Displacement response curves in X and Y directions. (B) Displacement response
curves in Z directions (C) 3D Displacement trajectory.

3.1.2 Experiment test device and principle
Based on the relevant parameters in the numerical simulation,

a dynamic model test rig of the drill pipe was established. Thus, the
motion state of the drill pipe under different conditions is analysed,
and the test rig is shown in Figure 3.

The test bench consists of a motor, force and torque sensors, a
hydraulic jack, a simulated drill string and sleeve, a measurement
acquisition system, and relevant connection and limit firmware.The
motor, which drives the rotation of the simulated drill string, can
adjust the rotation speed by using an inverter. The torque sensor
measures the real-time turning torque and speed of the simulated
drill string. A force sensor, installed between the support and the
hydraulic jack, measures and monitors the force supplied by the
hydraulic system. This force is equivalent to the WOB provided in
the simulation. Additionally, a high-speed camera is used tomeasure
the buckling shape and motion trajectory of the drill string.

The length of the simulated drill string in this test device is
5 m, matching the dimensions of the software dynamics simulation
model. The drill string is positioned along the central axis of the
simulated wellbore, with its upper end fixed and connected to the
torque sensor, serving as the fixed end. The lower end functions as
the loading end. Upon axial compression, the simulated drill string
deforms. The hydraulic jack applies the axial load, with the loading
force determined by the pressure sensor. The loading end consists

of a cylindrical pair, permitting vertical movement and rotation.
The spatial movement and buckling of the simulated drill string are
confined by the simulated wellbore. The test method and procedure
are detailed in Table 3.

3.2 Result and analysis

3.2.1 Drillstring buckling and motion trajectory
Dynamic simulation allows for the acquisition of the trajectory

of each point on the drill string. Due to the extensive number of
simulations, only the results at each reference point under a rotation
speed of 2 RPS and a WOB of 40 N are presented, as depicted in
Figures 4 through 6.

As illustrated in Figures 4 through 6, the displacement response
curves and 3D displacement trajectories of the three points indicate
that the drill string’s motion is unstable. Initially, the drill string
exhibits slight fluctuations around its axis before rotating stably.
However, at a specific moment (6.12 s in this instance), lateral
vibrations commence, accompanied by periodic axial fluctuations,
signifying the onset of buckling andwhirling.Notably, the transverse
vibration amplitude increases closer to the bit. The maximum
horizontal displacement in the X and Y directions at point mark_3
is approximately 75 mm. At point mark_2, themaximum horizontal
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FIGURE 7
Buckling state of drillstring during movement. (A) Fixed shaft rotation. (B) Forward vorticity. (C) Rolling along the shaft wall. (D) The second bending. (E)
Rotates irregularly. (F) Reverse whirl. (G) Spiral movement of drillstring.

displacement in the X and Y directions is about 50 mm. At point
mark_1, the maximum horizontal displacement in the X and Y
directions is approximately 20 mm.

As depicted in Figure 7, a camera is employed to capture and
record the movement trajectory of the drill string during the indoor
experiment. Video editing software with track tracking functionality
is used to outline the movement trajectory for each state of the

drill string. A point on the outer wall of the cross-section at
2,500 mm on the simulated drill string is selected as point mark-
2 for analysis. After curve processing and editing, the movement
trajectory of the drill string within the wellbore profile is obtained,
as shown in Figure 8.

When the drill string rotates within the casing, its motion can
include rotation around or near a fixed axis, forward eccentric
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FIGURE 8
Trajectories of different drillstring motion states. (A) Positive vorticity that does not touch the wall. (B) Eccentric movement. (C) Irregular movement. (D)
Combination of wall—to—wall rotation and reverse vorticity.

FIGURE 9
Cross section direction and 3D displacement trajectory of Mark-2 under 6RPS and 40N.
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FIGURE 10
X-direction fluctuation and frequency response of Mark-2 under different rotary speed. (A) X-direction fluctuation curve. (B) Frequency
response analysis.

