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Abstract: In this research, the non-linear dynamics of the drill string system model, considering the
influence of fluid—structure coupling and the effect of support stiffness, are investigated. Using
Galerkin’s method, the equation of motion is discretized into a second-order differential equation.
On the basis of an improved mathematical model, numerical simulation is carried out using the
Runge—Kutta integration method. The effects of parameters, such as forcing frequency, perturbation
amplitude, mass ratio and flow velocity, on the dynamic characteristics of the drill string system are
studied under different support stiffness coefficients, in which bifurcation diagrams, waveforms,
phase diagrams and Poincaré maps of the system are provided. The results indicate that there are
various dynamic model behaviors for different parameter excitations, such as periodic, quasi-periodic,
chaotic motion and jump discontinuity. The system changes from chaotic motion to periodic motion
through inverse period-doubling bifurcation, and the support stiffness has a significant influence on
the dynamic response of the drill string system. Through in-depth study of this problem, the dynamic
characteristics of the drill string can be better understood theoretically, so as to provide a necessary
theoretical reference for prevention measures and a reduction in the number of drilling accidents,
while facilitating the optimization of the drilling process, and provide basis for understanding the
rich and complex nonlinear dynamic characteristics of the deep-hole drill string system. The study
can provide further understanding of the vibration characteristics of the drill string system.

Keywords: non-linear dynamics; parameter excitation; bifurcation diagram

1. Introduction

In recent years, the demand for coal and petroleum has consistently increased with the
steady development of the international economy. The drill string is a critical component
of the drilling shaft system, used for coal and petroleum mining. In order to meet the
requirements for further development in the industry, the drill string system must be stud-
ied in detail. Therefore, it is necessary to analyze the drill string system using non-linear
dynamic theory [1]. Liu et al. [2] studied the stick–slip encountered in drill strings with
both experimental and numerical methods. The numerical method is used for non-smooth
dynamical systems, with a particular focus on multistability in drill strings. Real et al. [3]
proposed a novel hysteretic rock and bit interaction model for a drill string. The stability of
the drill string system and non-linear torsional vibration were analyzed. Kamel et al. [4]
proposed a non-linear model for torsional and axial drill string motions and investigate the
effects of the system parameters on dynamic characteristics. Liang et al. [5–8] proposed a
dynamical model of the fluid transported through a pipeline and explored the modal char-
acteristics of the system. Guzek et al. [9] studied the influence of drilling fluid rheology on
vertical bit vibration and determined the optimal range of damping mud parameters. Shen
et al. [10] studied the influence of spring support on system dynamics and the influence of
distributed springs on the dynamic stability of the shell system. Sheng et al. [11] proposed
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a method to predict the non-linear dynamic characteristics of functionally graded cylin-
drical shells for fluid transport. Zhou et al. [12] and An et al. [13] explored the dynamical
behaviors of axially functionally graded pipes with flowing fluid. Volpi et al. [14] presented
a three-degrees-of-freedom lumped parameter model and studied the lateral-torsional
vibration of the drill string. Zhu et al. [15] and Huo et al. [16] analyzed the non-linear
lateral vibrations and the beat phenomenon in the tip trajectories of a beam. Vaziri et al. [17]
investigated the sliding mode controller to suppress the torsional vibration of the drill
string and studied the key drilling parameters of the drilling bit-rock interaction model.
Eftekhari et al. [18] studied the functionally graded spinning cantilevered pipe, conveying
fluid along its longitudinal axis. Kapitaniak et al. [19] and Gupta et al. [20] used the finite
element method to simulate the nonlinear dynamics of the drill string and investigated
the dynamics of the rotary drilling systems. Lian et al. [21] established the finite element
model to analyze the vibration behavior of the drill string. Boukredera et al. [22] studied
the mechanism of torsional and axial vibration, bit sticking, parameter variation, the effec-
tiveness of drilling data visualization and mitigation methods. Lenwoue et al. [23] used
nonlinear finite element software ABAQUS as a simulation tool to establish the drill string
pore elastic–plastic model. The variation law of crack width with time and the variation
law of periodic drill string vibration load are studied. Moharrami et al. [24] proposed an
effective finite element method for the stick-slip vibration simulation of the whole drill
string. The effect of mud presence along the drill pipe and drill collar on energy dissipation
was considered. Modal analysis was carried out to determine the natural frequency and
mode of vibration of the structure. Kapluno et al. [25] proposed a multi-parameter drilling
dynamics analysis method, established a free bending vibration classification, similar to
the thin shell theory, and derived the related simplified equation. Liu et al. [26] established
the generalized lumped parameter model of the drill string system, and the causes of three
coexisting states of bit sticking, stick-slip vibration and constant rotation are emphatically
analyzed. Mfs et al. [27] proposed a non-smooth borehole dynamic propagation model for
planar directional drilling. Basic nonlinearities caused by bit-tilt saturation and non-ideal
stabilizers are modeled using complementary conditions for comprehensive dynamic and
parametric analysis. Salehi et al. [28] studied the dynamic characteristics of a horizontal
drill string and analyzed its longitudinal vibration. The boundary conditions and normal
state of the system were determined by means of the mode summation method. The dy-
namic simulation of the horizontal drill string was carried out. The influence of increasing
the number of modes and the convergence of modes was discussed. Zhang et al. [29]
established fully coupled finite element models of axial vibration, torsional vibration and
the transverse vibration of the drill string. The stick-slip vibration and rotary vibration
were numerically studied. Xue et al. [30] modeled stick-slip vibration. The causes of
torsional vibration with and without stick-slip were analyzed. Xue et al. [31] established
the dynamic model of the rotary steerable drilling system and proved the existence of
low-dimensional chaos in the drilling process. Lu et al. [32] developed an advanced control
system using a lumped parameter model to describe downhole information to mitigate the
torsional vibration of the drill string using communication tools for drilling measurements.
Vromen et al. [33] designed a robust output feedback control method to eliminate torsional
stick-slip vibration in the drilling system and performed closed-loop stability analysis on
the nonlinear drill string model.

