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Abstract: The swing of the riser in deep-water drilling can significantly impact the drill string. In this
study, we establish a riser model that considers the combined disturbance of periodic dynamic wind
and wave loads. By coupling it with the drill string model, we develop a dynamic model for deep-
water drilling systems. Through analyzing multiple sets of different drilling parameters, we examine
displacements and impact forces at various positions along the drill string system. Specifically, our
focus lies on velocity, acceleration, and rotational speed information of BHA. We investigate how
WOB and rotational speed influence motion trajectory and vibration characteristics of the drill string
within the dynamic model of deep-water drilling systems. Simulation results reveal slight differences
in whirling trajectories between inside the riser and below mud line for the drill string. Rotational
speed has a greater impact on the drill string compared to WOB; higher rotational speeds lead to
increased collision forces between the drill string system and both riser and wellbore. Our findings
identify specific combinations of WOB and rotational speed parameters that can stabilize drilling
operations within dynamic models for deep-water drilling systems. These research results provide
valuable insights for adjusting WOB and rotational speed parameters in deep-water drilling.

Keywords: deep-water drilling; riser drillstring coupling; motion trajectory; vibration characteristics

1. Introduction

Deep-water drilling risers will have a significant impact on drillstring vibration [1,2],
which is a crucial factor affecting drilling efficiency. The high levels of shock and vibration
experienced during deep water drilling in Brazil [3–5] and Mexico [6–8] have severely
affected the rate of penetration (ROP). Moreover, the presence of complex-coupled vibra-
tions such as stick-slip and whirling phenomena poses great challenges to deep water
drilling operations. In response to these challenges, researchers are dedicated to studying
the movement characteristics of drillstring, monitoring, and mitigating harmful downhole
vibrations, in order to optimize drilling processes and enhance efficiency. Although numer-
ous studies have been conducted on the vibration characteristics and stress state of risers,
there is limited research available on the motion path and vibration response of risers with
respect to drillstring. This paper aims to analyze the motion characteristics of drillstring
systems under dynamic ocean loads that disturb risers at different WOB speeds, while
also examining the vibration response by considering impact forces between the drillstring
system, riser, and wellbore. By focusing on simulations involving multiple combinations
of drilling parameters, this study investigates how WOB rotational speed relates to BHA
impact forces on both the wellbore.

In deep-water drilling, a riser is typically utilized to establish the connection between
the wellbore and offshore drilling platform. It also serves to separate drilling fluid from
seawater and guide the drilling process [9]. Numerous studies have been conducted on the
vibration frequency, stress state, and fatigue risk of risers. Blevins et al. and Major et al.,
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for instance, investigated the impact of drillstring on the natural frequency and vibration
of risers through laboratory tests and simulations [1,10]. Furnes et al., in addition to
employing test and model analysis methods, examined field data by collecting acceleration
and displacement data at a depth of 1300 m. They analyzed several potential modal modes
of riser oscillation induced by seawater flow [11]. Furthermore, extensive research has
been carried out on the stress state and safety aspects of risers. As early as 2001, James
summarized research progress regarding riser response and construction management
in deep-water drilling systems while discussing their safety considerations [12]. Mao
et al., in 2016, analyzed how different ocean environmental loads influence displacement
bending moment and deflection of a riser using a dynamic analysis model. They identified
construction operations to be avoided under specific ocean environmental conditions. In
2019, they further studied deformation characteristics as well as safety aspects using a
dynamic model for risers [13,14]. Liu X Q, Liu J, and Yang et al., respectively, employed
three-dimensional multi-body dynamic system analysis, axial dynamic system analysis,
and constant cross-section beam models to analyze stress characteristics, buckling behavior,
and variation patterns exhibited by a riser under various ocean environmental conditions
along with movements of the drilling platform [15–17]. Additionally, some researchers
applied machine learning techniques to conduct failure risk analysis related riser fractures
based on Bayesian networks [18].

