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A B S T R A C T   

Numerical investigations on vortex-induced vibration (VIV) of a flexible cylinder with different length to 
diameter ratios, named the aspect ratio (L/D), ranging from 167 to 667 in an oscillatory flow have been con-
ducted by the viv-FOAM-SJTU solver. The solver is developed based on the open source toolbox OpenFOAM and 
the two-dimensional (2D) strip theory. Hydrodynamic forces are calculated through the PIMPLE algorithm in 
each 2D fluid strip. The Finite Element Method (FEM) combined with the Newmark-β method are used to 
calculate vibrations of the flexible cylinder in both crossflow and inline directions. The cylinder model is pinned 
at both ends with top and bottom support frames forced to harmonically oscillate in the inline direction, which 
contributes to the generation of a relative oscillatory flow between the still water and the flexible cylinder. Mesh 
and fluid strip convergence studies are conducted to choose the appropriate computational model for subsequent 
simulations. Simulation results and experiment results are in good agreement that verifies the validity of the 
solver. Comparisons among simulations with different aspect ratios are analyzed detailedly. The maximum vi-
bration amplitude, the dominant vibration mode and the non-dimensional dominant vibration frequency in both 
directions are enlarged apparently with the increase of the cylinder aspect ratio. The typical vibration trajectory 
changes from the butterfly type to the stripe type with L/D increases.   

1. Introduction 

When the viscous flow with a certain velocity goes through a circular 
cylinder, vortices will be generated on the cylinder surface and then 
shed behind the cylinder. The asymmetric vortex shedding contributes 
to the fluctuated lift force in the cross-flow direction, which then leads to 
the VIV phenomenon. When the vortex shedding frequency approaches 
around the cylinder natural frequency, the resonance phenomenon 
happens and the vibration amplitude will be amplified obviously. In 
deep sea oil and gas exploitation, VIV of the marine riser is one of the 
main sources resulting in the fatigue damage. During the past decades, 
VIV features of a single cylinder had been studied extensively by re-
searchers, such as Williamson and Govardhan (2004), Sarpkaya (2004), 
Huang et al. (2009), Ji et al. (2015), Chen et al. (2016) and Wan and 
Duan (2017). In order to predict VIV response of the deep sea riser, the 
2D strip method was proposed by Willden and Graham (2001, 2004) and 
benchmark simulations were conducted to verify its validity. 

Meanwhile, the multi-modes vibration phenomenon was observed when 
the cylinder aspect ratio was extremely large. Yamamoto et al. (2004) 
and Sun et al. (2012) also adopted this method to carry out VIV re-
searches. Simulation results were in good agreement with published 
data and experiment results, which further verified the validity of the 
strip method. 

Researches on VIV of a flexible cylinder in the oscillatory flow are 
comparatively fewer than that in the steady flows. The relative oscilla-
tory flow is generated between the marine riser and the water due to the 
periodical top end oscillation of the riser connected to the floating 
platform, which results from the effects of winds, waves and currents in 
the ocean environment. The complexity of the oscillatory flow leads to 
different VIV responses of the cylinder from that in the steady flow. 
Therefore, VIV of a rigid cylinder in oscillatory flow was studied firstly 
to capture its vibration and vortex shedding features. Williamson (1985) 
and Sarpkaya (1986) conducted experiments on VIV of a rigid cylinder 
in the relative oscillatory flow systematically and representative vortex 
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shedding regimes were identified within a particular range of 
Keulegan-Carpenter (KC) Numbers. Bearman (1989) studied the effects 
of KC numbers and Stokes numbers through the experimental method, 
while different vortex shedding regimes were observed too. In order to 
deeply understand the vibration responses, Sumer and Fredsøe (1988) 
carried out experiments on transverse vibration of a rigid cylinder 
exposed to the oscillatory flow with KC numbers ranging from 5 to 100. 
Kozakiewicz et al. (1997) and Zhao et al. (2012) carried out experiments 
and numerical simulations on VIV of a fixed and a freely vibrating cir-
cular cylinder in relative oscillatory flow with different reduced veloc-
ities at KC = 10 and 20 respectively. They found that the vortex 
shedding direction and wake structures changed apparently due to the 
crossflow vibration of the cylinder. Zhao et al. (2012) also concluded 
that the reduced velocity presented significant effects on the 
XY-trajectory mode of the cylinder. And the maximum crossflow vi-
bration amplitude was comparatively smaller than that in the inline 
direction when the reduced velocity was extremely large. Further, Zhao 
et al. (2013a, 2013b) carried out simulations on VIV of a cylinder with 
one-DoF (Degree of Freedom) and two-DoFs experiencing the oscillatory 
flow and the mixed flow respectively. 

Nehari et al. (2004) concentrated on the numerical method effects to 
VIV response of a circular cylinder between three-dimensional (3D) and 
two-dimensional (2D) models. Scandura et al. (2009) investigated 
vorticity dynamics and forces induced by the oscillatory flow over a 
circular cylinder adopting the Direct Numerical Simulation (DNS) 
method. Zhao and Cheng (2014) also conducted researches on vortex 
shedding regimes of two circular cylinders in tandem and side-by-side 
arrangements using 2D model. Effects of KC numbers and gap ratios 
between two cylinders were mainly investigated. Tong et al. (2015) 
focused on flow patterns of four cylinders in square arrangement 
exposed to the oscillatory flow under low KC numbers and Reynolds (Re) 
numbers. Flow patterns were classified based on the known flow regimes 
around a single cylinder. Pearcey et al. (2017) performed 2D in-
vestigations on transverse vibration of two rigid connected cylinders 
with different diameter at KC = 10. Orientation and gap effects were 
mainly studied varying from the tandem arrangement to the side-by-side 
arrangement. The specific intermittent switch among different vortex 
regimes was observed. Munir et al. (2018) carried out 2D numerical 
simulations considering the plane boundary effects. Simulations were 
conducted at KC = 5 and 10 with the reduced velocities varied from 1 to 
15, while four gap ratios between the cylinder and the plane were 
mainly investigated. It was found that the plane boundary played sig-
nificant effects in the crossflow vibration response of the cylinder. 
Non-vortex shedding regime was observed at large reduced velocity at 
KC = 10 resulting from absorption effects of shear layers generated from 
the plane boundary to vortices. Meanwhile, Fonias and Grigoriadis 
(2018) also carried out similar researches using the 3D simulation 
model. They found that the suppression of the boundary layer separation 
phenomenon would happen when the gap ratio was smaller than 0.05. 

