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Abstract: Vortex-induced motion (VIM) is a critical issue for floating structures made of one or more
columns, due to its significant impacts on their operational stability. Supported by column-type
floating platforms, floating offshore wind turbines (FOWTs) may also experience large-amplitude
VIM responses in current flow. Existing research on FOWTs has mostly focused on their wind/wave
induced responses, yet less attention has been paid to their responses in current flow. In this paper,
the VIM of the OC4 semi-submersible FOWT platform is studied numerically over a wide range
of flow velocity. Three incidence angles, i.e., 0◦, 90◦, and 180◦, are considered and the effect of
current incidence on platform VIM is analysed. Results show that the so-called lock-in phenomenon
is present and that a large transverse response amplitude of more than 0.3D persists until Vr = 30,
with its maximum reaching over 0.8D at Vr = 8. Meanwhile, the transverse response amplitude for
cases with the incidence angle of 180◦ is generally smaller, with a narrower lock-in regime, than
those under the other two incidence scenarios. Flow field visualisation reveals that upstream vortices
continuously interact with the downstream side column when the incidence angle turns to 180◦,
impacting the vortex shedding process and consequently fluid forces of the downstream column.

Keywords: vortex-induced motion; current incidence; vortex interaction; floating offshore wind
turbine; semi-submersible

1. Introduction

Over the past few years, various attempts have been made, with success, by the off-
shore wind industry to install wind turbines far offshore, where the wind resource is more
abundant and consistent than onshore or nearshore. When the water depth of installation
sites increases to over 50 m, it will become economically infeasible to install a wind turbine
on fixed-bottom foundations such as monopiles and tripods. A viable and proven alter-
native is to support the wind turbine with a floating platform instead. Compared to its
fixed-bottom counterparts, the so-called floating offshore wind turbine (FOWT) faces more
engineering challenges. Most notably, environmental loads from wind, wave, and current
will excite the floating platform to move in both translational and rotational degrees of
freedom, which in turn greatly affects the aerodynamic performance of the supported wind
turbine, e.g., thrust and torque, and consequently the power generated [1,2]. Extensive
research has been conducted on the response characteristics of FOWTs over the past decade.
The majority of these studies have focused on the analysis of the coupling effects between
the wind turbine and the floating platform, under various wind and wave conditions,
either experimentally [3,4] or numerically [5,6]. However, there have been relatively scarce
studies on the motion responses of FOWTs subjected to current flow, despite the fact that sea
current is present in real-world ocean environments, in addition to wind and waves. Mean-
while, floating platforms of FOWTs mostly inherit the mono- or multi-column design from
the offshore oil and gas industry. Research on floating oil and gas platforms has already
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shown that these column-type structures experience large-amplitude motions in the inline
and transverse directions, when they are placed in current flow [7,8]. This phenomenon is
attributed to periodic vortex shedding and is thus commonly referred to as vortex-induced
motion (VIM). Considering their similarities in structure design, it is reasonable to expect
that VIM can also occur for FOWTs in current and that the large-amplitude motions can
bring about adverse impacts on wind turbine operations. It is thus of both scientific and
engineering significance to investigate the VIM of FOWT platforms.

Many efforts have been made to study the VIM of floating oil and gas platforms under
free stream conditions. A number of experimental tests were performed for scaled platform
models, in towing tanks. Waals et al. [7] studied the VIM of a four-column floater and
found that the response range with large motion amplitude expanded as the mass ratio
of the floater decreased. They also argued that the floater experienced the largest motions
when it was rotated by 45 degrees with respect to the towing direction. Gonçalves et al. [9]
discovered from their experiment that the hull appendages on the square columns of a
semi-submersible platform greatly influenced its VIM responses. Gonçalves et al. [10]
further pointed out that the transverse motion amplitude of the platform was considerably
reduced when surface waves were generated along with the current flow, and that VIM was
not observed in regular wave conditions. Liu et al. [11] carried out a VIM experiment for a
semi-submersible platform with four square columns and concluded that a decrease in the
aspect ratio of the columns resulted in a smaller peak transverse amplitude. Tian et al. [8]
compared the responses of a tension leg platform (TLP) with and without appendages and
stated that the transverse response amplitude of the TLP decreased significantly by 82%,
when appendages were added to the platform surface.

In recent years, numerical investigations of the VIM of floating platforms have also
been carried out using Computational Fluid Dynamics (CFD) methods, which are able to
provide detailed information of flow field, and thus help improve the understanding of
interactions between fluid flow and floating platforms. Kim et al. [12] numerically studied
the VIM of a four-column TLP and results from their CFD simulations agreed well with the
model test data. Chen and Chen [13] compared the VIM responses of a semi-submersible
platform with three corner geometries. VIM was found to be rather sensitive to corner
rounding, and the response amplitude increased sharply as large rounding was applied to
the platform columns. Liang and Tao [14] examined the vortex shedding and formation of
a deep-draft semi-submersible platform in current flow and observed complex interactions
between vortices and the platform. Zhao et al. [15] analysed the VIM of a paired-column
semi-submersible platform and pointed out that the pontoons connecting the platform
columns had damping effects on its VIM responses. Huang and Chen [16] simulated the
coupled responses of a four-column platform with its mooring system in current flow
and argued that the mooring system also played an important role in mitigating VIM, by
providing additional mooring damping.