Drillstring dynamics is a prominent area of research in oil and gas well engineering.
Based on the characteristics of drillstring motion, researchers have developed dynamic
models to analyze the nonlinear motion state and vibration characteristics of drillstring
in different orientations. For instance, Liu et al. and Liao et al. investigated the nonlinear
motion of drillstring in vertical and inclined wells using a four-degree-of-freedom model
and a reduced-order model, respectively [19,20]. Xie et al., building upon these models,
established a six-degree-of-freedom dynamic model for horizontal wells to analyze both
vertical and horizontal torsional motions of drillstring [21]. Huang et al. and Hu et al.,
utilizing equivalent beam column models and space bending beam element models, re-
spectively, studied critical buckling loads, vibration responses, and motion trajectories of
drillstring [22,23]. Xue et al., on the other hand, developed a stick-slip vibration model to
analyze the motion track and torsional vibration response of BHA in an automated vertical
drilling system [24]. Furthermore, variations in drilling parameters, as well as model
parameters, significantly influence the trajectory of drillstring motions. Cheng et al. em-
ployed shell elements while Cai et al. utilized finite beam elements to establish drillstring
dynamics models; they focused on analyzing how rotational speed, WOB, and friction
coefficient affect whirling and motion trajectories [25,26]. Li et al., employing principles
such as minimum energy principle along with Buckingham π theorem-based similarity
criteria, constructed numerical models as well as laboratory test benches to investigate how
rotational speed, WOB, and friction coefficient impact lateral vibrations [27].

To summarize, numerous individual studies have been conducted on riser and drill-
string models. However, there is a lack of research on the impact of riser movement on
drillstring vibration and motion trajectory in the dynamics model of deep-water drilling
systems. In 2013, Liu et al. were the first to consider the influence of risers on drillstring
and established the control equation for riser dynamics under drilling conditions and ocean
environment. They also analyzed the impact and friction damage caused by drillstring on
risers [28]. Qin et al. investigated the dynamic model of the drillstring considering riser
deformation, analyzed the influence of ocean current-induced riser deformation on drill
string vibration, and comprehensively examined the trajectory of drill string motion [29].
Although existing models have examined both risers and drillstring models from various
perspectives, there has been limited research on coupling dynamics models between them
or investigating how dynamic risers affect drillstring motion and vibration. This paper
aims to establish a more realistic deep-water drilling condition by applying dynamic ocean
environmental loads to the riser model. Additionally, it couples this with previous studies’
dynamic model of both the riser and drillstring to form a comprehensive dynamic model
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for deep-water drilling systems. It is widely acknowledged that an efficient drilling mode
can be achieved in drilling engineering by optimizing the weight on bit and rotational
speed. This mode effectively reduces torsion and stick-slip in the drilling string system,
leading to increased drilling ROP and improved overall performance [30]. By analyzing the
dynamic response of the deep-water drilling system’s dynamic model, including motion
trajectory, vibration characteristics, and collision force of the drill string at different WOB
and rotational speeds, we aim to explore the optimal combination of WOB and speed under
this efficient drilling mode. Our findings will contribute to optimizing drilling parameters
and provide valuable references for field construction.

2. Models and Methods

In order to investigate the impact of riser movement on drillstring motion characteris-
tics and vibration generation in deep-water drilling systems under ocean environmental
loads, we have integrated the riser model with the drillstring dynamic model, resulting
in the establishment of a comprehensive dynamic model for deep-water drilling systems
as depicted in Figure 1. This model takes into account the dynamic periodic action of the
riser, impacts between the drillstring system and both the riser and wellbore, as well as
interactions between the drill bit and rock formations. It primarily focuses on analyzing
different parameters such as WOB and rotational speed to understand their influence on
drillstring dynamic response. The fundamental assumptions underlying this deep-water
drilling system dynamics model are outlined below. 
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Figure 1. Dynamic Model of Deep-water Drilling System. 

   

Figure 1. Dynamic Model of Deep-water Drilling System.

i. The deformation of the drillstring and riser is limited, and the impact between them
is a non-linear contact impact.

ii. The geometric and physical properties of the materials in the model remain constant
throughout.

iii. The wellbore is considered as a viscoelastic body with a circular cross-section.
Initially, the axes of the riser, wellbore, and drillstring coincide, while there exists
an annular clearance between the drillstring and wellbore.

The bending of the riser significantly influences lateral vibration of the drillstring. In
this paper, we introduce the riser model in Section 2.1, followed by a specific introduction
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to both dynamic model of drillstring and its coupling characteristics with the riser model
in Section 2.2.

