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Abstract  The mechanical behavior, dynamic evolution, and flow-field distribution of a two-degree-of-freedom riserless drill string 
were simulated numerically by using FLUENT fluid simulation software with the user-defined function embedded. The rotation an-
gular velocities before and after the critical rotation angular velocity were used as independent variables, and the reduced velocity 
range was 3 – 14. Fluid-structure coupling was realized based on the dynamic overset grid and the SST k- turbulence model. Results 
reveal that the dynamic response of the riserless drill string was considerably affected by rotation and flow velocity, which are cou-
pled with each other. The cross-flow average dimensionless displacement increased with the rotation angular velocity, and rotation 
considerably enhanced the in-line maximum average dimensionless displacement. However, the cross-flow amplitude caused by vor-
tex-induced vibration was suppressed when the rotation angular velocity reached a certain value. The in-line and cross-flow frequen-
cies were the same, thereby causing the trajectory to deviate from the standard ‘figure-eight’ shape and become a closed circle shape. 
The vortex did not fall behind the cylinder at low reduced velocity with high-rotation angular velocity, and the structure of the near- 

wake vortex remained U-shaped. The wake of the cylinder was deflected along the cross-flow direction, thereby leading to vibration 
asymmetry and resulting in increased vibration instability and disordered vibration trajectories, especially at high-rotation angular 
velocities. 
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1 Introduction 
As the water depth of oil and gas development advances, 

vortex-induced vibration (VIV) is one of the main con-
tributors to the fatigue failure of marine structures . Stud-
ies have focused on the structural parameters, fluid pa-
rameters, and the arrangements and quantity of marine ris-
ers (Liu et al., 2020). VIV control is essential for avoiding 
fatigue damage to structures. Typically, rotating cylinders 
can be used to suppress vibration (Hong and Shah, 2018). 
Strong vibrations are used for energy harvesting in the field 
of clean wind and water energy (Zhu and Gao, 2017; Raza 
et al., 2020). Riserless drilling has been typically applied 
in offshore oil and gas engineering at an early stage of 
offshore drilling, deep-sea drilling, and scientific drilling, 
among others (Rheem and Kato, 2011). Riserless drilling 
technology can reduce the load-bearing capacity of float-
ing drilling devices and drilling costs and can be used to 
address drilling problems under complex seabed conditions. 
However, the characteristics of the VIV of the drill string  
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differ from those of the riser because the drill string rotates 
during operations, and it has complex motion rules and 
stress distribution (Inoue et al., 2013). 

Extensive studies have been conducted on the flow- in-
duced vibration of bluff bodies, and elastically mounted 
rotating cylinders have attracted considerable attention. The 
dynamic response of a one-degree-of-freedom (1-DOF) ro- 
tating body coupling VIV was first considered. Zhao et al. 
(2014) investigated the vibration of a rotating circular cyl-
inder at a low Reynolds number. Numerical results reveal- 
ed that amplitudes increased and that the range of the 
lock-in region in the cross-flow (CF) direction widened. 
Two-dimensional and three-dimensional numerical simu-
lation methods were used to analyze the VIV of a cylinder 
that freely oscillated in the CF direction; the result shows 
that the vibration amplitude exhibited a bell shape and 
reached 1.9 times diameter (D), which is three times the 
maximum amplitude under the nonrotating condition (Bour- 
guet and Jacono, 2014). The VIV of a rotating cylinder in 
the CF direction was experimentally investigated, and the 
responses were measured (Seyed-Aghazadeh and Modar-
res-Sadeghi, 2015). The effects of rotation on the VIV in 
the CF direction of a sphere were investigated numerically; 
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the dimensionless rotation rate was defined as α (α = 

ωD/(2U)), with ω and U as the angular velocity and cur-
rent velocity, respectively. The result revealed that VIV was 
suppressed completely for α > 1.3 (Rajamuni et al., 2018). 
Similarly, the 1-DOF rotating cylinder motion constrained 
to the in-line (IL) direction was also studied, and the wake 
structure was identified using the particle image veloci-
metry technique (Zhao et al., 2018). 