It can then be summarised from the above literature review that the VIM responses
of a floating platform are affected by many factors, including the presence of appendages,
current incidence angle, as well as geometrical properties (e.g., column shape, corner round-
ing, and aspect ratio). In the present study, the VIM of the DeepCwind semi-submersible
platform (see Figure 1), designed to support the OC4 FOWT [17], is investigated under
various current incidence conditions. The platform is characterised by a middle column
and three surrounding side columns, which is a novel formation compared to the typical
2 × 2 array configuration in existing works. Under different incidence conditions, the
relative positions of the columns change and their vortex shedding process can be influ-
enced, which can greatly affect the VIM responses of the FOWT platform, but still remains
relatively unexplored. Meanwhile, a concentric base is attached to the bottom of each side
column. Our previous research on the VIM of a single column has shown that the presence
of the base could affect its responses [18]. How the FOWT platform with bases responds
to current flow with different incidence angles has also been rarely analysed. It is thus
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expected that this work will contribute to the understanding of motion responses of FOWTs
subjected to environmental loads from current.
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The rest of this paper is organised as follows. The geometry of the FOWT platform and
test conditions are firstly described in Section 2, followed by an introduction in Section 3 to



Energies 2023, 16, 698 4 of 27

the numerical methods employed in this work. Section 4 then presents the computational
model established for the FOWT platform. Subsequently, in Section 5 the numerical results
obtained for the platform under various test conditions are presented and discussed. Finally,
conclusions are drawn in Section 6.

2. Problem Description
2.1. Geometry Definition

The geometry of the DeepCwind semi-submersible platform for the OC4 FOWT
studied in the present work is illustrated in Figure 1. The FOWT platform is mainly
composed of three side columns (SC) and a middle column (MC). A wind turbine tower is
connected to the middle column and the base of the side columns is designed to provide
additional hydrodynamic damping in heave and rotational motions of the platform. The
side columns are axisymmetric about the axis of the middle column, with an angle of 120◦.

Principal parameters of the FOWT platform are summarised in Table 1, which are
extracted from a 1/50th-scale model test previously conducted by Coulling et al. [19]. In
their experiment, Coulling et al. [19] primarily investigated the responses of the FOWT
under various wind and wave conditions, yet its motions subjected to current flow were not
tested. It is worth mentioning that the mass of the FOWT platform includes contributions
from the wind turbine and tower, although they are not directly modelled in this study.
Meanwhile, Only the underwater parts of the FOWT platform are modelled, while free
surface effects are not considered. Additionally, equivalent spring stiffness in inline and
transverse directions is applied to represent the mooring system consisting of three catenary
lines in the experiment, which is common practice in VIM studies. It should be noted that
the additional stiffness provided by cable bundles for data transmission in the experiment
by Coulling et al. [19] is also included in this study, leading to the larger spring stiffness in
the inline direction than that in the transverse direction.

Table 1. Principal parameters of FOWT platform.

Principal Parameters Value

Diameter of upper part of side columns D 0.24 m

Diameter of base of side columns DB 0.48 m

Diameter of middle column DM 0.13 m

Distance between side columns LSS 1 m

Distance between middle column and side columns LMS 0.577 m

Draft T 0.4 m

Height of upper part of side column below still water level (SWL) HU 0.28 m

Height of base of side column HB 0.12 m

Mass (including wind turbine and tower) m 113.15 kg

Inline spring stiffness kx 32.24 N/m

Transverse spring stiffness ky 28.64 N/m

Inline natural period Tx 15.13 s

Transverse natural period Ty 15.84 s

2.2. Test Conditions

In this study, the FOWT platform is subjected to free stream of uniform flow velocity
U and is allowed to move in the x (inline) and y (transverse) directions. The VIM of the
FOWT platform is investigated for a series of incident flow velocity U or reduced velocity
Vr, which is defined as Vr = U/

(
fyD

)
, with fy being the natural frequency of the FOWT

platform in the transverse direction in calm water and D the diameter of the upper part of
the side columns.
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The flow conditions investigated in this study are summarised in Table 2. The reduced
velocity Vr varies from 6 to 30, covering a wide range of flow conditions. The corresponding
incident flow velocity U and Reynolds number Re are also listed in Table 2. Meanwhile,
in order to analyse the effect of the current incidence on the VIM responses of the FOWT
platform, three incidence angles defined in Figure 2, i.e., α = 0◦, 90◦, and 180◦, are
considered. As the FOWT platform is axisymmetric about the centre line of the middle
column, these angles are also representative of other test conditions, e.g., α = 30◦, 60◦, 120◦,
and 150◦. For every incidence angle, all seven flow velocity conditions are studied, totaling
21 test cases.

