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Abstract: The numerical study of vortex-induced vibration (VIV) of a near-wall cylinder, as well
as the impacts of the wall on VIV response, is presented. The Reynolds number for a cylinder near
a wall is lower than that of an isolated cylinder when the max vibration amplitude occurs. The max
vibration amplitude of the cylinder near a wall is less than that of an isolated cylinder. Moreover, the
vortex shedding observed from a wall interacts with the vortex shedding emanating from a cylinder,
weakening it. As a near-wall cylinder enters the lock-in region, the vortex shedding from a wall
interact with that from the cylinder, which promote separation of the wall boundary layer and alter

the wake vortex structure.
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1. Introduction

Although natural gas and oil are still the main energy
sources of the world, new energy sources including
offshore wind power are developing all the time. Japanese
government carried out policies to accelerated the
development of the offshore wind power for confirming
energy security'-,

Slender subsea structures like cables, pipelines, risers
and jumpers when exposed to the current may experience
vortex-induced vibrations (VIV), that could reduce

structural fatigue life and increase risk of structural failure.

The proximity of the sea bottom will change the flow
around the cable and its wake. Such current-induced
vibrations may cause engineering accidents. Therefore, it
is important to study the VIV of a cylinder near a wall.
Because of a wall, the fluid flow mechanism of the
cylinder near a wall becomes more complicated compared
with those in isolated conditions?. Jones and Tsahalis
discovered that the track of a cylinder near a wall is an
elliptical shape at X and Y direction, instead of the
traditional 8 shapes for an isolated cylinder®. Fredsee and
Sumer reported that at reduced velocity U, < 3 and gap
ratio G/D > 0.3, the transverse vibration frequency of
the cylinder near a wall is approximate to vortex shedding
frequency of a fixed cylinder®. While Ur is from 3 to 8,
the deviation between the two frequencies is considerable.
Yang and Gao discovered a reduction in transverse
vibration amplitudes with reducing gap ratio G/D by
studying the VIV of a cylinder near a wall in the turbulent
regime in an experiment”. Yang and Gao discovered
experimentally that vibration range increases with

reducing mass ratio m*. At the same decreased velocity,
the frequency ratio (which is the ratio of transverse
vibration frequency to natural frequency of a cylinder) for
smaller m* is substantially bigger®. Dimensionless
vibration frequencies for lower G/D = 0.06 and 0.30
are much higher than those for higher G/D =
0.66 and 0.88.

MingZhao used 2D RANS equations to explore 2-DoF
VIV of a cylinder near a wall, as well as impacts of a plane
wall on VIV at the G/D is exceedingly narrow (G/D =
0.002)”. Wang and Hao experimented a 1-DoF VIV of a
cylinder near a wall and found that vibration amplitude
and vibration frequency of a cylinder are affected by a
wall, which also cause non-linearities response of the
cylinder!?. Tham et al found that when m* = 10 and
R, = 100, the initial branch and lower branch in the
amplitude curve against reduced velocity Ur at
0.75 < G/D <10 are observed, which is similar to an
isolated cylinder, and at G/D = 0.5, two transverse
vibration peak amplitudes could be observed'D. Li and
Yao presented that when R, =200 and G/D =0.9, a
numerical simulation for a cylinder near a wall'?. They
discovered that due to the wall's effect, the mean lift force
is increased, the vortex shedding from bottom half of the
cylinder is inhibited by both vortex shedding from the top
portion of the cylinder and the wall boundary layer'®.

