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a b s t r a c t

The semi-submersible with three circular columns is an original concept of efficient multifunctional
platform, which can be used for marginal oil, gas field, and Floater of Wind Turbines (FOWT). However,
under certain flow conditions, especially in uniform current with specific velocities, the eddies will
alternatively form and drop behind columns, resulting in the fluctuating lift force and drag force.
Consequently, the semi-submersible will subject to the Flow-Induced Motions (FIM). Based on the De-
tached Eddy Simulation (DES) method, the numerical studies were carried out to understand the FIM
characteristics of the three-column semi-submersible at two different parameters, i.e., current incidences
(0�, 30�, and 60�-incidences) and reduced velocities (4 � Ur � 14). The results indicate that the lock-in
range of 6 � Ur � 10 for the transverse motions is presented, and the largest transverse non-
dimensional nominal amplitude is observed at 60�-incidence, with a value of Ay=D ¼ 0:481. The
largest yaw amplitude Ayaw is around 3.0� at 0�-incidence in the range of 8 � Ur � 12. The motion
magnitude is basically the same as that of a four-column semi-submersible. However, smaller responses
are presented compared to those of the three-column systems revealing the mitigation effect of the
pontoon on FIM.
© 2021 Production and hosting by Elsevier B.V. on behalf of Society of Naval Architects of Korea. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Flow-Induced Motions (FIM) have always been tough issues
both in engineering and academic fields from mono-column plat-
form to multi-columns platform. Semi-submersible offshore plat-
form is a kind of marine engineering equipment with multi-
columns structure. However, under certain inflow conditions,
especially in uniform current with specific speeds, the eddies or
vortices around columns will form and drop alternately, causing
the platform to suffer fluctuating drag forces along the flow di-
rection and lift forces perpendicular to the flow direction. The
platformwould generate FIM behaviors due to the periodic exciting
forces. For deep-draft semi-submersible platform, owing to the
increase of the immersion depth of the column and the increase of
the projected area perpendicular to the inflow, it will be subject to
greater drag forces and fluctuating lift forces, more prone to vortex-
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induced motion phenomenon, as reported by Hong et al. (2008)
(Hong et al., 2008), Bai et al. (2014) (Bai et al., 2014) and
Gonçalves et al. (2015) (Gonçalves et al., 2015). In addition, because
of its characteristics, the mooring and riser systems would suffer
higher loads, which can cause damaging fatigue force stresses on it,
as reported by Sagrilo et al. (2009) (Sagrilo et al., 2009) for a mono-
column platform, Zou et al. (2014) (Zou et al., 2014) and Xiang et al.
(2010) (Xiang et al., 2010) for semi-submersibles.

Model tests and numerical simulations are carried out to study
FIM of large offshore platforms. Initially, a series of model tests on
FIM behaviors of spar and mono-column platforms were per-
formed. Finnigan et al. (2005) (Finnigan et al., 2005) presented the
first results regarding truss spar FIM in the simultaneous presence
of waves and current, which showed that waves in-line with the
current direction generally reduce FIM response. Lefevre et al.
(2013) (Lefevre et al., 2013) discussed the most relevant issues
regarding the concept, execution, and procedures to comparatively
analyze the results obtained from FIM model tests, such as char-
acteristic motion amplitudes, motion periods, and forces. Further-
more, the approach employed in the tests was designed to build a
reliable data set for comparison with theoretical and numerical
l Architects of Korea. This is an open access article under the CC BY-NC-ND license
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models for FIM prediction, especially for that of mono-column
platforms. Aiming to investigate the FIM characteristics of the
traditional four-column platforms, rich experimental studies have
been carried out in the last dozen years. For example, Waals et al.
(2007) (Waals et al., 2007) analyzed the effect of mass ratio on
the vortex-induced motions of a four-column platform and the
vortex shedding between the columns in the condition of complex
flow. The results showed that the low mass ratios such as for
conventional TLP's may result in larger transverse response than for
deep draft semi-submersibles, which could cause the increase in
total mean current loads. Whereas Maximiano et al. (2016)
(Maximiano et al., 2016) presented that the tested mass ratios
from 0.86 to 1.1 suggest a negligible impact on the FIM response,
since the variation is below 5%. Gonçalves et al. (2011) (Gonçalves
et al., 2011) performed model tests to check the influence of
many factors on FIM of a semi-submersible, such as different
headings and hull appendages. The experimental results showed
that the hard pipes had great influence on the FIM response, which
was different between 0�- and 180�- incidences, as also reported by
Gonçalves et al. (2012) (Gonçalves et al., 2012). Gonçalves et al.
(2013) (Gonçalves et al., 2013) and Liu et al. (2016) (Liu et al.,
2016a) studied the influence of draft conditions on FIM character-
istics of semi-submersibles as well. The pontoon effect on FIM
characteristics of multi-column floating structureswas investigated
by conducting experimental tests in towing tank, as presented in
Liu et al. (2016) (Liu et al., 2016b). The semi-submersible with four-
pontoon shows the largest fluctuating lift force coefficients and the
most significant transverse motions at both 0� and 45� current
headings, which indicates the four pontoons are capable to produce
vortex shedding as well as the columns, and promote the distortion
along the columns. A comparison between amplitudes for deep-
draft semi-submersible platforms with different column shapes
can be found in Gonçalves et al. (2018, a) (Gonçalves et al., 2018a).
Besides, the authors experimentally researched the FIM of three
cylinders with the shapes of circular, square and diamond sections
showed in Gonçalves et al. (2018, b) (Gonçalves et al., 2018b). In this
work, three current incident angles were tested, i.e., 0�, 90� and
180�. The amplitudes showed the most considerable values for the
circular case for themotions in the transverse and in-line directions
and yaw.