Table 2. Flow conditions for VIM of FOWT platform.

Vr U (m/s) Re

6 0.091 2.19 × 104

8 0.122 2.92 × 104

10 0.152 3.65 × 104

12 0.182 4.37 × 104

14 0.213 5.10 × 104

20 0.304 7.29 × 104

30 0.456 1.09 × 105
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2.3. Data Analysis

The VIM of the FOWT platform is primarily characterised by the responses in the
inline and transverse directions. Due to the intrinsic nature of turbulent flow at high Re,
the motions of the FOWT platform can be irregular. Following Waals et al. [7], inline
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and transverse response amplitudes, i.e., Ax/D and Ay/D, are normalised by D and
computed as:

Ax/D =
√

2σ(x(t))/D (1)

Ay/D =
√

2σ(y(t))/D (2)

where σ denotes the standard deviation of the response time series x(t) and y(t).
The fluid forces exerted upon the FOWT platform are essential to the excitation of its

VIM responses and are also analysed. Here, the inline and transverse force coefficients, i.e.,
CD and CL, are defined as follows:

CD, CL =
Fx, Fy

0.5ρU2 Ap
(3)

in which Fx and Fy are the overall fluid forces of the FOWT platform in the inline and
transverse directions, respectively; ρ is fluid density; Ap is the projected area of the FOWT
platform on the plane normal to the incident flow and is defined as Ap = 3(DHU + DBHB)
(refer to Figure 1).

3. Numerical Methods
3.1. Flow Model

The fluid flow past the FOWT platform is assumed to be single-phase, incompress-
ible and turbulent, and is governed by the following unsteady Navier-Stokes equations
formulated in an Arbitrary Lagrangian-Eulerian (ALE) framework:

∇·U = 0 (4)

∂U
∂t

+∇·
[
(U−Ug)U

]
= −∇p

ρ
+∇·

[
νe f f

(
∇U + (∇U)T

)]
(5)

where U and Ug represent the flow velocity field and computational grid velocity, respec-
tively; t is time; p stands for the flow pressure field; ρ is fluid density; and νe f f = ν + νt
denotes the effective kinematic viscosity of fluid, in which ν is its molecular viscosity and
νt is an eddy viscosity field associated with flow turbulence.

In the present study, a Detached-Eddy Simulation (DES) method is adopted to simulate
turbulent flows, which is a hybrid RANS/LES approach and models boundary layer flow
via RANS models while simulating detached eddies in separated regions using LES [20].
By combining the advantages of the two approaches, DES achieves balance between
computational cost and simulation accuracy, and has thus been applied to massively
separated flow simulations, such as flow past a cylinder [21,22] and VIM [15,23] at high
Re. In this work, DES is formulated based on the following two-equation k-ω shear stress
transport (SST) turbulence model [24]:

∂ρk
∂t

+∇·(ρUk) = ∇·(Γk∇k) + P̃k − Dk (6)

∂ρω

∂t
+∇·(ρUω) = ∇·(Γω∇ω) + Pω − Dω + Yω (7)

where Γk and Γω represent the effective diffusivity of the turbulent kinetic energy k and
the specific dissipation rate ω, respectively. P̃k and Pω are the turbulence production
terms while Dk and Dω denote the turbulence dissipation terms. Yω is the cross-diffusion
term introduced by blending the standard k-ω and k-ε models. Details of these terms
can be found in the paper of Menter et al. [24]. To transform the SST model into a DES
formulation, the turbulence dissipation term Dk is substituted by Dk

DES = Dk·FDES, with
FDES = max[(1− FSST)Lt/(CDES∆), 1]. Here, FSST is set to the blending function F2 in the
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SST model; Lt =
√

k/(β∗ω) is the turbulent length scale with β∗, a constant defined in
the SST model; CDES = 0.61 is a calibration constant; and ∆ is the cubic root of local grid
cell volume.

The flow field is solved using the built-in pimpleDyMFoam solver within an open
source CFD framework, OpenFOAM version 4.1, which adopts a finite volume approach
to discretise the governing equations and employs a PIMPLE (merged PISO-SIMPLE)
algorithm to deal with the coupling of flow velocity and pressure. For all simulations in
this study, a backward scheme with second-order accuracy is used for temporal discretisa-
tion. A second-order LUST (linear-upwind stabilised transport) scheme, which blends a
second-order upwind scheme with a linear scheme for balanced accuracy and stability, is
adopted for convective terms. Gradient and diffusion terms are handled via a second-order
linear scheme.

3.2. Structural Model

The two-degree-of-freedom (2DoF) responses of the FOWT platform, subjected to
vortex-induced fluid forces, can be described via the following equations of motion:

m
..
x + c

.
x + kxx = Fx (8)

m
..
y + c

.
y + kyy = Fy (9)

where x and y denote the inline and transverse responses of the FOWT platform, separately;
m, c, kx, and ky represent the platform mass, structural damping coefficient, and spring
stiffness in the two directions provided by the mooring system, respectively; Fx and Fy
stand for the inline and transverse fluid forces exerted upon the FOWT platform.