Many experiments and numerical studies are conducted
to further understand the dynamic response of VIV of the
cylinder near a wall. Previous researches are largely
centered on the dynamic response of VIV of a cylinder
close to a wall in the laminar flow. In this paper, the
dynamic response of VIV of an elastically supported
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cylinder for low mass ratio near a wall at high Re in the
turbulent regime is numerically investigated based on
open-source software OpenFOAM 422,

It is well known that the mesh quality is important for
the numerical solution. In a numerical simulation with
overset mesh, the body motion is simulated depending
upon the relative positions of different component meshes
and the shape of each component mesh is fixed. Therefore
overset mesh could maintain the mesh quality with the
large motions of a body, and the mesh quality could be
kept regardless of the magnitude of body motions?3-2%,

The other parts of this paper are structured as follows.
The mathematical model and governing equations are
stated in Section 2. Section 3 describes problem definition
as well as the mesh independence analysis. Section 4
describes the discussion and the results. Finally, Section 5
highlights the key concluding remarks.

2. Mathematical model

In this paper, a transient solver and Reynolds Averaged
Navier-Stokes (RANS) methods are adopted to work out
the governing equations of the cylinder and flow motion
based on open-source software OpenFOAM. The methods
are shown below and the physical quantities are
displayed in Table.

2.1 Numerical method and governing equations

The physical quantities about ocean current are shown
in Table 1.

Table 1. Physical quantities about ocean current.

Physical quantities Symbol

The velocity vectors at the i direction u;
The position vectors at the i direction X;
The time t

The pressure p

The fluid density p

The dynamic viscosity v
The strain rate tensor Sij

The Reynolds stress tensor uuy

The turbulence kinetic energy k
The mean flow velocity U

The turbulence intensity 1

The reference length scale L

The kinematic eddy viscosity U
The Kronecker symbol 6ij

The Navier-Stokes equations and two dimensional
continuity equation for incompressible viscous flows are
adopted as shown below.

—=0 )

d __
E‘F U; (’)x]- = —;a—)q+a—xj(2v5i]- —ulu]) (2)

The equations of S;; and w;u; are as follows:

5. = 1 aui n auj (3)
b 2 ax] axi
— aui au]' n 2 k6 (4)
ulu] =l ax] axi 3 u

It is well known that the unsteady RANS equations are
unclosed, it is necessary to incorporate the extra equations,
namely a turbulence closure equation. The k-omega Shear
Stress Transport (SST k-w) turbulence model is the most
generally used model in the industry, and it has already
been used in a large number of publications about VIV of
the cylinder near a wall; So it was used in this research,
and specific model parameter settings are same to the
literature2®).

SST k-w is a two-equation model with the turbulence
kinetic energy k, and turbulence specific dissipation rate
o. For isotropic turbulence:

3 2
k=3 wn (5)
kO.S
w= —Clﬁ’-ZSL (6)

where C, is a constant equal to 0.09.

To realistically model a given problem, it is important
to define the turbulence intensity at the inlets. In this paper,
the incoming turbulence intensity is high turbulence, so
the turbulence intensity I = 0.1U.

2.2 Motion equation

The physical quantities about cylinder are shown in
Table 2.

Table 2. Physical quantities about cylinder.

Physical quantities Symbol
The diameter D
The structural mass m
The added mass mg,
The structural damping c
The structural stiffness k
The displacement in the in-line direction X
The displacement in the transverse direction Y
The drag force and drag coefficient Fp and Cp
The lift force and lift coefficient F; and C;
The mass ratio m"
The reduced velocity U,
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The natural frequency fn

The damping ratio &

The 2DOF dynamic equations of the vibration cylinder
are shown below:

m+m)X+cX+kX=F, (7N
m+m)Y +cY+kY =F, (8)
The parameters could be nondimensionalized as:
X Y TU
**p YTp T
., om npD? U
m :m_a' Mmq = 4’ Ur:ﬁq_D’ €))
— 2 — ¢
k= (m+mg)(2rf,)*, ¢ = Zm
1 1
Fp =5pDU*Cy,  F,=5pDUC,

where the nondimensional parameters x, y and ¢ are
displacements and time respectively.

