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a b s t r a c t

The numerical simulations for the Vortex-induced Vibration (VIV) of the cylinders with different com-
binations of mass ratio and frequency ratio were performed under the Reynolds (Re) number ranges of
1450e10200, 5800e40800 and 13050e91800 by using the embedded programs in OpenFoam. By
combining with the modified SST k� u turbulence model, the coupled Unsteady Reynolds-Averaged
NaviereStokes equations and double-degree-of-freedom vibration equations were solved. After
analyzing the results, it is found that the some characteristics of the VIV have changed with the increase
of the range of Re number, and the effects of Re number on vibration characteristics are also different
under different combinations of mass ratio and frequency ratio. On this basis, the influence law of Re
number on the characteristics of VIV of the cylinders is summarized, which can provide a reference for
the research of VIV under higher Re number.
© 2019 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In the field of ocean engineering, the Vortex Induced Vibration
(VIV) often occurs when the cylindrical structures such as risers are
subjected to the action of currents, as the alternating vortex
shedding found in the flow around a cylinder will produce periodic
hydrodynamic loads. VIV is one of the key factors in the design and
analysis of marine risers and other structures, and the in-
vestigations on VIV of cylinders are the basis of the VIV analysis of
actual marine structures. With the development of computer
technology, the use of CFD method for VIV analysis is one of the
researching hotspots in recent years (Kang et al. (2016); Stringer
et al. (2014)).

Guilmineau and Queutey (2004) conducted the CFD numerical
simulation of the single-degree-of-freedom VIV of a circular cyl-
inder at low Re number (Re¼ 900e15 000) and studied the effect of
initial condition on the simulation accuracy. In the simulation, the
initial conditions were set to be uniform acceleration, uniform
deceleration and uniform velocity respectively. After the analysis of
the results, they found the “upper branch” of the vibration

amplitude could be only captured in the simulation with the uni-
form acceleration condition, which was of great significance to
improve the numerical simulation accuracy of VIV. Kang et al.
(2017) modified the far wall treatment term of the SST k� u

model and kept the near wall treatment term unchanged at the
same time. The modified turbulence model made some progress in
the treatment of the wake vortex region while keeping the ad-
vantages of SST k� u model in the processing of pressure gradient
near the wall region, which made it possible to carry out the CFD
numerical simulation of VIV with higher Re number. Wanderley
and Soares (2015) performed the numerical simulation research
on a two-dimensional VIV of a circular cylinder with lower mass
and damping ratio at low Re number. They defined three ranges of
Re number (Re¼ 2000e6 000, 2000e12 000 and 2000e24 000)
and analyzed the effect of Re number on VIV characteristics.
However, in their numerical simulation, the motion of the cylinder
was single degree of freedom, and the three Re number ranges all
belonged to lower Re category.

Because the CFD calculation process of high Re number is
difficult to achieve, the present numerical simulation of VIV is
mostly in low Re number range. However, some researchers have
found that the VIV of the cylinder may have some different char-
acteristics at high Re number (Bian and Luo (2015); Belloli et al.
(2012)). Raghavan and Bernitsas (2011) carried out the model test
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of self-excitation vibration of a cylinder at higher Re number (2�
104 � Re � 6� 106). They found that the vibration amplitude of
the cylinder only had the “initial branch” and “upper branch”, and
the hysteresis phenomenon between the “initial branch” and “up-
per branch” did not occur at higher Re number, which were
different with lower Re number. Nguyen and Nguyen (2016) and
Shinde et al. (2014) also showed that the motion characteristics of
cylindrical VIV at higher Re number were different from those at
lower Re number to some extent in their researches.

In addition, VIV is a kind of multi-parameter coupling phe-
nomenon, and the influence of Re number on cylindrical VIV is also
related to the mass ratio and frequency ratio as well as other pa-
rameters of the cylinder. Jauvtis and Williamson (2004) investi-
gated the effect of the mass ratio on cylindrical VIV by conducting
the model tests of the VIV with single and double degrees of
freedom. They found that the differences of cross-flow vibrating
amplitudes between the single and double degrees of freedom vi-
brations were not obvious at high mass ratio but significant at low
mass ratio, which indicated that mass ratio played an important
role in the VIV of cylinders. Dahl et al. (2006) carried out some
model tests of the VIV of cylinders with different frequency ratios
and found that the peak of amplitude response shifted to the higher
reduced velocity with the increasing of the frequency ratio. And
when the frequency ratio was approximately equal to 2, the
amplitude response curve showed the “double peaks” feature.
Therefore, it is necessary to study the effect of Re number on VIV of
cylinders with different mass ratios and frequency ratios.

In order to study the effect of Re number systematically in two-
degree-of-freedom VIV, we select three combination schemes of
mass and frequency ratio in this paper. And in each scheme, the
ranges of Re number are set as 1450e10 200, 5800e40 800 and
13 050e91800 respectively. Then, the coupled Unsteady Reynolds-
Averaged NaviereStokes equations and double-degree-of-freedom
vibration equations as well as the modified SST k� u turbulence
model proposed by Kang et al. (2017) are solved by using the self-
compiled program PimpleDyMFoam solver in OpenFOAM. On this
basis, the cross-flow and in-line vibration amplitude, vibration
frequency, fluid force coefficient, motion trajectory and vortex
shedding mode are analyzed and compared, and some influence
rules of Re number on the VIV characteristics of the cylinder with
different combinations of mass and frequency ratios are summa-
rized, which can provide a reference for the research onmechanism
and characteristics of VIV of cylindrical structures.