The second-order Newmark-beta method [25] with integration parameters of γ = 0.5
and β = 0.25 is adopted to solve Equations (8) and (9) for the 2DoF responses of the FOWT
platform. It should be mentioned that structural damping is not considered in this study,
and thus the damping coefficient c is set to zero.

3.3. Fluid-Structure Interaction

The interaction between fluid and the FOWT platform is handled in a tightly coupled
manner, as illustrated in Figure 3. When a simulation starts, the flow field surrounding
the FOWT platform, i.e., fluid velocity and pressure, is initialised. At the beginning of
each time step, the fluid forces acting on the FOWT platform are firstly computed by
integrating pressure and shear stress over its surface. The responses of the FOWT platform
are then calculated by solving Equations (8) and (9). Subsequently, the computational mesh
is updated to accommodate the movement of the FOWT platform utilising a solid body
motion approach, where the overall mesh region moves along with the platform to avoid
the deterioration of grid quality present in the typical mesh morphing method. The Navier-
Stokes equations and turbulence equations, i.e., Equations (4)–(7), are solved afterwards,
to update the flow field. Within each time step, a number of iterations are performed
to improve numerical stability. At the end of every iteration, residuals of all flow field
variables are checked against their initial values to assess whether the flow field converges.
If the residuals drop by three orders of magnitude, it is then determined that flow field
convergence is achieved and computation advances to the next time step; otherwise, a new
iteration begins, until the convergence criteria are satisfied. The calculation procedure is
then repeated for every time step until the end of the simulation.
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3.4. Validation Test

The numerical tool adopted for the present study is validated against the VIM experi-
ment of a four-column floating platform, conducted by Gonçalves et al. [26]. The floating
platform consists of four circular cylinders of equal size, which are arranged in a 2× 2 array
with a spacing of 4 times the cylinder diameter in both directions. Principal parameters
of the floating platform can be found in the work of Gonçalves et al. [26]. The platform in
the experiment was restrained by a simplified mooring system comprised of four springs,
and was installed on a towing carriage moving at a constant speed in a towing tank. In
numerical simulations, equivalent spring stiffness in both inline and transverse directions
is applied to the platform, which is subjected to an incident current with constant velocity,
and is only allowed to translate in the two directions.

Figure 4 compares the predictions of the non-dimensional platform VIM ampli-
tude in both directions from the numerical tool, with the experimental data provided
by Gonçalves et al. [26] at various reduced velocities Vr. It is found that the results from the
numerical simulations agree rather well with experimental measurements. As is shown
in Figure 4a, the non-dimensional inline response Ax/D of the platform increases notably
before Vr = 7, and then stays between 0.3 and 0.4, until Vr = 10. Meanwhile, Figure 4b
demonstrates that the non-dimensional transverse response Ay/D of the platform rises
sharply as Vr increases, reaching a maximum of about 1.2 at Vr = 10, i.e., the largest tested
reduced velocity. The good agreement between the data obtained from the numerical and
experimental studies indicates that the numerical tool presented in this work is able to
predict the VIM of multi-column platforms with good accuracy.
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4. Computational Model
4.1. Computational Domain and Boundary Conditions

The computational domain established for VIM simulations of the FOWT platform is
shown in Figure 5, where the scenario with the incidence angle of α = 0◦ is demonstrated as
an example. The distance measured from the top to the bottom boundary of the domain is
4T, where T denotes the draft of the FOWT platform. The centreline of the middle column is
16D away from the two sides as well as the Inlet boundary, and 32D from the Outlet boundary,
in order to minimise the impact of domain boundaries on the fluid flow around the FOWT
platform. For other cases with a different incidence angle, the FOWT platform is rotated about
the centreline of the middle column, while all other boundaries remain unchanged.
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The boundary conditions employed for the computational model are also annotated
in Figure 5. A constant free stream velocity U is specified for the fluid velocity U, in the
positive x direction at the Inlet boundary, while the fluid pressure p at the Outlet boundary
is set to zero. A symmetry condition is applied at the four Sides boundaries, where the
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velocity component normal to these boundaries is always zero. A no-slip condition is
imposed to the Structure boundary so that the fluid velocity U on the structure surface is
equal to the calculated structure velocity Us.

4.2. Mesh and Time-Step Size Sensitivity Tests

A mesh sensitivity test is carried out to ensure that the numerical results obtained in
the present study are independent of the computational mesh. Three cases with different
mesh densities are set up, which are named Coarse, Medium, and Fine, as listed in Table 3.
The computational mesh for the Medium grid with an incidence angle of α = 0◦ is presented
in Figure 6, where Figure 6a depicts the mesh on the top side of the computational domain,
and Figure 6b shows the mesh on the platform surface. The built-in grid generation utility
snappyHexMesh in OpenFOAM is used to generate a hexahedra-dominant unstructured
grid with good quality. The grid is refined with increased levels of cell-splitting near the
FOWT platform and in the downstream wake region, in order to better capture vortex
shedding from the structure surface, as well as the interaction between the vortex flow and
the platform. A total of 20 layers of cells are extruded from the structure surface with a
growth ratio of 1.2, and the height of the first cell away from the structure surface is set to
0.0001 m to satisfy y+ ∼ 1, which ensures that the boundary layer is fully resolved, and
thus no wall functions are employed for the turbulence equations.