Then, the nondimensional motion equations for the
vibration cylinder could be written as follow:

._+47Tf . +4n2 2 c (10)
% Urx Urzx_nm*D
._+47Tf ) +4n2 2 c a1
y U, y Urz y= ——

3. Numerical simulation

3.1 Numerical model

In this paper, the open-source software OpenFOAM is
used for 2D numerical simulation of 2DOF VIV of a
cylinder close to a wall. The numerical model is depicted
in Fig. 1.

As shown in Fig. 1, a cylinder is placed next to a wall,
its center is at the origin of the coordinate system and it is
10D aside inlet boundary and 20D aside outlet boundary
respectively. Top boundary is placed 10D above the
cylinder's center.

slip

- inlet outlet

10D

no-slip

; 10D I H 20D

|
Fig. 1: Schematic diagram.

In the simulation, the no-slip boundary condition is
considered for the wall boundary and cylinder surface. A
constant and uniform flow is applied at the inlet boundary.

A slip boundary condition is used for the top boundary.
The zero and zero-gradient are assigned to the pressure
and velocity at the outlet boundary, respectively.

Moreover, the wall function is considered for the wall
boundary and cylinder surface, when using wall functions
approach which can model the near wall region, there is
no need to resolve the boundary layer, which yields to a
significant reduction of the mesh size and the
computational domain. In this paper, the default boundary
function which come from OpenFOAM are assigned to
turbulent viscosity nut, turbulent energy k, turbulent
dissipation rate w, respectively. In OpenFOAM these
wall functions can provide the accurate result®”.

In this paper, the open-source software OpenFOAM is
used to solve the unsteady incompressible RANS equation
based on the finite volume method. The time terms are
discretized by the first order implicit Euler scheme. The
gradient terms are discretized by the Gauss linear scheme.
The divergence term of velocity is discretized by the
Gauss limitedLinearV 1 scheme and the divergence terms
of other parameters are discretized by the Gauss
limitedLinear 1 scheme. The terminology ‘limitedLinear’
stands for that the scheme limits towards upwind in
regions of rapidly changing gradient. The coefficient ‘1’
means strongest limiting, and ‘V scheme’ uses a single
limiter which is calculated based on the direction of most
rapidly changing gradient, resulting in the strongest
limiter being calculated which is most stable. The
Laplacian term is discretized by the Gauss linear corrected
scheme; The linear interpolation is used, and the solving
method is PIMPLE method. All those are standard
definitions in OpenFOAM.

In this paper, the gap ratio g/D = 1, mass ratio m* =
2.6, damping ratio m*¢ = 0.013, reduced velocity Ur is
from U, =3 to U, =15, corresponding Re is from
R, = 15677 to R, = 78387.

Fig. 2: Schematic diagram of overset mash.

3.2 Overset mesh

Overset meshes, unlike other mesh methods, do not
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need mesh deformation or remeshing. The mesh quality is
maintained throughout the simulation. This is particularly
appealing for large mesh deformation caused by body
movements. The numerical solution for this class of
problems using overset meshes involves creating two
meshes: one fixed background mesh and one moving
mesh fitted to the moving body. The domain connectivity
is obtained through proper interpolation in the overlapping
areas. As shown in Fig. 2, these two overlapping meshes
are used.

3.3 Validation

During our literature review for this paper, we
discovered that many publications validate their
respective numerical models by comparing them to the
numerical simulation findings of other authors. As a result,
we decided to verify our numerical results using
numerical from Naito et al., Singh et al., Tham et al., and
Chen et al.

A DNS numerical simulation of flows past a fixed
cylinder are conducted to verify the present numerical
approach. As shown in Table 3, compared to the results of
Naito et al., the present results are largely consistent with
those of Naito and Fukagata®®.

Table 3. Comparison for a fixed cylinder

Re=100 | (CD)ave | (CL)rms St
Present 1.35 0.22 0.165
Reference 1.33 0.23 0.165

Simulations of flows past an isolated cylinder which are
the same parameters as those in Singh et al. 2%, are also
conducted to validate the present numerical approach. As
shown in Fig. 3, at the same parameters m* = 10, £ =0,
R, = 100, compared to the results of Singh and Mittal.,
the present results are largely consistent with those of
Singh except when U, = 8.

