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A B S T R A C T

This study investigates the implications of wave–current interaction on the dynamic responses of the W2Power
semisubmersible platform for floating offshore wind turbines under operational and extreme conditions. Firstly,
two analytical models based on Airy wave theory are developed to analyse the effects of current interaction
with regular and irregular waves. Then, these models are integrated with the well-known engineering tool
OrcaFlex for the coupled aero-hydro-servo-elastic analysis. The presence of current was found to significantly
modify the wave profiles and influence the static equilibrium, mooring system, and motion dynamics of the
FOWT.

The results reveal that the translational motion responses, such as surge and heave, are affected by wave–
current interaction, with mean and maximum values decreasing under a following current and increasing under
an opposing current. However, rotational motion responses are minimally affected. Wave–current interaction
also notably affects maximum mooring tensions, with variations of up to ±22% depending on the current
direction and mooring layout. Furthermore, reductions in maximum longitudinal acceleration are observed
due to such interaction. Incorporating wave–current interaction in simulations enhances our understanding of
FOWT dynamics and allows for more reliable estimations of system behaviour, emphasising the importance of
ensuring safe operating conditions, particularly in sites with opposing currents.
1. Introduction

Offshore wind is widely regarded as a significant renewable energy
source for decarbonising power production and decreasing greenhouse
gas emissions. Thus, substantial efforts are being made to design wind
turbines capable of capturing energy at sea. These turbines can be in-
stalled on bottom-fixed or floating foundations anchored to the seabed
by mooring lines. When it comes to the shallow water (e.g. the North
Sea, Chinese coastal waters, and the New England coast) of soft seabeds
(i.e. made of sand, gravel or mud), the deployment of bottom-fixed
foundations is the most cost-effective and optimal option. However,
some regions (e.g. the Mediterranean Sea) lack favourable seabed
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conditions for bottom-fixed foundations. Moreover, 80% of offshore
wind potential is in waters deeper than 60 m, thereby bottom-fixed
foundations are problematic (WindEurope, 2018). Hence, floating off-
shore foundations are emerging as potential revolutionary solutions
that offer broader wind resource exploitation and alleviate problems
associated with bottom-fixed designs.

These floating offshore wind turbines (FOWTs) are subjected to
various environmental loads, such as wind, waves, and currents (see
Fig. 1). For their design and lifetime safety, the dynamic response in
storm conditions, as well as the static stability and coupled dynamic
response under operation conditions, are of paramount importance
and, hence, have been an ongoing research focus. The hydrodynamic
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Fig. 1. Schematic showing the influence of wind-driven and near-shore currents on a floating platform moored in deep water.
loads due to the waves applied to the structure’s large and slender
elements are usually estimated using potential flow theory and Mori-
son’s formula, respectively (Morison et al., 1950). These hydrodynamic
loads are composed of two components: (i) the drag force, which is
proportional to the fluid particle velocity, and (ii) the inertia force,
which is proportionate to fluid particle acceleration.

Sea currents are a potentially significant loading source for FOWTs
that act as a constant lateral drag force on the platform, dynamic
export cables, and mooring lines, and the DNV offshore standard recom-
mends that they should be accounted for in mooring simulations (DNV,
2010). Nevertheless, previous investigations that utilised linearised or
quasi-static cable models disregarded the current effects on mooring
lines (Jonkman, 2007). These currents affect the operating point of
the mooring system of FOWTs and result in the mooring lines’ static,
dynamic, and damping responses (Hall et al., 2014). Moreover, for
the overall floating system, currents can cause floater vortex-induced
motion (VIM), static offset, and augmented wave drift forces (Gonçalves
et al., 2021). These currents may be triggered by winds, tides, or density
changes, as illustrated in Fig. 1.

When waves propagate on a current, the interaction between the
current and the waves results in frequency shifts (i.e. Doppler effect)
and changes to the wave parameters (i.e. wavelength, amplitude, and
spectral energy density); thus, a higher-velocity current substantially
impacts the wave field through such interaction (Jonsson, 1990;
Masson, 1996; Smith, 1997; Moreira and Peregrine, 2012). In shallow
and intermediate water depths, the potential impacts of wave–current
interaction (WCI) on fatigue loading for a single pile platform were
identified physically i.e., using in-situ measurements (Peters and Boon-
stra, 1988) and emphasised numerically by methods of spectral fatigue
analysis (Peeringa, 2014). Pillai et al. (2021) developed a framework
to calculate current and current-modified wave parameters, showcasing
2

the influence of WCI on fatigue loading of floating structures. Experi-
ments further demonstrated the effects of WCI on both structural loads
and VIM of these floating structures (Draycott et al., 2021).

In deep waters, where FOWTs are deployed and WCI coexist, this
interaction impacts the dynamic responses of FOWTs during opera-
tional and extreme conditions. As a consequence, they might increase
the platform’s mean surge wave-drift force (Zhao et al., 1988) and
lead to fatigue in the system’s superstructures (e.g. mooring lines and
towers) (Chen and Basu, 2018; Qu et al., 2020; Silva et al., 2021).
However, the interaction of waves with an underlying current was
found to have no significant impact on the performance of the system’s
pitch controller (Sarkar et al., 2020).

WCI has not yet been addressed extensively in the coupled analysis
of FOWTs, and that is due to two key challenges that must be handled: a
fully nonlinear mooring model capable of incorporating current and an
appropriate WCI model. The recent development of nonlinear mooring
models has addressed the first challenge; interested readers are referred
to previous studies (Palm et al., 2016; Davidson and Ringwood, 2017;
Pillai et al., 2018). However, the latter has not yet been overcome and is
still an ongoing research topic. Moreover, most commercial engineering
tools (e.g. FAST, Sima, OrcaFlex) employ the conventional superpo-
sition of waves and currents when defining the properties of waves,
such as JONSWAP waves (Hasselmann et al., 1973). What is missing
is the Doppler shift modification of the linear dispersion relationship
that accounts for the effect of the current (Azcona et al., 2017). To
overcome this limitation, new formulations and derivations for the
total fluid particle velocity, the vector sum of the current velocity and
wave-induced fluid particle velocity, are needed to incorporate Doppler
shift appropriately. Subsequently, custom analytical models must be
developed to account for the interaction between currents and waves
(both regular and irregular) and then analyse the dynamic behaviours

of FOWTs appropriately.
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The well-known model for the interaction of regular waves and
currents is based on the Airy wave theory, in which the current effects
alter the wave frequency and dispersion relation (Thomas, 1981). For
irregular waves, Huang et al. (1972) and Tung and Huang (1974)
proposed analytical spectral models based on the solution of the reg-
ular wave model, and these models account for the impacts of the
current on the wave spectrum (Huang et al., 1972; Tung and Huang,
1974). Hedges (1981) then extended these models to account for
wave breaking driven by opposing or unfavourable currents (Hedges,
1981; Hedges et al., 1985). These models were verified and validated
using numerical simulations and tests, respectively, and demonstrated
sufficient accuracy for waves with small amplitudes (Thomas, 1981;
Lai et al., 1989; Soares and De Pablo, 2006). They have been used in
the design and structural response assessment of offshore structures,
such as floating bridges and marine platforms (Ismail, 1984; Dai et al.,
2022).