2.1. Riser Model

The dynamic model of deep-water drilling system considers various factors that affect
the riser, including rig drift, floating weight, tension force, wind force, wave force, and
ocean current force [13,31,32]. To investigate the impact of ocean environmental load on
the riser in this model, we analyze the combined effect of wind and wave currents on the
riser as follows.

i. sea wind load

The wind force on the riser is related to the wind speed, and the sea wind load on the
object at sea is expressed as the example shown in [33]:

F1 = K1K2PAs (1)

P = αv f
2 (2)

where F1 is wind power (N), P is wind pressure (Pa), K1, K2 are, respectively the wind
load coefficient and the height variation coefficient of the wind pressure, taken as 0.5 and
1, respectively; As is the stressed area of the object (m2), α is wind pressure coefficient
(0.613 N·s2/m4), v f is the wind speed (m/s).

ii. Wave and Current Loads

The total wave force F2 applied to the offshore structure and the current force ft
per unit length of the riser are given by Morison’s equation [34], which are expressed as
Equations (3) and (4).

F2 = 0.5ρDCD|u|u + 0.25ρπD2CM
.
u (3)

ft = 0.5dCdρv2 (4)

where, ρ is seawater density (kg/m3), D is the projected area of unit cylinder height
perpendicular to the wave propagation direction (m2), CD, CM are drag force coefficient
and inertia force coefficient, respectively, u,

.
u and v are, respectively the horizontal velocity,

acceleration of water quality point (m/s, m/s2) and current velocity (m/s), and d is the
diameter of riser (m), Cd is the drag coefficient.

The riser will experience bending and deformation to a certain extent due to ocean
environmental loads [35]. To investigate the impact of riser changes on the lateral movement
and vibration of the drillstring, we simplified the wind wave current force into wind current
load and wind wave current load based on the stress exerted on the riser under ocean
environmental loads. We analyzed how these loads affect the riser under varying ocean
environmental conditions, and the riser is also affected by gravity and the upper tension
force (in this paper, the upper tension and gravity are roughly equal). Assuming that the
ocean environmental conditions of a certain water area are: surface wind speed of 1 m/s,
tidal range of 1 m, wave height of 0.8 m, wavelength of 3 m, wave period of 3 s, and surface
current velocity of 1.5 m/s. The force acting on the riser is a dynamic periodic load, and
after simplification, it can be represented by Formula (5) as an excitation load applied to
combined force F.

F = Asin(ωt) (5)

where, A is wind current and wind wave current load calculated by Equations (1)–(4),
ω = 2π/T, and T is wave period.

2.2. Drill String Model

The drillstring system, comprising the drillstring and BHA, etc., is a crucial component
of the deep-water drilling system dynamics model. To acquire stress, displacement, and
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velocity information at various positions along the drillstring system and analyze the
impact of the riser on its motion trajectory and vibration characteristics, we have developed
a dynamic model for studying its dynamic characteristics. These include impacts between
the drillstring system and both the dynamic riser and wellbore, as well as torsion and
buckling phenomena within the drillstring. Considering that risers are subject to ocean
environmental loads causing continuous movement akin to a dynamic wellbore, impacts
between the drilling string system and both wellbore and riser during drilling become
complex nonlinear events. In order to gain clearer insights into these intricate nonlinear
impacts, our model incorporates frictional impact forces as well as contact forces between
the drillstring system with both riser and wellbore surfaces. Figure 2 illustrates this
contact section of the drillstring system with respect to both riser and wellbore, when
the drillstring is taken as the research object, the black curves with arrows in the figure
represent the rotation direction of the drill string system, the direction of the normal force
and friction force subjected to the drill string is shown in the figure, where the normal force
is perpendicular to the tangential direction and the friction force is parallel to the tangential
direction. Where Fn is the normal force, Ff , Fz are the tangential and axial friction resistance,
MO is the friction moment, which are calculated by Equations (6)–(8) [36].