From the above-mentioned references, although some of the literature on the drilling
system has already been established and analyzed, an analysis of the dynamic response,
considering the influence of fluid-structure coupling and motion constraint, is a less
developed field of study. On this basis, the non-linear dynamic equation is discretized
using the Galerkin method and solved using the Runge-Kutta integral method. The effects
of forcing frequency, perturbation amplitude, mass ratio and flow velocity on the dynamic
response of the system are investigated in detail through numerical simulation.
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2. The Dynamic Model and Numerical Methodology
2.1. The Equation of Motion

A dynamic model for a drill string system, conveying pulsating fluid on a simply
supported pipe, is developed in this section. The equations of motion, without taking into
account the effect of motion constraints, are provided in [34–36]. As shown in Figure 1,
based on the motion equation, considering the effect of support constraints [37], the cubic
nonlinear spring forces Fa(y) and Fb(y) are used to simulate the reaction force [38], and the
fluid–structure coupling motion differential equation of the drill string system is obtained,
as follows:

(mf + md)
∂2y
∂t2 + 2mfU

∂2y
∂x∂t +

(
1 + a ∂

∂t

)
EI ∂4y

∂x4 +[
mfU2 + mf

∂U
∂t (l − x)−

(
1 + a ∂

∂t

)
EAp
2I
∫ 1

0

(
∂y
∂x

)2
dx
]

∂2y
∂x2

+Fa(y)δ(x− xa) + Fb(y)δ(x− xb) = 0

(1)

where mf represents the fluid mass per unit length, md is the mass of the drill string per
unit length, U is the velocity of the fluid in the drill string, E is Young’s modulus, A is the
cross-sectional area of the drill string and δ(x−x0) is the Dirac delta function. Furthermore,
l is the length of the drill string and I denotes the movement in the cross-sectional area.
a is the viscoelastic damping coefficient, xa and xb represent the coordinates along the
centerline of the drill string, Ka and Kb represent the support stiffness and y(x,t) is the
lateral vibration displacement function of position x and time t. Fa(y) and Fb(y) represent
the effects of the motion constraints on the drill string.

Fa(y) = Kay3 (2)

Fb(y) = Kby3 (3)
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Figure 1. Schematic diagram of a simply supported drill string with constraints.