FIGURE 11
Critical time of drillstring rotation to forward vorticity with the change
of rotation speed.

whirl without contact with the well wall, wall-to-wall rolling, reverse
whirl, irregular movement, and combinations of two or more of
these movements. Actual observations revealed that the drill string
maintained an eccentric motion, for some time after the rotation
began. The drill string consistently oscillated in the lower right part

of the wellbore. As the rotational speed increases, the drill pipe
transitions to rolling against the wall and eventually into a state of
irregular motion.

3.2.2 Influence of the rotation speed verification
To investigate the effect of rotation speed on the drill string’s

motion, an axial pressure of 40N is applied to the drill string, and
the rotation speed is varied at 1RPS, 2RPS, 3RPS, 4RPS, 5RPS, and
6RPS.The cross-section direction and 3D displacement trajectory of
Mark-2 at 6RPS are depicted in Figure 9.

To determine the influence of rotation speed on the drill string’s
movement, the Fourier transform is applied to the vibration signals
of Mark-2 in the X-axis direction at various rotation speeds. The
frequency domain response is presented in Figure 10.

Simultaneously, the critical time required for the drill pipe to
change from spin to vortex and the rotational frequency of the drill
pipe are recorded in the indoor experiments. These results are then
analysed in comparison with the simulation results.

3.2.2.1 Influence of the rotation speed on buckling
deformation of the drillstring

As shown in Figure 11, when the weight on bit is constant, the
higher the rotational speed of the drill string, the easier it is to bend
and deform. As rotation speed increases, the time required for the
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FIGURE 12
Relation curve of whirl frequency and rotation frequency with the change of rotation speed.

FIGURE 13
Relation of ratio of drill string whirl and rotation frequency changing with rotation speed.

drill string to transition from fixed-axis or near-fixed-axis rotation
to positive whirl decreases. When the speed approaches 0 RPS, the
critical time becomes infinite because whirl cannot occur without
rotation. At simulated speeds exceeding 6 RPS (equivalent to 129.6
RPM, which is close to the actual operating speed of the drill string),
The rotation around its axis becomes difficult to observe.This is due
to the extremely short interval between the steady rotating state and
the whirl state.

When the rotation speed is the same, the critical time for the
drill pipe to enter the whirling state in the experiment is shorter
than the simulation result. Two potential reasons may explain
this discrepancy: ① The drill pipe in the experiment is made
of PA6 with a length of 5 m. The flexibility of the rod is large
and the wall thickness is small. Permanent flexural deformation,
caused by drilling pressure and torque during rotation in the test,
may have led to an offset in the drill pipe’s center of gravity in
subsequent experiments. ② Material unevenness in the simulated

drill pipe, stress defects during transportation, and loosening of
device component connections may have increased susceptibility to
eccentricity. These factors will result in the critical time of the drill
pipe from rotation to whirling state in the experiment is less than the
theoretical time.

3.2.2.2 Influence of the rotational speed on whirl frequency of
drill string

As shown in Figures 12, 13, when WOB is constant, the swing
frequency of drill pipe increases with the increase of rotational
speed. When the test rotation speed exceeds 4 RPS, the drill
string’s swing frequency markedly increases. However, in the
simulation, the critical speed is identified as 5 RPS, which may
be attributed to systematic experimental errors. When the rotation
speed is below this range, the whirl frequency is approximately 0.5
times the rotation frequency, maintaining an approximately linear
relationship.
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FIGURE 14
Cross section direction and 3D displacement trajectory of Mark-2 under 2RPS and 300N.

FIGURE 15
X-direction fluctuation and frequency response of Mark-2 under different WOB. (A) X-direction fluctuation curve. (B) Frequency response analysis.