2. Numerical method

2.1. Governing equation

In the Cartesian coordinate system, the fluid flow is controlled
by the continuity equation and momentum equations (Naviere
Stokes equations) which can be described by
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þ vðruÞ
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vz
¼ 0 (1)
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where r is the fluid density, t is time, u,v and w are the velocity
components in x, y and z directions respectively, div represents the
divergence, p is the pressure, Fi is the mass force in i direction and
tij is the viscous stress which can be expressed as
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where m is the dynamic viscosity, l is the second viscosity usually
selected as �2/3m in liquid fluid and V is the Hamilton operator.

In Reynolds-Averaged Navier-Stokes (RANS) method, the tur-
bulent flow is divided into two parts, one is the time averaged flow
and the other is the transient pulsating flow. And any turbulence
variable f can be written as

f ¼ fþ f0 (6)

where f represents the average value of the variable f over time
and f0 is the pulsating value. Then, by combing the tensormark, the
incompressible continuity equation and momentum equations are
rewritten as (Meneghini et al. (2004))

vr

vt
þ v

vxi
ðruiÞ ¼ 0 (7)
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�
ruiuj
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� rui0uj0
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(8)

2.2. Turbulence model

Because the continuity equation and Unsteady Reynolds-
Averaged Navier-Stokes (URANS) equations are not closed, the
additional equations, namely turbulence model need to be intro-
duced. In order to carry out the numerical simulation of VIV of the
cylinder with higher accuracy in various ranges of Re number,
especially the higher Re number, the modified SST k� u turbulence
model proposed by Kang et al. (2017) which can capture the
maximum transverse amplitude more accurately even though the
Re ¼ 105 is applied in this paper. Theymodified the dissipation-rate
equation of standard SST k� u turbulence model to reflect the
expected change of the energy equilibrium due to vortex shedding
in unsteady separated flows.

In the flow with vortex shedding, the form of energy spectrum
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function can be taken as (Reynolds (1974))

Eðc; tÞ ¼
�
A0 þ A1ðtÞ

�
cs (9)

where A0 is a constant and c is the wavenumber vector. The index s
is a matching index whose precise value is immaterial to the pre-
sent discussion. A1ðtÞ must vanish in the steady limit.

Thus the turbulence kinetic energy k can be obtained by (Cant,
(2001))

k ¼
ð∞
0

Eðc; tÞdc (10)

dk
dt

¼ �ε (11)

By postulating a shape for Eðc; tÞ based on the measured spec-
trum given by Younis and Przulj (2006) and after integration of Eq.
(10) there results

k ¼ 3sþ 5
2
ðsþ 1ÞAðtÞcsþ1

m (12)

where csþ1
m is the wavenumber which corresponds to the location

of the vortex-shedding frequency. And then we can take the two
derivatives of kinetic energy k to get the rate of change of dissi-
pation with time:
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ε
2

k
� 1
sþ 1
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At
dAt

dt
(13)

where C
ε2 is the parameter in standard k� ε model with the value

of 1.92 (Younis and Przulj (2006)). Apply Eq. (13) to the standard
k� ε model, and assume the form for A1ðtÞ, then the parameter C

ε1
can be redefined as

C*
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We can see that an additional term b k
ε

1
Qþk

����vðQþkÞ
vt

���� has been

introduced into the standard k� ε model to consider the effect of
the vortex shedding. Then, by transforming the modified k� ε

model into the k� u form on basis of the relationship ε ¼ Cmku, we
can get the modified additional item R, which can be described by

R ¼ b0
1

Q þ k

����vðQ þ kÞ
vt

���� (15)

where Q is the mean-flow kinetic energy per unit mass, b0 is a
parameter obtained by numerical optimization and selected as 0.54
after a large number of test. Thus, the modified SST k� u turbu-
lence model is expressed as
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where the kinematic eddy viscosity mt can be defined as

mt ¼
ra1k
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(18)

where a1 ¼ 0:31, S ¼
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The turbulence kinetic energy generation is described by
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(19)
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And the turbulence kinetic energy dissipation is expressed as

Pu ¼ rgPk
mt

(21)

We assume the empirical parameters in Eqs. (16) and (17) to be
series f which may be obtained by

f ¼ F1f1 þ ð1� F1Þf2 (22)

The values of f1 series parameters are selected according to the
standard k� u model proposed by Wilcox (1994) where sk1 ¼
0:85, su1 ¼ 0:5, b1 ¼ 0:075, b* ¼ 0:09, k ¼ 0:41, g1 ¼ b1=b

* �
sw1k

2=

ffiffiffiffiffi
b*

q
.

And values of f2 are selected on the basis of standard k� ε

model proposed by Jones and Launder (1973) where sk2 ¼ 1:0,

su2 ¼ 0:856, b2 ¼ 0:0828, b* ¼ 0:09, k ¼ 0:41, g2 ¼ b2=b
* �
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2=

ffiffiffiffiffi
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.

