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In this paper, sloshing inside a novel passive control device termed tuned liquid multi-column damper (TLMCD)
for mitigating rotational motions of a semi-submersible floating offshore wind turbine (FOWT) is numerically
modelled using a high-fidelity CFD approach. Test cases of the device under various external excitations
including single degree surge and pitch as well as combined surge/pitch are presented and analysed to reveal its
damping mechanisms and performance. Through analysing the results of the predicted sloshing induced mo-
ments on the TLMCD structure and their phases under a range of external excitation frequencies, it was found
that although the maximum moments always occur at or very close to the resonance excitations, their phases
may not be exactly opposite to those of the wave-induced moments on a FOWT platform, which has important
implications to the optimal design of the TLMCD system for floating wind turbine applications. The study also
shows that the performance of the TLMCD is not significantly affected by the change of the relative angular (yaw)
position of the device under pitch excitations and would potentially be more robust than the traditional U-shaped

TLCDs, applied in isolation or in combination.

1. Introduction

The offshore wind industry has experienced significant growth
recently and continues to expand both in the UK and worldwide. Ac-
cording to a recent report on offshore wind development in Europe
(Ramirez et al., 2020), 25 GW of offshore wind capacity has been
installed across 11 countries in the continent. Based on a pre-COVID-19
forecast (WindEurope, 2019), by 2050, 450 GW of offshore wind will be
installed, accounting for almost 30% of Europe’s annual electricity de-
mand. However, nearly all of the offshore wind turbines installed to date
are located in relatively shallow water and mounted on fixed bottom
support structures. Given the limited availability of suitable shallow
water sites with high wind resources and to reduce the environmental
and visual impact of wind turbines, it is necessary to develop floating
offshore wind turbine (FOWT) systems in deeper water as demonstrated
in the Hywind project in Scotland, UK.

Of the three basic concepts for FOWTs (semi-submersible, tension leg
platform (TLP) and spar), semi-submersible has recently received sig-
nificant attention for its relatively shallow draft that improves site
flexibility and installation cost-effectiveness (Trust, 2015; Robertson
et al, 2014; Allen et al, 2020). However, FOWTs using
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semi-submersible support substructure may suffer from unacceptably
large translational and rotational motions due to the resonant response
of their structures and the action of extreme waves (Butterfield et al.,
2007). Those external excitations may increase the system downtime,
adversely affect the turbine performance and cause damage to the sys-
tem components, including moorings and anchors. To prevent the po-
tential large vertical motion, anti-heave plates, with their favourable
hydrodynamic properties providing significantly enhanced system mass
(added mass) and viscous damping without increasing support structure
size, have been widely applied and proven effective for FOWTs with
semi-submersible substructures (Lopez-Pavon and Souto-Iglesias, 2015).
Therefore, it is important to explore means of mitigating wave induced
and potentially large rotational motions of semi-submersible FOWTs
with cost-effective control techniques to improve their performance
with extended lifespan.

On the other hand, owing to the relatively low installation and
maintenance costs, passive motion control devices such as tuned mass
dampers (TMDs) and tuned liquid dampers (TLDs) or tuned liquid col-
umn dampers (TLCDs) have found wide use in traditional civil engi-
neering structures (Sakai, 1989), marine vessels (anti-roll tanks for
stabilising a ship’s roll motion) (Holden and Fossen, 2012) and recent
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applications in wind turbines to suppress tower and blade vibrations
through either blade or tower mounted dampers (Murtagh et al., 2008).
A TLCD, which is usually a U-shaped water tank, works through the
motion of its liquid column to counteract the external forces (moments)
acting on a structure, and for the device to be effective, the natural
frequency of a TLCD needs to be tuned to the natural frequency of the
structure. The applications of TLDs and their modelling and optimisa-
tion have been discussed by many researchers through analytical, nu-
merical and experimental approaches (Sun et al., 1992; Yu et al., 1999;
Ruiz et al., 2016; Cammelli et al., 2016). In (Sun et al., 1992), Sun et al.
developed a nonlinear model based on the shallow water theory for
predicting the performance of a rectangular TLD under breaking wave
conditions. In Yu et al. (1999), a new approach to modelling a TLD was
proposed, in which equivalent tuned mass damper with non-linear
stiffness and damping was used to predict the effects of the TLD under
large amplitude excitations. In (Ruiz et al., 2016), Ruiz et al. developed a
new type of TLD, in which a floating roof was incorporated into a
traditional TLD to suppress wave breaking and higher sloshing vibration
modes, and its performance was examined by scaled model tests and
linear-theory based numerical models. Similarly, the effectiveness of
applying TLCDs to mitigate wind-induced vibration of a high-rise
building was investigated in (Cammelli et al., 2016) through both
physical model tests and computational fluid dynamics (CFD)
modelling.