Nevertheless, VIV of a long flexible cylinder showed quite different 
vibration characteristics resulting from the axial deformation. Fu et al. 
(2013) and Wang et al. (2014) carried out experiments on VIV of a 
flexible cylinder in the oscillatory flow at KC = 178 and 84 respectively. 
The specific “Building up – Lock in – Dying out” VIV developing process 
was proposed. Effects of the oscillating period on VIV features were 
studied. Furthermore, Wang et al. (2015) studied the fatigue damage 
induced by VIV in the oscillatory flow adopting an empirical VIV pre-
dicting model. Thorsen et al. (2016) and Yuan et al. (2018) also pro-
posed semi-empirical models to predict VIV response in the oscillatory 
flow. Based on experiments of Wang et al. (2014), Fu et al. (2018) 
carried out numerical simulations at the same condition and compared 
with experiment results detailedly. Ren et al. (2019) carried out exper-
iments on VIV of a flexible cylinder fitted with helical strakes in the 
oscillatory flow with KC numbers varying from 21 to 165. Effects on VIV 
suppression features from the helical strakes are mainly studied. How-
ever, most previous researches mainly concentrated on comparatively 

Fig. 1. Layout of the model experiments (Fu et al., 2013).  

Table 1 
Main parameters of the flexible cylinder.   

Symbols Values Units 

Mass ratio m* 1.53 - 
Diameter D 0.024 m 
Length L 4 m 
Bending stiffness EI 10.5 Nm2 

Top tension Tt 500 N 
The first natural frequency fn1 2.68 Hz 
The second natural frequency fn2 5.46 Hz 
Keulegan-Carpenter number KC 178 -  

Fig. 2. The schematic diagram of the 2D strip method.  

Fig. 3. Layout of the computational model.  
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low aspect ratio, which was smaller than 200. Actually, VIV of a flexible 
cylinder with large aspect ratio shows more complicated characteristics, 
such as extreme high vibration mode, the travelling wave phenomenon, 
multi-modes vibration and etc. Lie and Kaasen (2006) carried out ex-
periments of a large-scale cylinder in the sheared flow with the aspect 
ratio reached 3000. The maximum 29th vibration mode and the obvious 
travelling wave phenomenon along the cylinder span were observed. Xu 
et al. (2008) adopted the wake oscillator model to study VIV of a flexible 
cylinder with high aspect ratio in uniform and sheared flows. They 
found that nonlinear effects become more significant with the increase 
of the cylinder aspect ratio. Duan et al. (2017) also studied VIV re-
sponses in uniform and sheared flow conditions with the cylinder aspect 
ratio ranging from 500 to 1000. They found that the multi-modes vi-
bration phenomenon become more obvious especially at high aspect 
ratios. 

Although abundant researches of a large-scale flexible cylinder in 
steady flow conditions had been conducted using both experimental and 
numerical methods, studies on VIV in the oscillatory flow with similar 

cylinder model were limited. Hence, effects of the cylinder aspect ratio 
to VIV responses in the oscillatory flow are mainly studied in this paper 
using the viv-FOAM-SJTU solver based on experiments of Fu et al. 
(2013) and simulations of Fu et al. (2018). The cylinder aspect ratio 
varies from 167 to 667. Particular variations on the mode transition 
phenomenon in the half oscillatory period and vibration trajectories 
along the cylinder are analyzed. This paper is organized as followed: the 
numerical method used in this paper is introduced in Section 2, followed 
by validation studies in section 3, including the mesh convergence 
study, the fluid strip number convergence study and the verification 
study of the solver. Simulation results and corresponding discussions are 
presented in section 4. Finally, Section 5 gives a brief summary. 

2. Numerical method 

2.1. Problem description 

In this paper, the fundamental simulation is carried out referring to 

Fig. 4. Computational domain and mesh around the cylinder surface of each fluid strip.  
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experiments of Fu et al. (2013). The layout of model experiments is 
shown in Fig. 1. The water keeps still and support frames at both ends of 
the horizontal flexible cylinder are forced to oscillate in the inline di-
rection (x direction), while the cylinder is allowed to freely vibrate in the 
crossflow direction (y direction). Main parameters of the cylinder model 
are listed in Table 1. The periodical oscillation of support frames can be 
expressed as Eq (1) and Eq (2): 

A(t)=Am⋅sin
(

2π
T

t
)

(1)  

U(t)=
2π⋅Am

T
⋅cos

(
2π
T

t
)

= Um⋅cos
(

2π
T

t
)

(2)  

where A is the oscillating amplitude at time t; Am is the maximum 

Fig. 5. Comparison of non-dimensional vibration displacement STD of the cylinder among different mesh resolutions in both directions.  

Fig. 6. Comparison of non-dimensional vibration modal weights STD of the cylinder among different mesh resolutions in both directions.  

Fig. 7. Comparison of non-dimensional vibration displacement STD of the cylinder among different number of fluid strips in both directions.  
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oscillating amplitude; T is the oscillating period; U is the oscillating 
velocity at time t;Um is the maximum oscillating velocity of support 
frames. 

The relative oscillatory flow between the still water and the oscil-
lating cylinder can be represented by the KC number, which denotes the 
connection between the maximum oscillating amplitude and the diam-
eter of the flexible cylinder as shown in Eq (3): 

KC =
2π⋅Am

D
(3)  

where D is the diameter of the cylinder. 