F1 is the mixed function given by

F1 ¼ tanh
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2.3. Equations of motion

The two-degree-of-freedom dynamic equations of the vibrating
cylinder are established via a simple mass-spring system as
follows:

€xþ Cxx _xþ Ckxx ¼ CD
2Cm

(25)

€yþ Cxy _yþ Ckyy ¼ CL
2Cm

(26)

where x, _x and €x are the structural displacement, velocity and
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acceleration in in-line direction while y, _y and€y are those in cross-
flow direction, Cm, Cxi and Cki are the dimensionless mass, damping
and stiffness parameters with the expressions of Cm ¼ m=rD2Ckx ¼
Cky ¼ 4p2=Ur

2, Cxx ¼ Cxy ¼ 4px=Ur , where m is the mass of the
structure, D is the diameter of the structure, x is the ratio of
structural damping to critical damping, Ur is reduced velocity
relating to the steady flow velocity U and can be described by Ur ¼
U=fnD, fn is defined as natural frequency of the structure which is
equal to the natural frequencies in in-line and cross-flow directions
in this paper, namely fn ¼ fnx ¼ fny, and CD and CL are the drag and
lift coefficients with the expressions of CD ¼ 2FD=rU2D and CL ¼
2FL=rU2D, where FD and FL are the forces acting on the cylinder in
in-line and cross-flow directions respectively. The fluid forces are
calculated by conducting an integration including both the pressure
and viscous stresses on the surface of the cylinder.

The equations of motion are solved simultaneously with the
continuity equation and the Unsteady Reynolds-Averaged Navier-
Stokes equations as well as the turbulence model to obtain the in-
line and cross-flow velocity ( _x and _y), necessary to impose the non-
slip boundary condition on the body surface, and the position (x
and y) of the cylinder, necessary to place the body at the new po-
sition to regenerate the grid.

3. Numerical model and simulation condition

3.1. Numerical model

The numerical simulation of the VIV of the cylinder is conducted
by using the self-compiled program embedded in OpenFoam. The
computing domain is shown in Fig. 1.

In order to reduce the computing time while satisfying the re-
quirements of simulating accuracy, the computing domain is
divided into nine grid regions, and the surroundings of the cylinder
are locally encrypted by adopting themeshingmethod investigated
by Liang et al. (2008). The O-type grids are used in the range of 4D
around the cylinder whose sizes gradually increase with the
increasing of the distance from the cylinder surface, and the
structured grids are used in the far field, as shown in Fig. 2.

In the computing process, the discrete methods are adopted as
follows: time terms are discretized by second order backward im-
plicit Euler schemes, convection terms are discretized by using
linear difference TVD scheme. Diffusion terms are discretized by
Gauss linear conservation scheme. The PIMPLE algorithm approach
is applied in the solving process.

3.2. Time step control and grid independence check

The size of time step determined by Courant number has a
significant effect on the convergence rate and stability of the

numerical simulation. Courant number refers to the correspon-
dence between the time step and the physical space scale (Lu and
Dalton (1996)), which can be described by

Courant number ¼ u,Dt=Dx (27)

where u is flow velocity, Dt is time step and Dx is grid size. In order
to meet the Courant-Friedrichs-Lewy condition, it is necessary to
keep the Courant number small enough. After conducting a lot of
trial calculations, we set the maximum value of Courant number as
0.50, and the time step is taken as 0.0001.

In addition, the mesh quality also affects the accuracy of the
numerical simulation results. To ensure the mesh quality of the
viscous sublayer, the dimensionless parameter yþ, which is related
to the wall shear stress tu, should be kept less than 1 and can be
defined by (Liang et al. (2008))

yþ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tu=ry1

p
y

(28)

where y1 is the thickness of the first layer of the grid and y is fluid
viscosity.

To check the independence of the computational grid, the nu-
merical simulation for the flow around a fixed circular cylinder is
performed by taking the Reynolds number of Re ¼ 104 as an
example. Five different kinds of mesh schemes are set, as shown in
Table 1.

The computational results of lift coefficient Cl, resistance coef-
ficient Cd and St number are shown in Fig. 3. It can be found that
when the grid number exceeds 51502, namely the grid numbers in
the Scheme 3, Scheme 2 and Scheme 1, the changes of Cl、Cd and St
number become relatively small, but in the case of the Scheme 4
and the Scheme 5, the changes are very large. Therefore, consid-
ering the accuracy and computational efficiency simultaneously,
the Scheme 3 is chosen as the final grid setting in the numerical
simulation.

3.3. Simulation of working conditions

In order to investigate the effects of Re number on the cylin-
drical VIV with different parameters systematically, the circular
cylinder fixed by 4 springs is computed with different combina-
tions of mass ratio and frequency ratio and at several Re number
ranges by using the controlling variable method, and other key
parameters of the cylinder are selected on the basis of the model
test carried out by Jauvtis and Williamson (2004). A summary of
the cylindrical parameters is shown in Table 2.

In the cylindrical VIV model test conducted by Jauvtis and
Williamson (2004), the reduced velocity range was 2e14, and the
corresponding Re number range was 1450e10 200. By selecting
their model test as the reference, the Re number ranges are set as
1450e10 200, 5800e40 800 and 13 050e91800 respectively in this
paper, namely 1 time, 4 times and 9 times of the reference one. In
the handling process, the Re number range is doubled by doubling
the flow velocity and the cylinder diameter at the same time, that is
to say, Re ¼ 2U � 2D=y becomes 4 times of the reference Re number
rangewhile the reduced velocity range Ur ¼ 2U=ð2D� fnyÞ does not
change. Similarly, the 9-time case of the Re number range can also
be achieved by that process. In addition, the absolute size of the
numerical domain is also doubled or tripled when the diameter of
the cylinder changes.

The initial condition is set as the uniform acceleration with a
dimensionless value of 0.025 in the numerical procedure. And after
reaching the target velocity, the reduced velocity is kept in the
simulation for 30 cycles. At the same time, the physical field at theFig. 1. Schematic of the computing domain for the VIV of the cylinder.
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end of the current velocity is the initial condition of the next
velocity.