Fn =

{
−
[
µr − (d0−di)

2

]
kh − vrc f , | µr >

(d0−di)
2

0, | 0 ≤ µr ≤
(d0−di)

2

(6)

Ff = µ(vs)Fn (7)

MO =
d0

2
µ(vs)Fn (8)

where, µr is radial displacement of the center of mass of the drillstring, d0, di the outer
diameters of the wellbore and the drillstring, respectively, kh is wellbore stiffness, vr is
radial velocity of drillstring center of mass, c f is damping factor, vs is stick–slip speed,
µ(vs) is the Coefficient of Friction.
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Figure 2. Cross section of drillstring system in contact with riser wellbore.

In addition to investigating the impact between the drillstring system and the well-
bore and riser, this paper also focuses on analyzing the impact of riser movement on the
drillstring system. Due to the significant length-diameter ratio of the drillstring system, a
finite element method is employed to discretize both the drillstring and BHA components
into multiple units for a more comprehensive analysis of their dynamic characteristics. The
joint displacement and stress of each unit in the drillstring are illustrated in Figure 3. In this
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Figure, u is the longitudinal displacement, v, w are the deflections, θ is the rotation angle.
The node displacement and force vector de,Fe, and the displacement f of the drillstring
element are calculated as Equations (9)–(11).

de =
[
ui, vi, wi, θix, θiy, θiz, uj, vj, wj, θjx, θjy, θjz

]T (9)

Fe =
[
Fix, Fiy, Fiz, Mix, Miy, Miz, Fjx, Fjy, Fjz, Mjx, Mjy, Mjz

]T (10)

f = [u, v, w, θ]T (11)
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Figure 3. Displacement and Stress of Drill String Beam Element Node.

According to the virtual work principle [37], calculating the virtual work equation
and balance equation of the drillstring unit is as shown in Equations (12)–(14):∫

δεTσdv =
∫

δ f T PVdv +
∫

δ f T PAdA + δde
T Pe (12)

Fe = Kede (13)

Ke = Ke
0 + Ke

N + Ke
σ (14)

where, Ke is the stiffness matrix of drillstring element, Ke
0, Ke

N and Ke
σ are linear, large

displacement and geometric stiffness matrix, respectively.
The dynamic equations of the drillstring system are nonlinear differential-algebraic

equations. Using the Lagrange equation [38,39], the kinematic and dynamic equations of
the drillstring element are obtained as Equations (15)–(17), respectively. In the model in
this paper, we reduce the order of the second-order differential equation to the first-order
differential equation, and use Newton-Rapson [40,41] to solve it.

d
dt

[
∂(T − U)

∂
.

de

]
−

[
∂(T − U)

∂de

]
+

[
∂R

∂
.

de

]
= {0} (15)

Md
..
(t) + C(t)d

.
(t) + K(t)d(t) = F(t) + RG(t) (16)

K(t) = K0 + KN(t) + Kσ(t) + KG(t) (17)

where, T is the kinetic energy of the drillstring element, U is the potential energy of
the element, R is the energy dissipation function, M, K and C are the mass, stiffness
and damping matrices of the element, respectively, RG is the resistance vector of the
dynamic clearance element, K0, KN , Kσ and KG are the stiffness matrices of the linear, large
displacement, geometric and dynamic clearance elements, respectively.

Finally, based on the previous research conducted by the research group on the dy-
namic model of the drillstring [36], we integrated the dynamic riser model and established
a comprehensive deep-water drilling system dynamic model. The model disregarded the
drift of the drilling platform and the impact of drilling fluid on both riser and drillstring
systems, while considering periodic ocean environmental loads acting on the riser. Fur-
thermore, we investigated how riser movement affects the drillstring. In the drillstring
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model, factors such as impact between the drill string system and the well bore and riser,
friction force, penetration depth, bit rock interaction and so on are considered. Among
them, the contact force parameters of the drill string system with the riser and well bore
and the simplification of the drill string system’s drill assembly are the same as those
in reference [36]. It is important to note that in this paper, both riser and drillstring are
treated as flexible entities to facilitate a more accurate analysis of their deformation char-
acteristics. Additionally, for better representation of actual offshore drilling scenarios, we
simplified the connection between riser and drilling platform into a universal connection
with three translational degrees of freedom and one rotational degree of freedom. The
dimensional parameters, constraint relations, and boundary conditions of our dynamic
model can be found in Tables 1 and 2.