Furthermore, several dimensionless parameters can be defined as follows:

ka = Kal5

EI , τ =
(

EI
mf+md

) 1
2 t

l2 , u =
(mf

EI
) 1

2 Ul, β = mf
mf+md

,κ = Al2

2I kb = Kbl5

EI ,

ξ = x
l , η = y

l ,α =
(

EI
mf+md

) 1
2 a

l2 , ξa = xa
l , ξb = xb

l

(4)

Substituting Equation (4) into Equation (1), the dimensionless equation form of non-
linear dynamics can be rewritten as:

α
∂5η

∂ξ4∂τ
+ ∂4η

∂ξ4 +
[
u2 + β

1
2 ∂u

∂τ (1− ξ)
]

∂2η

∂ξ2 + 2β
1
2 u ∂2η

∂ξ∂τ

+ ∂2η

∂τ2 − κ
∂2η

∂ξ2

∫ 1
0

(
∂η
∂ξ

)2
dξ − 2ακ

∂2η

∂ξ2

∫ 1
0

∂η
∂ξ

∂2η
∂ξ∂τ dξ

+kaη3δ(ξ − ξa) + kbη3δ(ξ − ξb) = 0

(5)

Moreover, assuming that the flow of fluid through the drill string is sinusoidal,

u = u0(1 + µ sin ωτ) (6)

where ω is the forcing frequency, u0 is the flow velocity, and µ is the perturbation amplitude.
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2.2. Discretization of the System Model

In this study, the dynamic model is discretized by Galerkin’s method, and the vibration
displacement η(ξ, τ) of the drill string can be expressed as:

η(ξ, τ) =
N

∑
r=1

φr(ξ)qr(τ) (7)

where φr(ξ) is the appropriate set of base functions, qr(τ) represents the corresponding
generalized coordinates, and N is the total number of models used for the beam consid-
eration. Substituting Equation (7) into Equation (5), multiplying by φI(ξ) and integrating
throughout [0, 1], the dimensionless non-linear vibration equation of the drill string system
is obtained:

..
q + C

.
q + Kq + f(q) + h

(
q,

.
q
)
= 0 (8)

where C represents stationary damping and K represents stiffness matrices. It can be seen
from reference [39] that N = 2 can obtain a higher calculation accuracy. The elements of C,
K, f and h are composed of:

Cij = Cij
′ +
(
2
√

βµu0 sin ωτ
)
bij,

Kij = Kij
′ + u2

0
(
2µ sin ωτ + µ2 sin2 ωτ

)
cij +

(√
βµu0ω cos ωτ

)(
cij − dij

)
,

fi = ka

[
N
∑

r=1
φr(ξa)qr

]3

φi(ξa) + kb

[
N
∑

r=1
φr(ξb)qr

]3

φi(ξb),(
h1
h2

)
= 2ακ(q1 q2)

(
a11

a22

)( .
q1.
q2

)(
a11

a22

)(
q1
q2

)
+κ(q1 q2)

(
a11

a22

)(
q1
q2

)(
a11

a22

)(
q1
q2

)
(9)

where
Cij
′ = αλ4

j δij + 2
√

βu0bij, Kij
′ = λ4

j δij + u2
0cij (10)

Furthermore, some constants are defined as follows:

a11 = −π2, a22 = −4π2, bij =


2λiλj(

λ2
j−λ2

i

) [(−1)i+j − 1
]
, i 6= j

0, i = j


cij =

{
0, i 6= j
−λ2

i , i = j

}
, dij =


4λiλ

3
j(

λ2
j−λ2

i

)2

[
1− (−1)i+j

]
, i 6= j

cjj
2 , i = j


(11)

For the purpose of numerical simulations, the state vector is introduced as follows:

z =
{

q1, q2,
.
q1,

.
q2
}

.
z = Az + µ(ω cos ωτB1 + sin ωτB2)z + µ2 sin2 ωτ[B3]z + G(z) + Q(z)

(12)

where

A =

[
0 I
−K′ ij−C′ ij

]
, B1 =

[
0 0

−u0
√

β
(
cij − dij

)
0

]
, B2 =

[
0 0

−2u2
0cij −2

√
βu0bij

]
B3 =

[
0 0

−u2
0cij 0

]
, G = {0 0 − f1 − f2}T, Q = {0 0 −h1 −h2}T

(13)

3. Results and Discussion

The dynamic equations of the drill string system are described above. In the following
sections, a series of parametric studies are investigated, namely forcing frequency ω,
perturbation amplitude µ, mass ratio β and flow velocity u0. Bifurcation diagrams and
waveforms, phase diagrams and Poincaré maps are plotted and examined. The geometrical
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and physical parameters of the system drill string are shown in Table 1, and the schematic
diagram of the simulation condition is shown in Figure 2.