Few studies have considered the rotation coupling VIV 
in two-degrees-of-freedom (2-DOF) cylinder motion. Klo- 
ven and Huang (2009) studied the VIV responses and mo-
tion trajectories of a cylinder early with a dimensionless 
rotation rate of 0.5-infinity within the reduced velocity 
range of 3 – 9. The vibration response of the rotating body 
was closely related to the flow velocity, and it exhibited 
various dynamic characteristics in distinctly reduced ve-
locities. The response was characterized as VIV at a lower 
reduced velocity (Ur < 10), and galloping occurred at the 
highest reduced velocities (Braaten et al., 2007). Rotation 
can enhance or suppress responses because of the rotating 
body and the interference characteristics of the flow field. 
Enhancement and suppression can be used in energy har-
vesting and vibration control, respectively (Wong et al., 
2017). Yu et al. (2015) numerically studied VIV elimina-
tion by using a freely rotating fairing and revealed that 
VIV was completely suppressed at both low and high Rey-
nolds numbers. Large oscillations and nonsymmetric tra-
jectories were observed at a critical Reynolds number. Ro-
tating control cylinders with a reasonable rotation velocity 
were used to control the vibration of the main cylinder by 
injecting sufficient momentum into the boundary layer, 
thus resulting in a 64.56% reduction in the CF direction 
(Zhu et al., 2015). Furthermore, the gap range of rotating 
rods is critical; the reattachment of the flow on the leeward 
side of the main cylinder led to a reasonable and narrow 
wake, and the vibration was suppressed (Zhu and Gao, 
2018). Similarly, Silva-Ortega and Assi (2017) used eight 
wake-control cylinders to control the VIV of a circular 
cylinder by changing the rotation speed and diameter of 
the control cylinders. The rotating cylinders suppressed the 
peak amplitudes by approximately 70%. In contrast, eight 
nonrotating control cylinders achieved less than 99% vi-
bration suppression. Nonlinear traveling wave vibrations 
were studied by Sun et al. (2018), and some complex dy-
namic characteristics of wave vibrations were revealed. 
Tumkur et al. (2017) studied a nonlinear energy sink, which 
consisted of mass rotating cylinders and allowed for vi-
bration in the CF direction only. 

The hydrodynamic performance of the rotating cylinder 
is a complex problem in fluid mechanics. Rotating cylin-
ders find considerable applications in aerospace, energy 
development, and ocean engineering. Riserless drilling 
technology presents advantages in marine structures. Few 
studies have been conducted on the VIV of a 2-DOF ro-
tating cylinder in a uniform flow, and the coupling mecha-
nism of rotation angular velocity and flow velocity remains 
unclear. Therefore, clarifying the VIV response characteris-
tics in the current of the rotating cylinder is critical. In this 
study, the flow velocity and the rotation angular velocity 

before and after the critical rotation angular velocity were 
used as independent variables. The dynamic response of 
the 2-DOF cylinder coupling VIV was then studied by us-
ing FLUENT fluid simulation software with the user- de-
fined function (UDF) embedded. The dynamic evolution 
of the cylinder and its flow-field distribution under the 
variation of the rotation angular velocity were also inves-
tigated. 

The basic theory of numerical simulations is introduced 
in Section 2. The numerical simulation processes are pre-
sented in Section 3. The simulation conducted in this study 
is compared with results in the literature on a 2-DOF cyl-
inder and a rotating cylinder in Section 4. In Section 5, the 
dynamic response (structural displacement, vibration fre-
quency, motion trajectory, etc.) and flow-field distribution 
of the cylinder were discussed under various rotational 
angular velocities and flow velocities. Conclusions are pre- 
sented in Section 6. 

2 Numerical Methods 
2.1 Flow Model 

Two-dimensional unsteady Reynolds-averaged Navier- 

Stokes equations and the SST k- turbulence model are 
used to describe the incompressible turbulent current 
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in which ui and uj are the velocities along the i and j di-
rections, respectively; vt is the turbulence kinematic vis-
cosity; and ρ and p are the density and pressure, respec-
tively. 

The element-based finite volume method and the tur-
bulence model SST k- are adopted 
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where Gk and Gω are the turbulent kinetic energy and the 
equation for ω, respectively; Гk and Гω are the effective 
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diffusion terms for k and , respectively; Yk and Yω are 
the divergent terms for k and , respectively; and Dω, Sk, 
and Sω are the orthogonal divergence term and custom 
terms. 

2.2 Structural Model 

An elastically supported mass spring damping system 
is used to ensure equivalent structural vibration, which is 
depicted in Fig.1. The vibration control equations of a 2- 

DOF cylinder considering elastic support are second-order 
ordinary differential equations 

( ) ( ) ( ) ( )t t t D tmx cx kx F    ,           (6) 

( ) ( ) ( ) ( )t t t L tmy cy ky F    ,           (7)
 

where m, k, and c are the unit length mass, stiffness coef-
ficient, and damping coefficient, respectively; FD(t) and FL(t) 
are the lift and drag forces, respectively; and ( )ty ( )( )tx , 

( )ty ( )( )tx  and ( )ty ( )( )tx  are the displacement, velocity, 
and acceleration, respectively. The lift FL(t)1 of the struc-
ture due to the Magnus effect in the CF direction (Flem-
ing and Probert, 1984) is 

2
( )1 ( ) 1

1

2L t t LF y AC  ,              (8) 

where ρ is the fluid density, A is the cross-sectional area 
of the cylinder, and CL1 is the lift coefficient due to the 
Magnus effect. 