Table 1. Model Dimensions.

Model Component Riser Drill String Drill Collar

Length/(m) 300 750 150
ID/(mm) 480 127 71.4
OD/(mm) 530 146 203.2
ρ/(kg/m3) 7850 7850 7850
E/(Gpa) 210 210 210
Poisson ratio 0.29 0.23 0.23

Table 2. Constraint Relations and Boundary Conditions.

Constraint Fixation Universal Rotation

Location Riser + Subsea wellhead, Drill string
system + Bit, Wellbore + Ground

Riser + Offshore
drilling platform Drill string

Load Impact & contact force WOB & Torque Gravity

Component Drill string system and Riser, Bit and
Wellbore, Bit and Rock Drill string All

3. Simulation Analysis

In order to investigate the dynamic response of the deep-water drilling system model
under different drilling parameters, three sampling points (1), (2), and (3) are strategically
positioned along the drillstring. Specifically, point (1) is situated on the upper section of the
riser, point (2) is located in the middle of the drillstring below the mud line, and point (3)
is positioned near the drill bit. The precise coordinates for these sampling points can be
found in Figure 1. By capturing displacement, acceleration, velocity, rotational speed,
impact force data at each sampling point within the drillstring system, Sections 3.1 and 3.2,
respectively, analyze how variations in WOB and rotational speed impact motion and
vibration characteristics.

3.1. Influence of WOB

In this section, we conducted simulations and analyses of the dynamic responses of
the drillstring at various positions while maintaining a constant deep-water drilling system
dynamic model with a rotation speed of 60 rpm and varying WOB values of 12 t, 16 t,
20 t, and 30 t. We then analyzed the motion state of the drillstring based on displacement
information from three sampling points. The resulting motion trajectories and animations
for points (1), (2), and (3) under different WOB conditions are presented in Figures 4 and 5.
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Figure 4. (a–d) are the motion trajectories of points (1), (2) and (3) of the drillstring under the condi-

tion that the WOB is, respectively 12 t, 16 t, 20 t and 30 t at the rotating speed of 60 rpm. 

   

Figure 4. (a–d) are the motion trajectories of points (1), (2) and (3) of the drillstring under the condition
that the WOB is, respectively 12 t, 16 t, 20 t and 30 t at the rotating speed of 60 rpm.
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Figure 5. (a–d) are the are the simulation animation of drillstring system under the condition that 

the rotating speed of 60 rpm is 12 t, 16 t, 20 t and 30, respectively. 

   

Figure 5. (a–d) are the are the simulation animation of drillstring system under the condition that the
rotating speed of 60 rpm is 12 t, 16 t, 20 t and 30, respectively.

It is worth noting that for the purpose of comparing and analyzing the movement
trajectory of the drillstring (1) under different conditions, the initial static state inner
diameter of the riser is utilized as a reference for sizing the circle in the displacement
diagram of drillstring (1). In practical drilling operations, it is typically observed that
the displacement at the middle section of the drillstring below the mud line is most
significant. However, Figure 4 demonstrates that despite experiencing noticeable changes in
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displacement at its middle section (2) below the mud line, even greater displacements occur
at the top portion of the drill column within riser compared to those below the mud line.
This finding diverges from previous research conducted by Ken Qin et al. [29]. The reason
behind this discrepancy lies in our study’s simulation of dynamic and periodic variations
in riser behavior due to wave and current forces. Consequently, ocean environmental
factors exert a strong influence on motion trajectories experienced by drillstring inside
risers, resulting in substantial displacements. At the same time, displacing the top (1)
point reveals that the drillstring inside the riser exhibits an approximately elliptical motion
trajectory under varying bit pressure conditions. The animation of drillstring movement
in Figure 5a,c demonstrates significant forward and back whirling at WOB of 12 t and
20 t, respectively, with a relatively regular whirling trajectory. Specifically, at 12 t, forward
whirling occurs from 2.7 s to 3.1 s, followed by back whirling from 4.9 s to 5.2 s. At 20 t, the
drillstring experiences forward whirling from 4.8 s until reaching a steady state around
the mark of 30 s. Moreover, as depicted in (b) and (d) of Figures 4 and 5, respectively, the
motion trajectory of the drillstring at weights of 16 t and 30 t appears disorganized with
random whirling and strong torsion present. In order to comprehensively investigate how
WOB influences whirling formation and torsional vibration in the drillstring system, we
focused on analyzing impact force, velocity, acceleration, and rotational speed between
position (3), nearby bit location within BHA system, and riser/wellbore. The temporal
change curves are shown in Figures 6 and 7. The dynamic model of deep-water drilling
system was analyzed through combining impact force with vibration characteristics.