With the development of computer technology, Computational
Fluid Dynamics (CFD) method is gradually applied to investigations
of the FIM behaviors for floating platform. Wu et al. (2016) (Wu
et al., 2016) investigated the FIM of a deep draft semi-
submersible with four rectangular columns in uniform current
coupled with waves using two-dimensional (2-D) CFD method.
Rijken (2014) (Rijken, 2014) focused on the effects of mass ratio,
various column cross-sectional shapes and scales on FIM for semi-
submersibles. The phenomenon was examined by comparing 2-D
CFD method and experimental tests. However, it is noted that 2-D
CFD method does not accurately model the FIM phenomenon.
Kim et al. (2015) (Kim et al., 2015) studied the numerical sensitivity
of FIM by using three-dimensional (3-D) CFD method. The results
showed that a more accurate amplitude can be obtained by using
the Delayed Detached Eddy Simulation (DDES). Besides, CFD
method can be used as the supplement of model tests and the tool
of mutual verification, as reported by Liang et al. (2017) (Liang et al.,
2017). A comprehensive numerical simulation was conducted to
study the fluid physics associated with FIM of a deep-draft semi-
submersible and carried out an experimental study in a towing
tank to investigate the FIM effects on the overall hydrodynamics of
the structure. The results revealed that the vortex shedding pro-
cesses of the upstream columns enhanced the vortex shedding
processes of the downstream columns leading to the rapid increase
of the magnitude of FIM.
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It is known that FIM responses are induced by the fluctuating lift
force, which is influenced by the interference between the flow
fields of columns. Zdravkovich (1987) (Zdravkovich, 1987) pointed
out that the interference of flow fields between two cylinders was
mainly related to their relative positions. Sayers (1987) (Sayers,
1987) studied the flow characteristics of four circular cylinders at
the conditions of different spacing ratios and current incidences.
Liu et al. (2015) (Liu et al., 2015a) pointed out that the upstream
columns were subjected to larger drag force by conducting exper-
imental and numerical studies on the excitation loads and flow
patterns around four circular cylinders in a square configuration. In
contrast, the downstream columns suffered higher fluctuating lift
force due to significant wake interference from the upstream col-
umns. These research achievements showed that flow patterns of
multi-columns are complex. Besides, the form of vortex shedding
and mechanical characteristics are sensitive to the variations of
spacing ratios and current incidences. Subsequently, Liu et al.
(2015) (Liu et al., 2015b) investigated the flow characteristics
around four square-cylinder arrays at subcritical Reynolds
numbers. The numerical works were carried out as well in Chen
and Chen (2016) (Chen and Chen, 2016), Koop et al. (2016) (Koop
et al., 2016a), Liu et al. (2017,b) (Liu et al., 2017a) and Zhang et al.
(2017) (Zhang et al., 2017), investigating the FIM behavior of
semi-submersibles with four square columns. In Rosetti et al.
(2016) (Rosetti et al., 2016), the authors present some of CFD re-
sults regarding the FIM of semi-submersible with four circular
columns in 0� and 45�. It confirmed that the cases of the 0� result in
larger motions than those of 45�, in contrast to the FIM behavior of
a semi-submersible with square columns.

The three-column structure is generally applied to the Floater of
Wind Turbines (FOWT). In the case of a semi-submersible with
three circular columns, the array of columns is different from
traditional platforms with four columns, resulting in complex
interference between columns and pontoon. In addition, the
arrangement of pontoons is distinguished from semi-submersible
with four columns naturally. Therefore, to address and under-
stand the FIM phenomenon and flow fields of the semi-
submersible with three circular columns, this paper carries out
the numerical simulation using CFD method.

2. Numerical simulation

Computational Fluid Dynamics (CFD) approach is often applied
to solve the coupled rigid body motions for a floating platform
together with the fluid transport equations owing to improvements
in both hardware and software. The 3-D numerical simulations
about the FIM response of a semi-submersible were carried out at
the model scale.