In offshore renewable energy applications, these models have been
utilised to investigate the performance of marine tidal turbines and the
fatigue loading of a bottom-fixed wind turbine (Barltrop et al., 2007;
de Jesus Henriques et al., 2014; Peeringa, 2014). Recently, they were
employed to assess the impact of WCI on the fatigue life and dynamic
structural responses of a Spar FOWT. Quantitatively, the incorporation
of wave–current interaction resulted in up to 10% differences in the
dynamic responses of this FOWT and up to 15% increases in its cable
fairlead tension (Chen and Basu, 2018, 2019). Additionally, Nguyen
(2022) looked into the interaction effect of long-amplitude waves and
currents on the same FOWT, finding that the FOWT drifted 15 m
downstream in the presence of a favourable current. In contrast, when
the current opposes the waves, the line fairlead tension can increase
by up to 20% (Nguyen, 2022). Yet, the effects of WCI on single-point-
mooring FOWTs have not been investigated. Yet, the effects of WCI
on semisubmersible FOWTs that utilise single-point-mooring (SPM)
systems have not been investigated.

Consequently, this paper looks into the effect of wave and current
interaction on the mooring loads of an SPM system of a semisub-
mersible FOWT and explores how this interaction impacts the dynamic
behaviour of the entire floating system under realistic environmental
conditions. To achieve this, a nonlinear hydrodynamic model of the
mooring system and analytical wave–current models are incorporated
into a coupled analysis of the FOWT to account for the interaction.
Following the introduction, the remainder of the paper is structured
as follows: Section 2 presents the wave–current interaction models.
Section 3 describes a coupled model for the numerical modelling of
the W2Power floating wind turbine, focusing on the mooring system’s
hydrodynamic loading and nonlinear dynamics. The effects of wave–
current interaction are then investigated numerically and discussed in
Section 4. The results of the study are presented in Section 5 before the
conclusions are discussed in Section 6.

2. Mathematical models of wave–current interaction

2.1. Governing equations

When wave and current fields coexist, the velocity potential can be
divided into a steady current potential and an unsteady wave potential.
Then, the water surface elevation surrounding the structure can be
calculated by plugging both the unstable wave potential and the current
velocity into the first-order dynamic surface boundary condition (Isaac-
son and Cheung, 1993). The following coordinate system (𝑥, 𝑧), shown
n Fig. 2, is defined to introduce the models for the wave–current
lows. The origin, 𝑂(0,0), is assumed to be the mean water level (MWL),
ith the positive 𝑋-axis aligned horizontally in the direction of wave
ropagation, whereas the 𝑧-axis points vertically upward.

The continuity equation and momentum (Euler) equations govern-
ng the rotational flow of an inviscid and incompressible fluid are as
ollows:

𝜕𝑢 + 𝜕𝑤 = 0 (1)
3

𝜕𝑥 𝜕𝑧 𝑤
𝜕𝑢
𝜕𝑡

+ 𝑢 𝜕𝑢
𝜕𝑥

+𝑤𝜕𝑢
𝜕𝑧

= −1
𝜌
𝜕𝑝
𝜕𝑥

(2)

𝜕𝑤
𝜕𝑡

+ 𝑢 𝜕𝑤
𝜕𝑥

+𝑤𝜕𝑤
𝜕𝑧

= −1
𝜌
𝜕𝑝
𝜕𝑥

− 𝑔 (3)

where, 𝑢 and 𝑤 represent the horizontal and vertical components of
fluid velocity, 𝑝, 𝑔, and 𝜌 are the pressure, the gravitational acceleration
and water density, respectively.

2.2. Regular wave–current mathematical model

For regular wave–current interaction, the model formulations given
in Thomas (1981) and Silva et al. (2016) are roughly adopted, and the
following flow assumptions are made:

• The flow field is irrotational,
• Waves are of small amplitudes and propagate on currents,
• No flow fluctuations exist perpendicular to the 𝑂𝑥𝑧 plane, and the

waves undergo no refraction,
• The time and length scales of the current are relatively larger than

the waves’ period and wavelength.

Therefore, the resulting velocities (𝑢𝑇 and 𝑤𝑇 ) and pressure (𝑝𝑇 ) fields
are represented by the sum of the flow due to currents and waves:

𝑢𝑇 (𝑥, 𝑧, 𝑡) = 𝑈 (𝑧) + 𝑢(𝑧) cos(𝜅𝑥 − 𝜔𝑡) (4)

𝑤𝑇 (𝑥, 𝑧, 𝑡) = 𝑤(𝑧) sin(𝜅𝑥 − 𝜔𝑡) (5)

𝑝𝑇 (𝑥, 𝑧, 𝑡) = −𝜌𝑔𝑧 + 𝑝 cos(𝜅𝑥 − 𝜔𝑡) (6)

where 𝑢, 𝑤, and 𝑝 denote the magnitude of the perturbation caused
by the wave, 𝜅 denotes the wave number in the direction of wave
propagation (i.e. 𝜅 = 2𝜋∕𝐿, L is the wavelength), and 𝑈 (𝑧) is the
current velocity profile as a function of water depth (ℎ𝑤) in the absence
of waves. 𝜔 is the wave’s ‘‘apparent’’ angular frequency, and for an ob-
server in a fixed reference system is the sum of the relative or intrinsic
frequency in quiescent water (𝜔𝑟) and the Doppler frequencies (White,
1999) and can be written as:

𝜔 = 𝜔𝑟 + 𝜅⃗ ⋅ 𝑈⃗ (7)

in which, 𝜅⃗ and 𝑈⃗ are, respectively, the vectors of the current velocity
and wave number. In the linear Airy wave theory, the water surface
elevation 𝜂(𝑥, 𝑡) is sinusoidal and can be expressed as:

𝜂(𝑥, 𝑡) = 𝐴 cos(𝜅𝑥 − 𝜔𝑡) (8)

in which 𝐴 is the current-altered wave amplitude. Substituting the
formulae of the resulting fields of velocities and pressure, Eq. (4)–(6),
into the continuity, Eq. (1), and momentum equations, Eq. (2) and (3),
gives:
𝜕𝑤
𝜕𝑧

= 𝜅𝑢 (9)

𝑝 =
𝜌
𝜅2

[

𝜕𝑤
𝜕𝑧

(𝜔 − 𝑈 (𝑧)𝜅) +𝑤(𝜅
𝜕𝑈 (𝑧)
𝜕𝑧

)
]

(10)

𝜕𝑝
𝜕𝑧

= 𝜌𝑤(𝜔 − 𝑈 (𝑧)𝜅) (11)

fter straightforward elimination of variables and some manipulation,
q. (9)–(11) yield an alternate equation for vertical velocity, written
s:
𝜕2𝑤
𝜕𝑧2

−
[

𝜅2 − 𝜅
𝜔 − 𝑈 (𝑧)𝜅

𝜕2𝑈 (𝑧)
𝜕𝑧2

]

𝑤 = 0 (12)

q. (12) is known as the ‘‘inviscid Orr–Sommerfeld’’ or ‘‘Rayleigh’’
quation of classical hydrodynamic stability theory in the flow domain
ℎ𝑤 < 𝑧 < 0, which must be solved in accordance with the rigid bottom
oundary condition:

𝑇 = 𝑤(𝑧) = 0 on 𝑧 = −ℎ𝑤 (13)

nd the mean free surface linearised boundary conditions:
(𝑧) = 𝐴(𝜔 − 𝜅𝑈 (𝑧)) on 𝑧 = 0 (14)
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Fig. 2. Definition of the coordinate system for wave–current interaction of a finite depth.
𝑝 = 𝜌𝑔𝐴 on 𝑧 = 0 (15)

Substituting the boundary conditions on 𝑧 = 0, Eq. (14) and (15),
into the pressure field equation, Eq. (10), gives the current-affected
dispersion relation.

(𝜔 − 𝜅𝑈 (𝑧))2 𝜕𝑤
𝜕𝑧

+
[

𝜅(𝜔 − 𝜅𝑈 (𝑧))
𝜕𝑈 (𝑧)
𝜕𝑧

− 𝑔𝜅2
]

𝑤 = 0 (16)

If the parameters 𝐴, 𝜔, and ℎ𝑤, alongside 𝑈 (𝑧), can be treated as known
values in advance from experimental specifications or measurements,
then the system of Eqs. (12)–(14) can be solved for the wavenumber
𝜅 and the vertical velocity 𝑤(𝑧). Accordingly, once these unknowns
have been determined, the depth-varying component of the horizontal
velocity 𝑢(𝑧) can be derived from the continuity equation, Eq. (1), as:

𝑢(𝑧) = 1
𝜅
𝜕𝑤
𝜕𝑧

(17)

However, the system is defined by the set of equations, Eq. (12),
(13) and (16), cannot be solved analytically for general wavenumbers
and frequencies unless the second derivative of the current velocity
profile is equal to zero ( 𝜕

2𝑈 (𝑧)
𝜕𝑧2

= 0), which corresponds to a depth-
independent current or a current that changes linearly with depth. The
Rayleigh equation, Eq. (12), can thus be rewritten as:

𝜕2𝑤
𝜕𝑧2

− 𝜅2𝑤 = 0 (18)

this Rayleigh equation, Eq. (18), depends on the vertical velocity 𝑤(𝑧)
and the current velocity profile 𝑈 (𝑧), and its solution for the wavelike
horizontal velocity u(z) can be given by:

𝑢(𝑧) = 𝐴(𝜔 − 𝑈0𝜅)
cosh[𝜅(𝑧 + ℎ𝑤)]

sinh(𝜅ℎ𝑤)
; (19)

for 𝑤(𝑧) by:

𝑤(𝑧) = 𝐴(𝜔 − 𝑈0𝜅)
sinh[𝜅(𝑧 + ℎ𝑤)]

sinh(𝜅ℎ𝑤)
; (20)

and for 𝑝(𝑧) by:

𝑝(𝑧) = 𝜌𝐴(𝜔 − 𝜅𝑈0)
1

𝜅 sinh(𝜅ℎ𝑤)

×
[

(𝜔 − 𝜅𝑈 (𝑧)) cosh[𝜅(𝑧 + ℎ𝑤)] +
𝑑𝑈 (𝑧)
𝑑𝑧

sinh[𝜅(𝑧 + ℎ𝑤)]
]

(21)

Substitution of Eqs. (19)–(21) in the resultant velocity and pressure
fields, Eq. (4)–(6), yields:

𝑢𝑇 (𝑥, 𝑧, 𝑡) = 𝑈 (𝑧) + 𝐴(𝜔 − 𝑈0𝜅)
cosh[𝜅(𝑧 + ℎ𝑤)] cos(𝜅𝑥 − 𝜔𝑡) (22)
4

sinh(𝜅ℎ𝑤)
𝑤𝑇 (𝑥, 𝑧, 𝑡) = 𝐴(𝜔 − 𝜅𝑈0)
sinh[𝜅(𝑧 + ℎ𝑤)]

sinh(𝜅ℎ𝑤)
sin(𝜅𝑥 − 𝜔𝑡) (23)

𝑝𝑇 (𝑥, 𝑧, 𝑡) = −𝜌𝑔𝑧 +
𝜌𝐴(𝜔 − 𝜅𝑈0)
𝜅 sinh(𝜅ℎ𝑤)

(

[𝜔 − 𝜅𝑈 (𝑧)] cosh(𝜅(𝑧 + ℎ𝑤))

+
𝜕𝑈 (𝑧)
𝜕𝑧

sinh(𝜅(𝑧 + ℎ𝑤))
)

cos(𝜅𝑥 − 𝜔𝑡) (24)

𝑈0 denotes the current velocity at 𝑧 = 0. Substituting Eq. (20) into
Eq. (16) gives the modified dispersion relation as:

(𝜔 − 𝜅𝑈0)2 = [𝑔𝜅 − (𝜔 − 𝜅𝑈0)
𝜕𝑈 (𝑧 = 0)

𝜕𝑧
] tanh(𝜅ℎ𝑤) (25)

This equation is only valid for both uniform and linear shear current
profiles (i.e. when 𝜕2𝑈 (𝑧)

𝜕𝑧2
= 0). For the former, it can thus be simplified

to the convenient form of the dispersion relation:

(𝜔 − 𝜅𝑈0)2 = 𝑔𝜅 tanh(𝜅ℎ𝑤) (26)

For a linear shear current profile that can be expressed by:

𝑈 (𝑧) = 𝑈0 + 𝐵𝑧 (27)

then the modified dispersion relation can be represented as:

(𝜔 − 𝜅𝑈0)2 = [𝑔𝜅 − (𝜔 − 𝜅𝑈0)𝐵] tanh(𝜅ℎ𝑤) (28)

where 𝐵 is the current slope, and Eq. (28) is true for 𝐵 = 0 (i.e. uniform
profile), and 𝐵 ≠ 0 (i.e. linear shear profile).