 

Fig.1 Structural model of the rotating cylinder. 

2.3 Discrete Method 

Uniform velocity was set as the boundary condition of 
the inlet 

,  0u U v  .                 (9) 

Zero gradient for velocity was set as the boundary con-
dition of the outlet 
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The boundary conditions of the top and the bottom are 
specified as a no-slip wall. Thus, 
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The no-slip condition is applied on the surface of the ro-
tating cylinder. The initial conditions for the cylinder are 

(0) (0)0,  0u v  ,              (12) 

(0) (0)0,  0x y  .              (13) 

The four-step Runge-Kutta method (Zou et al., 2019; 
Lou et al., 2021) is adopted to discretize and solve Eqs. (6) 
and (7), and the function f(v, y) is as follows: 
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The initial conditions are v(t = 0) = v0 and y(t = 0) = y0. There-
fore, the calculation method in IL direction is similar to the 
above. 

3 Numerical Description and Solution 
3.1 Numerical Parameters 

The distance between the inlet and cylinder’s center and 
the distance between two sides of the boundary are all 
15.0 D, and the distance between the outlet and cylinder’s 
center is 30.0 D, beyond the influence range of the bound-
ary effect (Prasanth et al., 2006). The mesh density and 
size of the computing domain obtain a suitable mesh, ac-



WANG et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2023 22: 612-626 

 

615

ceptable computing time, and accurate resolution (Lou   
et al., 2021). The fluid calculation area is set to the area 
of 45.0 D × 30.0 D. 

The rotating cylinder can vibrate with 2-DOF, and the 
parameters of spring and damping are the same in two di-
rections. Overlapping mesh technology is adopted in this 
paper. This technology has lower requirements for mesh 
topology compared with the traditional mesh and can avoid 

the negative volume problem that tends to occur during the 
dynamic update of traditional moving mesh. Thus, high 
mesh quality can always be maintained during the mesh 
movement, as shown in Fig.2. To ensure the reliability of 
the parameters, the structural parameters such as mass ratio, 
damping ratio, and mass are based on the experimental re- 
sults obtained by Wong et al. (2017, 2018). The parame-
ters of the cylinder model are shown in Table 1. 

 

Fig.2 Mesh of the computational domain. (a), overall mesh; (b), mesh near the cylinder. 

Table 1 Parameters of the cylinder model 

      Parameter Symbol Value Unit 

Diameter D 0.03 m 
Mass ratio m* 5.78 – 
Damping ratio ζ 0.0041 – 
First-order natural frequency f1 0.671 Hz 
Stiffness k 72.477 N m−1 

3.2 Simulation Conditions 

A uniform current is allowed to flow along the X- direc-
tion. The velocity is U, the reduced velocity range was 3 – 

14, and the Reynolds number range was 1800 – 8400. The 
riserless drill string is simplified as a cylinder that rotates 
counterclockwise around the axis. The rotation angular 
velocities before and after the critical rotation angular ve-
locity were used as independent variables. According to the 
required rotation velocity of the drill string (Hu et al., 2010), 
the rotation velocity range was 40 – 120 r min−1, and the 
corresponding rotation angular velocity ω ranged from 
4.19 to 12.57 rad s−1. The specific conditions and the cor-
responding dimensionless rotation angular velocities are 
presented in Table 2. 

4 Model Verification 
The two-dimensional URANS modeling of the fixed 

riser at Re = 3900 was verified, as shown in Table 3. The 
comparative analysis shows that the drag coefficient and 
Strouhal number obtained by the simulation in this paper 
are in good agreement with existing results (Norberg, 1987; 

Ong and Wallace, 1996; Franke and Frank, 2002; Cui, 2014; 
Yang, 2015). The comparison between the calculated re-
sults in this paper and those in Chen et al. (2018) is shown 
in Fig.3. The simulated frequency ratio fs / f1 and the CF 
peak amplitude yMax / D are close to the results of the ref- 