2.1. Numerical model

The general layout of conceptual design for the semi-
submersible with three circular columns is presented in Fig. 1.
The Y-shaped deck supported by the top of three vertical columns
provides the working space. Besides, the design of increasing the
diameter at the bottom of the column and the design of new
floating box can improve the vertical movement performance of
the platform and increase the buoyancy of the platform.

The scale ratio of CFD model size to prototype platform size is
1:60, regardless of geometric imperfections in the actual model
from fabrication tolerances. The dimensions of the platform both in
model scale and prototype scale are presented herein, as shown in
Table 1. It is noted that only the bare hull and braces are considered
in the simulation. The column aspect ratioðT �PÞ =D is 1.4, spacing
column ratioS=Dis 6, and pontoon ratioP=D is 0.47.



Fig. 1. The general layout of conceptual design for the semi-submersible with three
circular columns.

Table 1
Main particulars of the semi-submersible with three columns.

Parameters Unit Values

Prototype Model

Width overall (B) m 108.0 1.800
Diameter of middle column (D) m 15.0 0.250
Diameter of node and top columns ðD1Þ m 18.0 0.300
Spacing of columns (S) m 90.0 1.500
Pontoon height (P) m 7.0 0.117
Pontoon width (W) m 6.0 0.100
Draft (T) m 28.0 0.467
Displacement (D) MT 28951.3 0.131
Vertical center of gravity (VCG) m 26.8 0.447
Radius of gyration zz (RZZ ) m 34.9 0.582

Fig. 3. Computational domain and boundary conditions.
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The equivalent horizontal mooring system consisting of 3 sets of
horizontal mooring lines is adopted, as shown in Fig. 2. This
mooring configuration can simulate the horizontal restoring force
of the system and can match the natural periods of the motions in
the horizontal plane. Considering the symmetry of the platform,
the simulations under the current of 0�-incidence, 30�-incidence
Fig. 2. The arrangement of the equivalent horizontal m
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and 60�-incidencewere performed to investigate the FIM behaviors
of the semi-submersible. For all current incidences, the model is
rotated accordingly and the angle between each spring is always
120� in the initial condition, which allow the same configurations
of mooring system for all different incidences as presented in Fig. 2.
It can be calculated that the ratio of the stiffness in the X direction
to Y direction is2 :

ffiffiffi
3

p
. In model scale, the mooring stiffness of each

spring is 41.554 N/m, and the horizontal pretension of each spring
is 35 N.

2.2. Simulation schemes

All CFD simulations presented here were carried out using a
finite volume CFD code developed by CD-Adapco, i.e. STAR-
CCM þ version 12. The high Reynolds number leads to turbulent
flow around themodel. The FIM of the semi-submersiblewith three
circular columns is governed by the oscillating hydrodynamic
forces arising from large-scale turbulent eddies. Thus, it is impor-
tant to capture large-scale eddies in the wake of the model. How-
ever, Large Eddy Simulation (LES) requires a much finer mesh in the
boundary which is not economical in general. Holmes (2008)
(Holmes, 2008) used Detached Eddy Simulation (DES) in simu-
lating tow tank experiments with the objective of finding possible
modeling deficiencies, which not only focused on the resolution of
the large eddies in the wake, but also concerned the use of wall
functions to model the boundary layer. In the same sense, Kim et al.
(2015) (Kim et al., 2015) showed that for multi-column platform
and flow conditions (Re~105), the Delayed Detached Eddy Simula-
tion (DDES) demonstrated a better agreement with the experi-
mental measurement of FIM responses compared to the Unsteady
Reynolds Averaged Navier-Stokes (URANS) model. Besides, Lefevre
et al. (2013) (Lefevre et al., 2013) discussed the applicability of
URANS and DES to the spar FIM, and revealed that the
SpalarteAllmaras (SA)-DES method can provide very good predic-
tion in FIM amplitude values as those reported in towing tests,
which weremuch better than those of predicted by the Shear Stress
Transport (SST) K-Omega model. Therefore, the SA-DES approach
ooring system at the 0�-, 30�- and 60�- incidences.



Fig. 4. An example of grid distributions for the semi-submersible with three circular columns.

Table 2
Results of the cases with different temporal resolutions.

Case No. No. of cells (million) Dt=Tn Ay=L Relative change CD Relative change CLrms Relative change

T1 3.74 0.010 0.757 e 1.317 e 0.308 e

T2 3.74 0.007 0.743 1.90% 1.337 1.49% 0.298 3.27%
T3 3.74 0.005 0.737 0.84% 1.343 0.45% 0.278 7.23%
T4 3.74 0.002 0.739 0.25% 1.342 0.10% 0.268 3.56%
Exp. e 0.742 e 1.413 e 0.269 e
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was utilized to capture turbulence effects, which treats the flowas a
RANS simulation in the boundary layer by applying the SA model
and as a Large Eddy Simulation (LES) calculation elsewhere.