More recently, attempts have been made to adapt TLCDs and apply
them to suppress wave-induced rotational motions of FOWTs with semi-
submersible support platforms. Coudurier et al. (2018) proposed a novel
passive damping device called tuned liquid multi-column damper
(TLMCD) by extending the number of inter-connecting vertical columns
to 3 or more and incorporated it into a hypothetical semi-submersible
FOWT with a barge type floater. A coupled analysis of the
floater-damper system has been performed based on the developed dy-
namic models, which demonstrated that the TLMCD performed better
than multiple TLCDs on a floater in terms of its robustness against the
incident waves. To further study the flow dynamics of the TLMCD, Yu
and Cheng (Yu and Cheng 2020) applied a computational fluid dynamics
model to simulate the free decay of the liquid columns inside the device
and the results are used to determine the natural frequencies and
damping coefficients of the system and to validate an analytical model
for modelling its sloshing dynamics. In (Zhou et al., 2022a), Zhou et al.
validated a CFD model based on OpenFOAM and applied it to model
internal sloshing inside a TLMCD system under the prescribed pitch
motion and its coupling with a semi-submersible FOWT in waves. The
preliminary results showed that the TLMCD as a passive control device
can significantly reduce the pitch motion of the FOWT when tuned to the
pitch resonant frequency of the floater. Xue et al. (2022) applied a
similar numerical model to evaluate the effects of an integrated TLMCD
on the pitch motion of a semi-submersible FOWT in regular wave con-
ditions and compared it with the experimental measurements. The study
further demonstrated that an optimised damping effect can be achieved
near the pitch resonance frequency, where the maximum pitch motion
could be reduced by around 18%.

Although limited experimental and numerical investigations have
been conducted to demonstrate the effectiveness of a TLMCD in
reducing the pitch motion of a semi-submersible FOWT platform, no
detailed analysis of the sloshing dynamics of the new TLMCD device
under realistic external excitations can be found in the literature. Such
work will be important for revealing the damping mechanisms of the
device for semi-submersible FOWTs and ultimately providing guidance
on their optimal design. To achieve this goal, in this study, the CFD
model developed by the authors (Zhou et al., 2022a) is further validated
for internal sloshing problems of TLCDs against other numerical and
experimental results in terms of the sloshing-induced moments and their
phase differences over a range of excitation frequencies. It is then
applied to model sloshing inside a TLMCD designed for a specific FOWT
support structure under various external excitations including single
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degree pitch and surge motions as well as combined pitch and surge
motions. Particular attention has been paid to the analysis of the
sloshing dynamics of the new passive damping system, including the
effects of excitation frequencies and amplitudes on the sloshing induced
moments (both amplitude and phase) on the structure. Finally, to
examine the potential effects of wave incidence in its performance,
sloshing inside the passive damping device with changed yaw positions
under the pitch motion is also simulated, along with a summary of the
main findings from the current work.

2. Numerical method
2.1. The flow model

2.1.1. Governing equations

To model the flow problem of liquid sloshing inside a TLMCD, the
multiphase flow solver in the open-source CFD framework OpenFOAM
(OpenFOAM, 2019) has been adopted in this work. The flow inside the
TLMCD system consisting of water and air, as well as their interfaces, is
assumed to be incompressible, transient and viscous, and is governed by
the continuity and unsteady Reynolds-averaged Navier-Stokes (RANS)
equations,

VeU=0 (€H)

opU

5 T Ve (p(U—-Ug)U)= —VP,—g e xVp+V (1g VU) + (VU) @ i,y
+f0'

@

0x? dy
of the fluid flow and the grid nodes in Cartesian coordinates, respec-
tively, p is the density of water and air mixture, g denotes the gravity
acceleration vector and P, =P — pg e x is the hydrodynamic pressure
obtained by the total pressure P minus the hydrostatic pressure pg e x.
The formula oy = p (v+v;) is used to calculate the effective dynamic

where V = <a J a%) is the gradient operator, U and U, are the velocities

viscosity, in which v and v, are the kinematic and eddy viscosity,
respectively; the surface tension term f is included here for complete-
ness of the equations and its effects can be ignored in the current sim-
ulations.