Table 2 Numerical simulation cases  

α 
Ur 

4.19 6.28 8.38 10.47 12.57 

3.0 1.04 1.56 2.08 2.60 3.12 
3.5 0.89 1.34 1.78 2.23 2.68 
4.0 0.78 1.17 1.56 1.95 2.34 
4.5 0.69 1.04 1.39 1.73 2.08 
5.0 0.62 0.94 1.25 1.56 1.87 
6.0 0.52 0.78 1.04 1.30 1.56 
7.0 0.45 0.67 0.89 1.11 1.34 
8.0 0.39 0.59 0.78 0.98 1.17 
9.0 0.35 0.52 0.69 0.87 1.04 
10.0 0.31 0.47 0.62 0.78 0.94 
11.0 0.28 0.43 0.57 0.71 0.85 
12.0 0.26 0.39 0.52 0.65 0.78 
13.0 0.24 0.36 0.48 0.60 0.72 
14.0 0.22 0.33 0.45 0.56 0.67 

Table 3 Comparison between the results of this paper      
and related references 

    Reference  Cd  St
 

Cui (2014) 0.94 0.180 

Franke and Frank (2002) 0.99 0.209 
Yang (2015) 0.97 0.201 
Norberg (1987) 0.99 – 
Ong and Wallace (1996) – 0.215 
This paper 0.99 0.202 
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erences. Therefore, the calculation results of the flow 
around the cylinder and the two-dimensional URANS mo- 
deling are reliable. 

The dynamic response of a rotating cylinder coupling 
VIV is less studied than that of a 2-DOF VIV model. The 
authors chose the same structural parameters as those used 
by Zou et al. (2019) and obtained the average dimen-
sionless displacement of the rotating cylinder under the 
excitation of the current. When the direction of rotation was 
consistent with the direction of the incoming flow, low 
pressure was generated on one side of the cylinder, and 

high pressure was generated on the other side. Fig.4(a) re-
veals that the lift of a rotating cylinder increases with the 
rotation angular velocity, leading to an increased magni-
tude of average dimensionless displacement, which is con-
sistent with the conclusion obtained by Zou et al. (2019). 
Few differences are found between the calculation results 
in this paper and the literature results, and the maximum 
error in the CF direction is 8.9%, which is within the al-
lowable error range. Thus, the accuracy of the custom 
function UDF and the reliability of the fluid-structure 
coupling calculation model are ensured. 
     

 

Fig.3 Comparison of calculation results. (a), frequency ratio; (b), peak amplitude. 

 

Fig.4 Average dimensionless displacement of the rotating cylinder. (a), CF; (b), IL. 

5 Results and Discussion 
The VIV responses of a nonrotating cylinder with 2-DOF 

are given. Figs.5 and 6 show the dimensionless displace-
ment and frequency response of the VIV of a 2-DOF non-
rotating cylinder, respectively. Figs.5(a) and 5(b) present 
the maximum values of the dimensionless displacements of 
the cylinder. Fig.6(a) reveals the variation of the dimen-
sionless dominant frequency fy / f1 of lift versus the reduced 
velocity, where f1 is the first-order natural frequency ob-

tained from the free attenuation test (Wong et al., 2017, 
2018), with a value of 0.671 Hz. The analysis revealed that 
in the range of 4.5 ≤ Ur ≤ 7, the dimensionless dominant 
frequency of the lift remained stable, and the vortex shed-
ding frequency of the cylinder was close to its natural fre- 
quency. The dimensionless displacement amplitude in-
creased sharply, especially in the CF direction, and the 
lock-in region was achieved. Fig.6(b) shows the ratio of 
dimensionless dominant frequencies in CF and IL directions 
fluctuates around 2, which is consistent with the findings of 
other studies (Gao et al., 2015). 
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Fig.5 Amplitude response of the 2-DOF nonrotating cylinder. (a), CF; (b), IL. 

 

Fig.6 Frequency response of the 2-DOF nonrotating cylinder. (a), dominant frequency in the CF direction; (b), frequency 
ratio of IL and CF directions. 

5.1 Structural Response Analysis 

5.1.1 Displacement response 

Fig.7 shows average dimensionless displacements of the 
cylinder in the CF and IL directions under a uniform cur-
rent at various rotation angular velocities. In the CF direc-
tion, the average dimensionless displacement of the rotat-
ing cylinder versus the rotation angular velocity exhibited 
an increasing trend due to the increased pressure differ-
ence between the two sides of the cylinder with the rota-
tion angular velocity. As a result, the Magnus effect be-
came more pronounced. This finding is consistent with the 
conclusions of Bourguet and Jacono (2014) and Munir et al. 
(2018). 