Because the wall effect is being investigated in this
research, further confirmation of the dynamic response of
anear-wall cylinder is required. The numerical calculation
parameters are identical to those of the VIV system in Refs.
11 and 21. As illustrated in Fig. 4, at the same parameters
m*=10, é=0, R, =100 and the g/D =0.5,
present results are compared to these of Refs. 11 and 21
and the present results are largely consistent with

literature. Consequently, the numerical model presented in
this study is considered to be valid.

0.6

—-S. P. Singh et al

& Present

4 4.5 5 5.5 6 6.5 7 7.5 8 8.5
Ur
Fig. 3: Comparison with Singh and Mittal for the isolated
cylinder.

0.5

~+Tham et al. 2015
-#-L.F.Chen 2020
-B-present

)
w
\
=

AP /D
>

e
o

01

4 5 6 7 8 9 10
ur

Fig. 4: Comparison of VIV simulation of the cylinder near a
wall.

3.4 Mesh independence

The effect of the mesh on the precision of numerical
simulation results is investigated in this section. Table 3
shows the results of using five different meshes of various
sizesat m* = 2.6, m*¢ = 0.013, R, = 36580, g/D =
1 and U, =7.

As shown in Table 4, the solutions appear to converge
when the mesh density is increased. The results obtained
with the more rough meshes M1, M2, and M3 are
compared to these with the finer meshes M4 and M5. The
discrepancies are shown in brackets. As a result, the mesh
M4 has been chosen to conduct the following 2D
simulations because of its accuracy and computational
efficiency.

Table 4. Mesh independence study: the VIV of a cylinder near a wall at U, = 7.

Mesh | Number of elements (Ay)max/D (Ax)max/D (CD)ave (CL)rms
M1 115600 0.92669 (-2.74%) | 0.06092 (-2.71%) | 2.01747 (1.27%) | 0.45538 (8.21%)
M2 117200 0.95818 (0.57%) | 0.06708 (7.12%) | 2.08831 (4.83%) | 0.48571 (15.42%)
M3 132700 0.95578 (0.32%) | 0.06600 (5.40%) | 2.08266 (4.54%) | 0.48354 (14.90%)
M4 146300 0.95275 0.06262 1.99213 0.42083
M5 158800 0.94999 (-0.29%) | 0.06257 (-0.08%) | 1.98571 (0.32%) | 0.41786 (-0.71%)
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4. Results and discussion

The associated physical phenomena become more
complex as a cylinder is nearing a wall because of the
interactions between cylinder and wall. Because unsteady
wake of a near-wall cylinder interacts with the wall, these
coupled dynamic responses are unlike an isolated cylinder.
In this paper, to explore the coupled dynamic responses in
turbulence flow, a cylinder near a wall at a gap ratio
g/D =1 is selected, the dynamics response of an
isolated cylinder equivalent is compared.

4.1 In-line and transverse amplitudes

As shown in Fig. 5, the nondimensional in-line and
transverse max vibration amplitudes of an isolated
cylinder and a near-wall cylinder at a gap ratio g/D =1
1s described.

(a)

cylinder near a wall
/ -#-isolated cylinder
12 + /
/ o e
2 = Sl T
g8 | / N
I~ . \
% / \
3~ “
04 + “
\
‘ \
0 o—e- L . L . !
3 5 7 9 11 13 15
Ur
0.4 (b)
cylinder near a wall
/ -e-isolated cylinder
03 | /
Q
~
5702 /
Ex
N /
0.1 +
N
0 &— ' L L L L -
3 5 7 9 11 13 15
ur

Fig. 5: Max vibration amplitudes: (a) transverse; (b) in-line.

As Ur increases, the cylinder response region is often
split into four parts: the initial branch, upper branch, lower
branch, desynchronization branch respectively.