A particular physics modeling feature called Dynamic Fluid-
Table 3
Results of the cases with different grid resolutions.

Case No. No. of cells (million) Dt=Tn Ay=D Relative change Aya

M1 1.60 0.005 0.386 e 1.4
M2 2.52 0.005 0.432 10.6% 1.4
M3 4.58 0.005 0.434 0.4% 1.3
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Body Interaction (DFBI) is used in this study to simulate the mo-
tion of the rigid body. DFBI is often applied to (but not restricted to)
model the dynamic motions of marine applications, the rotations of
which are expected to be small. In this approach, the semi-
w Relative
change

CD Relative change CLrms Relative change

93 e 1.396 0.388 e

02 6.5% 1.450 3.7% 0.447 13.2%
02 7.7% 1.448 0.2% 0.463 3.5%



Fig. 5. Verification of numerical methodoly based on the comparison in Liu et al. (2017,b) (Liu et al., 2017a).

Table 4
Natural period in calm water (0�-, 30�- and 60� incidences).

Current incidence a(�) Natural period in the transverse direction Tn(s) Natural period in the in-line direction
TnxðsÞ

Natural period for the yaw motion
TnyðsÞ

0 10.66 10.62 8.58
30 10.94 10.62 8.83
60 11.02 10.97 8.86

C. Tian, M. Liu, L. Xiao et al. International Journal of Naval Architecture and Ocean Engineering 13 (2021) 599e616
submersible is meshed within a large surrounding volume mesh
and the entire mesh moves along with the platform without mesh
distortion. Lefevre et al. (2013) (Lefevre et al., 2013) and Tan et al.
(2013) (Tan et al., 2013a) employed the DFBI method to capture the
FIM response of a mono-column and a multi-column floater,
respectively. The results showed a good agreement with model
tests. Therefore, this paper applies the DFBI method to simulate the
FIM behaviors of the semi-submersiblewith three circular columns.
2.3. Computational domain and boundary conditions

In previous numerical studies on the FIM of semi-submersible
platforms, the size of the computational domain has slight differ-
ence. For example, the computational domain was
14 B � 12 B � 4.5 T in works by Kim et al. (2011) (Kim et al., 2011),
Fig. 6. Non-dimensional amplitudes of the motions in the transverse direction at the
0�-, 30�- and 60�- incidences.
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and 27 B� 18 B� 6 T inworks by Tan et al. (2013) (Tan et al., 2013b).
In contrast, Lee et al. (2014) (Lee et al., 2014) performed a numerical
study of deep-draft semi-submersible FIM using a computational
domain with a length of 5 B, width of 4 B and depth of 2.2 T. In
numerical simulations shown in Liu et al. (2017,b) (Liu et al., 2017a),
the computational domain size of 18 B � 12 B � 6 T was applied. In
order to avoid side wall effects, the computational domain herein is
chosen as 32.4 m long (i.e., 6 times the hull width upstream and 12
times the hull width downstream), 21.6 m wide (i.e., 12 times the
hull width), and 2.80 m deep (i.e., 6 times the model draft), as
presented in Fig. 3.

The boundary conditions applied to the calculations were a
velocity inlet at the flow inlet, a pressure outlet at the flow outlet,
symmetry planes at the domain bottom and the two lateral walls,
Fig. 7. The ratio of the period of the motion in the transverse direction to the sway
natural period at the 0�-, 30�- and 60�- incidences.



Fig. 8. The RMS of lift force coefficient at the 0�-, 30�- and 60�- incidences.
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and a non-slip wall on the hull surface (see Fig. 3). The free surface
was fixed at the mean water level as a symmetry plane, owing to
the low Froude number. Only the motions in the horizontal plane
are considered, i.e., the heave, roll, and pitch are neglected due to
Fig. 9. Time history and spectral analysis for the motion in the transverse direction and th
incidence.
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their very small magnitude for the semi-submersible with three
circular columns in current environment.
2.4. Convergence tests and validation

The whole computing domain adopts a polyhedral grid, as
shown in Fig. 4. The mesh on the hull surface is sized to capture the
boundary layer. Here, the values ofyþ, which represents the non-
dimensional distance of the first node away from the hull surface,
are less than 1 over the entire wall boundary when the SA-DES
approach is applied to model the turbulent flow. yþ ¼ u*Dy=n,
where u* denotes the wall friction velocity, n denotes the kinematic
viscosity coefficient, andDyis the distance of the first node from the
hull surface. When calculating u*, the far field velocity U∞ is set to
0.5 m/s, larger than the maximum inlet velocity. Consequently, the
value of Dy is 3.5E-5 and it is applied for all cases. The wake behind
the semi-submersible with three circular columns must be
adequately resolved to capture the larger eddies, which are vital to
driving the oscillating hydrodynamic forces. Therefore, the other
key mesh-size requirement is the wake resolution.