4. Effect of Re number range on VIV of a cylinder with the
mass ratio of 2.6

4.1. Vibration amplitude, frequency and hydrodynamic forces

First, the cylinder with the mass ratio of 2.6 and the frequency
ratio of 1, namely the Scheme 1 in Table 2, is analyzed. Meanwhile,
the experimental amplitudes of the VIV in the Re number range of
1450e10 200 obtained by Jauvtis and Williamson (2004) are cho-
sen as a basic reference, and the parameters of the testing model
are consistent with those in Scheme 1. Fig. 4 (a) shows the curves of

cross-flow vibration amplitude of the cylinder with reduced ve-
locity under different Re number ranges. It can be found that three
kinds of branches, namely initial branch, upper branch and lower
branch (Jauvtis and Williamson (2004)) of amplitude curve all
appear under the three Re number ranges. For the initial branch,
the results about the three Re number ranges show little difference.
In the upper branch, the vibration amplitudes all reach maximum
at Ur¼ 6.8 in three situations, but the maximum values are
different. When Re¼ 1450e10 200, 5800e40 800 and
13 050e91800, the corresponding amplitudes are 1.28D, 1.38D and
1.51D respectively. And in the lower branch, the cross-flow vibra-
tion amplitude increases with increasing of Re number range. In
addition, the corresponding in-line amplitude curves are given in
Fig. 4 (b). Similarly, the three in-line amplitude curves all reach
their maximum peaks with the values of 0.25D, 0.29D and 0.33D
respectively when the reduced velocity is 6.8. Besides, it can be also
observed that the in-line amplitude values in three branches all
arise along with the increasing of Re number range. By further
comparing the numerical results with the experimental ampli-
tudes, it's easy to see that both the cross-flow and in-line ampli-
tudes have the similar trends, indicating the numerical simulation
is basically reasonable.

Fig. 2. Computational meshes used for the numerical simulation of the VIV.

Table 1
Parameters for different meshing schemes.

Scheme Thickness of first layer grid/mm mm Thickness of second layer grid/mm yþ Grid number

1 0.01 0.08 0.72 71574
2 0.015 0.12 0.86 67914
3 0.02 0.16 0.95 51502
4 0.025 0.20 1.3 47644
5 0.03 0.24 2.5 39138

Fig. 3. The variation trend of hydrodynamic coefficients with the number of grids (Re ¼ 104) (a) root mean square of lift coefficient Cl (b) average of drag coefficientCd (c) St
number.

Table 2
The parameters of cylinders under different conditions.

Scheme D (cm) m*x m* x fny (Hz) fnx/fny

1 3.81 0.013 2.6 0.005 0.4 1
2 3.81 0.065 13 0.005 0.4 1
3 3.81 0.013 2.6 0.005 0.4 2
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Fig. 4 (c) illustrates the variation curves of the cross-flow vi-
bration frequency with the reduced velocity in different Re number
ranges. By comparison, it is found that the lock-in intervals of the
VIV have the basically approximate range of 4 � Ur � 13 in three
situations. And it is noteworthy that the vibration frequency is
further away from the natural frequency with the increase of Re
number range when 4 � Ur<7, namely in the first lock-in region.
But the situation is contrary when 7 � Ur � 13, namely in the
second lock-in region, and the dimensionless frequencies of the
lock-in region in the three Re number ranges are 1.26, 1.22 and 1.16
respectively.

The root mean square curves of lift coefficient in different Re
number ranges are shown in Fig. 5 (a). It is shown from the diagram
that the three kinds of results about lift coefficients have little
difference in the initial branch. In the upper branch, the lift coef-
ficient increases with the increasing of Re number range, but in the
lower branch, the lift coefficient decreases with the increasing of
that. At the same time, the mean drag coefficient curves in different
Re number range are given in Fig. 5 (b). We can observe the average
of the drag coefficient decreases with the increasing of Re number
range in the three branches, and the three curves all reach the

peaks at Ur¼ 6.8 with the specific values of 2.68, 2.56 and 2.42
respectively.

In order to analyse the fluid force coefficients at higher Re
number more comprehensively, the time domain curves of fluid
force coefficients and cross-flow vibration displacements when
Re¼ 13 050e91800 are illustrated in Fig. 6. It can be observed that
the lift coefficientCl, drag coefficient Cd and cross-flow displace-
ment y/D all present the regular harmonic formwhen Ur¼ 3, which
is corresponding to the initial branch of amplitude response. Be-
sides, the lift coefficient Cl has the same phase with the y/D, which
indicates that the former may promote the increasing of the later.
When Ur¼ 4, the phenomenon of “beat” appears in the three
curves, which is due to the transition from initial branch to upper
branch at this time may induce the vibrations with two similar
frequencies. Then the vibration arrives at the upper branch
completely when Ur¼ 5. At this time, the vibration frequency is
approximately equal to the natural vibration frequency, and Cl, Cd
and y/D all rise remarkably. Meanwhile, the Cl has the same phase
with the y/D. At Ur¼ 7, the vibration moves from the upper branch
to the lower branch suddenly, where Cl, Cd and y/D all significantly
decrease, and the “phase switching” phenomenon has occurred

Fig. 4. Non-dimensional amplitude and frequency variation for increased reduced velocities at m*¼ 2.6 and fnx=fny ¼ 1, (a) cross-flow dimensionless amplitude, (b) in-line
dimensionless amplitude, and (c) cross-flow dimensionless vibration frequency.

Fig. 5. Comparison of lift coefficient and drag coefficient in different Re number ranges about a lower-mass-ratio cylinder, (a) the root mean square of the lift coefficient, and (b) the
mean of resistance coefficient.