The impact frequency and impact force between the drillstring and BHA wellbore
are significantly high under different bit pressure conditions, as illustrated in Figure 6.
Although the impact frequency between the drillstring and riser is relatively low, it results
in a substantial impact force. This indicates that the dynamic riser will strongly impact the
flexed drillstring, thereby influencing its motion state. Furthermore, based on displacement
Figures 4 and 5 at various positions of the drillstring, it can be inferred that a higher impact
force between the drillstring system and both riser and wellbore leads to more intricate
random whirling of the drillstring. The velocity and acceleration of the BHA in Figure 7
reveals distinctive motion characteristics of the drill string under the conditions of 60 rpm
and a 20 t WOB. When considering the drill string’s motion trajectory, it can be inferred that
despite exhibiting whirling motion, this particular parameter combination results in fewer
impact with both the riser and wellbore, leading to reduced impact forces. Additionally, the
bottom speed remains more stable compared to other bit weight conditions. Consequently,
the overall drilling process of the deep-water drilling system dynamics model is relatively
stable under these parameters, allowing for smoother drilling operations. Except for a
WOB condition of 20 t mentioned above, similar trends in fluctuation amplitude can be
observed in velocity and acceleration under other WOB conditions. Additionally, Figure 7c
illustrates significant fluctuations in the rotational speed at the bottom of the drillstring
system under different WOB conditions, including instances where the rotational speed
reaches zero. Consequently, this leads to stick-slip motion of the drillstring. Hence, it can
be inferred that both whirling and stick-slip vibrations occur during the simulation.
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Figure 6. (a–c) are, respectively the time-varying curves of impact force between riser and drillstring, 

drillstring and borewellbore, BHA and borewellbore under different WOB conditions at 60 rpm. 

   

Figure 6. (a–c) are, respectively the time-varying curves of impact force between riser and drillstring,
drillstring and borewellbore, BHA and borewellbore under different WOB conditions at 60 rpm.
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Figure 7. (a–c) are the curves of lateral speed, lateral acceleration and rotational speed with time at 

position (3) under different WOB conditions when the rotational speed is 60 rpm. 

   

Figure 7. (a–c) are the curves of lateral speed, lateral acceleration and rotational speed with time at
position (3) under different WOB conditions when the rotational speed is 60 rpm.



Machines 2024, 12, 112 13 of 21

3.2. Effect of Speed

In this section, we focus on investigating the impact of rotational speed on the dy-
namics model of the deep-water drilling system. Under a constant riser force, simulation
analysis is conducted with a fixed WOB of 8 t and varying rotational speeds of 40, 60,
80, and 100 rpm, respectively. The motion animation of the drillstring is presented in
Figures 8 and 9 by plotting the trajectory of drillstring points (1), (2), and (3).
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Figure 8. (a–d) are the motion trajectories of points (1), (2) and (3) of the drillstring under the condi-

tion that the rotating speeds of 8 t WOB are 40 rpm, 60 rpm, 80 rpm and 100 rpm, respectively. 

   

Figure 8. (a–d) are the motion trajectories of points (1), (2) and (3) of the drillstring under the condition
that the rotating speeds of 8 t WOB are 40 rpm, 60 rpm, 80 rpm and 100 rpm, respectively.



Machines 2024, 12, 112 14 of 21

Machines 2024, 12, x FOR PEER REVIEW  14  of  21 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Machines 2024, 12, x FOR PEER REVIEW  15  of  21 
 

 

 

 

 

Figure 9.  (a–d) are  the simulation animation of drillstring under  the conditions of WOB 8  t and 

rotating speed of 40 rpm, 60 rpm, 80 rpm and 100 rpm, respectively. 