Based on the principle of ‘wave-action’ conservation (Bretherton and
Garret, 1970), the modified wave amplitude of Eq. (8) in the presence
of a current, (𝐴), can be expressed as follows (Smith, 1997; Draycott
et al., 2018):

𝐴 = 𝐴𝑎

⎡

⎢

⎢

⎢

⎣

𝐶𝑔,𝑎

𝐶𝑔
⋅

1

1 + 𝑈 cos 𝛼
𝐶𝑔

⎤

⎥

⎥

⎥

⎦

1
2
; (29)

the subscript ‘𝑎’ indicates a region with the absence of current, and 𝛼 is
the angle between the propagation directions of the wave and current,
and 𝐶𝑔 is the velocity of the wave group and is given as:

𝐶𝑔 = 1
2
𝐶
(

1 +
2𝜅ℎ𝑤

sinh(2𝜅ℎ𝑤)

)

; (30)

where 𝐶 is the wave apparent celerity, which is the sum of the wave
celerity in the moving reference frame (𝐶 ) and the current velocity
𝑎
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(𝑈), and can be expressed by the wavelength (𝐿) and the corresponding
eriod (𝑇 ) as:

= 𝐶𝑎 + 𝑈 ; = 𝐿
𝑇

(31)

2.3. Stochastic wave–current mathematical model

Under the wave and current assumptions described in Section 2.2,
a stochastic wave–current interaction model can be established by cou-
pling the spectral representation of irregular waves with the equations
of the regular wave–current model (Huang et al., 1972) Consequently,
the spectral density of surface waves in the presence of the current,
𝑆(𝜔,𝑈 ), is given by:

𝑆(𝜔,𝑈 ) =
4𝑆(𝜔)

[

1 + 4𝑈𝜔
𝑔

]1∕2
[

1 +
(

1 + 4𝑈𝜔
𝑔

)1∕2
]2

(32)

in which 𝑆(𝜔) spectral density of waves without the influence of
current; 𝑈 , 𝜔, and 𝑔 are the current speed, frequency, and gravitational
acceleration, respectively. In this paper, the JONSWAP (Joint North
Sea Wave Project) spectrum was selected to generate the irregular
waves (Hasselmann et al., 1973), whose expression is:

𝑆(𝜔) =
𝛼 𝑔2

𝜔5
exp

[

−4
5

[𝜔𝑝

𝜔

]4
]

𝛾𝛼 (33)

here 𝜔𝑝 is the peak frequency, 𝛾 is the peak enhancement factor, and
arameters 𝛼 and 𝜎 are

= exp

[

[

−
(𝜔 − 𝜔𝑝)2

2𝜔2
𝑝𝜎2

]

]

, 𝜎 =

{

0.07 if 𝜔 < 𝜔𝑝

0.09 if 𝜔 ≥ 𝜔𝑝 , respectively.

From Eq. (32), waves tend to shorten and become steeper when they
ncounter an opposing current (i.e. when the current speed is negative),
nd vice versa for waves travelling with a following current. Thus, it is
orth mentioning that when the current speed is negative, there is a

ut-off frequency that can be determined using the following formula:

+ 4𝑈𝜔
𝑔

≥ 0 (34)

efore this critical frequency (𝜔 = −
𝑔
4𝑈

), surface waves with frequen-
ies close to it become extremely steep, and theoretically, beyond this
requency, no waves can exist. In reality, wave breaking will occur
t the current threshold, and since the wave amplitude at this critical
peed would be infinite; thus the waves break a long time before they
each this limit. However, breaking still impacts wave components that
ropagate onto the current, so there is a limit to how big waves can
evelop over a certain frequency range (Phillips, 1977). In order to
ddress this issue, Hedges (1981) derived the following ‘‘equilibrium
ange limit’’ for deep water (Hedges, 1981; Hedges et al., 1985):

𝐸𝑅(𝜔,𝑈 ) =
𝐴∗𝑔2

(𝜔 − 𝜅𝑈 )5
1

1 +
2𝑈 (𝜔 − 𝜅𝑈 )

𝑔

(35)

n which ‘‘ER’’ denotes the equilibrium range, and 𝐴∗ is a numerical
Phillips-like) constant for the waves generated on currents, its values
rovided by Phillips in the range 0.008 − 0.015 (Phillips, 1977).

Given that the equilibrium range of the spectrum is associated with
eep water, the preceding equation, Eq. (35), can be used to predict
pectral densities for the current region whenever 𝑆ER(𝜔,𝑈 ) is smaller
han 𝑆(𝜔,𝑈 ). Following that, alterations in the spectra corresponding
o flow velocity and acceleration driven by the subsurface current can
e estimated (Hedges et al., 1985; Soares and De Pablo, 2006; Peeringa,
014). By employing these spectral representations, the sinusoidal
ater surface elevation 𝜂(𝑥, 𝑡) for 𝑖th wave components can be written
s:

(𝑥, 𝑡) =
𝑁
∑

𝐴𝑖 cos(𝜅𝑖𝑥 − 𝜔𝑖𝑡 + 𝜙𝑖) (36)
5

𝑖=1
n which 𝜙 is the random phase angle spread evenly between 0 and 2𝜋,
nd 𝑁 refers to the total number of wave components. In this stochas-
ic model, the amplitude of the 𝑖th wave component with frequency
nterval 𝛥𝜔 is given by:

𝑖 =
[

2𝑆(𝜔𝑖, 𝑈 )𝛥𝜔
]1∕2 (37)

The corresponding formulae for the resultant horizontal and vertical
elocities and pressure fields are:

𝑢𝑇 (𝑥, 𝑧, 𝑡) = 𝑈 (𝑧) +
𝑁
∑

𝑖=1
𝐴𝑖(𝜔𝑖 − 𝜅𝑖𝑈 )

cosh[𝜅𝑖(𝑧 + ℎ𝑤)]
sinh(𝜅𝑖ℎ𝑤)

cos(𝜅𝑖𝑥 − 𝜔𝑖𝑡 + 𝜙𝑖),

(38)

𝑤𝑇 (𝑥, 𝑧, 𝑡) =
𝑁
∑

𝑖=1
𝐴𝑖(𝜔𝑖 − 𝜅𝑖𝑈 )

sinh[𝜅𝑖(𝑧 + ℎ𝑤)]
sinh(𝜅𝑖ℎ𝑤)

sin(𝜅𝑖𝑥 − 𝜔𝑖𝑡 + 𝜙𝑖), (39)

𝑝𝑇 (𝑥, 𝑧, 𝑡) = −𝜌𝑔𝑧 +
𝑁
∑

𝑖=1

𝜌𝐴𝑖(𝜔𝑖 − 𝜅𝑖𝑈 )2 cosh[𝜅𝑖(𝑧 + ℎ𝑤)]
𝜅𝑖 sinh(𝜅𝑖ℎ𝑤)

× cos(𝜅𝑖𝑥 − 𝜔𝑖𝑡 + 𝜙𝑖), (40)

espectively. Differentiating the velocity fields equations, Eq. (38) and
39), with regard to time yields the corresponding resultant accelera-
ions (i.e. the horizontal and vertical) as:

𝑢̇𝑇 (𝑥, 𝑧, 𝑡) =
𝑁
∑

𝑖=1
𝐴𝑖𝜔𝑖(𝜔𝑖 − 𝜅𝑖𝑈 )

cosh[𝜅𝑖(𝑧 + ℎ𝑤)]
sinh(𝜅𝑖ℎ𝑤)

sin(𝜅𝑖𝑥 − 𝜔𝑖𝑡 + 𝜙𝑖), (41)

𝑤̇𝑇 (𝑥, 𝑧, 𝑡) =
𝑁
∑

𝑖=1
𝐴𝑖𝜔𝑖(𝜔𝑖 − 𝜅𝑖𝑈 )

sinh[𝜅𝑖(𝑧 + ℎ𝑤)]
sinh(𝜅𝑖ℎ𝑤)

cos(𝜅𝑖𝑥 − 𝜔𝑖𝑡 + 𝜙𝑖), (42)

in which the wavenumber 𝑘𝑖 will be obtained from the modified
dispersion relation, Eq. (26), for each wave component. Although this
model is stochastic, it cannot capture the nonlinear effects of wave
and wave–current interaction because it relies on the linear wave
theory. However, some nonlinear effects (e.g. fluid velocity and accel-
eration) can be captured by employing kinematic stretching techniques
(e.g. vertical, extrapolation, and Wheeler) (Faltinsen, 1993; Nestegård
et al., 2019; OrcaFlex, 2023).

3. W2Power floating offshore wind turbine model

3.1. Platform model description

In order to investigate the effects of wave–current interaction on the
dynamic responses of FOWTs, this paper employs an innovative floating
wind turbine model called W2Power as a case study. This model was
developed by EnearOcean S.L. (2007), Spain, in 2015 and does not
represent the current design of the platform (Hanssen et al., 2015). It
is a triangular semisubmersible structure that houses a pair of wind
turbines mounted on out-leaning towers. The platform is moored to the
seabed via a single-point mooring system, whose lines are attached to
the bottom of the front column (B). The main particulars of the platform
are given in Table 1. The towers are conical tubular steel structures
that are cantilevered at 15° on the top of the floater’s stern columns
(A and C) (Elobeid et al., 2022), with tower data adopted from the
OC3-Hywind spar FOWT (Jonkman, 2010).

3.2. Mooring system characteristics

The configuration of the single-point mooring system is a typical
catenary that comprises three lines placed symmetrically along the
platform’s 𝑍-axis and spread by 120°, and these individual lines are
made of stud-less chains. The W2Power is designed for water depths
of 200 m, whilst this study focuses on a prospective deployment site
of 80 m water depth. The scaled mooring system proposed by Elobeid
et al. (2022) has been up-scaled, optimised and employed in the current

study; its properties are given in Table 2.
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Table 1
Main parameters of the W2Power platform.

Parameter Value (unit) Parameter Value (unit)

Draft 15 m Braces diameter 1.32 m
Water depth 80 m Pontoons diameters 3 m
Column D height 25 m Heave plates height 1.5 m
Column D diameter 5 m Heave plates diameter 27 m
Corner columns height 25 m Towers bases separation 90 m
Corner columns diameter 9 m Towers’ out-leaning angle 15°
Fig. 3. Description of the W2Power FOWT: (a) the system’s main particulars; (b) the mooring system configuration; (c) the 6 degrees-of-freedom of the system.
Table 2
Characteristics of the mooring system.

Parameter Value (unit) Parameter Value (unit)

Fairlead depth 15 m Line length 398.3 m
Number of lines 3 Axial stiffness 252.5E03 kN
Anchor depth, radius 80, 382.24 m Line dry, wet weight 537, 466.4 kN/m
Line type (grade) Chains (R4–Studless) Fairlead pretension 1153 kN
Nominal chain diameter 157 mm Minimum breaking load (MBL) 21235 kN
3.3. Floater-towers-nacelles-rotors model

The platform is engineered to accommodate two 6 MW wind tur-
bines (WTs). Due to a lack of data on this WT, it is, therefore, analysed
with a pair of the well-documented and publicly accessible NREL-
5MW WT (Jonkman et al., 2009). The towers are conical tubular steel
structures of a height of 77.6 m and base (platform top) and top
diameters of 6.5 m and 3.87 m, respectively. They are cantilevered
at an outward 15°atop the floater’s stern columns (A and C). Towers’
data are adopted from the OC3-Hywind spar FOWT (Shin, 2011), see
Table 3.