Z. Kang et al. / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 835e850840



between y/D and Cl. At Ur¼ 9, there is a “small spike” phenomenon
in the lift coefficient curve, which is caused by the three-time fre-
quency component in lock-in region. When Ur¼ 13, the vibration
has jumped out of lock-in region and the three curves reduce to
very small values. At the same time, Cl and y/D are in the antiphase
state, which will lead to the smaller amplitude response.

4.2. Cylinder motion trajectory and vortex shedding mode

The motion trajectory and vortex shedding mode are also
important characteristics of the VIV of a cylinder. The calculated
results about the trajectory of the cylinder are first shown in Fig. 7.

Through comparison and analysis, we can observe that the
motion trajectory appears as a flat figure “8” when Ur¼ 3 corre-
sponding to the initial branch, and with the increase of Re number
range, the figure “8” becomes more flat and asymmetrical. When
Ur¼ 5 corresponding to the upper branch, the trajectory shows a
typical figure “8” and shifts to the right, and the size of the figure
“8” increases slightly with the rising of Re number range. The tra-
jectory becomes “crescent shaped” at Ur¼ 6.5, and both the width
and the length of the crescent increase with the increasing of Re
number range. When Ur¼ 8 corresponding to the beginning of
lower branch, the motion trajectory appears as a slender figure “8”,
and with the increase of Re number range, the figure “8” gradually
tends to incline. In general, the effect of Re number range on the
motion trajectory of the cylinder with a lower mass ratio is mainly
reflected in the variation of the size of trail shape.

Fig. 8 illustrates the cloud chart of cylindrical vortex shedding
mode at several typical reduced velocities. To observe the variation
of vortex shedding mode between higher and lower Re number
more directly and clearly, the comparison results of Re number
range 1450e10 200 and 13 050e91800 are considered. It should be
noted that vortex shedding modes observed in two kinds of Re
number ranges experience different changing processes. In the Re
number range of 1450e10 200, the trailing vortex appears as “2S”
mode at Ur¼ 3, then the “2P”mode at Ur¼ 5, then the “2T”mode at
Ur¼ 6.5, and finally the “2P” mode again at Ur¼ 8, which are in

agreement with the DPIV experimental results obtained by Jauvtis
and Williamson (2004) in lower Re numbers. But in the Re number
range of 13 050e91800, the wake vortex mode is a stronger “2S”
mode at Ur¼ 3, then turns into the “2T” mode at Ur¼ 5 and re-
mains the “2T” mode at Ur¼ 6.5, and finally changes to the “2P”
mode at Ur¼ 8, which indicate that higher Re number can promote
the vortex shedding turning into “2T” mode more easily. Generally,
the Re number range has little effect on the vortex shedding mode
on the initial branch and lower branch. But in the upper branch, the
vortex mode will turn into the “2T” model in advance with the
increasing of Re number range, which may produce a greater lift in
lock-in region.

5. Effect of Re number range on VIV of a cylinder with the
mass ratio of 13

5.1. Vibration amplitude, frequency and hydrodynamic forces

The mass ratio is an important factor affecting the VIV charac-
teristics of a cylinder, which results in some different phenomena
between the VIV with higher mass ratio and that with lower mass
ratio (Raghavan and Bernitsas (2011)). In this section, the effect of
Re number range on VIV characteristics is analyzed by conducting
the VIV numerical simulation of a cylinder with themass ratio of 13
and the frequency ratio of 1 in Re number range of 1450e10 200,
5800e40 800 and 13 050e91800. In addition, the VIV experiment
of a cylinder with a mass ratio of 10.63 and a damping ratio of 0.006
in an approximate Re number range of 11000e53 000 carried out
by Stappenbelt et al. (2007) is taken as the comparing object. It
should be noted that the damping in the experiment would in-
crease marginally if the vibration amplitude is relatively small
(Stappenbelt et al. (2007)).

As shown in Fig. 9 (a), the cross-flow vibration amplitude curves
at higher mass ratio which mainly involve the initial branch and
lower branch but lack the lower branch are obviously different from
those at lower mass ratio, and the amplitude values are generally
smaller than those at lower mass ratio. In initial branch, the three

Fig. 6. Time domain curves of the hydrodynamic coefficients and the cylinder's cross-flow displacement at lower mass ratio when Re¼ 13 050e91800, (a) Ur¼ 3, (b) Ur¼ 4, (c)
Ur¼ 5, (d) Ur¼ 7, (e) Ur¼ 9, and (f) Ur¼ 13. The blue line represents Cd , the red line represents Cl and the green line represents y/D.
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Fig. 7. Cylinder motion trajectory under some typical reduced velocities at the mass ratio of 2.6 in different Re number ranges, (a) Ur¼ 3, (b) Ur¼ 5, (c) Ur¼ 6.5, and (d) Ur¼ 8,
where left subgraph Re¼ 1450e10 200, middle subgraph Re¼ 5800e40 800, and right subgraph Re¼ 13 050e91800.
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kinds of results corresponding to three Re number ranges show
relatively small difference. But in lower branch, the cross-flow
amplitude values and interval length increase with the increasing
of Re number range. Meanwhile, the in-line vibration amplitude
curves under the condition of higher mass ratio are illustrated in
Fig. 9 (b). It should be noted that two smaller peaks have arisen in
the initial branch of in-line amplitude curve when the Re number
range increases. And in high amplitude region, the values of
amplitude increase with the increasing of Re number range. In
addition, by combining with the experimental results, we can
observe that the numerical and testing amplitudes have the similar
variation trend while the size of the lock-in interval in computation
is larger than that in model test, which may be due to the
distinction of the damping and the slight difference of mass ratio.
Overall, the numerical simulation is able to capture the basic fea-
tures of the amplitudes in two directions.