2.2. Two-dimensional strip theory 

For a flexible cylinder with large aspect ratio, the direct numerical 
simulation of the 3D fluid field will cost super-abundant computational 
resources and time. In order to solve this problem, Willden and Graham 
(2001, 2004) put forward the 2D strip method in predicting VIV re-
sponses of long flexible cylinders. This method simplifies the 3D fluid 
field into several 2D fluid strips equally distributed along the cylinder 
span. Hydrodynamic forces are calculated in each 2D strip, which then 
are applied to structural elements. After the computation of vibrations, 
nodal displacements are interpolated to the corresponding fluid strips to 
update the dynamic mesh and then start the next cycle of computation. 
The schematic diagram of the 2D strip method is shown in Fig. 2. This 
method is very appropriate for solving Fluid and Structure Interaction 
(FSI) problems with supramaximal computation domain. It owns high 
computational efficiency and the computational accuracy is reliable 
comparing with DNS method, which has been verified through previous 
researches, such as Meneghini et al. (2004) and Yamamoto et al. (2004). 

In present study, all simulations are carried out using the viv-FOAM- 
SJTU solver, which is developed based on the open source toolbox 
OpenFOAM and the 2D strip method. Hydrodynamic forces acted on the 
cylinder are computed from viscous forces and pressure forces using the 
PIMPLE algorithm in the OpenFOAM, integrated over the surface of the 
cylinder in each fluid strip. The connection among all fluid strips is 
achieved through the inline and crossflow vibrations of the cylinder 
calculated from the structural field using the FEM method with the 
Newmark-β algorithm. The reliability of the solver in predicting VIV 
responses in steady flows has been verified by Duan et al. (2016a) where 
the benchmark simulation results have been compared with the exper-
iment results in detail. Employing this solver, Duan et al. (2016b, 2018) 
and Wang et al. (2019) have conducted abundant numerical in-
vestigations on VIV of a single flexible cylinder in uniform, sheared and 
stepped flows respectively. 

2.3. Hydrodynamic governing equations 

In order to obtain VIV responses, hydrodynamic forces in both di-
rections should be calculated first. During the simulation, the flow field 

is supposed to be incompressible with constant dynamic viscosity μ and 
constant density ρ. Reynolds-averaged Navier-Stokes equations (RANS) 
are chosen as hydrodynamic governing equations expressed in Eq (4) 
and Eq (5). The SST k-ω turbulence model is used to compute the Rey-
nolds stress and no wall functions are used in present study. Fu et al. 
(2018) and Zhao (2013) also adopted the same numerical methods to 
investigate VIV responses of a flexible and a circular cylinder experi-
encing an oscillatory flow respectively and verified its reliability. 

∂ui

∂xi
= 0 (4)  

∂
∂t

(

ρui

)

+
∂

∂xj

(

ρuiuj

)

= −
∂p
∂xi

+
∂

∂xj

(

2μSij − ρu′

ju
′

i

)

(5)  

where Sij = 1
2

⎛

⎝∂ui
∂xj

+
∂uj
∂xi

⎞

⎠is the mean rate of the strain tensor; − ρu′

ju
′

i 

refers as the Reynolds stress τij computed by τij = − ρuj
′ui

′
= 2μtSij −

2
3 ρkδij, whereμtis the turbulent viscosity andk = (1 /2)ui

′ui
′ is the tur-

bulent energy calculated from the fluctuating velocity field; δij is the 
Kronecke’s function. 

The SST k-ω turbulence model put forward by Menter (1993) consists 
of the turbulence kinetic energy k and the turbulence dissipation rate ω. 
Transport equations of k and ω can be written as Eq (6) and Eq (7): 

∂(ρk)
∂t

= τij
∂ui

∂xj
− β*ρωk +

∂
∂xj

[

(μ+ σkμt)
∂k
∂xj

]

(6)  

∂(ρω)

∂t
=

γ
νt

τij
∂ui

∂xj
− βρω2 +

∂
∂xj

[

(μ+ σωμt)
∂ω
∂xj

]

+ 2(1 − F1)
ρσω2

ω
∂k
∂xj

∂ω
∂xj

(7)  

where νt =
ρa1k

max(a1ω,ΩF2)
is the eddy viscosity; Ω is the vorticity; F1 is the 

hydrodynamic function transiting k-ω model in the near wall to the k-ε 
model in outside the cylinder surface, which is defined as followed: 

ϕ=F1ϕ1 + (1 − F1)ϕ2 (8)  

F1 = tanh
(
arg4

1

)
(9)  

arg1 =min
[

max
( ̅̅̅

k
√

β*ωd
,
500ν
d2ω ,

4ρσω2k
CDkωd2

)]

(10)  

CDkω =max
(

2ρσω2
1
ω

∂k
∂xj

∂ω
∂xj

, 10− 20
)

(11)  

F2 = tanh
(
arg2

2

)
(12)  

arg2 =max
(

2
̅̅̅
k

√

β*ωd
,
500ν
d2ω

)

(13) 

Fig. 8. Comparison of non-dimensional vibration modal weights STD of the cylinder among different number of fluid strips in both directions.  
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where β∗ = 0.09; σk1, σω1, β1, a1, γ1 are the empirical coefficients in the 
k-ω model and σk2, σω2, β2, γ2 are the empirical coefficients in the k-ε 
model. 

2.4. Structural governing equations 

For a flexible cylinder with large aspect ratio, it can be considered as 
a flexural elastic structure satisfying the Bernoulli–Euler bending beam 
hypothesis. Thus, the cylinder vibrations are calculated through this 
model and the FEM method in this paper. The support excitation method 
that has been verified available in solving structural vibrations of a 
flexible cylinder with large scale motions by Fu et al. (2018) is used in 
present study. The inline displacement (x direction) can be written as 

the sum of the support frame motion and the relative inline vibration of 
the cylinder shown as Eq (14): 

xtotal(z, t)= xframe(t) + x(z, t) (14)  

where xtotal(z, t) is the total inline displacement of all nodes along the 
cylinder; xframe(t) is the support frame displacement at both ends; x(z, t)
is the relative inline vibration displacement. 