2.1.2. Free surface modelling

To model the free surface flow problem involving water and air, the
widely adopted Volume of Fluid (VOF) (Hirt and Nichols, 1981) method
is used to identify the two phases and their interface by introducing the
volume fraction function a. The value of a is between 0 and 1 and for air
a = 0 and for water @ = 1. The evolution of the volume fraction can be
described by the following equation:

o Ve [(U-Ug)a] + Ve [0,(1 —aja] = 0 3)

It should be noted here that to maintain a sharp interface between
water and air, an additional compression term has been added to the
left-hand side of the transport equation, where U, = Uyyer — Uy is an
artificial velocity field and it only takes effect in the transitional region
between water and air due to the inclusion of the factor (1 — a)a.

For a multiphase flow problem, the value of the volume fraction is
used as the weighting factor to calculate the mixture properties. Listed
below are the equations for calculating the density and the viscosity of
the water and air mixture,

p=ap,+(1-a)p, C))
p=ap, +(1-ay, )

where the subscripts w and a represent water and air respectively.
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Table 1
Geometries and initial water levels of the U-shaped TLCD water tank.
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Fig. 1. Sketch of the U-shaped TLCD, top: 2D plot in XoZ plane, bottom: 3D
TLCD configuration.

2.2. Numerical implementation

The OpenFOAM multiphase solver “interFoam” is utilised to perform
all the simulations, in which the pressure velocity coupling is achieved
through the PIMPLE algorithm (a combination of PISO: Pressure Implicit
with Splitting of Operators and SIMPLE: Semi-Implicit Method for
pressure-linked Equations). Further details on the numerical imple-
mentation in OpenFOAM can be found in (OpenFOAM, 2019; Zhou
et al., 2021; Zhou et al., 2022b). To run a typical case of liquid sloshing
in a three-column TLMCD for 1300 s (around 50 excitation periods), it
takes about 17 h on a CPU cluster of 180 cores running in parallel.
Details of the computational domain and boundary conditions are pro-
vided in the following sections.

3. Validation and verification
To check the accuracy of the numerical model for internal liquid

sloshing problems, three sets of test cases involving a simplified U-sha-
ped TLCD and three-column star-like TLMCD are modelled, which
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include an internal liquid (water) free-decay test to calibrate the natural
angular frequency of the system, the liquid sloshing inside a TLCD under
prescribed roll motion and an internal liquid free-decay test for three-
column star-like TLMCD.

3.1. Transient decay of U-shaped TLCD

The U-shaped TLCD has the dimensions which are shown in Table 1
and Fig. 1. For the natural angular frequency calibration, the initial
water levels in the right and left columns are set at a height of V; above
and below the SWL (Still Water Level) respectively. Under the effects of
gravity and fluid viscosity, the water columns will undergo oscillatory
motion while their levels will finally approach the value of SWL, i.e., V
=1.524 m. To determine an appropriate mesh size for the flow problem,
a mesh convergence test was carried out using three levels of meshes, i.
e., fine (100.4 k cells); medium (76.3 k cells); coarse (61.8 k cells). For
the simulations, no-slip boundary condition is applied at the internal
walls of U-shaped TLCD and the atmospherical condition is applied at
the two top openings of the vertical columns. The results in Fig. 2 show
that with sufficiently refined meshes, the predicted natural angular
frequency of the oscillating water column as well as its decay rate are not
sensitive to mesh sizes. The value of the predicted natural angular fre-
quency is 0.669 rad/s that is close to the analytical result of 0.648 rad/s
based on potential flow theories.