   

Figure 9. (a–d) are the simulation animation of drillstring under the conditions of WOB 8 t and
rotating speed of 40 rpm, 60 rpm, 80 rpm and 100 rpm, respectively.
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As shown in Figure 8, the displacement of point (1) in the drilling string system exhibits
a significant variation similar to that of different drilling rods and its motion trajectory
also takes on an approximate elliptical shape. Unlike WOB, rotational speed exerts a
more pronounced influence on the displacement, with higher rotational speeds resulting
in larger elliptical eccentricity and flatter displacements. The motion trajectory of the
drillstring inside the riser is greatly influenced by its movement under ocean environmental
loads. Additionally, slight variations can be observed in the motion trajectories at different
positions within the drillstring system. While the whirling trajectory of the drillstring inside
the riser tends to be more elliptical, it becomes more circular below mud line. The animation
of Figure 8, in conjunction with Figure 9, reveals that at a constant WOB of 60 rpm, the
drillstring exhibits a well-defined whirling state, while chaotic motion trajectories are
observed at 40, 80, and 100 rpm. Specifically, at 40 rpm, the drillstring initially displays
a back whirling and then transitions into a complex random whirling; at 80 rpm, it also
starts with a back whirling and subsequently transforms into a forward whirling; whereas
at 100 rpm, the drillstring exhibits the most intricate maximum displacement motion
trajectory. Notably, taking the example of the drillstring animation from time point 22.9 s
to 23.2 s in Figure 9d, rapid changes between forward and back whirling occur within just
intervals of 0.3 s duration. This phenomenon persists throughout the simulation process
from time point 4.2 s to 30 s accompanied by high-frequency random whirling patterns.
The complexity of the drillstring’s motion pattern increases as drilling speed rises when
examining different speeds’ influence on its motion trajectories. In order to further analyze
how rotational speed affects the dynamics model of deep-water drilling systems, the impact
force between the drilling system and riser/wellbore, velocity, acceleration, and rotational
speed data at the bottom of the drillstring were also plotted (as shown in Figures 10 and 11).

The impact force between the drilling string system, riser, and wellbore exhibits similar
magnitude and frequency to the analysis results in Section 3.1, as depicted in Figure 10,
except for stable drilling at 60 rpm. Unlike WOB, the impact force also increases with
rotational speed, particularly during impacts between BHA and wellbore wall. At 100 rpm,
it is 39.3% larger than at 80 rpm and 83.5% larger than at 40 rpm. This analysis result aligns
with the relationship between impact force and rotational speed described by Equation (6).
As shown in Figure 11, the amplitude, frequency, and speed fluctuation of BHA’s velocity
and acceleration are higher at 100 rpm compared to those at both 80 rpm and 40 rpm.
Similar to the Section 3.1 findings, stick-slip vibration occurs within the drilling string
under different rotational speeds as well. Considering BHA’s rotational speed fluctuations
under various WOB further suggests that apart from whirling vibration, varying degrees
of stick-slip vibration and whirling will manifest within the deep-water drilling system
dynamics model.
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Figure 10. (a–c), respectively show the time variation curves of impact forces between riser and drill-

string, drillstring and wellbore, and BHA and wellbore under different rotational speeds at WOB 8 t. 

   

Figure 10. (a–c), respectively show the time variation curves of impact forces between riser and
drillstring, drillstring and wellbore, and BHA and wellbore under different rotational speeds at WOB
8 t.
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Figure 11. (a–c) are the curves of lateral speed, lateral acceleration and rotational speed of position 

(3) with time under different rotational speeds when the WOB is 8 t. 