As shown in Fig. 5(a), compared to an isolated cylinder,
the upper branch and lower branch of a near-wall cylinder
are merged into one upper branch, meanwhile the max in-
line and transverse vibration amplitude are smaller. At the
initial branch (U, < 4), the transverse vibration amplitude
of a near-wall cylinder is more than these of an isolated
cylinder due to wall effect, it seems that the wall’s effect
is to increase vibrating rather than decreasing it. Until

U, > 5.5 as Ur increases, the effect of the wall will
suppress the transverse vibration amplitude. By
comparison, as shown in Fig. 5(b), when 7 < U, < 11.8,
because of the effect of the wall, the in-line vibration
amplitude of near-wall cylinder is more than these of an
isolated cylinder.

As shown in Fig. 5(a), the existence of wall affects the
entire shape of response curve. As Ur enters the pre-lock-
in area (U, < 4), the transverse vibration amplitudes of
cylinder near a wall are larger than that of an isolated
cylinder. When Ur increases up to about 4, the transverse
vibration amplitudes both quickly increase, and when
U, > 5.5, the transverse vibration amplitudes of a near-
wall cylinder becomes smaller. The transverse vibration
amplitudes of the isolated cylinder quickly fall off when it
jumps down from upper branch to lower branch at U, =
6.88, meantime the transverse vibration amplitudes of a
near-wall cylinder drop gradually. As Ur increases further,
the near-wall cylinder more quickly leaves the lock-in area
when U, = 11.8 while an isolated cylinder leaves the
lock-in region at U, = 14.

(a) crms
25 L
cylinder near a wall
5 | /\ - -e-isolated cylinder
15 | ,/
1 b
05 N -
0 6—e-= _.—_ — 3
3 5 7 9 11 13 15
Ur
b CQVE
a5 (b) Cp
cylinder near a wall
3+ -s-isolated cylinder
25 / ‘
2+ / ;
/ N
15 | / N
— ~
~
S ~
1 L_ ) [ L2~
05 L 1 L L L
3 5 7 9 11 13 15
Ur

Fig. 6: C[™ and Cj"¢

4.2 Lift coefficient and drag coefficient

As shown in Fig. 6, lift coefficient and drag coefficient
are compared. The root-mean-square of lift coefficient
C/™ isillustrated in Fig. 6(a). At the initial branch (U, <
4), the C/™ of the near-wall cylinder are bigger. At
U, = 4.1, two cylinders both go out the initial branch,
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C[™ have a very sudden change like the corresponding
vibration amplitudes curve. As Ur increases further, the
C[™ of the isolated cylinder increase and then decrease
rapidly at U, = 6.88 which is same as the vibration
amplitudes curve. In contrast, the C/™° of the cylinder
near a wall decreases rapidly after it reaches the maximum
at U, = 4.1. Furthermore, for a near-wall cylinder, the
average of lift coefficient is not 0 and the lift force
direction is far from the wall.

As shown in Fig. 6(b), the relationship between average
of drag coefficient Cj"® and reduced velocity Ur is
shown. The max Cj*® of a near-wall cylinder is larger.
Similar to €]™°, as Ur increases further, the C5"¢ of a
near-wall cylinder will rise rapidly when U, = 4.1, and
then decreases.

At 7 < U, <15, the curve of C[™ and Cj*® are

almost the same trend.

4.3 Frequency responses

The Fig. 7 illustrates the frequency ratio f/f,, with
reduced velocity Ur. While fs is equal to or approximate
to the cylinder natural frequency fi, lock-in occurs.

The near-wall cylinder goes into lock-in area at U, =
4.1 while the isolated cylinder goes into lock-in area at
U, = 6.88. The vibration frequency of two cylinders both
increases with Ur increases. The near-wall cylinder leaves
the lock-in area at U, = 11.8 while the isolated cylinder
leaves the lock-in area at U, = 14.