The equilibrium of force components in the system can be expressed 
as Eq (15): 

fhydro = finertial + fdamping + fspring (15)  

where fhydro is the hydrodynamic force acted on the cylinder; finertial is the 
inertial force calculated through the kinetic energy of the cylinder; 

Fig. 9. Comparison of non-dimensional vibration modal weights STD of the cylinder between 20 and 40 fluid strips of different aspect ratios in both directions.  
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fdamping is the damping force calculated through the damping and the 
vibration velocity of the cylinder; fspring is the spring force calculated 
through the stiffness and the vibration displacement of the cylinder. 
Then the Mass-Spring-Damping (MCK) equations of the system in both 
directions can be written as Eq (16) and Eq (17): 

mẍ+ cẋ + kx = fhydrox − mẍframe (16)  

mÿ+ cẏ + ky = fhydroy (17)  

where m, c, k are the mass, the damping and the stiffness of the system; 
fhydrox, fhydroy are the inline and the crossflow hydrodynamic forces 
respectively. Through the FEM method, the governing equations of the 
system can be expressed as Eq (18) and Eq (19): 

M
{

Ẍ
}
+C

{
Ẋ
}
+K{X}={FHX} − M

{

Ẍframe

}

(18)  

M
{

Ÿ
}
+C

{
Ẏ
}
+K{Y}={FHY} (19)  

where M, C, K are the mass, damping and stiffness matrixes of the sys-
tem; {Ẍframe} is the acceleration vector of the support frame in the in-line 
direction; {FHX}, {FHY} are hydrodynamic force vectors in both di-
rections. The Rayleigh Damping is used to generate the damping matrix 
as shown in Eq (20) and Eq (21) based on the first two natural fre-
quencies of the cylinder listed in Table 1. 

C= αM + βK (20)  

[
α
β

]

=
2ς

fn1 + fn2

⎡

⎣
2πfn1fn2

1
/(2π)

⎤

⎦ (21)  

where α and β are proportionality coefficient; ς is the damping ratio; fn1 
and fn2 are the first two natural frequencies of the cylinder. 

3. Validation studies 

3.1. Numerical model setup 

The 2D strip theory requires calculating hydrodynamic forces in 
multiple 2D fluid planes located at intervals along the cylinder span. 
Therefore, a suitable choice of the fluid strip number and the mesh 
resolution is benefit for the well capture of the highest vibration mode 
and the prediction of hydrodynamic forces. Through researches of 
Willden and Graham (2001, 2004), they found that a minimum of three 
fluid strips were required per vibration mode for correct capture on the 
axial variation of the phasing of the hydrodynamic forces with respect to 
the cylinder vibration. During their simulations, 64 fluid strips were 
used with the maximum vibration mode reached around the 10th mode. 

Considering the dominant vibration mode in the experiment of Fu 
et al. (2013) kept the 1st mode at KC = 178, 20 fluid strips are sufficient 
to capture the 1st mode in the validation study. The layout of the 
computational model is shown in Fig. 3. All strips share the same 
computational domain and mesh distribution. Velocity inlet condition is 
specified at the inlet boundary and pressure outlet condition is applied 
in the outlet boundary. Wall condition is specified at the cylinder surface 
boundary, while symmetry conditions are for the top and bottom 
boundaries. On account of the Finite Volume Method used in the 
OpenFOAM, the 3D computational grid is required during the flow field 
calculation. Therefore, the “empty” condition, which represents the 

Fig. 10. Comparison of the VIV developing process in the half oscillating 
period at the mid-span cylinder. 

Fig. 11. Comparisons of VIV responses between experiment and pre-
sent simulation. 
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Fig. 12. Comparison of non-dimensional crossflow vibration displacement along the cylinder in multi oscillating periods.  
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Fig. 13. Comparison of non-dimensional inline vibration displacement along the cylinder in multi oscillating periods among different aspect ratios.  
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neglect of numerical simulation in the axial direction (z direction), 
specified at the front and back boundaries realizes the generation of the 
2D computational grid as shown in Fig. 4 (a). 

The dynamic mesh technique is used to update the computational 
mesh at every time step. Since the KC number is set to be 178 in all 
simulations, the oscillating amplitude of support frames in the inline 
direction is extremely large compared with the crossflow vibration 
amplitude. In order to guarantee the mesh quality during simulations, 
each fluid strip is 180D in the inline direction and 40D in the crossflow 
direction. Mesh near the cylinder surface is refined and the y + keeps 
around 2.0 in all simulations to predict turbulence kinetic energy in the 
boundary layer as shown in Fig. 4 (b). The updated mesh is shown in 
Fig. 4 (c) and (d) when support frames oscillate to its leftmost position. It 
can be found that the computational mesh of the left part has been 
compressed while the right part has been stretched obviously. However, 

the mesh around the cylinder surface almost keeps the same as that at 
the initial condition in the circular domain, which guarantees the mesh 
quality and minimizes the effect of mesh deformation during the hy-
drodynamic forces calculation. The flexible cylinder is discretized into 
80 structural elements with 81 nodes in total. The time step is set as 
0.0002s to ensure the Courant Number lower than 2.0 during the im-
plicit solution process, which guarantees the stability and the conver-
gence rate in all simulations. 

In order to analyze the vibration frequency features, the modal 
analysis method that has been testified to be valid by Chaplin et al. 
(2005) and Fu et al. (2018) is adopted. Thus, displacements in the 
crossflow and the inline directions can be expressed as the sum of a 
series of modal shapes as followed: 

ϕm(z)= sin
(mπ

L
z
)

(22)  

x(z, t)=
∑N

m=1
um(t)⋅ϕm(z) (23)  

y(z, t) =
∑N

m=1
vm(t)⋅ϕm(z) (24)  

where z is the axial location of the structural nodes; L is the cylinder 
length; m = 1, 2, 3 and etc; x(z,t) is the relative inline displacement of all 
nodes along the cylinder; y(z,t) is the crossflow displacement of all 
nodes; um(t) is the time-dependent modal weight vector of the mth mode 
in the inline direction; vm(t) is the time-dependent modal weight vector 
of the mth mode in the crossflow direction and N is the mode number. 
Then, figures of modal decomposition and power spectral density (PSD) 
of each modal weight normalized by the cylinder diameter D are 
obtained. 