The converging equation is established to calculate the displace-
ment, velocity, and acceleration of the FOWT, as well as the moor-
ing dynamics. It considers the effects of wind, wave, cable forces,
and wave–current interaction, and is written to be solved for the 6
6

degrees-of-freedom (DoF) motions as follows:

(𝐌+𝐀∞)𝑥̈(𝑡)+∫

𝑡

0
𝐊(𝑡−𝜏)𝑥̇(𝜏)𝑑𝜏+𝐁𝑥̇(𝑡)+𝐂𝑥(𝑡) = 𝐹𝑚(𝑡)+𝐹ℎ(𝑡)+𝐹𝑎(𝑡) (43)

this equation is known as Cummins equation, in which, 𝐌 is the
mass matrix of the entire FOWT including ballast, 𝐀∞ is the added
mass matrix at infinite frequency, and 𝐊(t) is the retardation function
matrix (impulse response), which was calculated by the Cummins
model (Cummins et al., 1962). The convolution integral handles the
‘memory’ effect of past motions (Rognebakke, 2002), whose 𝜏 is a ‘time’
variable ranging from 0 to 𝑡. 𝐁 is the nonlinear damping matrix, and
𝐂 is the stiffness matrix that comprises both the hydrostatic stiffness
provided by buoyancy and the mooring stiffness, 𝐂 = (𝐂𝐡 + 𝐂𝐦).
The displacement, velocity, and acceleration vectors of the body are,
respectively, denoted by 𝑥, 𝑥̇, and ẍ. On the right side, 𝐹 is the mooring
𝑚
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Table 3
Specifications of the NREL 5MW baseline wind turbine.

Parameter Value (unit) Parameter Value (unit)

Rated power 5 MW Rotor configuration Upwind
Number of blades 3 Hub, rotor diameter 3, 126 m
Cut-in, rated rotor speed 6.9, 12.1 RPM Drivetrain, control Geared, pitch regulated
Cut-in, rated, cut-out wind speed 3, 11.4, 25 m/s Rotor, nacelle, tower mass 110, 240, 249.7 tonne
J

fairlead tensions, 𝐹ℎ is the hydrodynamic loads (first- and second-order
wave forces, and current drag force), and 𝐹𝑎 is the aerodynamic loads
on the two rotors.

4. Model setup for the implications of wave–current interaction

4.1. Platform-mooring modelling

The numerical modelling tools used are SolidWorks, DNV’s Sesam-
GeniE, and Orcina Ltd’s OrcaWave and OrcaFlex (Solidworks, 2021;
GeinE, 2020; OrcaWave, 2023; OrcaFlex, 2023). The floater’s geom-
etry was developed using SolidWorks, and its mass and inertia ma-
trices were obtained. The hull’s panel model (i.e. heave plates and
columns) was meshed using GeniE, and a finite element file was subse-
quently generated. OrcaWave was then used to perform the diffraction
analysis for the ballasted floater in the absence of the mooring sys-
tem and superstructures (e.g. turbines, towers, nacelles). This yielded
the floater’s RAOs (response amplitude operator) and other hydrody-
namic parameters such as the hydrostatic stiffness coefficients, the
frequency-dependent hydrodynamic added mass and radiation damp-
ing, the first-and second-order wave forces, and difference-frequency
quadratic transfer functions (QTFs). The OrcaWave-generated model
was loaded as a vessel object into OrcaFlex to model the floater as a
rigid body, whose motion is defined by three translations displacements
(surge, sway, and heave) and three rotational displacements (roll, pitch,
and yaw) at the body origin (0, 0, 0) (see Fig. 3).

Then, three mooring lines were added between the platform’s fair-
eads and the seafloor. Based on the properties listed in Table 2, the
ooring cables were simulated using OrcaFlex’s finite-element-method

FEM) model. Each line was discretised into segments, which were
hen modelled by straight massless model segments with a node at
ach end (Van den Boom, 1985). The model segments only capture the
ine’s axial and torsional properties, whereas the other properties, like
ass, weight, and buoyancy, were all lumped into the nodes (OrcaFlex,
023). The seabed was assumed to be horizontal and on a rigid plane.

To account for the contribution of current-induced drag loads on
iscous damping and mean platform offsets, the analysis considered
rag loads on the submerged superstructures (mooring lines, heave
lates, columns, pontoons, and braces). Thereby, an extended form of
orison’s formula was employed to calculate the hydrodynamic loads

n the mooring lines and platform (Morison et al., 1950; OrcaFlex,
023), whose can be expressed as follows:

=

Inertia
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞
(𝐶𝑚𝛥𝑎𝑓 − 𝐶𝑎𝛥𝑎𝑏) +

Drag
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞
( 1
2
𝜌𝐶𝑑𝐴|𝑣𝑓 |𝑣𝑓

)

(44)

in which, 𝑓 is the fluid force per unit length exerted on the body. 𝐶𝑚
nd 𝐶𝑎 are, respectively, the inertia and added mass coefficients for the
ody, and the value of 𝐶𝑚 was taken to be 1+𝐶𝑎. 𝛥 denotes the mass of

the fluid displaced by the body, and 𝑎𝑓 is the fluid acceleration relative
to the earth. 𝜌 represents the density of water, 𝐶𝑑 is the drag coefficient
for the body, 𝐴 is the drag area, and 𝑣𝑓 is the fluid velocity relative to
the earth.

4.2. Superstructures modelling

The superstructures (e.g. towers, heavy topsides) are modelled ex-
7

plicitly to include the rotors’ rotation and flexing of the towers and a
blades in the OrcaFlex model. The towers are modelled as profiled
cylinders via line objects that utilise homogeneous pipe attributes,
which enable the modelling of variable outer and inner diameter
profiles and their corresponding physical properties (e.g. mass and
inertia). The rotors are then connected to the towers via nacelles that
are modelled as lumped 6D buoys with their respective properties,
and to increase blade-to-tower clearances, the rotors and nacelles are
tilted by 5° (Jonkman et al., 2009). The blade structural model closely
resembles a line model, with segmented blades and nodes at the ends
of each segment. The blade discretisation and segment lengths were
meticulously adjusted to be consistent with the overall length of the
NREL-5MW turbine (Jonkman et al., 2009). At each node, the mass and
inertia properties are appropriately grouped. Blade element momentum
(BEM) theory is utilised to capture aerodynamic loads (Froude, 1920).