3.2. The prescribed roll motion of U-shaped TLCD

Next, water sloshing in the U-shaped TLCD under prescribed har-
monic rotational (roll) motions around the centre of rotation (y-axis,
CoR), as shown by the red dashed line in the top diagram of Fig. 1, is
simulated. The amplitude of the roll motion is set at 2° and the excitation
frequency varies from 0.3 rad/s to 1.0 rad/s, which is set around the
natural angular frequency (0.669 rad/s) of the TLCD system. For the
simulations, the same initial numerical setup including the mesh has
been applied. The maximum allowed Courant number is 0.7, and the
initial time step is 1/2000T, which T refers to the period of the roll
motion. From the simulation results, the amplitude of the roll moment
around the y-axis is calculated and compared with the experimental
measurements and the results from other numerical approaches (Ker-
kvliet et al., 2014; Thanyamanta and Molyneux, 2012) as shown in
Fig. 3. Generally, the current results agree well with other CFD results
although all the CFD results slightly under-predict the roll moment
amplitudes for all frequencies and over-predict the phase lag between
the frequency range of 0.65 and 0.8 rad/s. Additionally, it can be
observed from Fig. 3 that the maximum roll moment is reached at or
very close to the natural angular frequency (0.669 rad/s) of the TLCD
system and with the increase in the oscillation frequency, the phase lag,
which is defined as the difference between the phase of the roll moment
due to water sloshing and that of the external excitation, can be calcu-
lated from the difference between the zero-upcrossing time instant and
the start of each prescribed motion cycle, will increase from 0 deg to 180

0.3 . 4 L L
— Coarse--- Medium...... Fine
0.2+ !
0.14 -
£
~ 0.0 -
=
& 0.1 -
-0.2 4 -
-0.3 T T T T
0.00 20.00 40.00 60.00 80.00 100.00
Time (s)

Fig. 2. Water surface level at the left column of the U-shape TLCD, 7, (1.524m) refers to the initial water level.



Y. Zhou et al. Ocean Engineering 269 (2023) 113484

6 *10.5 1 M 1 M 1 M 1 M 1 " 1 M 1 " 1
L - M- Experimental +
= 54 = @ MARIN CFD L
Y ‘| @ Thanyamanta et al. CFD,
3 I &, | & Present | T
24 Fha [
LR o - i
% 2 $.
o 2 gL s 5 e
z 14 »-.. -
] - A
0 —1 * I - 14 * I ©~  r 1 = F ©« 1
02 03 04 05 06 07 08 09 10 11
Freq (rad/s)
| 1 1 L | L 1 L | L 1 s | s 1 s | s
04 »----- — - @- Experimental -
> L @ MARIN CFD
g i @ Thanyamata etal. CFD| |
‘J -50 4 & Present -
@ | L
<
3 -100- N 8
3 .,
g i o, L
s 150+ L i
-200

0.2 03 04 05 06 0.7 08 09 1.0 1.1
Freq (rad/s)

Fig. 3. Comparisons of the roll moment amplitude and phase for U-shaped TLCD.

Table 2

Geometries of the star-like TLMCD.
H (m) Veor (m) V (m) Ap (m?) Ay (m?) Rm (%)
56.10 4.50 6.00 8.04 50.24 5.86

Fig. 4. Sketch of the three-column star-like TLMCD.

deg. As discussed in the results section, the phase lag plays a key role in
determining the effectiveness of TLCDs in mitigating roll motions of
floating structures.

Fig. 5. Computational mesh for the TLMCD under the medium mesh
arrangement.

star-like TLMCD (Yu and Cheng 2020) is simulated and the key pa-

3.3. Transient decay of three-column star-like TLMCD rameters are provided in Fig. 4 and Table 2, where Vog refers to the
vertical height from the bottom of the TLMCD to the CoR, Rm represents
In this section, free decay of water columns inside a three-column the ratio of the liquid mass inside the TLMCD to the mass of the OC4
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Fig. 6. Free surface level at the left column of the TLMCD, 7, (6.0m) refers to its water level at the equilibrium state.

Fig. 7. Sketch of the
submersible platform.

star-like TLMCD and semi-

three-column

semi-submersible platform (Robertson et al., 2014). The natural fre-
quency of the TLMCD system was compared with the analytical data via
a transient decay test, where the initial water levels in different columns
were 7.26 m, 5.37 m, and 5.37 m, respectively.