Considering the findings presented in Liu et al. (2017,b) (Liu
et al., 2017a), as showed in Table .2, the influence of time step on
the numerical results can be neglected, i.e., the similar results were
obtained when conducting calculations with smaller time steps
e lift force coefficient for the semi-submersible with three circular columns at the 0�-



Fig. 10. Time history and spectral analysis for the motion in the transverse direction and the lift force coefficient for the semi-submersible with three circular columns at the 30�-
incidence.
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Dt=Tn(Dt is the time step, Tn is the natural period of the transverse
motion) with a large span from 0.002 to 0.010. For the perspective
of non-dimensional transverse responses, the differences between
the cases for different time steps are below 2.0%. Similar results
were obtained for cases with smaller time steps for the average
drag coefficients and fluctuating lift force coefficients, which im-
plies theminor impact of time steps on the FIM responses. Based on
the existing research, in order to achieving the accuracy and effi-
ciency of the calculation results, a non-dimensional time stepDt=Tn
of 0.005 is adopted in this paper, i.e., 0.06s. Thus, only the grid
convergence tests were performed for the semi-submersible at a
60�-incidence. Table 3 shows the results of convergence tests with
three different meshes, where the relative change represents the
variation of two consecutive cases. In this simulation by using
STAR-CCMþ, the volumetric controls for different parts are all
related on a base size with respective percentages. The base sizes of
M1, M2, and M3 are 0.4 m, 0.5 m, and 0.6 m, respectively.
Comparing the results of cases of M1 and M2, it shows a decided
change in terms of the response amplitude in the transverse di-
rection, the response amplitude of yaw, the average drag force
coefficients (CD) and the RMS of the lift coefficient (CLrms). In
contrast, minimal differences are observed between the cases of
M2 and M3, with the maximum variations are 3.5%, except for the
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response of yaw, because of their very close relative changes in all
cases. Therefore, considering the accuracy and efficiency of the
calculations, it is reliable to use the mesh generation of the case of
M2 in the simulations of the FIM behavior of the semi-submersible.

Prior to the investigations of the FIM characteristics of the semi-
submersible with three columns, the comparison of numerical and
experimental results was performed in order to verify the accuracy
of this numerical methodology, as presented in Liu et al. (2017,b)
(Liu et al., 2017a). Themesh type and the grid divisionmethodwere
the same as those employed in this numerical simulation. Fig. 5
presents the results of normalized motion amplitudes in the
transverse direction for different configurations obtained from the
model tests and numerical simulations. The largest transverse re-
sponses with valuesAy=Lz0:9are observed at 45�-incidence both
for experimental tests and numerical simulations. Furthermore, it
can be clearly seen that the numerical results are in good agree-
ment with the experimental measurements, i.e., the nearly iden-
tical trend and values are observed at each reduced velocity for all
models. It can be confirmed that the application of DES method in
simulating the FIM behaviors for semi-submersibles with multi-
columns is reliable. Therefore, the identical numerical method
and turbulence models were employed in the simulations of the
semi-submersible with three columns, compared to those of the



Fig. 11. Time history and spectral analysis for the motion in the transverse direction and the lift force coefficient for the semi-submersible with three circular columns at the 60�-
incidence.
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semi-submersible with four columns.
2.5. Calculation procedures and data analysis methods

One of the most important parameters evaluating the FIM re-
sponses is the reduced velocityUr, is commonly defined as below,
Fig. 12. Non-dimensional amplitudes of the motions in the in-line direction at the 0�-,
30�- and 60�- incidences.
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Ur ¼UTn=D (1)

where U is the inflow velocity, as well as the towing velocity; D is
the diameter of middle column.

Three current incidences are considered, i.e., 0�, 30� and 60�.
The inflow velocity Uranges from 0.091 m/s to 0.330 m/s and the
range of the reduced velocity Ur is 4e14. The corresponding
Fig. 13. The average drag force coefficient at the 0�-, 30�- and 60�- incidences.



Fig. 14. Time history and spectral analysis for the motion in the in-line direction and the drag force coefficient of the semi-submersible with three circular columns at the 0�-
incidence.

C. Tian, M. Liu, L. Xiao et al. International Journal of Naval Architecture and Ocean Engineering 13 (2021) 599e616
Reynolds number Re (Re ¼ UD=n) in the model scale ranges from
7.58 � 103 to 2.67 � 104 in the numerical simulations, where is in
the subcritical region. This is to avoid the uncertainties associated
with the transitional flow in the boundary layer of the cylindrical
structures. The Froude number is the same in the full scale and in
the model scale, and do not exceed 0.2, similar to typical offshore
applications.

To obtain the natural periods of the system and to verify the
accuracy of the system, the free-decay tests in calm water were
conducted prior to the FIM simulations. Free-decay tests apply an
initial velocity to the platform in the transverse, in-line direction
and yaw mode, respectively, and allow the platform to freely
oscillate in calmwater. The results of natural periods are presented
in Table 4.