3.2. Mesh convergence study 

Computational mesh convergence study is conducted among three 
meshes with 0.45 million, 0.8 million and 1.4 million cells to verify the 
mesh dependence. Magnitudes of the crossflow and inline vibration 
responses are provided by the standard deviations (STD) with respect to 
time of the STD of y(z,t) and x(z,t) over z as expressed in Eq(25) and 
(26). STD of modal weights σvm and σum are defined in the same way. The 
natural frequencies fm

n (the mth order of the natural frequency) of the 
cylinder are normalized by the Strouhal frequency as shown in Eq (27). 

σy =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
T

∫ T

0

1
L

∫ L

0
y(z, t)2dzdt

√

(25)  

σx =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
T

∫ T

0

1
L

∫ L

0
[x(z, t) − x(z)]2dzdt

√

(26)  

fs =
Um⋅St

D
(27)  

where x(z)is the time-averaged inline displacement, T is the time in-
terval for data processing, St = 0.2 is the Strouhal number used in pre-
sent analysis. 

Fig. 5 shows comparison of vibration displacements STD along the 
cylinder in both directions, which presents the 1st modal shape among 
different mesh resolutions. Relatively obvious computational errors can 
be observed between the coarse mesh and the medium mesh of the 
maximum crossflow displacement STD and its corresponding axial 
location. Meanwhile, good agreement is obtained among three meshes 
in the inline direction. Fig. 6 shows comparison of non-dimensional 
vibration modal weights STD versus non-dimensional natural fre-
quencies among three mesh resolutions. The peak vibration mode in 
each fold line represents the dominant vibration mode of the cylinder. 

Fig. 14. Comparison of non-dimensional crossflow spatio-temporal vibration 
displacement among different aspect ratios. 
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The cylinder shows the 1st vibration mode where the corresponding 
non-dimensional frequency is around 1 in both directions, indicating the 
occurrence of the resonance phenomenon. Effects of other vibration 
modes are too small to be considered. It can be known that the dominant 
vibration mode and the corresponding modal weight amplitude agree 
well between the medium mesh and the fine mesh, while computational 
errors exist between the medium mesh and the coarse mesh in both 
directions. Therefore, the medium mesh with 0.8 million cells is 
employed for further investigations based on the mesh resolution 
convergence study. 

3.3. Fluid strips convergence study 

The fluid strips convergence study among 10 strips, 20 strips and 40 
strips respectively is carried out at L/D = 167. Fig. 7 and Fig. 8 are 
comparisons of STD of vibration displacements and modal weights in 
both directions. From these figures, it can be found that good agreement 
of the maximum vibration displacement STD and its corresponding axial 
location can be obtained between the 20 fluid strips simulation and the 
40 fluid strips simulation in both directions. Comparatively large 
computation error is observed from 10 fluid strips simulation in the 
crossflow direction where both the maximum vibration displacement 
STD and its axial location are overestimated. The 1st dominant vibration 
mode is correctly captured in both directions among three simulations 
from modal weights STD. Variation tendency from the 2nd vibration 
mode to the 6th vibration mode shows high degree of similarity with the 
same magnitude. 

Meanwhile, comparisons on VIV responses of a flexible cylinder with 
larger aspect ratio between 20 fluid strips and 40 fluid strips at the same 
conditions are also conducted. Fig. 9 shows corresponding modal 

weights STD in both directions. It can be found that the variation ten-
dency shows high similarity especially at L/D = 333 and 500 in both 
directions. Although comparatively large computational errors appear 
at the 1st vibration mode in both directions when the aspect ratio rea-
ches 667, dominant vibration modes are correctly captured with the 
same magnitude using different number of fluid strips. It can be 
concluded that 20 fluid strips can capture main vibration characteristics 
well with comparatively fewer computational meshes and computa-
tional time in present study. 

3.4. Numerical validation study 

Comparison of the VIV developing process in half an oscillating 
period between previous experiment and present simulation is presented 
in Fig. 10. To analyze VIV responses in the half oscillatory flow, three 
specific regions of “Building up”, “Lock-in” and “Dying out” are defined 
based on the boundary value of 

̅̅
2

√
Am

2D by Fu et al. (2013). The definition of 
the special “Lock-in” region in the VIV developing process represents the 
drastic VIV with comparatively large vibration displacement in each half 
period, which is different from the normal concept of the resonance 
phenomenon where the vortex shedding frequency closes to the natural 
frequency of the cylinder. The “Lock-in” region is 17.3% of the half 
oscillating period in the present simulation from Fig. 10 (b), which 
agrees well with the experiment result of 17% from Fig. 10 (a) of Fu et al. 
(2013). The maximum non-dimensional crossflow vibration amplitude 
in present simulation is larger than the experiment, which may result 
from the simplification of the practical damping replaced by the Ray-
leigh damping. 

Comparisons of more vibration responses are shown in Fig. 11. 
Fig. 11 (a) shows VIV responses from experiments of Fu et al. (2013). It 
can be found that the specific intermittent VIV feature is observed 
during multiple oscillating periods. The dominant vibration mode pre-
sents the 1st vibration mode and the dominant vibration frequency is 
around 2.1Hz. And effects of the 2nd vibration mode to VIV responses 
are extremely weak in contrast to the 1st vibration mode. Fig.11 (b) to 
Fig.11 (d) are simulation results of the non-dimensional time-dependent 
crossflow displacement at the mid-span cylinder, non-dimensional time- 
dependent modal weights and the corresponding modal PSD respec-
tively. Fig. 11 (b) also presents the same intermittent VIV phenomenon 
as the experiment with the maximum vibration amplitude shows a bit 
larger than that of experiment. The dominant vibration mode of the 
cylinder shows the 1st vibration mode from the modal weight compar-
ison in Fig. 11 (c). Values of the 2nd, the 3rd and the 4th modal weights 
are extremely smaller than that of the 1st vibration mode, which is also 
familiar with experiment results in Fig. 11 (a). The vibration frequency 
region in multiple oscillating periods varies from around 1.9Hz–2.7Hz 
showing in Fig. 11 (d), which is in good agreement with the frequency 

Fig. 15. Comparison of crossflow vibration deflections among different aspect ratios.  