A mesh convergence test is carried out to determine the appropriate
mesh sizes for the flow problem. Three meshes with different densities
are used in the current study: fine (103k cells); medium (81k cells);
coarse (49k cells). The mesh is generated using the built-in mesh gen-
eration tool “snappyhexmesh” in OpenFOAM and Fig. 5 shows the
generated unstructured mesh for the TLMCD under the medium mesh
arrangement. Five layers of boundary layer mesh with the first layer grid
thickness of 0.5 mm and a stretching factor of 1.2 are introduced. This is
to ensure that the flow separation near the sharp corners is well captured
in the simulation. The applied boundary conditions for the flow problem
are the same as those for the U-shaped TLCD. The mesh convergence
studies in Fig. 6 show that with a sufficiently fine mesh, the angular
frequency for the transient decay is not sensitive to different mesh sizes

and agree well with the analytical results: ® = 0.233 rad/s orT =26.96 s,
calculated from the following formula:

2
= % 6)
H+5:+24+V
H

4. Case studies
4.1. Design of TLMCDs for semi-submersible FOWT platforms

To illustrate how a TLMCD system can be incorporated into a FOWT
support structure, the NREL OC4 semi-submersible platform (Robertson
etal., 2014) is used as an example. As shown in Fig. 7, a star-like TLMCD
is designed based on the configuration of its substructure, i.e., the sizes
of its offset columns and the crossing braces, and the total mass of the
semi-submersible platform. As with other TLCD systems, the natural
angular frequency of the TLMCD system i.e., ® = 0.233 rad/s has been
tuned (based on Eq. (6)) to be the same as or very close to that of the OC4
semi-submersible platform pitch natural frequency. Note that to achieve
this objective for the TLMCD system, the radius of the crossing braces of
the semi-submersible support structure has been slightly increased. The
gross properties of the TLMCD are given in Table 2 - the lengths of the
horizontal and vertical water columns are 56.1 m and 6 m, and the
radius of the horizontal and vertical cross-sections are 1.6 m and 4.0 m,
respectively.

4.2. Test cases

In this study, four sets of load cases are examined to reveal the
sloshing dynamics and responses of the TLMCD as a passive control
device for semi-submersible FOWTs. The configuration of the TLMCD as
defined in Table 2 is used in the simulations.

As the TLMCD is designed to reduce the rotational motions of FOWTs
and therefore, the prominent degree of freedom (DoF) is the pitch mo-
tion, water sloshing inside the TLMCD under the prescribed harmonic

0.05rad/s - 0.15rad/s - 0.20rad/s—— 0.23rad/s
""" 0.25rad/s - - - - 0,30rad/s" - - - - 0.40rad/s~ - - - - 0.50rad/s
1DD A A A i A A i
i
=
g
-
=
=50 4
-100 T r ; v T r v
9.00 9.25 9.50 9.75 10.00 10.25 10.50 10.75 11.00
Time/Period

Fig. 8. Pitch moment predictions of the three-column star-like TLMCD under pitch excitation.
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Fig. 9. Surface elevation contour plots inside the TLMCD under different excitations (a) 0.05 rad/s (b) 0.23 rad/s (c) 0.4 rad/s with prescribed pitch motion.

pitch excitation will be examined first. The angular frequency of the
pitch oscillations ranges from 0.05 rad/s to 0.5 rad/s and the amplitude
is set as 2° based on the motion RAO of the semi-submersible FOWT
under normal sea states. Furthermore, as FOWTs will experience both
translational and rotational motion in real sea states, liquid sloshing
under surge only (with an amplitude of 4 m) and combined surge and
pitch motions will be simulated to investigate the sloshing dynamics of
the TLMCD under realistic external excitations. Additionally, to examine
the robustness of the TLMCD system in response to incident wave di-
rections the TLMCD under combined pitch and roll motions will be also
studied. Finally, the impact of the excitation amplitude on the response
of the TLMCD will be investigated and this is to analyse the sloshing
hydrodynamics of the device under different wave conditions, including
the extreme sea states.