Table 3. Results of mesh and time-step size sensitivity tests for VIM of FOWT platform at α = 0◦ and
Vr = 10.

Mesh Cell Count U∆t/D ¯
x /D Ax/D Ay/D f/fy

Coarse 1.91 × 106 0.025 0.668 0.0675 0.646 1.229

Medium 4.54 × 106

0.05 0.711 0.0796 0.825 1.135

0.025 0.716 0.0727 0.793 1.162

0.0125 0.706 0.0719 0.776 1.162

Fine 9.31 × 106 0.025 0.705 0.0712 0.798 1.162
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Table 3 compares the non-dimensional mean inline response x/D, inline response
amplitude Ax/D, transverse response amplitude Ay/D, and transverse response frequency
ratio f / fy among the three cases at α = 0◦ and Vr = 10. The difference between the Medium
and Fine cases is found to be smaller compared to that between the Medium and Coarse
cases, indicating that the mesh density adopted for the Medium grid is adequate for the
present study. Therefore, the Medium grid is employed for subsequent simulations.

Similarly, a sensitivity test is conducted for the time-step size ∆t. A nondimensional
time-step size U∆t/D is defined by normalising ∆t with the flow velocity U and the
diameter of the upper part of the side columns D. Three simulations with the Medium
grid are performed at α = 0◦ and Vr = 10, with U∆t/D set to 0.05, 0.025, and 0.0125,
respectively. Table 3 shows that the results obtained for the two cases with U∆t/D = 0.0125
and U∆t/D = 0.025 agree well. The nondimensional time-step size of U∆t/D = 0.025 is
thus adopted in the present study.

4.3. Mooring Stiffness Tests

The VIM responses of the FOWT platform are closely related to its natural frequency
in both inline and transverse directions, which is determined by the restoring stiffness
provided by its mooring system. In order to ensure that the equivalent spring stiffness
employed in the present study well represents the original three-line mooring system,
free decay tests are carried out for the FOWT platform in both directions. The platform
is subjected to an initial displacement of 0.5D in either direction and is allowed to move
freely. Figures 7 and 8 show the time series and Power Spectral Density (PSD) curves of the
platform motions in inline and transverse directions, respectively. The natural frequency
of the FOWT platform is then computed and compared with the experimental results in
Coulling et al. [19]. It is found that the differences between the present predictions and
experimental data in the natural frequency in both directions are rather small, i.e., 0.15%
and −1.11%, separately. As a result, the equivalent spring stiffness set in this work can be
deemed reasonable.

Energies 2023, 16, x FOR PEER REVIEW 12 of 29 
 

 

and 0.025U t DΔ =  agree well. The nondimensional time-step size of 0.025U t DΔ =  is 
thus adopted in the present study. 

4.3. Mooring Stiffness Tests 
The VIM responses of the FOWT platform are closely related to its natural frequency 

in both inline and transverse directions, which is determined by the restoring stiffness 
provided by its mooring system. In order to ensure that the equivalent spring stiffness 
employed in the present study well represents the original three-line mooring system, free 
decay tests are carried out for the FOWT platform in both directions. The platform is sub-
jected to an initial displacement of 0.5D in either direction and is allowed to move freely. 
Figure 7 and Figure 8 show the time series and Power Spectral Density (PSD) curves of 
the platform motions in inline and transverse directions, respectively. The natural fre-
quency of the FOWT platform is then computed and compared with the experimental 
results in Coulling et al. [19]. It is found that the differences between the present predic-
tions and experimental data in the natural frequency in both directions are rather small, 
i.e., 0.15% and −1.11%, separately. As a result, the equivalent spring stiffness set in this 
work can be deemed reasonable. 

 
Figure 7. Free decay test of FOWT platform in inline direction: (a) time series; (b) PSD. Figure 7. Free decay test of FOWT platform in inline direction: (a) time series; (b) PSD.



Energies 2023, 16, 698 12 of 27Energies 2023, 16, x FOR PEER REVIEW 13 of 29 
 

 

 
Figure 8. Free decay test of FOWT platform in transverse direction: (a) time series; (b) PSD. 

5. Results and Discussion 
This section presents the results obtained with the numerical tool for the VIM of the 

FOWT platform. The effect of current incidence on the platform is analysed in terms of 
platform motion responses and fluid forces, as well as flow field. 