Fig. 16. Comparison of non-dimensional vibration displacement STD of the 
cylinder among different aspect ratios in both directions. 
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Fig. 17. Comparison of non-dimensional crossflow vibration modal weights 
and corresponding modal PSD among different aspect ratios in an oscil-
lating period. Fig. 18. Comparison of non-dimensional inline vibration modal weights and 

corresponding modal PSD among different aspect ratios in an oscillating period. 
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analysis result in the third subplot from Fig. 11 (a). The dominant vi-
bration frequency corresponding to the 1st dominant vibration mode is 
around 2.0Hz in present simulation from the peak value in Fig. 11 (d), 
which closes to the experiment result of 2.1Hz from Fu et al. (2013). 
From these comparisons, it can be known that simulation results are in 
good agreement with experiment results and the validity of the solver is 
verified. 

4. Results and discussions 

4.1. Time-domain vibration responses 

Comparisons of nodal vibration responses from numerical simula-
tions of a flexible cylinder with different aspect ratios in an oscillatory 
flow are analyzed detailedly in this section. Almost all parameters of 
these numerical models keep the same as the fundamental simulation, 
except that the cylinder axial length varies from 8 to 16 with an interval 
of 4. It means that cylinder aspect ratios are 167, 333, 500 and 667 
respectively in the following analysis. 

Fig. 12 presents non-dimensional crossflow vibration displacements 
at 9 locations along the cylinder in multiple oscillating periods. 

Vibration displacement of support frames gets to zero when t=(i+0 or 
0.5)T (i = 0, 1, 2, etc, T = 16.5s) as presented in Eq (1), while the cor-
responding relative oscillatory flow velocity gets its maximum value. 
While the relative velocity will approach zero when vibration 
displacement of support frames gets to its peaks and valleys at t=
(i+0.25)T and (i+0.75)T respectively. The specific “Lock-in” region, 
defined by Fu et al. (2013), occurs at around t = 2.5T and 3.0T in Fig. 12 
(a) when the frame velocity gets its maximum value. The maximum 
vibration amplitude at the mid-span cylinder is around 0.5D in the 
“Lock-in” region when L/D = 167, while it decreases to around 0.1D at 
locations of z/L = 0.1 and 0.9. The vibration amplitude shows the same 
magnitude in “Building up” and “Dying out” regions where VIV re-
sponses are comparatively weaker than that in the “Lock-in” region. 

When the cylinder aspect ratio increases to 333, the maximum non- 
dimensional crossflow vibration amplitude increases to around 0.8 
around the mid-span cylinder as shown in Fig. 13(b). The vibration 
amplitude at z/L = 0.1 and 0.9 increases to around 0.3D, which is three 
times of that at L/D = 167. The vibration amplitude variation among all 
locations along the cylinder at L/D = 333 shows similar tendency as that 
at L/D = 167. 

The maximum non-dimensional crossflow vibration amplitude at 
locations of z/L = 0.2 and 0.8 increases to around 0.8 in the “Lock-in” 
region when the cylinder aspect ratio reaches 500 as shown in Fig. 12 
(c). Meanwhile, the maximum vibration amplitude at the mid-span 
cylinder decreases to around 0.5D. The vibration amplitude variation 
tendency at L/D = 500 is opposite to that at L/D = 167 and 333. No 
apparent increase of the vibration amplitude appears in “Building up” 
and “Dying out” regions due to the weak VIV responses of the cylinder in 
these regions where the oscillating velocities are close to zero. The non- 
dimensional crossflow vibration amplitude is around 0.8 at nodes of z/L 

Table 2 
Natural frequencies of the cylinder with different aspect ratios.  

Aspect ratio f1
n,L/D  f2

n,L/D  Unit 

167 2.68 5.46 Hz 
333 1.31 2.63 Hz 
500 0.872 1.75 Hz 
667 0.654 1.31 Hz  

Fig. 19. Comparison of non-dimensional vibration trajectories along the cylinder among different aspect ratios.  
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= 0.2 and 0.8 when the cylinder aspect ratio reaches 667, while the 
vibration amplitude increases to around 0.7D at the mid-span cylinder 
compared with that at L/D = 500. It can be found that the specific 
intermittent VIV developing process varies obviously with the increase 
of the cylinder aspect ratio, compared between Fig. 12(a) and (d). 

Non-dimensional inline displacements along the cylinder span in 
multiple oscillating periods are presented in Fig. 13. The maximum 
relative non-dimensional inline vibration amplitude increases from 
around 0.25 to 5.0 with the increase of the cylinder aspect ratio. Since 
the oscillation of support frames shows a sinusoidal function shape as 
expressed in Eq (1), the relative oscillatory flow Uw can be written as 
followed: 

Uw(t) = − Um⋅cos
(

2π
T

t
)

(28) 

It is obvious that the relative oscillatory flow velocity and the relative 
inline displacement are synchronous. It can be found in Fig. 13(a) that 
the maximum relative non-dimensional inline vibration displacement 
around its inline equilibrium position gets to its maximum value at t=
(i+0 or 0.5)T (i = 0, 1, 2, etc), where the support frames move across the 
original position and the corresponding oscillating velocity gets to its 
maximum. The vibration amplitude gets its maximum value at the mid- 
span cylinder during all simulations, which is very different from the 
crossflow variation tendency at high aspect ratios compared between 
Figs. 13(d) and Fig.12(d) where the dominant inline vibration mode 
keeps the 1st mode and the dominant crossflow vibration mode increase 
to the 2nd and 3rd modes. A high frequency vibration phenomenon is 
observed at the rightmost or the leftmost positions during the oscillation 
of support frames. The source of the special phenomenon may result 
from the reattachment effects of existing vortices shed during the pre-
vious half oscillating period, which has been detailed explained in 
simulation of Fu et al. (2018). When the cylinder aspect ratio gets larger, 
this high vibration frequency phenomenon turns to happen mainly in 
the “lock-in” region. Another significant finding is that an inflection 
point is observed at t=(0.25 or 0.75 + i)T (i = 0, 1, 2, etc) in “Building 
up” and “Dying out” regions when support frames approach its right-
most or leftmost positions. 