5. Results and discussions
5.1. Sloshing under prescribed external excitations

5.1.1. Pitch motion only case

Fig. 8 shows the time history of the sloshing induced pitch moment of
the three-column star-like TLMCD between the sampled oscillation pe-
riods (from 9T to 11T) for the eight selected excitation frequencies
ranging from 0.05 rad/s to 0.5 rad/s. From Fig. 8, it can be observed that
when the external excitation frequency is close to the natural frequency
of the TLMCD system (resonant frequency), i.e., ® = 0.23 rad/s, the
amplitude of the pitch moment reaches a maximum value of nearly 76
MNm. In terms of the phase lag, its value increases from 0° at the low
excitation frequency to 180° at the high excitation frequency. Close to
the resonant frequency, the phase lag is sensitive to the frequency of

external excitation, e.g., under the resonant excitation (w = 0.23 rad/s),
the phase lag ¢ = (9.17 —9.00) x 27 = 1.068 rad = 61.2 degrees while it
is about 90° when w = 0.25 rad/s. Generally, the sloshing dynamics of
the TLMCD under a prescribed pitch only motion resembles that of the
U-shaped TLCD, as presented in Fig. 3.

Consider when the TLMCD system is incorporated into a semi-
submersible FOWT platform, under wave excitations at or close to the
resonance frequency, the phase lag between the hydrodynamic force
and dynamic motion of the FOWT is about 90°, and if the phase lag
between the dynamic motion of FOWT (the prescribed motion of TLMCD
in the current case) and the restoring moment induced by the internal
sloshing is also around 90°, then the phase lag between the internal
restoring moment and wave hydrodynamic moment will be close to
180°. In other words, the sloshing induced moment from a TLMCD will
cancel out part of the wave induced moment on the structure and hence
a reduced rotational motion (Sun et al., 1992; Kerkvliet et al., 2014).
However, from the simulation results, it can be shown that at the reso-
nant frequency, the phase lag between the sloshing induced moment and
the external excitation is quite below 90° and to achieve optimal
damping for a TLMCD, a small shift from the resonant frequency might
need to be applied to the natural frequency of the device.

Because the pitch moment of TLMCD under different prescribed os-
cillations is highly correlated with the induced frequency, the surface
elevation contours with the streamlines in one of the vertical columns
and its connecting region with the horizontal column (located in the
negative x direction) are plotted in Fig. 9 for three different excitation
frequencies, i.e., 0.05 rad/s, 0.23 rad/s, and 0.4 rad/s. Focusing on the
results under the natural frequency of around 0.23 rad/s (Fig. 9 (b)), a
significant surface elevation variation can be observed between the
column on the left and the two columns on the right and at t =0.92 T, a
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Fig. 10. Pitch moment predictions of the three-column star-like TLMCD under surge excitation.
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Fig. 11. Surface elevation contour plots inside the TLMCD under different excitations (a) 0.05 rad/s (b) 0.23 rad/s (c) 0.4 rad/s with prescribed surge motion.

high water level of around 9 m is reached. In contrast, the surface
elevation variation is relatively small under the excitation frequencies of
0.05 rad/s and 0.4 rad/s as shown in Fig. 9 (a) and (c).

5.1.2. Surge motion only case

Fig. 10 plots the pitch moment under the prescribed surge motions.
The pitch moment amplitude and phase lag variations under different
excitation frequencies display a similar trend to the previous results
under the prescribed pitch motions shown in Fig. 8. One difference that
could be found is that the pitch moment is relatively smaller under low-
frequency excitations than high-frequency ones, which displays an
opposite trend to the results in Fig. 8 under pitch motion excitations.
This is because that the difference in the surface elevation in each

column induced by the surge motion is not as large as the one under the
pitch motion for low frequency excitations.

The surface elevation contours under three different excitation fre-
quencies of the prescribed surge motions are given in Fig. 11. Compared
with the results shown in Fig. 9, at either low or high-frequency exci-
tations shown in Fig. 11 (a) and (c) and Fig. 9 (a) and (c), the surface
elevations in the three columns of the TLMCD under the prescribed surge
motion and the prescribed pitch motion are very close to the initial
surface elevation, i.e., 6 m. However, discrepancies can be observed
under the natural frequency showing that the surface elevation varia-
tions between the upstream and downstream columns under the pre-
scribed surge motion are not as significant as in the prescribed pitch
motion.
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Fig. 12. Pitch moment predictions of the three-column star-like TLMCD under pitch and surge excitation.
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Fig. 13. Surface elevation contour plots inside the TLMCD under different excitations (a) 0.05 rad/s (b) 0.23 rad/s (c) 0.4 rad/s with the combined surge and

pitch motion.