Fig. 9 (c) shows the dimensionless frequency of the cross-flow
vibration under different Re number ranges. By comparison, it is
found that the lock-in interval is enlarged and the vibration fre-
quency is closer to the natural frequency when the Re number
range increases. And after the jumping form the lock-in region, the
frequency reaches higher values when the Re number range is
higher. But in the initial branch, the differences of the results for
three Re number ranges are not significant.

The root mean square of lift coefficient and the average, shown
in Fig. 10 (a) and (b), are analyzed to further study the effect of Re
number range on hydrodynamic forces at higher mass ratio. It can
be observed that the lift coefficient increases with the increasing of
Re number range when Ur is less than 5 but decreases with that
when Ur is greater than 5. In addition, the drag coefficient de-
creases with the increase of Re number range at all reduced ve-
locities, but the variation trends in the three Re number ranges are
consistent.

Similarly, the time domain curves of hydrodynamic coefficients
and cross-flow displacements of the cylinder with the mass ratio of
13 at Re¼ 13 050e91800 are shown in Fig. 11. It can be observed
that the lift coefficient Cl and drag coefficient Cd as well as the
cross-flow displacement y/D also appear the regular harmonic form
and the “beat” phenomenon at higher mass ratio. But the Cl and y/D
turn into the anti-phase form at Ur¼ 6, which is different with the
case of lower mass ratio. And at Ur¼ 10, both Cl and Cd present a
typical “small spike” phenomenon, indicating there are multiple
frequency components in cross-flow and in-line vibrations. Finally,
the curves are all back to the regular harmonic form.

5.2. Cylinder motion trajectory and vortex shedding mode

Fig. 12 shows the motion trajectory of the cylinder with the

Fig. 8. The vorticity nephogram of the cylinder with a mass ratio of 2.6 under several typical reduced velocities, (a) Ur¼ 3, (b) Ur¼ 5, (c) Ur¼ 6.5, and (d) Ur¼ 8, where left subgraph
Re¼ 1450e10 200, and right subgraph Re¼ 13 050e91800.

Fig. 9. Non-dimensional amplitude and frequency variation for increased reduced velocities at m*¼ 13 andfnx=fny ¼ 1, (a) cross-flow dimensionless amplitude, (b) in-line
dimensionless amplitude, and (c) cross-flow dimensionless vibration frequency.
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higher mass ratio in three Re number ranges. As observed in Fig. 12
(a), the typical figure “8” doesn't appear at Ur¼ 3 corresponding to
the initial branch, and the vibration is in multi-frequency mode.
With the increasing of Re number range, the trajectory becomes
thinner and thinner. When Ur¼ 6 corresponding to the lower
branch, the trajectories appear as an extremely slender “8” shape,
and the size of the figure “8” increases slightly with the increasing
of Re number range.When Ur¼ 8.5 corresponding to themaximum
value of amplitude, the motion trajectories are obviously different
in three Re number ranges. When Re¼ 1450e10 200, the trajectory
is a slant ellipse, which indicates that the cross-flow and in-line

vibration frequencies are similar. When Re¼ 5800e40 800, the
trajectory is poor in reciprocating motion and appears as a cross-
flow straight line. When Re¼ 13 050e91800, the trajectory is an
asymmetric “8” shapewith a small top and a big bottom. AtUr¼ 12,
the trajectory presents as a single-frequency slender “8”. In sum-
mary, the effect of Re number range on higher-mass-ratio VIV
trajectory is different with that in the case of lower mass ratio.

The vortex shedding nephograms of Re number range
1450e10 200 and 13 050e91800 at some typical reduced velocities
are shown in Fig. 13. It can be observed that only the “2S”mode and
the “2P” mode occur in the cases of the two Re number ranges

Fig. 10. Comparison of lift coefficient and drag coefficient in different Re number ranges about a higher-mass-ratio cylinder, (a) the root mean square of the lift coefficient, and (b)
the mean of resistance coefficient.

Fig. 11. Time domain curves of the hydrodynamic coefficients and the cylinder's cross-flow displacements at higher mass ratio when Re¼ 13 050e91800, (a) Ur¼ 3, (b) Ur¼ 4, (c)
Ur¼ 6, (d) Ur¼ 9, (e) Ur¼ 10, and (f) Ur¼ 13. The blue line represents Cd , the red line represents Cl and the green line represents y/D.
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Fig. 12. Cylinder motion trajectory under some typical reduced velocities at the mass ratio of 13 in different Re number ranges, (a) Ur¼ 3, (b) Ur¼ 6, (c) Ur¼ 8.5, and (d) Ur¼ 12,
where left subgraph Re¼ 1450e10 200, middle subgraph Re¼ 5800e40 800, and right subgraph Re¼ 13 050e91800.
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whenUr¼ 3, Ur¼ 5 andUr¼ 6, which is different with that of lower
mass ratio. The increase of Re number range doesn't have a sig-
nificant effect on the vortex shedding mode at these reduced ve-
locities, but the vortex intensity in higher Re number range is
relatively stronger than that in lower Re number range. When
Ur¼ 8.5, the vortex of higher Re number range appears as the “2P”
mode, by contrast, the lower Re number range presents the “2P”
mode in near vortex region and “2T”mode in far flow region, which
causes the advanced abrupt change of amplitude response in lower
Re number range shown in Fig. 9 (a).