Non-dimensional crossflow spatio-temporal displacements and 
typical vibration deflections along the cylinder are shown in Fig. 14 and 
Fig. 15 where the red-to-blue color bar represents the magnitude of the 
crossflow vibration displacement. Crossflow vibration of all nodes is in- 
phase from the spatio-temporal displacement along the cylinder in 
Fig. 14 (a). It can be known that the cylinder presents the 1st dominant 
vibration mode, which corresponds to the typical crossflow vibration 
deflection in Fig. 15 (a). Crossflow vibrations of upper and nether nodes 
transfers from in-phase vibration to anti-phase vibration when the cyl-
inder aspect ratio increases to 333, which contributes to the vibration 
shape transition phenomenon from the 1st mode shape to the 2nd mode 
shape around the “Lock-in” region as shown in Figs. 14 (b) and Fig.15 
(b). The travelling wave phenomenon along the cylinder span can be 
observed between two standing wave phenomena. The 1st modal 
standing wave occurred in the “Lock-in” region with larger vibration 
amplitude than that of the 2nd modal standing wave, which can be 
observed through the gradation of the red or blue color. 

Combining Fig. 12 (c) with Figs. 14 (c) and Fig.15 (c), the vibration 
shape transition phenomenon of the “1st modal standing wave – trav-
elling wave – 2nd modal standing wave” developing process is also 
observed. The main difference between L/D = 333 and L/D = 500 is that 
the 2nd vibration shape is occurred and becomes the dominant vibration 
shape in the “Lock-in” region. The 1st vibration shape mainly occurs in 
“Building up” and “Dying out” regions. The variation on the dominant 
vibration shape corresponds to the variation shown in Fig. 12 at L/D =
500. The vibration deflection increases to the 2nd and the 3rd mode 
shapes when L/D = 667. The 3rd modal standing wave is observed in the 
“Lock-in” region and the 2nd modal standing wave is observed in 

“Building up” and “Dying out” regions, while the vibration shape tran-
sition phenomenon occurs between them. 

The vibration deflection changes from single mode to multi-modes 
under the effect of the cylinder aspect ratio. The dominant vibration 
deflection increases from the 1st vibration shape to the 3rd vibration 
shape in the “Lock-in” region with the cylinder aspect ratio increases as 
shown in Fig. 15. The vibration shape transition phenomenon of the 
“standing wave – travelling wave – standing wave” developing process 
can be observed clearly when the cylinder aspect ratio is larger than 333 
as shown in Figs. 14 and 15. The travelling wave phenomenon can only 
be observed during each VIV developing process when the VIV regions 
change from the “Building-up” region to the “Lock-in” region or from the 
“Lock-in” region to the “Dying-out” region where the relative oscillatory 
flow velocity changes obviously as shown in Fig. 14(b), (c) and (d). 

Comparison of displacements STD along the cylinder in both di-
rections present in Fig. 16. It can be found that the maximum non- 
dimensional displacement STD increases from 0.15 at the mid-span 
cylinder to 0.35 at z/L = 0.2 and 0.8, which are in good agreement 
with the crossflow vibration variation tendency in Fig. 12. The vibration 
shape along the cylinder span increases from the 1st mode shape to the 
3rd mode shape when L/D increases from 167 to 667. The maximum 
non-dimensional inline displacement STD increases from 0.2 to 3.05 as 
shown in Fig. 16 (b) with the increase of the cylinder aspect ratio. 
However, the vibration deflection keeps the 1st mode shape in all sim-
ulations, which corresponds with the sinusoidal shape of the time 
dependent inline vibration displacements as shown in Fig. 13. It repre-
sents that the 1st mode plays remarkable controlling effect to the inline 
vibration responses of the cylinder. 

4.2. Modal and frequency-domain responses 

Comparison of modal weights and corresponding modal PSD of the 
cylinder in the crossflow and inline directions are presented in Fig. 17 
and Fig. 18 respectively. The modal PSD is normalized by the 1st natural 
frequency f1

n,L/D of the cylinder. The first two order natural frequencies of 
the cylinder among different aspect ratios are shown in Table .2. 

It can be found that the dominant vibration mode of the cylinder at 
L/D = 167 is apparently the 1st vibration mode from Fig. 17 (a). Effects 
of higher vibration modes are too small to be considered. Multi- 
frequency components are observed in the modal PSD. Variation on 
the oscillating velocity leads to the variation of the Re number and 
vortex shedding features in each half oscillating period. Two frequency 
peaks in the modal PSD of Fig. 17 (a) correspond to vibration fre-
quencies in each “Lock-in” region during the VIV developing process in 
an oscillating period. Lower frequency components in the modal PSD 
represent corresponding vibration frequencies in “Building up” and 
“Dying out” regions. When L/D = 333 as shown in Fig. 17 (b), the 
dominant vibration mode keeps the 1st vibration mode as L/D = 167. 
The dominant vibration frequency in the “lock-in” region is around 
1.4f1

n,L/D=333. Although, effects of the 2nd vibration mode become 
obvious at L/D = 333, it is still covered by the 1st vibration mode during 
most time. The dominant vibration mode will turn to the 2nd vibration 
mode only when the modal weight amplitude of the 2nd vibration mode 
exceeds the 1st vibration mode during the VIV developing process, such 
as at the time region from T = 33s to T = 35s as shown in the time- 
dependent modal weights in Fig. 17(b). Therefore, the mode transition 
phenomenon can hardly be observed. 