. flta
cylinder near a wall
3 | —e—isolated cylinder
fn/fn
2.5 b ——fs/fn
2+
15 ¢
1 ——
o
05 W
0 I I I 1 I
3 5 7 11 13 15

9
Ur
Fig. 7: Frequency ratio with reduced velocity.

4.4 Trajectory

As shown in Fig. 8, the track curve of vibration of the
near-wall cylinder in X and Y direction is presented. As
seen in numerous works of literature, the XY-trajectory of
an isolated cylinder plots a shape of an eight. Tsahalis and
Jones found that the track curves of vibration of the near-
wall cylinder are an elliptical circle by experiments®. XY
track curve of the cylinder near a wall in this article
evolves from an irregular figure to a figure of eight, and
then gradually becomes an enclosed elliptic circle as Ur
rises.

0.6 0.6 06

o 02 o 02 o 02
I3 3 I3
> = =
< 02 < 02 < 02

0.6 0.6 0.6
1 1 1

i Ur=85 1 Ur=9.5 N

06 06 06
o 02 o 02 o 02
£ L £
= > =
< .02 < 02 <02
-0.6 -0.6 -0.6

1 -1 -1

0 0.2 04 0.6 0 0.2 0.4 0.6 0 0.2 04 0.6

Ax/D Ax/D Ax/D

Fig. 8: XY-trajectory when a cylinder is near a wall.

4.5 Vorticity field

The vortex force and vorticity field are studied using
five typical reduced velocities (U, = 4,6,8,10,12). As
shown in Fig. 9-13, the vorticity field and power spectrum
analysis of lift coefficient (CL) of an isolated cylinder and
a near-wall cylinder are illustrated.

The Fig. 9 shows the vorticity field and the power
spectral analysis for lift coefficient of the isolated cylinder
and the cylinder near a wall when U, =4 (R, =
2.1 x 10*). There is only one peak in one vibration period
in the power spectrum for two cylinders, and both are a
typical 2S vortex mode observed from vorticity field. The
vortex shedding from a wall interact with the vortex
shedding from a cylinder, these vortex merge at the back
of the cylinder. The lift coefficient amplitude of the
isolated cylinder is smaller than that of the cylinder near
the wall from the power spectrum.

The Fig. 10 shows the vorticity field and the power
spectral analysis for lift coefficient of the isolated cylinder
and the cylinder near a wall when U, =6 (R,=
3.1 X 10*). For an isolated cylinder, two peaks can be
seen from power spectrum, and the vortex mode where 2S
mode transform into 2P mode can be observed from
vorticity field. For the cylinder near a wall, three peaks
can be observed from the power spectrum, and the vortex
mode where 2P model transform into P + S mode can be
observed from vorticity field. At U, = 6, the transverse
vibration amplitudes are large so that the wall boundary
layer is disrupted by the vortex shedding from the cylinder,
and which cause the wall boundary layer separate early.
Then the vortex shedding closest to the wall from the
cylinder merge with the wall boundary layer, and merge
location is nearer cylinder than that at U, = 4. The lift
coefficient amplitude of the isolated cylinder is larger than
that of the cylinder near the wall from the power spectrum.

The Fig. 11 shows the vorticity field and the power
spectral analysis for lift coefficient of the isolated cylinder
and the cylinder near a wall when U, =8 (R, =
4.2 X 10*). For an isolated cylinder, two peaks can be
seen from power spectrum, and a 2P vortex mode can be
observed from vorticity field. For the cylinder near a wall,
three peaks can be observed from the power spectrum, and
the vortex mode where also 2P model transform into P + S
mode can be observed from vorticity field. When U, = 8,
the isolated cylinder is already at lower branch, the lift
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coefficient amplitude is very small compared to that at the
upper branch. The lift coefficient amplitude of the isolated
cylinder is almost equal to that of the cylinder near the
wall from the power spectrum.