5.1. Transverse Response 
Figure 9 compares the variation of the transverse response amplitude yA D  of the 

FOWT platform with respect to the reduced velocity rV  among cases with different in-
cidence angles. It immediately becomes apparent that significant VIM responses are ex-
cited in the transverse direction. For the cases with 0α = ° , yA D  rises sharply from 
about 0.2 at 6rV =  to about 0.75 at 8rV = , and reaches its maximum of around 0.8 at 

10rV = , followed by a gradual decrease to a still notable value of 0.4, even at 30rV = . 
Results for the cases with 90α = °  are similar to those with 0α = ° , except that yA D  
peaks at 8rV = . Meanwhile, the responses with 90α = °  are generally smaller and the 
discrepancies are even more profound at 20rV =  and 30rV = . When the incidence an-
gle α  turns to 180°, although yA D  at 8rV =  is the largest of all simulated cases, the 
overall transverse response amplitude further decreases rapidly within the wide range of 
10 30rV≤ ≤ , compared to the other two scenarios. In particular, the response amplitude 
for the case with 180α = °  at 30rV =  falls below 0.2. These differences in yA D  clearly 
demonstrates that the transverse response amplitude of the FOWT platform is affected by 
the incidence angle α , which will be further analysed in Section 0, from the viewpoint 
of flow field. 

Figure 8. Free decay test of FOWT platform in transverse direction: (a) time series; (b) PSD.

5. Results and Discussion

This section presents the results obtained with the numerical tool for the VIM of the
FOWT platform. The effect of current incidence on the platform is analysed in terms of
platform motion responses and fluid forces, as well as flow field.

5.1. Transverse Response

Figure 9 compares the variation of the transverse response amplitude Ay/D of the
FOWT platform with respect to the reduced velocity Vr among cases with different inci-
dence angles. It immediately becomes apparent that significant VIM responses are excited
in the transverse direction. For the cases with α = 0◦, Ay/D rises sharply from about
0.2 at Vr = 6 to about 0.75 at Vr = 8, and reaches its maximum of around 0.8 at Vr = 10,
followed by a gradual decrease to a still notable value of 0.4, even at Vr = 30. Results
for the cases with α = 90◦ are similar to those with α = 0◦, except that Ay/D peaks at
Vr = 8. Meanwhile, the responses with α = 90◦ are generally smaller and the discrepancies
are even more profound at Vr = 20 and Vr = 30. When the incidence angle α turns to
180◦, although Ay/D at Vr = 8 is the largest of all simulated cases, the overall transverse
response amplitude further decreases rapidly within the wide range of 10 ≤ Vr ≤ 30,
compared to the other two scenarios. In particular, the response amplitude for the case
with α = 180◦ at Vr = 30 falls below 0.2. These differences in Ay/D clearly demonstrates
that the transverse response amplitude of the FOWT platform is affected by the incidence
angle α, which will be further analysed in Section 5.4, from the viewpoint of flow field.

The significant response amplitude of the FOWT platform in the transverse direction
signals that the so-called lock-in phenomenon characterised by considerable VIM responses
is present. The Vr range in which lock-in occurs is of great importance for structure safety
design. To determine the lock-in regime of the FOWT platform under different current
incidence, the definition of lock-in proposed by Williamson and Govardhan [27] is adopted
in this study, which states that the frequency of structure response matches that of the fluid
force exerted on it. As a result, the frequencies of the platform responses and fluid forces
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are firstly computed by conducting Fast Fourier Transform (FFT) analysis on the time series
data obtained from CFD simulations. The time series of the non-dimensional transverse
response y/D and fluid force coefficient CL of the FOWT platform at various Vr, as well
as their PSD results, are plotted in Figures 10–12 for different current incidence scenarios.
Results for three representative flow conditions with Vr = 6, 8, and 30 are presented as
examples. It can be easily seen that for all the three scenarios, the time series for both
response and force of the platform at Vr = 8 are nearly periodic, while their frequencies
coincide with each other, clearly demonstrating the presence of lock-in. For the cases
at Vr = 6, although their responses are relatively small, the matching of the dominant
frequencies in the response and force still indicates that Vr = 6 also lies within the lock-in
regime, and likely denotes the onset of lock-in under all current incidence conditions. It is
surprising to notice that lock-in still occurs for cases with α = 0◦ and α = 90◦, even when
Vr reaches up to 30, as shown in Figures 10 and 11. Gonçalves et al. [26] also pointed out in
their VIM experiment of four-column platforms that lock-in for the platform made of four
square columns could be present at Vr = 25, which was the highest velocity condition tested
due to the limitations in their experimental facility, and that large response amplitude could
persist for even higher Vr. Nevertheless, for the case with α = 180◦, Figure 12 reveals that
the transverse response of the FOWT platform at Vr = 30 is highly chaotic, with multiple
noticeable peaks present in its PSD plot. More importantly, the dominant frequency of
the platform response deviates from that of the fluid force, which signifies that Vr = 30
lies outside the lock-in regime for the FOWT platform with α = 180◦. It can then be
summarised that the Vr range of lock-in for the FOWT platform is rather wide, meaning
that the platform can be subjected to periodic transverse responses with large oscillation
amplitudes over a wide range of flow velocity conditions.
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α = 180◦, at various Vr.