6. Effect of Re number range on VIV of a cylinder with the
frequency ratio of 2

6.1. Vibration amplitude, frequency and hydrodynamic forces

In the numerical simulation of the cylindrical VIV with the fre-
quency ratio of 2, the mass ratio and damping ratio are selected as
2.6 and 0.005 respectively and kept constant while the diameter
and velocity are adjusted to change the Re number range. Similarly,
we choose the model test of the two-degree-of-freedom VIV of a
cylinder with the frequency ratio of 2, mass ratio of 1.1, damping

ratio of 0.039 and 0.031 in cross-flow and in-line directions and Re
number range of 4800e28 000 performed by Kim et al. (2016) as
the basic comparison.

Fig. 14 (a) shows the cross-flow vibration amplitude curves in
different Re number ranges. We can find that the variation trends of
the numerical and test results show the similarity to some extent,
but the large-amplitude region and lock-in interval show some
differences as the mass ratio and damping ratio are changed in two
cases. In numerical simulation, three amplitude curves all present
the initial branch, the upper branch and the lower branch, but the
unlocking region with small amplitude values is absent. Although
the curves of the three Re number ranges have the similar trend,
the maximum values are enlarged when the Re number range in-
creases. Similarly, the in-line amplitude curves in three Re number
ranges are illustrated in Fig. 14 (b). The changing of mass ratio and
damping ratio even cause larger distinction between numerical and
experimental cases. In numerical simulation, the three in-line
amplitude curves reach the peak values when the reduced veloc-
ity is equal to 6, and then they decrease with the increase of
reduced velocity in a stepped form. And the maximum in-line
amplitude values are increasing with the increase of Re number
range, which is similar with cross-flow amplitude.

Fig. 13. The vorticity nephogram of the cylinder with a mass ratio of 13 under several typical reduced velocities, (a) Ur¼ 3, (b) Ur¼ 5, (c) Ur¼ 6, and (d) Ur¼ 8.5, where left
subgraph Re¼ 1450e10 200, and right subgraph Re¼ 13 050e91800.

Fig. 14. Non-dimensional amplitude and frequency variation for increased reduced velocities at m*¼ 2.6 andfnx=fny ¼ 2, (a) cross-flow dimensionless amplitude, (b) in-line
dimensionless amplitude, and (c) cross-flow dimensionless vibration frequency.

Z. Kang et al. / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 835e850846



Fig. 14 (c) illustrates cross-flow dimensionless frequency of the
VIV. It can be observed that the width of the lock-in interval is
constant in three Re number ranges, which is about 4 � Ur � 14.
The cross-flow vibration enters the lock-in region at Ur ¼ 4, but the
unlocking phenomenon doesn't appear even though Ur¼ 14, which
may be the reason of the absence of the small values at the end of
cross-flow amplitude curves. In the lock-in region, the vibration
frequency becomes closer to the natural frequency as the Re
number range increases.

The root mean square curves of lift coefficient and the results of
mean drag coefficient in different Re number ranges are shown in
Fig. 15 (a) and (b) respectively. As shown in Fig. 15 (a), the three

kinds of lift coefficients have the similar variation trend which in-
volves two peaks and slowly decreases to very small value after
Ur> 6. With the increasing of Re number range, the lift coefficient
rises accordingly when 2 � Ur � 4, but it presents a crossover
phenomenon when Ur> 4, which indicates that the lift coefficient
is not directly proportional to the Re number range. For the drag
coefficient shown in Fig. 15 (b), the crossover phenomenon also
occurs in the results of different Re number range. It should be
noted that the width of the interval of higher drag value decreases
with the increase of Re number range, which makes the shape of
the curve sharper.

Similarly, Fig. 16 shows the time-domain curves of lift

Fig. 15. Comparison of lift coefficient and drag coefficient in different Re number ranges of the cylinder with the frequency ratio of 2.0, (a) the root mean square of the lift co-
efficient, and (b) the mean of resistance coefficient.

Fig. 16. Time domain curves of the hydrodynamic coefficients and the cylinder's cross-flow displacements at Re¼ 13 050e91800 when frequency ratio is 2.0, (a) Ur¼ 3, (b) Ur¼ 4,
(c) Ur¼ 5, (d) Ur¼ 6, (e) Ur¼ 8, and (f) Ur¼ 13. The blue line represents Cd , the red line represents Cl and the green line represents y/D.
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Fig. 17. Cylinder motion trajectory under some typical reduced velocities at the frequency ratio of 2 in different Re number ranges, (a) Ur¼ 3, (b) Ur¼ 5, (c) Ur¼ 8, and (d) Ur¼ 12,
where left subgraph Re¼ 1450e10 200, middle subgraph Re¼ 5800e40 800, and right subgraph Re¼ 13 050e91800.
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coefficientCl, drag coefficientCd and cross-flow displacement y/D at
Re¼ 13 050e91800 to further investigate the hydrodynamic char-
acteristics of the VIV of higher Re number. As shown in Fig. 16 (a),
the curves of Cl, Cd and y/D are all in the form of simple harmonic
wave at Ur¼ 3 corresponding to the initial branch. When Ur¼ 4, 5
and 6, the “beat” phenomenon appears on the curves of Cl, Cd and y/
D, which indicates that the superposition process of frequency
exists in the hydrodynamics and vibration. When Ur¼ 8 and 13, Cl
and Cd present the “small spikes” at the mountainside, indicating
the fluctuating hydrodynamics have produced a lower frequency
component, which has been reported in the earlier experimental
studies of Dahl et al. (2006). The Cl and y/D are still relatively large
when Ur¼ 13, indicating the vibration may not jump out of the
lock-in region, which is consistent with above amplitude analyses
of the vibration.