4.3. Modelling of wave–current interaction

Wave–current interaction is modelled in the Python programme to
solve the linear dispersion relation, Eq. (26), and obtain the current-
included wavenumber. It is not possible to solve Eq. (26) analytically;
therefore, it is solved using the physical approximations by Fenton and
McKee (1990). The presence of current slightly modifies the solution
method; therefore, the well-known Newton–Raphson’s method is used
to refine the approximation. It is tailored to attain arbitrary customis-
able accuracy (Ben-Israel, 1966). Subsequently, these custom analytical
models that account for the interaction between currents and waves
(regular and irregular) are compiled as dynamic link libraries (DLLs)
utilising the OrcaFlex Python API (i.e. Application Programming Inter-
face), OrcFxAPI. The developed model incorporates two key aspects:
the current effect on the mooring lines and the incorporation of WCI in
hydrodynamic loading estimation on the FOWT. The coupled analysis
model setup is shown in Fig. 4.

4.4. Environmental loads and simulation setup

This study investigates the performance of the W2Power platform
at a reference site, Canari-I, off the coast of Gran Canaria in the
Atlantic Ocean, whose environmental contours are constructed with a
50-year return period based on long-term hindcast data (wind, wave
and current) (NKUA-AM&WFG, 2021). Different sea conditions are sub-
sequently defined to represent both the ‘‘survival’’ and ‘‘operational’’
conditions. In extreme sea states, the turbines’ rotors are parked. When
the rotor is parked, the turbine blades are feathered to minimise the
aerodynamic loads. This allows us to focus on the effects of WCI
on the dynamic responses of the platform and mooring lines under
such loading conditions. Whilst the aerodynamic loads and wind drag
forces act on the wind turbine systems are included in the operational
conditions. The rated wind speed (𝑈𝑤) at the top of the towers is
assumed to be 11.4 m/s, corresponding to the mean wind speed at
100 m hub height at the Canari-I site, and it is assumed to be in the
same direction as the axes of the rotor and is modelled using the NPD
(Norwegian Petroleum Directorate) spectrum with full field turbulent
winds (Jonkman and Kilcher, 2012).

Different sea states are picked from the environmental contour,
whose regular wave trains are defined by linear Airy types of height
(𝐻) and period (𝑇 ). While the irregular ones are represented by the
ONSWAP spectrum using a peak factor (𝛾), significant heights (𝐻𝑠),

nd peak period (𝑇𝑝). The Canari-I site has maximal and average
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Fig. 4. Schematic flow chart of the coupled model setup and numerical modelling analysis.
Table 4
Load case parameters for coupled-analysis simulations of wave–current interaction.

LC No. Wave model 𝐻/𝐻𝑠 (m) 𝑇 /𝑇𝑝 (s) 𝛾 𝑈𝑐 (m/s) Direction 𝑈𝑤 (m/s)

Extreme sea states

1 Regular 4.63 16 – 0.8 Following 0
2 Regular 4.63 16 – 0.8 Opposing 0
3 Regular 3.85 8 – 0.8 Following 0
4 Regular 3.85 8 – 0.8 Opposing 0
5 Irregular 4.63 16.4 3.3 0.8 Following 0
6 Irregular 4.63 16.4 3.3 0.8 Opposing 0
7 Irregular 3.85 9 3.3 0.8 Following 0
8 Irregular 3.85 9 3.3 0.8 Opposing 0

Operational sea states

9 Regular 1.4 7.4 – 0.3 Following 11.4
10 Regular 1.4 7.4 – 0.3 Opposing 11.4
11 Irregular 1.4 7.4 2 0.3 Following 11.4
12 Irregular 1.4 7.4 2 0.3 Opposing 11.4
current speeds (𝑈𝑐) of 0.8 m/s and 0.3 m/s, respectively, whose profiles
are characterised within OrcaFlex environment data.

In the simulations, the direction of the waves is fixed at 180°, and
the current hits the platform from two directions, 180° and 0°, creating
two current scenarios when interacting with waves, following and
opposing, respectively. To assess the effect of current and the inclusion
of wave–current interaction on the dynamic responses of the FOWT, the
simulated scenarios are: (i) currents only; (ii) waves only; (iii) straight-
forward superposition of wave–current effects without considering any
interaction; (iv) and incorporation of the wave–current interaction
effects. Accordingly, the environmental conditions and identification
numbers for all the load cases (LCs) considered are presented in Table 4.

5. Results and discussion

5.1. Current effects on wave fields

Wave–current interaction models established in Section 2 are used
to examine the influence of current on regular and irregular waves.
Two current velocities are considered: 0.3 and 0.8 m/s. For regular
waves and utilising Eq. (8) and (29), current alters both the mean
value and the amplitude of the wave free-surface elevation (𝜂), whether
the current is following or opposing, as shown in the left panel of
Fig. 5. For clarity, a following current refers to a flow with a velocity
in the same direction of wave propagation. In contrast, an opposing
8

current propagates in the opposite direction as the waves, resulting in
a negative velocity. Furthermore, frequency shifts were observed, as
evident at the peaks of both the crests and troughs of the wave.

Eq. (32) and (35) are executed to generate the energy spectrum for
stochastic waves with a JONSWAP spectrum of 𝛾 = 1, which reduces
to the Pierson–Moskowitz (PM) spectrum (Pierson, Jr. and Moskowitz,
1964). In turn, the spectra are obtained for four different current
velocities and shown on the right side of Fig. 5. The presence of current
significantly modifies the peak value of the wave spectra. For opposing
currents of speeds of −0.3 and −0.8 m∕s, the peak spectral amplitude
increases by 5% and 14.2%, respectively, while it decreases by 5% and
11.2% when the currents are following. The peak frequency is also
shifted, as observed in the inset plots. Increasing the absolute value
of the current speed results in a more significant alteration of the peak
value and changes the shape of the wave spectrum. Furthermore, for
opposite currents, the high-frequency tails of the spectra are adjusted
using Eq. (35) with a Phillips’s constant, 𝐴∗, of 0.015. Accordingly,
the wave spectra are truncated beyond the cutoff frequency, and the
cutoff frequency (i.e. cutoff = 0.244 Hz, 1.532 rad∕s) is chosen to
be four times the peak spectral frequency (i.e. peak = 0.061 Hz,
0.383 rad∕s) (Jonkman, 2007). The results in Fig. 5 shed light on
the fundamental physics of wave–current interaction in extreme and
operational conditions at the reference site, Gran Canaria. The follow-
ing subsections demonstrate the implications of these findings on the
dynamic responses of the W2Power FOWT.
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Fig. 5. Current effect on (left) the free surface elevation, 𝜂(0, 𝑡), for a regular wave of 𝐻 = 3.85 m and 𝑇 = 6.2 s; and (right) the reduced JONSWAP spectrum of 𝐻𝑠 = 4.63 m and
𝑇𝑝 = 16.4 s.
5.2. Effect of wave–current interaction on motion dynamics

The simulation results for the FOWT system’s motion responses un-
der an operational load case (LC11) of an irregular wave with uniform
current are shown in Fig. 6. The presence of the current induces offsets
in the FOWT’s structural responses and alters the system’s equilibrium
position; thereby, the current influences both the static and dynamic
responses. To account for the current effect in simulating WCI load
cases in OrcaFlex, the platform was first subjected to a pure current
until it reached its static position. This new static position was then im-
plemented in OrcaFlex, and the floater object’s DoFs were deliberately
deselected; by doing so, the current-modified wave file’s effect on the
platform’s static analysis was incorporated. The simulations were run
for 3800 s, with 200 s allotted for wave build-up and transient effect
elimination. Thus, each load case analysis is an hour (3600 s) coupled
simulation, which is enough for identifying the characteristics of the
system dynamics according to the standards (DNV, 2019).