In the IL direction, the average dimensionless displace-
ments of the rotating cylinder were larger than that of the 
nonrotating cylinder when ω = 4.19 and 6.28 rad s−1, closest 
to that of the nonrotating cylinder when ω = 8.38 rad s−1, 
and lower than that of the nonrotating cylinder when ω = 

10.47 and 12.57 rad s−1 in the range Ur ≤ 13. This result 
indicates that the average dimensionless displacement in 
the IL direction increased at a certain rotation angular ve-
locity. However, with the continued increase in the rota-

tion angular velocity, the IL dimensionless displacement 
was suppressed to a certain extent. The overall CF and IL 
average dimensionless displacements revealed an increas-
ing trend versus reduced velocity but within 4.5 ≤ Ur ≤ 7, 
the CF average dimensionless displacements appeared to 
first decrease and then increase; this phenomenon was more 
pronounced especially in the IL direction. The correspond-
ing range of this phenomenon was the lock-in region of the 
nonrotating cylinder, during which the VIV influenced the 
average dimensionless displacement of the rotating cyl-
inder considerably. 

To study the influence of VIV on the dimensionless dis-
placement of the rotating cylinder and eliminate the in-
fluence of the Magnus effect and the flow on the initial 
displacement of the cylinder, Fig.8 illustrates a compari-
son of the maximum dimensionless amplitude of the ro-
tating cylinder at the equilibrium position and the nonro-
tating cylinder. 

In the CF direction, for the lower-rotation angular ve-
locity conditions (ω = 4.19, 6.28, and 8.38 rad s−1), the ro-
tating cylinder functioned as a nonrotating cylinder at low 
reduced velocities. The maximum dimensionless ampli-
tude versus the reduced velocity displayed an increasing 
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trend, and a peak value was reached near the lock-in region 
of the nonrotating cylinder. The amplitude revealed a down- 
ward trend. However, for high-rotation angular velocity 
conditions (ω = 10.47, 12.57 rad s−1), the maximum dimen-
sionless amplitude was small (in the range of Ur ≤ 4.5), 
and the dimensionless rotation angular velocity (2–3) of 
the rotating cylinder was larger than in other conditions, 
which reveals that the CF amplitude of VIV can be re-
strained under high nondimensional rotation angular ve-
locities. Moreover, the high-amplitude region became nar-
rower as the rotation angular velocity increased. When Ur 

≥ 8, the maximum dimensionless amplitude of the rotating 
cylinder was larger than that of the nonrotating cylinder. 
In this range, the dimensionless rotation angular velocity 

 ≤ 1 can promote the amplitude of VIV. 
In the IL direction, the peak values of the maximum di-

mensionless amplitude corresponding to the conditions of 
ω = 4.19, 6.28, 8.38, 10.47, and 12.57 rad s−1 were 0.428, 
0.557, 0.591, 0.592, and 0.537, respectively. With the in-
crease in the rotation angular velocity, the peak value of 
the maximum dimensionless amplitude first increased and 
subsequently decreased. However, under most simulation 
conditions, the peak value of IL maximum dimensionless 
amplitude was greater than that of the nonrotating cylin-
der, especially in the nonrotating cylinder lock-in region 
(4.5 ≤ Ur ≤ 7). As a result of the Magnus effect, the IL am-
plitude reached the CF amplitude, which caused a larger 
variation in the IL amplitude than that in the CF direction. 

 

Fig.7 Average dimensionless displacement of the rotating cylinder at ω = 4.19, 6.28, 8.38, 10.47, and 12.57 rad s−1. (a), CF; 
(b), IL.  

 

Fig.8 Maximum dimensionless amplitude of the rotating cylinder at ω = 4.19, 6.28, 8.38, 10.47, and 12.57 rad s−1. (a), CF; 
(b), IL. 

5.1.2 Frequency response 

Fig.9 displays the CF dimensionless dominant frequency 
of the rotating cylinder under uniform incoming flow ver- 
sus the reduced velocity and reveals the result of a non- 
rotating cylinder for comparison. At the same reduced ve- 
locity, the dimensionless dominant frequency of the ro- 

tating cylinder was generally smaller than that of the non- 
rotating cylinder. At low-rotation angular velocities ( = 

4.19, 6.28 rad s−1), the amplitude and trend of the CF di- 
mensionless dominant frequency of the rotating cylin-  
der were almost the same as those of the nonrotating cyl- 
inder. At high-rotation angular velocities ( = 8.38, 10.47, 
and 12.57 rad s−1) and low reduced velocities, the trend of 
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the dimensionless dominant frequency of a rotating cylin- 
der differed considerably from that of a nonrotating cyl- 
inder. 

In Fig.10, the ordinate represents the dimensionless do- 
minant frequency, the abscissa represents the reduced ve-
locity, and the color represents the power spectral density. 
Figs.9 and 10 present that the rotating cylinder does not 
have a definite lock-in region, but a frequency stability 
region of 0.5 < fy / f1 < 1 is found in the range of 3 ≤ Ur ≤ 8. 
The dimensionless dominant frequency remained unchang- 
ed within this range. Although the frequency stability re-
gion of the  = 12.57 rad s−1 condition was the widest, its 
vibration intensity was the weakest. Compared with that in 
nonrotating conditions, the vibration energy accumulation 
of the rotating cylinder in the stable frequency range was 
considerable, and the frequency step phenomenon appeared 
near Ur = 6, revealing high-order harmonic vibration char-
acteristics. 