The Fig. 12 shows the vorticity field and the power
spectral analysis for lift coefficient of the isolated cylinder
and the cylinder near a wall when U, =10 (R, =
5.2 X 10*). For an isolated cylinder, two peaks can be
seen from the power spectrum, and a 2P vortex mode can
be observed from vorticity field. For the cylinder near a
wall, three peaks can be observed from the power
spectrum, and the vortex mode where also 2P model
transform into P + S mode can be observed from vorticity
field. The lift coefficient amplitude of the isolated cylinder
is a bit bigger than that of the cylinder near the wall from
the power spectrum.

The Fig. 13 shows the vorticity field and the power
spectral analysis for lift coefficient of the isolated cylinder
and the cylinder near a wall when U, =12 (R, =
6.2 X 10*). For an isolated cylinder, two peaks can be
seen from power spectrum, and a 2P vortex mode can be
observed from vorticity field. For the cylinder near a wall,
a typical 2S vortex mode can be observed from vorticity
field. When U, = 12, the cylinder near a wall is at the
desynchronization branch, compared to others Ur, only
two peaks can be observed from the power spectrum, and
the second frequency is dominant frequency. The lift
coefficient amplitude is lesser than that of the isolated
cylinder, however, frequency increases considerably as
shown in Fig. 7.

X 0.798434
Y 1.5671
.

f/fn

Z vorticity

[1.0

—05

05

1.

5. Conclusion

The VIV dynamic response of the isolated cylinder and
the cylinder near a wall are analyzed at reduced velocity
3 < U, £15, corresponding Reynolds numbers 1.5 X
10* < R, < 7.8 x 10*. The effects of the wall on VIV are
studied. The main conclusions could be drawn as below:

(1) For an isolated cylinder, at U, = 6.88, the max
in-line amplitude is about 0.39D and the max transverse
amplitude is about 1.46D. For a near-wall cylinder, the
max transverse amplitude is about 0.99D at U, = 5.5
and the max in-line amplitude is about 0.15D at U, = 4.5.

2) For an isolated cylinder, the max average drag
coefficient is about 2.63, and the max lift coefficient root-
mean-square is about 2.2. For a near-wall cylinder, the
max average drag coefficient is about 3.45, and the max
lift coefficient root-mean-square is about 1.96.

3) For an isolated cylinder, as Ur increases, the 2S
vortex model transform into 2P vortex mode. For a near-
wall cylinder, as Ur increases, the 2S vortex model
transform into 2P vortex mode, finally transform into P +
S vortex mode at the lock-in area.

@) The coupling responses between the cylinder
and the wall are more complex. As a near-wall cylinder
enters into lock-in area, vortex shedding from cylinder
merge with those from the wall due to the large transverse
amplitude of the cylinder, and these vortexes interact near
the cylinder, which accelerate separation of wall boundary
layer and alter the wake vortex structure.

T T
2 X 0.875
S Y 2.76673

f/fn

Fig. 9: Vorticity field and the power spectral analysis for lift coefficient of the isolated cylinder (left) and the cylinder near a wall
(right) when Ur = 4 (Re = 2.1 x 10%).
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Fig. 10: Vorticity field and the power spectral analysis for lift coefficient of the isolated cylinder (left) and the cylinder near a wall
(right) when Ur = 6 (Re = 3.1 x 10%).
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Fig. 11: Vorticity field and the power spectral analysis for lift coefficient of the isolated cylinder (left) and the cylinder near a wall
(right) when Ur = 8 (Re = 4.2 x 10%).
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Fig. 12: Vorticity field and the power spectral analysis for lift coefficient of the isolated cylinder (left) and the cylinder near a wall
(right) when Ur = 10 (Re = 5.2 x 10%).
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Fig. 13: Vorticity field and the power spectral analysis for lift coefficient of the isolated cylinder (left) and the cylinder near a wall
(right) when Ur = 12 (Re = 6.2 x 10%).
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