Table 1. Main parameters of the drill string system.

Item Notation Value

Density of cutting fluid
Density of drilling shaft

ρf
ρz

8.65 × 102 kg/m3

7.8 × 103 kg/m3

Young’s modulus E 2.14 × 1011 Pa
Internal diameter
External diameter

d1
d2

7.68 × 10−2 m
1.27 × 10−2 m
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3.1. The Effect of Forcing Frequency ω on Dynamic Characteristics

The forcing frequency ω has a significant effect on the dynamic response of the drill
string system. In order to investigate the forcing frequency of the drill string system in de-
tail, all parameters except the forcing frequency are taken as constants. The corresponding
bifurcation diagram is shown in Figure 3, with ω as the control parameter in the interval
[0, 120] at ka = 0 and kb = 0. Figure 4 shows the bifurcation diagram of forced frequency
ω when ka = kb = 0, ka = 2.8 × 105 and kb = 2 × 103 in the range of [40, 60] respectively.
In the bifurcation diagram, the abscissa is the forcing frequency, and the ordinate is the
displacement amplitude of the vibration at the center of the drill string. As shown in



Appl. Sci. 2021, 11, 9047 6 of 16

Figure 3, quasi-periodic and chaotic motions can be observed in the range of [0, 10.55],
when ω = 8, the corresponding dynamic response of the system is shown in Figure 5(a1–a3).
It can be observed that the system shows chaotic characteristics, the Poincaré map appears
scattered points. As the forcing frequency is increased, namely 10.55 < ω < 33.1, a series
of inverse period-doubling bifurcations appears in the system, where the system exists
periodic-6, periodic-2 motion and apparent jump discontinuity.
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The related periodic-2 motion at ω = 21 is shown in Figure 5(b1–b3) with waveform,
phase diagram and Poincaré map, which indicates that the system experiences periodic-2
motion and only two points are shown in the Poincaré map. Figure 5(c1–c3) show the
dynamic characteristics of the system at ω = 29.9, The Poincaré map is a closed circle, and
the system features quasi-periodic motion. To further analyze the dynamics of the drill
string system, the local bifurcation diagram of the forcing frequency ω in the range of
[40, 60] is given in Figure 4a. As the forcing frequency is increased, the chaotic responses
are observed in the interval [33.1, 43.5]. The related chaotic motion at ω = 35 is shown in
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Figure 5(d1–d3) by a waveform, phase diagram and Poincaré map. By increasing ω from
43.5 to 57.75, a series of inverse period-doubling bifurcations appears in the system, and
the system response presents the phenomenon of period-doubling reverse bifurcation, the
period number of vibration changes exponentially, and the chaotic motion of the system is
transformed into periodic motion in the form of period-doubling reverse bifurcation.
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Figure 5(e1–e3) presents the periodic-8 motion, which is due to the presence of eight
points in the Poincaré map at ω = 46.35. When the increased excitation frequency is ω = 47.5,
as shown in Figure 5(f1–f3), the system motion state is periodic-4 motion, and four points
exhibit in the Poincaré map. With the increase in ω, the system shows chaotic intermittency
motion at [57.75, 60.75] in Figure 3. Figure 5(g1–g3) shows the dynamic response of the
system when ω = 59.5, the observation shows that the system is in chaotic motion. Further
increasing the forcing frequency ω, the system displays strong non-linear characteristics,
the vibration amplitude significantly increases and periodic motion, quasi-periodic motion
and chaotic motion appear at [66.25, 120]. The system again displays the phenomenon of
period-doubling reverse bifurcation in the range of [70.55, 79.75]. In the range [89.5, 91.25],
a narrow quasi-periodic motion is observed, as shown in Figure 5(h3), and two closed
circles are exhibited in the Poincaré map. The dynamic characteristics of the system at
ω = 110 are displayed in Figure 5(i1–i3). It can be found that the system has obvious chaotic
characteristics. Figure 5(j1–j3) presents the periodic-2 motion at ω = 119 via waveform,
phase diagram and Poincaré map.