5.1.3. Surge and pitch motion case

Next, sloshing inside the TLMCD system under the prescribed
translational (surge) and rotational (pitch) motion is modelled to imitate
sloshing dynamics under the movement of an FOWT in waves. Focusing
on the pitch moment plotted in Fig. 12, its amplitudes at the lowest or
highest excitation frequencies, i.e., f = 0.05rad/s and f = 0.5 rad/ s are
close to each other at 26 MNm. Additionally, the combined surge and
pitch motion result in an increase of the pitch moment amplitude to
nearly 50 NMm/deg under the natural frequency excitation.

Additionally, Fig. 13 plots the surface elevation of TLMCD under
three excitation frequencies, i.e., 0.05 rad/s, 0.23 rad/s, and 0.4 rad/s of
the combined surge and pitch motion. Compared to the plots in Figs. 9
and 11, it is found that the combined surge and pitch motion has

contributed to relatively larger water-level differences between the left
and the two right columns. Specifically, from the results for the case
under the natural frequency excitation (Fig. 13 (b)), the water level
inside the left column can become very shallow leading to the partial
filling of water in the connecting horizontal duct and this is also re-
flected in the nonlinear behaviour observed in Fig. 12 (black line) at
9.45T and 10.45T.

Fig. 14 (a) and (b) summarise the results of the pitch moment
amplitude and phase lag for the three-column star-like TLMCD under the
pitch, surge and combined pitch and surge excitations. From these re-
sults, two observations can be made. Firstly, the amplitude of the pitch
moment induced by the combined surge and pitch motion is quite close
to the linear superposition of the moment under the prescribed pitch
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Fig. 15. Sketch of TLMCD with the different rotation angle.

only and surge only motion at either low frequency or high frequency
excitation that strong nonlinearities do not occur, although the location
of the maximum moment for the surge only case is slightly shifted to the
right from the resonance frequency. Secondly, the phase lag in the
sloshing induced pitch moment is not significantly affected by the mo-
tion types and in the region close to the resonance frequency, a phase lag
of around 90° can be achieved. As discussed in the previous sections, this
has critical implications for a TLMCD to be effective in reducing the
wave induced rotational motions of FOWTs.

5.1.4. Effects of device yaw angles
This section is designed to assess the robustness of the three-column
star-like TLMCD in providing restoring moments against the rotational

Ocean Engineering 269 (2023) 113484

motions of a semi-submersible FOWT under different incident wave
directions. This is achieved through modelling sloshing inside the
TLMCD with different yaw angles under the pitch excitation. As shown
in Fig. 15, the angle between any two adjacent columns of the TLMCD is
120° and if the TLMCD is turned by 60° around the z-axis, the structure
will be simply mirrored to the YoZ plane, resulting in identical sloshing
dynamics. Therefore, to avoid duplication of test cases, the considered
yaw angles of the device range from 0 deg to 30 deg. The prescribed
amplitude of pitch motion is 2° and the oscillation angular frequency is
set at the resonance value of 0.233 rad/s.

Focusing on the predicted pitch moments, which are plotted in
Fig. 16, while they are in phase with each other, their amplitudes will
slightly drop with an increase in the yaw angles. For example, only a
small drop of the pitch moment amplitude from the maximum value of
69.4 MNm at the 0 degree of yaw angle can be observed for the cases of
5, 10, 15 and 20°. At 30°, the amplitude of the pitch moment reaches its
lowest value of 59.6 MNm, which is around 14% smaller than the result
under 0°. This can be explained by the fact that as the yaw angle is 30°,
only two columns (the Upstream and Larboard columns as referred to in
Fig. 15) will be most effective for providing restoring moments through
water sloshing up and down.