However, this phenomenon becomes more obvious when L/D = 500. 
The dominant vibration mode increases to the 2nd vibration mode with 
the corresponding dominant vibration frequency reaches around 
2.2f1

n,L/D=500. Obvious modal weights of the 3rd and the 4th vibration 
modes, whose effects to VIV responses are totally covered by the 2nd 
vibration mode, are also observed in Fig. 17 (c). Multi-dominant vi-
bration modes phenomenon is generated when the aspect ratio increases 
to 667 as shown in Fig. 17 (d). Since modal weight magnitudes of the 
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2nd and the 3rd vibration modes are very similar in the “Lock-in” region, 
the dominant vibration mode will shift between these modes and vi-
bration features will become more complicated. Corresponding domi-
nant vibration frequencies are around 2.4f1

n,L/D=667 and 
3.0f1

n,L/D=667respectively. It can be concluded that the dominant cross-
flow vibration mode will increase and the multi-mode vibration phe-
nomenon will appear with the increase of the cylinder aspect ratio. 
Although the non-dimensional frequencies present a decrease tendency 
with the increase of the cylinder aspect ratio, the actual dominant vi-
bration frequencies still keep around 2.0Hz due to the decrease of the 
natural frequencies. 

The time-dependent relative inline vibration shape of all nodes 
performs similar sinusoidal function shape as shown in Fig. 13, which 
contributes to the dominant 1st vibration mode in all simulations. Ef-
fects of higher vibration modes are totally covered due to the extremely 
large modal weight of the 1st vibration mode. In order to analyze modal 
vibration characteristics in the inline direction, the controlling effect of 
the 1st vibration mode on modal weights and corresponding modal PSD 
is removed as presented in Fig. 18. The high order of vibration mode 
increases from the 2nd vibration mode to the 5th vibration mode at an 
interval of 1 with the increase of the cylinder aspect ratio. The corre-
sponding vibration frequency at L/D = 167 is around 2.0f1

n,L/D=167and it 
increases to around 3.3f1

n,L/D=333, 4.6f1
n,L/D=500and 

5.8f1
n,L/D=667respectively when the cylinder aspect ratio increases from 

333 to 667. High order vibration frequencies in the inline direction are 
around twice of dominant vibration frequencies in the crossflow direc-
tion at the same aspect ratio compared between Figs. 17 and 18. 
Although more high order vibration modes are excited, almost only one 
dominant vibration mode appears when removing the 1st dominant 
vibration mode in the inline direction. Observing from the time- 
dependent modal weights, it can also be found that multi-modes vi-
bration phenomenon appears when the aspect ratio increase to 500 as 
shown in Fig. 18(c), which is similar to the phenomenon that observed in 
the crossflow direction as shown in Fig. 17. 

4.3. Vibration trajectories 

In order to illustrate the relationship between the crossflow and the 
inline vibrations more directly, vibration trajectories at 9 axial locations 
from z/L = 0.1 to 0.9 along the cylinder in an oscillating period are 
presented in Fig. 19. The obvious butterfly type of vibration trajectory 
can be observed at all locations when L/D = 167 and the butterfly shape 
at the mid-span cylinder is larger than that at other locations, which 
corresponds to the variation tendency of vibration displacements in 
Figs. 12 and 13. Two sides of the butterfly trajectory are generated in the 
“Lock-in” region where crossflow and inline vibration amplitudes 
approach its maximum values at the same time. The vibration amplitude 
decreases apparently in both directions when the vibration locates in 
“Building up” and “Dying out” regions, which contributes to the gen-
eration of the middle part of the butterfly vibration trajectory. 

When the aspect ratio reaches 333, the increase rate of the vibration 
amplitude in the inline direction is larger than that in the crossflow 
direction, which leads to the comparatively large enlargement of the 
butterfly type of vibration trajectory in the inline direction as shown in 
Fig. 19 (b). Meanwhile, vibration shapes at all nodes keep the butterfly 
type due to the dominant 1st vibration modes in both directions. Since 
the dominant vibration mode transfers to the 2nd vibration mode in the 
crossflow direction and keeps the 1st vibration mode in the inline di-
rection in the “Lock-in” region at L/D = 500, the butterfly type of vi-
bration trajectory changes to the stripe type, especially at the mid-span 
cylinder as shown in Fig. 19 (c). The butterfly shape can still be observed 
at upper and nether nodes along the cylinder, which is similar to that in 
Fig. 19 (b). The slenderness of the strip type of vibration trajectory in-
creases when the cylinder aspect ratio increases to 667. The butterfly 

type of vibration trajectory gradually disappears on account of the 
appearance of the 3rd vibration mode in the “Lock-in” region. From 
comparisons of vibration trajectories, it can be found that the vibration 
trajectory shape turns from the butterfly type to the stripe type with the 
increase of the cylinder aspect ratio. However, axial locations near both 
ends of the cylinder hardly be affected and keep the butterfly type of 
vibration trajectory. 

5. Conclusions 

A series of numerical investigations on VIV of a flexible cylinder in an 
oscillatory flow with different aspect ratios have been conducted in this 
paper using the viv-FOAM-SJTU solver. The fundamental simulation is 
based on experiments of Fu et al. (2013) at KC = 178. Simulation results 
have been compared and analyzed detailedly. The specific “Building up 
– Lock-in – Dying out” VIV developing process is also observed in present 
study. In order to exclude disturbances from the mesh resolution and the 
number of fluid strips, computational mesh and fluid strips convergence 
studies have been carried out. The medium mesh with 0.8 million cells 
and 20 fluid strips has been chosen for subsequent simulations. In the 
crossflow direction, the dominant vibration mode increases from the 1st 
vibration mode to the 3rd vibration mode with the increase of the cyl-
inder aspect ratio. The maximum vibration amplitude increases 
remarkably when the aspect ratio increase from 167 to 500. The vi-
bration amplitude decreases to around 0.7D and the multi-modes vi-
bration phenomenon appears when the aspect ratio reaches 667. In the 
inline direction, the dominant vibration mode keeps the 1st vibration 
mode and the maximum vibration amplitude keeps increasing from 
around 0.25D to 5.0D. The normalized dominant vibration frequency 
varies from 0.75 f1

n,L/D=167to 3.0f1
n,L/D=667in the crossflow direction and 

from 2.0f1
n,L/D=167 to 5.8f1

n,L/D=667in the inline direction. As for the vi-
bration trajectory, it changes from the butterfly shape to the slender 
stripe shape when the cylinder aspect ratio increases. While it keeps the 
butterfly shape at locations near both ends of the cylinder in all 
simulations. 
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