From the experimental data, it can be seen that the rotational
speed of the drill pipe is 86.4 r/min when the oscillation
frequency surge occurs, and the rotational speed corresponding
to the oscillation frequency surge in the simulation is 108 r/min
(5∗21.6 = 108 r/min). Similarly, the surge point of the ratio of the
swing frequency to the rotation frequency of the drill pipe in the test
corresponds to the rotation speed of 88.7 r/min. The relationship

between the drill pipe swing frequency and the rotation frequency
remains consistent before and after the surge point in both the test
and simulation.

The earlier surge point of the oscillation frequency of the drill
pipe in the test compared to the simulation can be attributed to
two main reasons: ① In the simulation, the simplification of the
drill pipe-wall-bit model and the software’s calculations reduce the
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FIGURE 16
Critical time of drill string rotation to whirl under the change of WOB.

FIGURE 17
Relation curve of whirl frequency and rotation frequency with the
change of WOB.

FIGURE 18
Relation curve of the ratio of drill string whirl and rotation frequency
with the change of WOB.

friction between the drill pipe and thewell wall, ignore air resistance,
and overlook both the stress defects of the drill pipe and the energy
loss in power transmission. These factors contribute to a larger
surge speed in the simulation.②The simulated drill pipe is made of
PA6, the weaknesses of PA6 are more likely to be magnified during
rotation compared to an actual seamless steel pipe. As a result, the
measured surge speed in the test is smaller.

3.2.3 Influence of the WOB verification
To investigate the impact of the WOB on the motion of the

drill string, various WOB values of 20N, 40N, 60N, 100N, 150N,
200N, and 300N are applied to the drill string sequentially. The
rotation speed is maintained at 2 RPS. Figure 14 illustrates the cross-
section direction and 3D displacement trajectory of Mark-2 under a
WOB of 300N.

To assess the impact of WOB on the movement of point
Mark-2, a Fourier transform is applied to the movement curve
of Mark-2 along the X-axis under different WOB values, as
depicted in Figure 15.

The critical time at which the drillstring transitions from a
rotation state to a whirling state, along with the whirl frequency of
the drillstring are recorded, and these results are compared with the
simulation results.

3.2.3.1 Influence of theWOB on buckling deformation of the
drillstring

The critical time of drill string rotation to whirl under different
WOB conditions is shown in Figure 16. Under specific drillstring
rotational speeds, a higher WOB renders the drillstring more
susceptible to buckling deformation. When the WOB is low, an
increase in WOB significantly affects the critical time for buckling;
however, as the WOB increases, the critical time tends to stabilize.
Additionally, comparison with simulation results reveals a high
degree of agreement between experimental and simulated data,
particularly at lower WOB levels.

3.2.3.2 Influence of theWOB onwhirl frequency of the drill
string

As shown in Figures 17, 18, when the WOB is less than 150N,
the oscillation frequency of the drillstring decreases as the WOB
increases. When the WOB exceeds 150N, the whirl frequency of
the drillstring remains stable without significant change. There is
no clear relationship between the rotation frequency and whirl
frequency of the drillstring and changes in WOB.

Experimental testing of drillstring dynamics enables
observation of the drillstring’s actual motion under varying speeds
and WOB conditions. A comparison with simulation analysis
results reveals strong consistency between experimental and
simulated data. This consistency underscores the reliability of the
simulations, providing a robust foundation for subsequent research
and analysis.

4 The numerical analysis of bottom
hole assembly (BHA)

The actual movement of the drillstring within the borehole
is constrained by the borehole wall, rendering its motion more
complex under the influence of the WOB and rotation speed.
Despite the drillstring’s relatively high rigidity, it exhibits flexible
rod characteristics only when the length-to-diameter ratio is
significant and the loading force is substantial. Consequently, the
feasibility of deriving motion laws through experimental analysis
is limited. The introduction of numerical analysis methods is
crucial for elucidating the actual motion laws of the drillstring in
the borehole.
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TABLE 4 Actual drill string assembly model and loading conditions.