The characteristic amplitudes of the motions in the transverse
and in-line directions are dimensionless by the diameter of the
column (D). In general, the statistics of motion response are pre-
sented by nominal dimensionless amplitudes as follows

ðA=DÞnominal ¼
ffiffiffi
2

p
* std:devðAÞ

.
D (2)

whereAdenotes the motion amplitude (AxandAyare the motion
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amplitudes in the in-line and transverse direction, respectively).
In general, the hydrodynamic forces in the in-line and trans-

verse directions are represented in the non-dimensional form,
namely, the drag force coefficient (CD) and the lift force coefficient
(CL)

CDðtÞ¼
2FxðtÞ
rApU2 (3)

CLðtÞ¼
2FyðtÞ
rApU2 (4)

where FxðtÞ and FyðtÞ are the total hydrodynamic forces acting on
the platform in the in-line and transverse directions, respectively;
ris the fluid density;Ap is the submerged projected area of the
platform.

The average drag force coefficient (CD) and the root mean square
value of the lift force coefficient (CLrms) will be discussed to better
understand the FIM behavior of the semi-submersible with three
circular columns.



Fig. 15. Time history and spectral analysis for the motion in the in-line direction and the drag force coefficient of the semi-submersible with three circular columns at the 30�-
incidence.
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3. Results and discussion

Numerical simulations on the semi-submersible with three
circular columns at three different current incidences have been
carried out to investigate the characteristics of FIM on this platform.
3.1. Response in the transverse direction

Fig. 6 presents the results of non-dimensional nominal ampli-
tudes in the transverse direction for the semi-submersible with
three circular columns under the current at the 0�-incidence, 30�-
incidence and 60�-incidence. It can be seen that these curves are
similar in trend, i.e., the motion amplitudes firstly increase and
then decrease with the reduced velocities increase. However, they
attain their respective peak values in the different range. The
largest nominal amplitude occurs in the range of 7 � Ur � 10 at the
60�-incidence, with themaximumvalue of Ay=D ¼ 0:481. However,
there are obviously more significant responses presented in Gon-
çalves et al. (2018, b) (Gonçalves et al., 2018b), which is likely due to
the presence of the pontoon, as discussed in 3.5. The ratio of the
period of transverse motions to the transverse natural period of the
608
structure in calm water is plotted in Fig. 7. It can be seen that the
ratio is close to 1 in the range of 6 � Ur � 10, which means that the
semi-submersible has resonated in this region, resulting in more
significant response in the transverse direction. This range is also
called the lock-in region as defined in Waals et al. (2007) (Waals
et al., 2007), where the vortex shedding frequency is equal to the
natural frequency of the structure. The same resonant range is
observed under the current at the 30�-incidence, while the range of
current at the 0�-incidence is 6 � Ur � 8, narrower than the range
of current at the 30�-incidence and 60�-incidence. This might be
caused by the different column configurations towards the current
at different incidences, which will be discussed in more details in
subsequent section of instantaneous flow fields. It is worth noting
that the largest transverse motion amplitude of the three-column
semi-submersible occurs at larger reduced velocities (Ur ¼ 9), in
comparison with that of the typical four-column semi-submersible
(Urz6), as reported in Liu et al. (2017,a) (Liu et al., 2017b), Koop
et al. (2016) (Koop et al., 2016b) and Liu et al. (2016) (Liu et al.,
2016c). It is well known that in the lock-in region, the vortex
shedding frequency is equal to the natural frequency of the motion.

This means that the product of St (St ¼ fvD
U ) andUr is 1, where fv is the



Fig. 16. Time history and spectral analysis for the motion in the in-line direction and the drag force coefficient of the semi-submersible with three circular columns at the 60�-
incidence.

Fig. 17. Yaw characteristic amplitude of the semi-submersible with three circular
columns at the 0�-, 30�- and 60�- incidences.
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vortex shedding frequency. Besides, within the subcritical Reynolds
number range, the value of St for the flow around the cylinder is
about 0.1e0.2, and the range of reduced velocity Ur is 5e10. How-
ever, for the three-column and four-column platforms, attributing
to the column number, section geometry, and arrangement of col-
umns and pontoons, the interference of columns and pontoons to
the vortex shedding mechanism is definitely different, which
would affect the vortex shedding frequency, and resulting in the
change of reduced velocity for the lock-in region.

Fig. 8 shows the RMS values of the lift force coefficient for the
semi-submersible with three circular columns. It is obvious that the
largest peak value is observed at Urz7 under the current at the
60�-incidence, with a value of CLrmsz0:44, corresponding to the
most significant nominal amplitudes in the transverse direction. In
addition, compared to the curves of the nominal amplitudes in the
transverse direction, almost the same trends for the lift force curves
can be observed for all three current incidences.