For a nonrotating cylinder under a uniform current, the 
ratio of the dominant frequency in the IL direction to the 
CF direction is always 2 (Jiménez-González and Huera- 

Huarte, 2018; Ma et al., 2020); without a current, this ratio 
is always 1 (Zou et al., 2019). Fig.11 displays the ratio of 
the IL dominant frequency to the CF dominant frequency 
under uniform flow. The CF dominant frequency of the  

rotating cylinder is the same as the IL dominant frequency 
at high-rotation angular velocities (ω = 8.38, 10.47, and 
12.57 rad s−1). However, at low-rotation angular velocities 
(ω = 4.19, 6.28 rad s−1) and higher flow velocities (Ur ≥ 10), 
the ratio of the dominant frequency in the IL direction to 
the CF direction is 2 because of the combined action of  

 

Fig.9 Dimensionless dominant frequencies of the rotating 
cylinder in the CF direction at ω = 4.19, 6.28, 8.38, 10.47, 
and 12.57 rad s−1.

 

Fig.10 Power spectral density contour of the rotating cylinder (ω = 4.19, 8.38, and 12.57 rad s−1) and nonrotating cylinder (ω 

= 0) versus the reduced velocity in the CF direction. 
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Fig.11 Dominant frequency ratios of the rotating cylinder 
at ω = 4.19, 6.28, 8.38, 10.47 and 12.57 rad s−1. 

the forced rotation load and the uniform current. At low- 
rotation angular velocities (ω = 4.19, 6.28 rad s−1) and higher 
flow velocities (Ur ≥ 10), the rotating angular velocity was 
lower than the flow velocity, and the vibration frequency 
of the rotating cylinder was dominated by VIV, which re-
vealed typical characteristics of VIV. The frequency re-
sponses of two extreme-rotation angular velocities (ω = 4.19, 
12.57 rad s−1) are presented in Fig.12 for further analysis 
of this phenomenon. A comparison of Figs.12(b), 12(d), 
and 12(f) reveals that the rotating cylinder has both VIV 
and rotating Magnus effect under uniform currents and at 
a highly reduced velocity when ω = 4.19 rad s−1, the power 
spectral density of VIV exceeds that caused by rotation. In 
contrast, at ω = 12.57 rad s−1, the VIV frequency in the IL 
direction is almost suppressed by rotation. Therefore, the 
ratio of the domi nant frequency is 1. 

 

 

Fig.12 Frequency responses of the rotating cylinder and nonrotating cylinder versus the reduced velocity in the CF and IL 
directions. (a) (b), ω = 0; (c) (d), ω = 4.19 rad s−1; (e) (f), ω = 12.57 rad s−1. 
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5.1.3 Vibration trajectories 

The trajectory could be used to visualize the dynamic 
response of the structure. Fig.13 illustrates the trajectories 
versus the reduced velocity at t = 40 – 55 s; the nonrotating 
cylinder was provided for comparison, as displayed in Fig. 
13(a). The trajectory of the nonrotating cylinder presents 
a standard figure-eight shape, which appeared because the 
vibration frequency in the IL direction is twice that in the 
CF direction, and the CF amplitude differs greatly from 
that in the IL direction. Kang et al. (2016) and Wang et al. 
(2021) experimentally observed the typical figure-eight 
phenomenon in the VIV of a 2-DOF cylinder. Before the 

lock-in region, the vibration trajectory increased as the 
reduced velocity increased. In the lock-in region, the CF 
amplitude suddenly increased, especially when Ur = 5 – 7. 
The initial CF position of the nonrotating cylinder trajec-
tory was always maintained at y/D = 0, which corresponded 
to the average dimensionless displacement in Fig.7(a). Non- 

rotating conditions can provide a reference for the vibration 
trajectory of a rotating cylinder. Next, the trajectory cou- 
pling rotation effect is discussed in detail. 

The vibration trajectories of the cylinder at various ro-
tation velocities are displayed in Figs.13(b) – (f). The vi-
bration trajectory of the cylinder was not always a fig-
ure-eight shape, especially in the region of 4.5 ≤ Ur ≤ 7. 