Figure 4b presents the bifurcation diagram of the forcing frequency ω at ka = 2.8 × 105

and kb = 2 × 103 in the range [40, 60]. In the interval [40, 41.22], the dynamic response
of the system mostly comprises quasi-periodic motion. With the increase in the forcing
frequency from 41.22 to 54.68, the system changes from chaotic motion at [41.22, 49.26],
through to a series of inverse period-doubling bifurcations at 49.26 < ω < 51.16, to return
to chaotic motion at [51.16, 54.68]. As the forcing frequency continues to increase, the
system exhibits periodic motion, quasi-periodic motion at 51.16 < ω < 60 and obvious jump
discontinuity. It is observed that the system has abundant dynamic behaviors—periodic,
quasi-periodic and chaotic behaviors all alternating with each other with different support
stiffness—and the system shows complicated non-linear phenomena, and the exchange
frequency between the motion is enhanced.

3.2. The Effect of Perturbation Amplitude µ on Dynamic Characteristics

Under different support stiffness conditions, the influence of the perturbation am-
plitude µ on the dynamics characteristics of the system is analyzed. The corresponding
bifurcation diagrams, with µ as the control parameter at [0.2, 0.6], are shown in Figure 6.
The response of the drill string system at ka = 3.1 × 106 and kb = 0 is demonstrated in detail
in Figure 6a. The system shows chaotic characteristics at [0.2, 0.5225], and the intensity
of chaotic motion is increased. Figure 7(a1–a3) shows the waveform, phase diagram and
Poincaré map of the system at µ = 0.426, at which point the system has chaotic motion.
With the increasing perturbation amplitude µ, the system shows periodic motion and
quasi-periodic motion. The jump discontinuous non-linear phenomenon appears at (0.5225,
0.5745), and the system dynamic response is shown in Figure 7(b1–b3) at µ = 0.571. As can
be seen in this figure, the system exhibits quasi-periodic motion. With the further increase
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in the perturbation amplitude, the motion of the system is a narrow period-2 at [0.5475,
0.5805]. As shown in Figure 7(c1–c3), period-2 motion is observed at µ = 0.576.
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Increasing the perturbation amplitude from 0.5805 to 0.6, the system returns to chaotic
motion.

Figure 6b presents the system bifurcation diagram with ω in the range of [0.2, 0.6] at
ka = 2.6 × 106, kb = 8.6 × 106. In the interval [0.2, 0.258], the system shows the non-linear
characteristics of periodic, quasi-periodic and chaotic motion. As µ is further increased, it
can be observed that the system exhibits periodic-4 motions, periodic-2 motions, periodic-10
motions, jump discontinuity phenomenon and period-doubling bifurcations phenomenon
in the interval (0.258, 0.519). With the further increase in the perturbation amplitude, the
system markedly exhibits chaotic motion at [0.519, 0.6]. Compared with Figure 6a, it can
be seen that the chaotic motion region of the system can be reduced, to a certain extent,
by adjusting the combination of support stiffness coefficients. This is mainly because the
change in support stiffness causes the change in the inherent characteristics of the system.
It can be seen that the support stiffness has a complex impact on the non-linear dynamic
behavior of the system.

3.3. The Effect of Mass Ratio β on Dynamic Characteristics

Because of the different fluid masses, mass ratio β is a key parameter in evaluating
the system vibration characteristics. The drill string mass ratio is taken as the control
parameter to carry out a detailed study. Figure 8a displays the bifurcation diagram in the
interval [0.2, 0.8] at ka = 2.1 × 106 and kb = 8.6 × 104. The system is in periodic motion at
[0.2, 0.262], as shown in Figure 9(a1–a3) at β = 0.218, the system presents periodic-2 motion
by the waveform, phase diagram and Poincaré map. With the increase in the mass ratio
from 0.262 to 0.39, the response of the system is chaotic motion, and the chaotic motion
region gradually increases. Further increase in the mass ratio, the motion becomes periodic
in the interval [0.39, 0.422]. For the mass ratio from 0.422 to 0.523, the system alternates
between exhibiting quasi-periodic motion and chaotic motion. Figure 9(b1–b3) shows the
vibration response of the system at the mass ratio β = 0.521, the system is quasi-periodic
motion. As the mass ratio β continues to increase, the system exhibits chaotic motion at
[0.523, 0.8], and the chaotic motion area significantly increases. The dynamic responses at
β = 0.752 are presented in Figure 9(c1–c3), and the system exhibits chaotic motion.
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Figure 8b displays the bifurcation diagram at ka = 9.2× 105 and kb = 8.6× 105, with the
mass ratio β as the control parameter in the range [0.2, 0.8]. When the mass ratio increases,
the system presents chaotic characteristics at [0.2, 0.373], after periodic motion from 0.373
to 0.406, at which point the system returns to chaotic motion. At [0.572, 0.682], periodic-6
motion is observed. By further increasing β, the system response consists of periodic, quasi-
periodic and chaotic behaviors. Compared with Figure 8a, the chaotic area is reduced, the
intensity of chaotic motion decreases, and the area of periodic motion increases.