Fig. 17 plots the surface elevation at each column of the TLMCD at
five time instants, i.e., at the equilibrium position (T = OT); the
maximum pitch & roll motion (T = 0.25T); maximum pitch moment (T
= 0.44T); the minimum pitch & roll motion (T = 0.75T) and the mini-
mum pitch moment (T = 0.92T). The red dashed line represents the
initial surface elevation at each column, i.e., V= 6.0 m. It can be noticed
that as the yaw angle of the structure increases from 0° to 30°, the
surface elevation at the starboard column moves closer to the initial
water level, and more specifically, when the angle becomes 30°, sloshing
will only occur between the upstream and larboard columns since the
arm (connecting duct) of the starboard column is perpendicular to the
incident wave direction.

The above results demonstrate that the three-column star-like
TLMCD is more robust for FOWT applications as the sloshing-induced
anti-rotational pitch moment is not significantly affected by the
change of the yaw angle and could be a better option than U-shaped
TLCDs for reducing the platform motion (Coudurier et al., 2018).

5.2. Effects of motion amplitudes

This section studies what the TLMCD will perform under different
motion amplitudes to imitate its behaviour inside a semi-submersible
platform under different sea states. The selected cases vary from 1 deg
to 4 deg on the prescribed pitch amplitude and range from 2 m to 8 m for
the prescribed surge amplitude. Fig. 18 shows the time history of the
pitch moment of the three-column star-like TLMCD under one sampled
period (from 10T to 11T). The instantaneous time is non-
dimensionalised by the prescribed oscillation period, and the y-axis is
divided by the prescribed motion amplitude. Regardless of what type of
motion is prescribed on the TLMCD, we can see from Fig. 18 (a)-(c) that,
under low excitation frequency (0.05 rad/s) and high excitation fre-
quency (0.5 rad/s), the pitch moment is in a good agreement, which
reveals the fact that the pitch moment increases linearly with the pre-
scribed translational/rotational amplitude. However, it is observed that
under the resonance frequency, the absolute pitch moment increases
with the increase in the motion amplitude, although their per degree of
rotation or per metre of translation value actually decreases. Addition-
ally, the phase lag also increases from around 61°-82° as the prescribed
motion amplitude increases. All these indicate the nonlinear behaviour
of sloshing dynamics in the TLMCD under the resonant excitation.

6. Conclusion

In this paper, sloshing inside the TLMCD - a new passive control
device consisting of multiple inter-connected vertical columns for
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mitigating the rotational motion of semi-submersible FOWTs, has been
studied. This is achieved by applying a high-fidelity CFD model based on
OpenFOAM to model the two-phase flow of water and air inside the
damping device.

To demonstrate the applicability of the device to semi-submersible
FOWTs, a specific TLMCD with three interconnected columns has been
designed based on the configuration of the OC4 semi-submersible plat-
form. Water sloshing inside the TLMCD under external hormonic exci-
tations including surge only, pitch only, combined surge and pitch, and

10

combined pitch and roll motions is then simulated for a range of exci-
tation frequencies have been simulated. The results revealed that for the
external excitation types, while the maximum pitch moments induced
by liquid sloshing on the rotational centre of the damping device always
occur at or close to the system resonant frequency, the phase lag be-
tween the maximum restoring moment and the prescribed motion is in a
region much lower than 90°, which indicates that the a TLMCD that is
designed based on the natural frequency of a FOWT platform might not
achieve an optimal performance in terms of cancelling out the wave
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induced moments on its structure. Additionally, it is observed that when
the excitation frequencies are away from the resonance frequency the
pitch moments of the TLMCD under combined surge and pitch motions
are close to the linear superposition of the individual prescribed motion.
From the results of the pitch induced sloshing for different device yaw
angles, it is found that the pitch moment will only decrease marginally
as the yaw angle of the TLMCD increases from 0° to 30°, and the worst
scenario occurs at an angle of 30°, where only the sloshing between the
upstream and larboard columns will be significant and contributes to the
creation of restoring moments. The results confirm that a TLMCD can be
a better alternative to the use of traditional TLCDs either in isolation or
in combination for floating offshore wind applications. The present work
is limited to the analysis of sloshing dynamics inside the TLMCD under
prescribed external excitations. To fully evaluate the effectiveness of a

10.50
Time/Period

(©

der different motion amplitude; (a) pitch only (b) surge only (c) pitch and surge.

TLMCD in reducing FOWT platform motions, a coupled analysis of
sloshing dynamics and platform motions under realistic wave and wind
excitations is required and this will be carried out in the future.
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