 

 

Fig.13 Trajectories of the rotating cylinder at different rotational angular velocities. 
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The vibration trajectory presented a closed circular ring 
shape, such as when ω = 4.19 rad s−1 at Ur = 4, because the 
CF and IL frequencies were equal and the CF and IL di-
mensionless displacement amplitudes were similar. The 
cylinder vibration trajectory was unstable in the IL direc-
tion when ω = 4.19 rad s−1 at Ur = 5. The IL amplitude was 
considerably higher than the nonrotating conditions with 
a periodic elliptical shape. As the reduced velocity in-
creased, the vibration trajectory tended to be stable, and the 
CF amplitude was generally lower than that of the nonro-
tating conditions. Trajectories were circular and elliptical 
shapes at ω = 6.28, 8.38 rad s−1, and flat figure-eight vibra-
tion trajectories appeared at Ur = 12–14 at the two rotation 
angular velocities, which differed from that of the ω = 

4.19 rad s−1. When the rotation angular velocity increased, 
the amplitudes in the two directions were close. As the 
reduced velocity and rotation angular velocity increased, 
the centroid of the forced rotating cylinder’s trajectory de- 

viated from the initial position (x/D = 0, y/D = 0). The for-
mer (trajectory deviated from x/D = 0) was the initial posi-
tion caused by the increase in the flow velocity and the 
latter (trajectory deviated from y/D = 0) was due to the  
Magnus effect. The trend is consistent with the average 
dimensionless displacement result in Fig.7. 

5.2 Flow-Field Analysis 

5.2.1 Lift and drag coefficients 

Fig.14 illustrates the average lift and drag coefficients 
(Clmean, Cdmean) and the standard deviation of the lift and 
drag coefficients (Clstd, Cdstd) versus reduced velocity. The 
average value of lift and drag coefficients can reflect the 
characteristics under the combined effect of rotation and 
VIV. Standard deviation can describe the degree of data 
deviation from the average value, and the degree of dis-
persion reflects the amplitude variation of VIV. 

 

Fig.14 Lift and drag coefficients. (a) (c), average value; (b) (d), standard deviation. 

As shown in Fig.14(a), the mean lift coefficient (Clmean) 
of the nonrotating cylinder under the uniform flow is main- 
tained at 0. As a result of the Magnus effect, the absolute 
value of the average lift coefficient of the rotating cylin-
der is considerably greater than that of the nonrotating cyl-
inder and is larger at reduced velocities. At all reduced 
velocities when ω = 4.19, 6.28, 8.38, and 10.47 rad s−1, the 
average lift coefficient increases with the rotation angular 

velocity; at the same rotation angular velocity, the aver-
age lift coefficient first increases and subsequently de-
creases in the lock-in region of the nonrotating cylinder. 
Simultaneously, as shown in Fig.14(b), the standard de-
viation of the lift coefficient (Clstd) increases with the re-
duced velocity and reaches the maximum value at Ur = 4.5 
(ω = 4.19, 6.28, 8.38 rad s−1), Ur = 5 (ω = 10.47 rad s−1), and 
Ur = 6 (ω = 12.57 rad s−1), which were within the lock-in 
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region of the nonrotating cylinder. Khalak and William-
son (1999) and Munir et al. (2018) observed the maxi-
mum Clstd between the initial branch and the upper branch 
in free vibration experiments, and the maximum value was 
observed at Ur = 4 of the nonrotating cylinder in this study. 
At the upper and lower branch boundaries for the low- 

mass damping system, Khalak and Williamson (1999) re-
vealed that the phase difference between the lift coefficient 
and the displacement varies from 0˚ to 180˚ (Fig.14(b)). 
This variation in phase corresponded to a considerable re-
duction in the standard deviation of the lift coefficient. 

Figs.14(c) and 14(d) reveal that the drag coefficient is 
closer to the nonrotating cylinder at a low-rotation angu-
lar velocity, and the mean and standard deviation of the 
drag coefficient of the rotating cylinder reached the peak 
value in the lock-in region of the nonrotating cylinder. The 
high-amplitude vibration increased the resistance. In the 
range of Ur ≥ 8, the average value of the drag coefficient 

increased gradually, and the ascent speed versus the re-
duced velocity decreased gradually, stabilized, and moved 
closer to the nonrotating cylinder. When ω = 8.38, 10.47, 
and 12.57 rad s−1, in the ranges of Ur ≤ 3.5, Ur ≤ 4.5, and Ur 

≤ 5, the average drag coefficient decreased versus reduced 
velocity, and the drag coefficient of ω = 12.57 rad s−1 was 
lower than that in the nonrotating condition. Similar to the 
standard deviation of the lift coefficient, when the cylin-
der was subjected to a single-frequency harmonic external 
load, the phase between the displacement and the force of 
the cylinder can be 0˚ or 180˚, and the coefficient standard 
deviation exhibited the largest decrease at the lower bound- 
ary of the lock-in region. 