6.2. Cylinder motion trajectory and vortex shedding mode

The trajectories of the cylinder at several classical reduced ve-
locities in different Re number ranges are shown in Fig. 17. It can be
observed that, when Ur¼ 3 corresponding to the initial branch, the
in-line amplitude is very small, and the trajectory is almost a
straight line. With the increase of Re number range, both the cross-
flow and in-line amplitudes increase, which results in the cylin-
drical shape of the trajectory. When Ur¼ 5 corresponding to the
transition process from initial branch to upper branch, the trajec-
tory appears as the “8” shape whose two ends shift to the direction
of flow. With the increase of Re number range, the shifting of the
two ends about the trajectory is amplified, which is similar to the
“>” shape. At Ur¼ 8 and 12, the trajectory appears as a thin “8”
shape with the relatively large values about cross-flow and in-line
amplitudes. In general, the motion trajectory of the cylinder has a
larger variation mainly referring to the shape difference in initial
branch, but a limited change mainly referring to the size difference
about the “8” shape in upper and lower branches when the Re
number range increases.

Similarly, the vortex shedding nephograms of different Re
number ranges are illustrated in Fig. 18. As shown in Fig. 18 (a),
when Ur¼ 3, the vortex shedding appears as the “2S” mode at

Re ¼ 1450e10 200 while that behaves as the “P þ S” mode in near
vortex region and the “2S” mode in far vortex region at
Re¼ 13 050e91800. When Ur¼ 5 and Ur¼ 6 corresponding to
Fig.18 (b) and (c), the vortex sheddingmodes are “Pþ S”, and the Re
number range has little influence on vortex shedding mode in this
case. Meanwhile, when Ur ¼ 8, the vortex shedding modes in two
Re number ranges are “P þ S” mode in near vortex region and “2P”
mode in far vortex region. Generally, the vortex shedding mode of
the cylinder with a frequency ratio of 2 experiences the variation
process of “2S”~“P þ S”~“2P” with the increase of reduced velocity.
The Re number range has a certain effect on the vortex shedding
mode at lower reduced velocity, but the effect gradually becomes
very small with the increase of reduced velocity.

7. Conclusion

In this paper, the effects of Re number, which was set as
1450e10 200, 5800e40 800 and 13 050e91800 in the numerical
simulation respectively, on VIV of the circular cylinders with
different mass ratios and frequency ratios were investigated by
applying the variable controlling approach. On this basis, the
vibrating amplitude, frequency, hydrodynamic forces, motion tra-
jectory and vortex shedding mode of the cylinders were compared
and analyzed. Through the above research, the following conclu-
sions could be drawn.

(1) For the cylinder with a mass ratio of 2.6 and a frequency ratio
of 1, with the increase of Re number range, both the cross-
flow and in-line amplitudes are amplified to some extent.
The lock-in phenomenon has been captured in three Re
number ranges, but the lock-in frequency is closer to the
natural frequency in higher Re number range. The lift coef-
ficient increases in upper branch but decreases in lower
branch with the rising of Re number range while the drag
coefficient decreases in all branches with the increase of that.
The motion trajectory of the cylinder has no essential change
in shape but a certain enlargement in size when Re number
range increases. And the vortex sheddingmodewill turn into
the “2T” mode in advance if Re number range is higher.

Fig. 18. The vorticity nephogram of the cylinder with a frequency ratio of 2 under several typical reduced velocities, (a) Ur¼ 3, (b) Ur¼ 5, (c) Ur¼ 6, and (d) Ur¼ 8, where left
subgraph Re¼ 1450e10 200, and right subgraph Re¼ 13 050e91800.
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(2) For the cylinder with a mass ratio of 13 and a frequency ratio
of 1, the amplitude of cross-flow vibration only involves
initial branch and lower branch, and the maximum value of
cross-flow amplitude increases obviously with the increase
of Re number range. The lock-in interval is larger and the
lock-in frequency is closer to the natural frequency in higher
Re number range. The effect of Re number range on lift and
drag coefficients is similar with that at the mass ratio of 2.6.
The motion trajectory of the cylinder has a shrinking trend in
initial and unlocking regions but an amplifying trend in lock-
in region with the increase of Re number range, and at
Ur¼ 8.5, the trajectories in three kinds of Re number ranges
are totally different, which are slant ellipse, straight line and
sloping “8” shape. The effect of Re number range on vortex
shedding mode is limited in this case.

(3) For the cylinder with a mass ratio of 2.6 and a frequency ratio
of 2, the cross-flow and in-line amplitudes at all reduced
velocities are enlarged when Re number range increases.
There is no unlocking region when reduced velocity are
higher, and the lock-in frequency which is closer to the
natural frequency in higher Re number range increases step
by step as the reduced velocity increases. The lift and drag
coefficients show a cross phenomenon with the increase of
Re number range, but in higher drag interval, the increase of
that will amplify the drag coefficient. The motion trajectory
changes from “8” shape to “>” shape in initial branch with
the increase of Re number range. And the effect of Re number
range on vortex shedding mode mainly reflects in the case of
lower reduced velocity.

In general, the change of Re number range will affect the char-
acteristics of the VIV of a cylinder to some extent, and the specific
effects about that are quite different under different combinations
of mass ratio and frequency ratio. Considering most of the present
VIV investigations are performed under the condition of medium
and low Re numbers, the research results of this paper may have
some reference value for the study of vortex-induced vibration at
high Re number.
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