Figure 13 presents the transverse response frequency ratio f / fy of the FOWT platform
under different current incidence conditions. For all three scenarios, f / fy exhibits a similar
trend and increases as Vr becomes larger. Specifically, f / fy passes through the line f / fy = 1
between Vr = 8 and Vr = 10, and then stays close to the line f / fy = 1.25. In their 2DoF
vortex-induced vibration study of an elastically mounted rigid cylinder, Williamson and
Govardhan [27] argued that two distinct response branches with significant transverse
response amplitude, including a super-upper branch and a lower branch, were present.
They also pointed out that the transition from the super-upper branch to the lower branch
occurred as f / fy passed through unity, and that f / fy stayed almost constant throughout
the lower branch. Due to the relatively higher Re and more complex geometry involving
multiple columns in this study, the two distinct branches cannot be clearly identified.
However, the variation of f / fy with respect to Vr generally follows what was discussed by
Williamson and Govardhan [27].

Figure 14 shows the standard deviation of the transverse force coefficient CL,std, which
represents the oscillation amplitude of the fluid force, of the FOWT platform under different
current incidence conditions. For all three scenarios, CL,std quickly rises to its maximum
at Vr = 8 then decreases sharply to less than 0.1 at Vr = 12, and remains close to zero
until Vr = 30. This is in contrast to the relatively large transverse response amplitude
within 12 ≤ Vr ≤ 20, but agrees well with the variation of the fluid force in our previous
VIM study of a single side column [18,28]. Govardhan and Williamson [29] also spotted
this phenomenon in their experiment of a freely vibrating cylinder and explained it by
decomposing the total fluid force exerted upon a structure into two components, i.e., the
vortex force related to vortex shedding and the potential force associated with added mass.
According to their formulation, as Vr increases, the two force components become out of
phase by about 180◦, thus cancelling out each other and leading to a small total force.
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5.2. Inline Response

The mean inline response x/D of the FOWT platform under different current incidence
conditions is plotted in Figure 15. It is noted that for all incidence angles, x/D increases
almost linearly with Vr within the whole velocity range, which is caused by the increasingly
larger mean fluid force in the inline direction as the incident flow velocity grows. The
results for the cases with α = 0◦ are rather close to those with α = 180◦ within the range
of 6 ≤ Vr ≤ 20. However, they are mostly smaller than the predictions with α = 90◦,
which likely relates to the smaller spring stiffness, as shown in Table 1 for cases with
α = 90◦, when the spring restraints also rotate with the platform for 90◦ and the original
smaller transverse spring stiffness is applied in the inline direction instead. Meanwhile,
the differences among the three scenarios broaden at Vr = 30 with the result for α = 180◦

being the smallest, indicating that large discrepancies are present in the mean inline force
at such high incident flow velocity.
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Figure 16 shows the inline response amplitude Ax/D of the FOWT platform under
different current incidence conditions. Compared to the transverse results presented above,
the VIM response in the inline direction is relatively small within the whole Vr range.
In particular, Ax/D is nearly zero at Vr = 6 for cases with α = 0◦ and rises to around
0.075 at Vr = 8, while remaining so afterwards, as Vr increases. Meanwhile, the impact
of current incidence on Ax/D is present but rather limited due to the relatively small
response magnitude. For cases with α = 180◦, Ax/D reaches its maximum of about 0.135
at Vr = 8 before falling sharply to 0.075 at Vr = 10; while for those with α = 90◦, Ax/D
keeps increasing to around 0.12 at Vr = 12 and then also drops to 0.075.
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Figures 17 and 18 depict the mean and standard deviation of the inline force coefficient,
i.e., Cd and CD,std, of the FOWT platform under different current incidence conditions,
respectively. For all three scenarios, Cd and CD,std exhibit a bell-shaped curve similar to
Ay/D, as shown in Figure 9, and both peak at Vr = 8 followed by a gradual decrease.
Specifically, the inline force exerted upon the FOWT platform seems to be magnified where
the transverse response amplitude Ay/D is pronounced. This correlation between CD and
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Ay/D reflects the coupling of the inline and transverse responses, as was also pointed out
by Tian et al. [30], in their numerical study on flow-induced motions of a three-column
floating platform.
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5.3. Motion Trajectory

The motion trajectories of the FOWT platform at various Vr when viewed from the
XOY plane are illustrated in Figure 19 for all three current incidence conditions. One of
the notable features present in these figures is that a crescent-shaped trajectory is observed
at Vr = 8. Williamson and Govardhan [27] pointed out that this specific trajectory only
appeared for cases with high transverse response amplitude and that the phase difference
between the inline and transverse responses under this condition was 270◦. Meanwhile, for
other cases within the lock-in regime, the motion trajectory mostly exhibits the shape of “1”,
rather than the widely known figure-of-eight in VIV/VIM of mono-column cylinders, as
was also reported by Zhao et al. [15] and Tian et al. [30], as a linear type of trajectory. This
is likely related to the multi-column configuration where forces exerted upon individual