3.4. The Effect of Flow Velocity u0 on Dynamic Characteristics

This section studies the effect of flow velocity u0 on the dynamic behavior of the drill
string system. The corresponding bifurcation diagram of the system with flow velocity
under support stiffness ka = 2.6 × 106 and kb = 0 is shown in Figure 10a. For the flow
velocity in the range of [1.5, 2.852], the periodic-1 motion is observed. With the increase in
the flow velocity from 2.852 to 3.986, the system exhibits quasi-periodic motion and chaotic
motion. Figure 11(a1–a3) presents quasi-periodic motion at u0 = 3.384 of the system. As the
flow velocity further increases, the system presents narrow periodic motion at [3.986, 4.054].
Periodic motion is observed at u0 = 4.018 in Figure 11(b1–b3). With increasing u0 from 4.054
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to 4.5, a large amplitude chaotic response is observed. Figure 11(c1–c3) show the relevant
vibration response of the system at u0 = 4.386, and the motion state exhibits chaotic behavior.
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Figure 10b displays the bifurcation diagram at ka = 0 and kb = 0, with flow velocity u0
as the control parameter in the range [1.5, 4.5]. It is found that the system exhibits period-1
motion at the intervals [1.5, 2.912]. With the gradual increase in the flow velocity from
2.912 to 3.622, the system exhibits quasi-periodic motion and chaotic behavior, and it is
found that the chaotic region gradually increases. With the flow velocity continuing to
increase, the system evolves into short period-2 motion in the range [3.622, 3.678], after
which the system goes back to a chaotic behavior from 3.678 to 3.928. With the flow
velocity increasing even further, the system evolves into short narrow periodic-3 motion
and then enters periodic-2 motion with obvious jump discontinuity in the range [3.928, 4.5].
Compared with Figure 10a, it can be seen that, as the vibration amplitude of the system
increases, the chaotic motion region decreases, and the periodic motion region significantly
increases. The support stiffness has a complex effect on the inherent characteristics of the
drill string system dynamics.

4. Conclusions

The non-linear dynamic characteristics of a fluid-structure coupled drilling system are
studied in this paper. The effects of forcing frequency ω, perturbation amplitude µ, mass
ratio β and flow velocity u0 on the dynamic characteristics are investigated. The research
in this paper seeks not only to understand the dynamic response of the drill string, but also
provides some references for vibration control and the optimization of vibration systems.
The research conclusions are listed as follows:

(1) Under the control parameter of forcing frequency ω, the vibration system exhibits
periodic motion, quasi-periodic motion and chaotic behavior, and the phenomenon of
jumping discontinuity appears. In addition, a period-doubling reverse bifurcation
from chaotic motion to periodic motion is exhibited. The support stiffness causes a
change in the inherent characteristics, which has an impact on the dynamic of the
system.

(2) With the increase in the perturbation amplitude µ, the periodic motion, quasi-periodic
motion, chaotic behavior, jump discontinuity phenomenon and period-doubling
bifurcations phenomenon of the system are transformed. In addition, under certain
combinations of supporting stiffness, the region of chaotic motion becomes smaller
and the area of periodic motion grows. The support stiffness can, to a certain extent,
cause a change of the inherent characteristics of the system.

(3) As mentioned above, with the increase in the mass ratio β and flow velocity u0, the
intensity of chaotic motion increases, and the system exhibits periodic and quasi-
periodic responses and chaotic motion. Moreover, under certain combinations of
supporting stiffness, periodic motion increases and the chaotic region shrinks.
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