5.2.2 Near-wake structure 

Fig.15 displays the vorticity of the rotating cylinder wake 
vortices at various rotation angular velocities. The equiva-
lent vorticity values are marked with contour lines in the  

 

Fig.15 Near-wake structure of the rotating cylinder at Ur = 6. 
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diagram, and the scale was limited to the range of [−5, 5]. 
First, a nonrotating condition was compared (Fig.15(a)). 
For the rotating cylinder, the wake vorticity diagram re-
vealed that at a relatively low-rotation angular velocity, 
two counter-rotating vortices fall off in each period, and 
the wake deflects marginally to the positive direction of 
the Y-axis, as displayed in Figs.15(b) and 15(c). In essence, 
the deflection of the wake was caused by the asymmetry of 
the lift caused by the Magnus effect. The rotation resulted 
in the asymmetry of positive and negative eddy current 
strength and the upward deviation of wake flow (Mittal 
and Kumar, 2003). 

To study the near-wake structure of a rotating cylinder 
versus the rotation angular velocity, Figs.16(a) – (c) display 
how the vorticity contour image versus the reduced veloc-
ity changed, with ω = 12.57 rad s−1 taken as an example. For 
high-rotation angular velocity and low reduced velocity, 
the wake width was narrow and no vortex shedding oc-

curred from the cylinder, which corresponded to the U- 

shaped wake (Bourguet and Jacono, 2014). The U-shaped 
wake itself will lead to a large amplitude. However, be-
cause no vortex shedding occurs, a small amplitude is 
caused by VIV, which is consistent with the conclusion in 
Fig.8. Typically, U-shaped wakes generally appear at high- 
er nondimensional rotation angular velocities for a rotat-
ing cylinder. 

At high reduced velocities (Ur ≥ 6), the vortex mode 
changed to 2S (Gabbai and Benaroya, 2005). First, one 
vortex (S) fell off the cylinder, another vortex (S) was gen-
erated, and two vortices (2S) were separated from the sur-
face of the rotating cylinder. As the reduced velocity in-
creased gradually, the vortex shedding steadily became 
regular and gradually moved closer to the nonrotating cyl-
inder vortex shedding mode. However, the difference was 
that the nonrotating cylindrical wake had a wider range. 
In contrast, the vortex shedding was compact and the wake  

 

Fig.16 Near-wake structure of the rotating cylinder at ω = 12.57 rad s−1. (a), Ur = 3; (b), Ur = 4; (c), Ur = 5; (d), Ur = 6; (e), Ur = 

10; (f), Ur = 14. 
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width was narrow under the condition of the rotating an-
gular velocity. This feature became obvious as the reduced 
velocity increased. 

6 Conclusions 
The dynamic response of a 2-DOF rotating cylinder cou-

pling VIV was simulated numerically based on the UDF 
program. The dynamic response of the drill string without 
a riser under various rotation angular velocities, such as vi- 
bration frequency, displacement, vibration trajectory, force 
coefficient, and vortex off mode, is obtained. The conclu-
sions are as follows: 

1) Under uniform flow, the nonrotating cylinder is al-
ways in the equilibrium position to generate self-excited 
and self-limiting periodic vibrations. As a result of the Mag- 
nus effect, the CF average dimensionless displacement of 
the rotating cylinder increases with the rotation angular 
velocity, whereas the IL average dimensionless displace-
ment decreases versus rotation angular velocity. The up-
per and lower branches of the VIV are visible in the CF 
amplitude response of the rotating cylinder. At high di-
mensionless rotation angular velocities, the CF amplitude 
of VIV is suppressed, whereas it is promoted at lower di-
mensionless rotation angular velocities. 

2) Rotation causes the CF vibration frequency to be equal 
to the IL vibration frequency, and the IL displacement ap-
proaches the CF displacement. In addition, the Magnus ef- 
fect has a greater influence on the IL displacement than 
on the CF displacement. However, for the higher reduced 
velocity with low-rotation angular velocity conditions, the 
vibration frequency of the rotating cylinder is dominated 
by the VIV, and typical VIV characteristics appear. 

3) The vibration trajectory of the rotating cylinder de-
viates from the figure-eight shape and tends to be oval or 
circular. The wake of the cylinder is deflected in the CF 
direction because of the asymmetry of the lift caused by 
the forced rotation. 2S and U-shaped vortices are obtained 
in the wake structure of the rotating cylinder. VIV is sup-
pressed because no vortex shedding occurs behind the cyl-
inder at high-rotation angular velocities with low reduced 
velocities. 
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