Energies 2023, 16, 698 22 of 27

columns are affected by the presence of adjacent columns. Additionally, compared to other
cases, the motion trajectory for the case with α = 180◦ at Vr = 30 is rather erratic, further
demonstrating that the responses of the FOWT platform lie outside the lock-in regime.
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5.4. Flow Field

Figure 20 visualises the three-dimensional vortex structure induced by the VIM re-
sponses of the FOWT platform at Vr = 10, under different current incidence conditions. The
vortices are represented by the iso-surface of Q = 0.1 and coloured by the non-dimensional
inline velocity component Ux/U, normalised with the incident flow velocity U. It can be
observed from Figure 20 that fully turbulent small-scale vortices are generated around the
FOWT platform, clearly demonstrating the complex flow field for a multi-column structure
at high Re. In particular, vortices are shed from the surfaces of the upper part of the side
columns. Meanwhile, vortices are also generated from the edges of their bases, which is a
unique feature for circular columns with a base, as has been pointed out in our previous
study [18]. Additionally, the vortices shed from the upstream column are convected and
impinge on downstream columns. These vortices then interact with those associated with
the downstream columns, which has significant impacts on the fluid forces acting on them.
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To better understand the differences in vortex interactions among the three current
incidence conditions, Figure 21 further illustrates the contours of the axial vorticity com-
ponent ωz on the sectional plane of z = −T/2, i.e., at a depth of half draft, for the FOWT
platform at Vr = 10. Column names are also annotated in Figure 21 for reference purposes.
Results at two distinct instants within one motion cycle are presented. At t = T0/4, the
platform just passes its initial equilibrium position and is moving upwards with the largest
transverse motion velocity; while at t = T0/2, it has moved to its maximum transverse
position with nearly zero motion velocity. A synchronised vortex shedding pattern is
observed for all columns as lock-in occurs for the platform at Vr = 10. By comparing the
results among the three incidence scenarios, it is noted that for the case with α = 180◦ the
downstream side column labelled as SC2 is continuously subjected to upstream vortices
shed from either MC or SC3 (SC1 at t = T0) over the whole motion cycle, greatly affecting
the vortex shedding process for SC2 and consequently the fluid forces. This is in contrast to
the other two scenarios where upstream vortices only impinge upon downstream columns
for a limited time range, which partially explains why Ay/D for the current incidence
scenario with α = 180◦ is in general the smallest among all three incidence conditions, as
previously shown in Figure 9.
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6. Conclusions

In this paper, the VIM responses of the OC4 semi-submersible FOWT platform made
of three side columns with a base and one middle column are investigated numerically
over a wide range of flow velocity. A high-fidelity fluid-structure interaction tool based on
the open source CFD framework OpenFOAM is presented and validated against published
experimental data. A DES model is employed to simulate the fully turbulent and massively
separated flows at high Re. Three current incidence angles, i.e., α = 0◦, 90◦, and 180◦, are
considered and results are compared and analysed to assess the effects of current incidence
on the VIM of the FOWT platform. Conclusions are summarised as follows.

The inline response of the FOWT platform is relatively small, with a response am-
plitude of about 0.1D, and the impact of current incidence is limited. Meanwhile, for the
transverse response, the lock-in phenomenon, characterised by large-amplitude motions
and the matching of dominant response and force frequencies, occurs for the FOWT plat-
form across a wide range of reduced velocity Vr, varying from Vr = 6 up to Vr = 30 for
cases with α = 0◦ and α = 90◦. The transverse response amplitude reaches its maximum of
about 0.8D at Vr = 8 and still stays above 0.3D at Vr = 30. When the incidence angle turns
to α = 180◦, the Vr range of the lock-in regime reduces, and chaotic responses appear at
Vr = 30. The transverse response amplitude for the cases with α = 180◦ is generally smaller
compared to the other two scenarios, which is explained via flow field visualisation by
the persistent interaction between the upstream vortices and the downstream side column.
Furthermore, the motion trajectory of the FOWT platform mostly exhibits the shape of “1”,
rather than a figure-of-eight, and a crescent shape is observed at Vr = 8.

Results from the present study suggest that the FOWT platform can be subjected to
considerable VIM responses over a wide range of current flow conditions, and thus should
be taken into consideration during the design phase. At this stage, only the platform
columns are modelled and the small-scale pontoons connecting them are not considered.
Although previous research on platforms with large-scale pontoons has demonstrated
their damping effects on VIM, how the small-scale pontoons affect the VIM of the FOWT
platform still remains unclear. Additionally, the aerodynamic loads experienced by the
wind turbine are ignored in this work but may also influence the platform VIM responses,
as the loads from wind and current are coupled via structure responses and the wind-
induced inclination angle, can also play an important role. Furthermore, in a real-world
ocean environment, current flow can be of a shear shape rather than uniform, it is also
interesting to compare the FOWT responses under the two different flow conditions. The
effects of small-scale pontoons, turbine loads, and shear flow on the VIM of the FOWT will
be analysed in future studies.
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