Number Name Value

1 Wellbore diameter (mm) 333.38

2 Drill string
Assembly

13 1/8 “PDC +9 1/2”Torque Impactor + Double Female Connector 630∗730 + 9 “Drill Collar∗2 + 8”Connector 731∗630+ “Float
Valve + 8”Drill Collar∗1 + “ High Frequency Vibration Measurement Pup +8” Drill Collar∗11 + 8 “Jar∗1 + 8” Drill Collar∗2 + 8

“Connector +5 1/2”Drill Pipe∗500 m

3 Restrictions (1) Gravity of the BHA. (2) Contact between drill bit and bottom hole. (3) Contact between drill string and well wall

4 WOB (kN) 80–200

5 Rotation speed (r/min) 40–100

FIGURE 19
Transverse velocity curves at different positions. (A) Near-bit mark point. (B) Far-bit mark point.

FIGURE 20
Lateral displacement response curves at different positions. (A) Near-bit mark point. (B) Far-bit mark point.
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FIGURE 21
Lateral displacement and section trajectory of the Near-bit mark point under different WOB. (A) Displacement response and cross-section
displacement at 50 r/min and 100 kN. (B) Displacement response and cross-section displacement at 50 r/min and 150 kN. (C) Displacement response
and cross-section displacement at 50 r/min and 200 kN.

In this instance, a segment of the actual bottom hole
assembly (BHA) is selected for analysis, focusing on its
movement patterns under the prevailing drilling parameters,

which are detailed in Table 4. This analysis is critical for
understanding the actual movement dynamics of the drill string’s
lower section.
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FIGURE 22
Section trajectory of the Near-bit mark point under different rotation speed. (A) 180 kN and 40 r/min (B) 180 kN and 60 r/min. (C) 180 kN and 80 r/min
(D) 180 kN and 100 r/min.

4.1 Speed and displacement response
curve analysis

The velocity and displacement response curves of the near bit
marker 22.6 m away from the bit and the far bit marker 475 m away
from the bit are analyzed and compared. The rotational speed is set
at 50 revolutions per minute (r/min), and the weight on bit (WOB)
is 160 kN, as depicted in Figure 19.

Thevelocity response curves of twopoints are shown inFigure 20.
When the drill pipe rotates on or near the fixed axis, the velocity
of the Near-bit mark point in the horizontal plane ranges from
approximately −0.5 m/s to 0.53 m/s. After the drill pipe starts
whirling, this velocity changes to about −1.104 m/s to 1.097 m/s.
For the Far-bit mark point, the velocity ranges from −0.363 m/s
to 0.506 m/s when rotating on or near the fixed axis, and from
−1.429 m/s to 1.258 m/s after the drill pipe begins to whirl. It can be
observed that the rotational velocity is similar at different locations
along the drillstring. When whirl occurs in the drilling tool, the
velocity increment at the far-bit marker point is less than the velocity
increment at the near-bit marker point. Additionally, the near-bit
mark point shows an instantaneous reversal in velocity, indicating
the presence of torsional motion in the drill pipe.

As shown in Figures 19, 20, the drill rod is initially in an unstable
state when it begins to rotate. It achieves steady rotation at 1.44 s.
At 3.51 s, the drill rod experiences periodic lateral vibrations. These
vibrations become more pronounced, with greater amplitude, as the
measurement points approach the bottom.

The analysis of the aforementioned data indicates that under the
influence of comprehensive external forces, the drill pipe’s rotation
transitions from a fixed or near-fixed axis to a positive whirling
motion. It then shifts to irregular rotation and eventually to a spiral
buckling instability state. This entire motion is accompanied by
transverse, longitudinal, torsional, forward, and reverse whirl and
vibration couplings in multiple directions.