Figs. 9e11 present the time history and spectrum analysis via
FFT of the transverse motions and lift force coefficients at the
typical reduced velocities under the current at the 0�-incidence,
30�-incidence and 60�-incidence, respectively. It can be seen that in
the lock-in region the motions in the transverse direction syn-
chronize with the lift force coefficients at the same reduced ve-
locities, which demonstrates that FIM response in the transverse
direction is driven by the fluctuating lift force. As presented in Fig. 9
(b) and (c), well-defined frequencies can be observed both for FIM
responses in the transverse direction and lift force coefficients at
the 0�-incidence, and close to the natural frequencies in the
609
transverse direction in calm water. Similar phenomenon can be
observed both in Figs. 10 and 11. This confirms the existence of the
lock-in scenario definitely for the semi-submersible with three
circular columns. However, at Ur ¼ 4for all current incidences, i.e.,
pre-lock-in scenario, there is no periodic and pronounced response



Fig. 18. Time history and spectral analysis for yaw motions of the semi-submersible with three circular columns at the 0�- incidences.
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in the transverse direction and no obvious and well-defined fre-
quency can be observed. In contrast, at Urz14, irregular motions in
the transverse direction and no dominant frequency is observed,
corresponding to the post-lock-in scenario.

3.2. Response in the in-line direction

Fig. 12 shows the results of non-dimensional nominal ampli-
tudes of the in-line motions for the semi-submersible with three
columns under the current at the 0�-incidence, 30�-incidence and
610
60�-incidence. It can be seen that the largest amplitudes emerge at
the 30�-incidence, with the value ofAx=D ¼ 0:069, at Ur ¼ 12. The
motion responses are less significant with a smaller magnitude in
the in-line direction, compared to those in the transverse direction.
Correspondingly, the results of the mean drag force coefficient, as
presented in Fig. 13, present the largest mean value approx-
imatelyCDz1:5at the 30�-incidence. In general, the motion
response in the in-line direction gets more significant with the
reduced velocity increases. Nevertheless, the drag force coefficient



Fig. 19. Time history and spectral analysis for yaw motions of the semi-submersible with three circular columns at the 30�- incidences.
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shows a small peak in the transverse lock-in region for all in-
cidences, which is likely due to the significant transverse motions.

The semi-submersible with three circular columns, exposed to a
steady current, is subjected to drag forces in the in-line direction.
The platform would shift to a new equilibrium position and oscil-
late slightly at this new equilibrium position in the in-line direction.
Moreover, the platform would shift farther away with the current
speed increases. This phenomenon can be confirmed by the time
history and spectrum analysis via FFT at the typical reduced
611
velocities under the current at all incidences for the semi-
submersible, as presented in Figs. 14e16. It can be clearly seen
that a well-defined dominant frequency can be obtained at under
the current of 30�-incidence. This shows that the response in the
in-line direction are coupled with that in the transverse direction in
this case, thus leading to a significant motion response, as pre-
sented in Fig. 6. Although the in-line motion responses are char-
acterized by low frequency at the typical reduced velocities, it is
worth noting that the frequency of the in-line motion at twice the



Fig. 20. Time history and spectral analysis for yaw motions of the semi-submersible with three circular columns at the 60�- incidences.
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natural frequency of the motion in the transverse direction, i.e.,
Ur ¼ 7;9 at the 60�-incidence. This phenomenon has also been
investigated in Liu et al. (2017,b) (Liu et al., 2017a).
3.3. Yaw response

Fig. 17 shows nominal amplitudes of yaw motions for the semi-
submersible with three circular columns for all incidences. The
612
largest amplitude is obtained at Ur ¼ 12 for 0�-incidence, with the
value of 3.0�. Similar trends of yaw motions with smaller ampli-
tudes are observed at 30�- and 60�- incidences. They all reach their
respective peak values in the range of 8 � Ur � 12, which lags
behind that of the motions in the transverse direction for all in-
cidences, owing to the smaller natural periods of yaw motions.
Figs. 18e20 present time history and spectral analysis of yaw mo-
tions at the 0�-incidence, 30�-incidence and 60�-incidence



Fig. 21. Motion trajectories in the horizontal plane of the semi-submersible with three
circular columns at the 0�-, 30�- and 60�- incidences.
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respectively. From these figures (c), the frequencies of yawmotions
are almost close to their natural frequencies of yaw motions. And
the time history curves present regular periodic characteristics.
Thus this phenomenon corroborates the resonance behavior of yaw
motions for the semi-submersible with three circular columns.
Prior to the lock-in range, the yaw amplitudes increase with the
increase of reduced velocity, and a dominant frequency slightly
below the natural frequency occurs. In addition, after the lock-in
range, the level of irregularity increases evidently and no domi-
nant frequency can be obtained.