   

Figure 11. (a–c) are the curves of lateral speed, lateral acceleration and rotational speed of position (3)
with time under different rotational speeds when the WOB is 8 t.
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4. Discussion and Conclusions

Figure 7 illustrates the comparison of BHA vibration response under different WOB
conditions, indicating that an increase in WOB does not significantly affect the peak value
and fluctuation degree of lateral velocity, acceleration, and rotational speed. This suggests
that WOB has a weak impact on the velocity, acceleration, and rotational speed at the
bottom of the drillstring, which is consistent with previous research on land drilling [22,26].
However, high rotational speeds can result in complex motion patterns and elevated
levels of vibration due to frequent changes between forward and back whirling as well
as impacts with the wellbore and riser. In order to further analyze the impact of drilling
parameters on the bottomhole speed, we conducted an analysis of the speed profile at
point (3) within the drillstring system using a combination of parameters 3.1 and 3.2.
Subsequently, we constructed a box plot illustrating variations in bottomhole speed under
different conditions, as depicted in Figure 12. The box diagram provides a more precise
depiction of speed fluctuations. By comparing the box patterns in Figure 12a,b, it is evident
that an increase in the input speed parameter leads to a greater fluctuation trend of speed
near the bit, compared to WOB. To further validate this conclusion and explore the impact
force between BHA and wellbore under various parameters, we conducted a total of 30 sets
of simulation analyses with different combinations of bit pressure (4, 8, 12, 16, 20, and 24 t)
and rotational speeds (40, 60, 80, 100, and 120 rpm). The impact of both WOB and rotational
speed on the drillstring was analyzed by examining changes in impact force between
BHA and wellbore under different parameters (Figure 13). As depicted in Figure 13, the
relationship between WOB and impact force is not prominent. When the WOB increases to
24 t, the impact force becomes negligible; however, an increasing trend can be observed
when there is an increase in rotational speed, especially when the WOB ranges from 100
to 120 rpm except for 20 and 24 t. The analysis regarding the influence of both WOB and
rotational speed on impact force aligns with findings from Sections 3.1 and 3.2 on drillstring
motion trajectory, thus confirming our previous inference.
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Figure 12. (a) and (b) are the rotating speed change of the drillstring system (3) point under the condi-
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Figure 12. (a,b) are the rotating speed change of the drillstring system (3) point under the conditions
of rotating speed 60 rpm, WOB 12, 16, 20, 30 t, WOB 8 t, rotating speed 40, 60, 80, 100 rpm.
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Figure 13. Impact force of BHA with wellbore for different drilling parameters.

Furthermore, based on the aforementioned motion characteristics of the drillstring
under varying WOB and rotational speeds, it can be observed that there exists an optimal
combination of WOB and rotational speed for smooth drilling in deep-water drilling sys-
tems within a constant load in the ocean environment and drill assembly. By analyzing the
impact force curve between BHA and wellbore under different parameters, it is noted that
a point with minimal impact force occurs at the inflection point of the curve, indicating a
specific combination of WOB and speed with low impact force. As previously discussed,
greater impact forces lead to increased complexity in random whirling within the drillstring.
When considering Figure 12 alongside this observation, it can be concluded that elevated
rotational speeds may result in significant whirling occurring within the BHA section of
deep-water drilling system dynamics models. Therefore, appropriately increasing WOB
while selecting suitable rotational speeds ensures safe and stable drilling operations in
deep-water drilling engineering projects where no excessive bending occurs in the drill-
string. In this paper, a riser model is established to analyze the influence of WOB and
speed on drillstring motion trajectory and vibration characteristics under periodic dynamic
load disturbance. The dynamic model of the deep-water drilling system couples with the
drillstring dynamic model. By utilizing displacement, velocity, acceleration, rotational
speed, and impact force information at different positions of the drillstring under various
drilling parameters, we have derived the following conclusions.

i. The motion trajectory of the drillstring in the dynamic model of deep-water drilling
system is significantly affected by the motion of the riser. Inside the riser, the
whirling trajectory of the drillstring resembles an ellipse which becomes flattened
when maintaining a constant WOB.

ii. Under determined ocean environment and riser parameters, there exists a combi-
nation of WOB rotational speed parameters that result in small impact forces as
well as minimal fluctuation range for speed, acceleration, and velocity ensuring
relatively stable drilling operations.

iii. Compared to speed variations, WOB has a relatively minor impact on drillstring
movement. Higher speeds lead to increased impact forces between the drillstring
system and both riser and wellbore surfaces increasing chances for random whirling



Machines 2024, 12, 112 20 of 21

occurrences. The WOB can be appropriately increased during actual construction,
provided that the drillstring maintains minimal bending, and a suitable speed can
be selected to ensure secure and stable drilling operations.
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