4.2 Influence of the WOB verification

In order to investigate the effect of WOB on the vibration of
drilling tools, the displacement response curves and cross-section
displacements at the near drill marking point 22.6 m away from the
drill bit are analysed in comparison with each other. The rotation
speed is 50 r/min, and the WOB is set to 100, 150, and 200 kN, as
illustrated in Figure 21.
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The lateral displacement response curves for the three
conditions are shown in Figure 21. All curves fluctuate between
−150 mm and 150 mm, with differences only in the form of
fluctuation, while the overall movement trend remains consistent.
Analysis of the cross-sectional trajectory indicates that, at a constant
rotation speed, the WOB has minimal effect on the vibration of the
drillstring.

4.3 Influence of the rotation speed
verification

When the WOB is 180 kN, the vibration trajectories of the drill
string section experiencing severe vibration at rotation speeds of 40,
60, 80, and 100 r/min are shown in Figure 22.

Figure 22 shows that rotation speed significantly influences the
vibration of the drilling tool. The whirl at 100 r/min is more severe
than at other speeds, resulting in a more disordered and chaotic
trajectory.Thus, with a consistentWOB, the vibration of the drilling
tool becomes more complex as the rotation speed increases.

5 Conclusion and discussion

In the actual drilling process, the drill string exhibits nonlinear
dynamic characteristics of flexible rods under complex loads. This
paper establishes a mathematical model of a flexible drill string
to describe its motion. However, due to the complexity of the
mathematical model, finding analytical solutions is challenging.
Therefore, a dynamic simulation method is employed to perform
numerical analysis of the drill string motion. And flexible similarity
is used to develop a drill string model suitable for both simulation
and laboratory testing.Through dynamic simulation and testing, the
following conclusions are drawn:

(1) When the drill string rotates within the casing, it exhibits
various motion patterns including rotation around a fixed or
nearly fixed axis, forward eccentric whirl without well wall
contact, wall-to-wall rolling, reverse whirl, and combinations
of these with irregular motion.

(2) When the weight on bit is fixed, increasing the rotational speed
heightens the risk of buckling deformation. There is a direct,
linear correlation between rotational speed and the propensity
for buckling deformation. As the rotational speed increases,
the oscillation frequency of the drill pipe also increases.
Notably, when the rotational speed is between 4 and 5 rps
(equivalent to 86.4 to 108 r/min on-site), a significant surge
in the drill pipe’s oscillation frequency is observed. Below
this speed threshold, the oscillation frequency maintains a
consistent linear relationship with speed, at approximately half
the rotational frequency. Beyond this range, the oscillation
frequency tends to match the rotational frequency. It is crucial
to consider that elevated oscillation frequencies can lead to
increased cyclic alternating stress, which in turn heightens the
likelihood of fatigue fractures in the drill pipe.

(3) At a constant speed, higher WOB increases the likelihood
of buckling deformation. Under low WOB conditions, an
increase in bit weight significantly affects the buckling

deformation of the drill string. The results show that when
the WOB is 20 N, the critical time for drilling tool vortex
formation is 7.24 s. When the WOB is 300 N, the critical
time is 0.89 s. A critical WOB threshold has been determined.
When the bit weight is less than 150 N, the drill string
rotation frequency decreases with increasing bit weight, and
the variation amplitude gradually decreases. When WOB is
greater than 150 N, the rotational frequency and amplitude
of the drilling column remain stable and do not change
significantly. When the WOB is 20 N, the vortex frequency of
the drilling tool is 1.12 Hz. At 150 N, the vortex frequency is
0.28 Hz, and at 300 N, it is 0.29 Hz.

(4) When the rotating speed is constant, the influence of bit weight
on drill pipe vibration is minimal. At a rotational speed of 50
r/min and a WOB of 100–200 kN, the vibration of the bottom
drilling tool shows little variation with changes in drilling
pressure. However, when the drilling pressure is constant, the
vibration of the drilling tools becomes more complex as the
rotational speed increases. At a rotational speed of 40–100
r/min and aWOB of 180 kN, the trajectory of the drilling tools
becomes more chaotic with increasing rotational speed.
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