3.4. Motion trajectory in the horizontal plane

The motion trajectories in the horizontal plane are illustrated as
presented in Fig. 21 to better understand the FIM behaviors of the
semi-submersible with three circular columns. Obviously, the
motion trajectories appear as a linear type, not the shape of ‘8’ like
mono-column platforms, as reported by Rosetti et al. (2009)
(Rosetti et al., 2009) and Fujarra et al. (2009) (Fujarra et al.,
2009). This is because the average drag force changes little and
the motions in the in-line direction is small and negligible. How-
ever, increased offsets are observed with the increase of reduced
velocity for all incidences due to the increase of drag force. In the
lock-in range of the motion in the transverse direction, significant
motions are observed for all incidences, especially at 60�- in-
cidences. At high reduced velocity, i.e.Ur ¼ 14, the motions are
more random and chaotic.

3.5. Instantaneous flow field

Vortex-induced forces govern the FIM behavior of the semi-
submersible with three circular columns, which can be analyzed
qualitatively from the instantaneous flow field. The vortex patterns
varying at typical moments in one sway vibrating period fromT ¼
0toT ¼ Tn are presented in Fig. 22. The variation of vortex structure
can be clearly seen as the platform moves and time goes. Instan-
taneous flow fields at the 0�-, 30�- and 60�- incidences are illus-
trated by vorticity contours, as showed in Figs. 23 and 24, which is
extremely difficult to capture in experimental tests.

In theZ ¼ T=2plane, the influence of columns on the vorticity
field is obvious. For 30�- incidence, as illustrated in Fig.23 (d) ~ (f),
the downstream column is affected by vortex shedding from the
upstream columns. In consequence, the fluctuating lift force of the
downstream column has little contribution to the total fluctuating
lift force of the platform. In contrast, there is no disordered flow
fields between these three columns at 0�- and 60�- incidence.
Therefore, there is a decrease in transverse responses at 30�- inci-
dence compared with those at 60�- incidence.

In the pontoon-top-surface (Z ¼ P) plane, the impact of pontoon
on flow fields can be clearly obtained. For 0�- incidence, as showed
in Fig.24 (a) ~ (c), the vortex shedding around the upstream column
is almost trapped and subsequently suppressed considerably due to
the immersed pontoon. Furthermore, non-alternating vortices shed
in the region between the pontoons for all current incidences,
especially for 0�- incidence, only shed on one side of pontoon,
which leads to the decrease in oscillatory lift forces and results in an
unapparent transverse motions in comparisonwith 60�- incidence.
For the difference in transverse amplitudes between 0�- incidence
and 30�- incidence, it is likely that the asymmetric presence for
30�- incidence contributes to more pronounced motions in the
transverse direction.

4. Summary and conclusions

Numerical simulations are carried out to investigate the FIM



Fig. 22. One sway vibrating period (Tn) of vorticity contours in the horizontal plane at Z ¼ T=2 of the semi-submersible with three circular columns at Ur ¼ 7 for 30�- incidences.

Fig. 23. Instantaneous vorticity contour plots in the horizontal plane at Z ¼ T=2 of the semi-submersible with three circular columns at the 0�-, 30�- and 60�- incidences.
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characteristics of the semi-submersible with three circular columns
by DES method. Typical current incidences are considered, i.e., 0�,
30� and 60�. The reduced velocity Ur ranges from 4 to 14.

The largest non-dimensional nominal amplitude of the motion
in the transverse direction is observed at the range of 7 � Ur � 10at
60�-incidence, with a peak value of Ay=D ¼ 0:481. At a 60�- inci-
dence, the interference between the columns for vortex shedding is
minimal and the suppression from braces to the vortex shedding of
each column is weak, which results in the largest fluctuating lift
force and the most significant responses in the transverse direction
correspondingly. For yaw responses, the largest amplitude is ob-
tained at Ur ¼ 12 at 0�-incidence, with a value of 3.0�. This
magnitude of motion response is on the same order with that of the
614
four-column semi-submersible. The lock-in scenario is both
observed for the transverse and yaw motions.

The largest transverse motion amplitude of the three-column
semi-submersible occurs at larger reduced velocities (Ur ¼ 9), in
comparison with that of the typical four-column semi-submersible
(Urz6). In addition, the motion responses are obviously smaller in
comparison with that of a three-cylinder floater, revealing the
mitigation effect of the pontoon on the FIM behavior, which has
been confirmed for the four-column semi-submersible.

This paper analyzes the FIM behaviors of the semi-submersible
with three circular columns from the aspects of motion responses,
motion frequencies and flow field, etc. The interference of the array
of three circular columns and pontoons should be responsible for



Fig. 24. Instantaneous vorticity contour plots in the horizontal plane at Z ¼ P of the semi-submersible with three circular columns at the 0�-, 30�- and 60�- incidences.
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the behaviors. However, there are many factors affecting the FIM
behaviors of the semi-submersible with three circular columns, i.e.,
the spacing ratios, draft conditions and so on, need to be further
investigated in the future.
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