Fig. 6 illustrates the effect of wave–current interaction on the trans-
lational and rotational DoFs of the platform. Note that, herein, the
mean values have been omitted to focus on the dynamic behaviour
of the motion responses. Surge and heave DoFs were the most af-
fected, while the pitch was moderately impacted, and the rest were
less influenced. Despite wind damping the effect of WCI, there were
slight changes in the mean values of surge, heave and pitch due to
this interaction with a current speed of 0.3 m/s. Hypothetically, the
interaction’s effect should be more pronounced in the absence of wind,
which is demonstrated in Fig. 7 for an extreme case of a current speed
of 0.8 m/s. As can be seen, the mean values of the surge and heave
decrease in the presence of the following current and increase with the
opposing current due to the current drag force. Moreover, the relative
maximum and minimum values are amplified by an opposing current,
whereas a following current attenuates them.

The mean, maximum, and standard deviation of the surge, heave,
and pitch motion responses are provided in Table 5. It can be seen
that an opposing current increases the mean values of the three motion
responses while a following current decreases them. In the absence of
wind, the opposing current can increase the maximum surge and heave
responses by up to 40% when interacting with regular waves (i.e. LC2
and LC4). On the other hand, when interacting with irregular waves
(i.e. LC6 and LC8), the opposing current can increase surge motion
by up to 26% and heave motion by up to 30%, while the following
9

current decreases both surge and heave motions (i.e. LC1, LC3, LC5
and LC7). The interaction has minimally affected the pitch motion, even
though this can induce an extra restoring force in the negative heave
direction. Accordingly, the heave response has experienced alterations
when considering the nonlinear coupling effect of heave and pitch
responses, particularly for a single-point mooring system (Li et al.,
2018; Qu et al., 2020).

The inclusion of wind speed in operational load cases induced
stronger responses of surge, heave, and pitch in operational sea states
compared to extreme sea states, as highlighted in Table 5. This ob-
servation is attributed to the significant impact of wind on FOWTs,
even when parked under extreme sea conditions. The aerodynamics
of wind are expected to be the dominant loading in extreme wind
events, potentially diminishing the comparative impact of WCI on the
floating system. The deliberate exclusion of wind in extreme sea states
aligns with the rationale of highlighting the impact of WCI during
conditions where it might be more pronounced. Nevertheless, it is
imperative to acknowledge the significant impact of wind on the twin-
turbine system and the importance of including it in the operational
conditions. Thus, these load cases (LC9–LC12) were selected to mirror
the environmental conditions of the reference site, providing additional
insights into the system’s behaviour under realistic scenarios (Chen and
Basu, 2018). These findings underline the significance of simulating
holistic environmental conditions, encompassing both wind and WCI
dynamics, to comprehensively estimate the dynamics of FOWTs. Hence,
it is crucial to understand the intricate interaction between wind and
wave–current dynamics and their combined implications.

5.3. Effect of wave–current interaction on mooring dynamics

The effect of WCI on mooring dynamics is studied by analysing the
effective tension at each line’s fairlead. Figs. 8 and 9 show the statistical
results of the mooring tension’s time series. The configuration of the
three mooring lines is depicted in Fig. 3.b, with mooring line A aligned
along the positive 𝑋-axis. Given the mooring system’s symmetry with
respect to the 𝑋-axis, the responses of mooring lines B and C are iden-
tical. The emphasis is, therefore, on presenting the outcomes of lines A
and B. In order to provide a clearer illustration of the effect of WCI, the
results are presented separately for extreme load cases (LC1–LC8) and
operational load cases (LC9–LC12) under favourable and adverse cur-
rent scenarios. WCI was found to impact the mooring lines’ mean and
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Fig. 6. Time histories of the FOWT motion responses considering wave–current interaction for the operation load case of a favourable current, LC11: (left) translational; (right)
rotational.
Fig. 7. Statistical distributions of the FOWT motion responses for irregular waves considering wave–current interaction: (left) LC5 with a following current; (right) LC6 with an
opposing current.
maximum fairlead tension; in particular, the interaction significantly
impacts the maximum tension, while their effect on the mean tension is
insignificant, see Figs. 8 and 9. For mooring line A, as depicted in Fig. 8,
when regular waves (extreme cases: LC1–LC4) interact with a following
current, the maximum tension increases, whereas the opposite effect is
observed for an opposing current, with a difference of up to 22%. In the
worst-case modelled scenario (LC10), incorporating interaction resulted
in a maximum fairlead tension increase of up to 3000 kN, compared
to approximately 2450 kN without interaction, indicating a significant
23% increase. The changed surge brought on by WCI may account for
these tension load differences. Hence, this highlights the importance
of properly handling the increased fairlead tension in mooring design.
Therefore, WCI should be included in mooring standards since they par-
tially minimise the uncertainty of the estimated loads, thereby reducing
10
the substantial safety factors that mooring systems are conventionally
designed with.

Conversely, line B exhibits the opposite behaviour of the mooring
load. Furthermore, despite the negligible effect of interaction on mean
line tension for regular waves, an apparent impact was seen in the sea
states of the short periods (LC3 and LC4; LC9 and LC10). This can be
ascribed to the nonlinearity inherent in the stiffness of the catenary
mooring system. Additionally, the dynamics of FOWT in regular seas
depend not solely on the effect of current on the wave amplitude
but also on the wave frequency due to the resonance effect. On the
other hand, differences of up to ±10% have been recorded due to
the accounting of such interaction, which is mainly dependent on the
arrangement of the mooring cables in relation to the loading conditions.
Furthermore, it is important to note that the tension of mooring lines
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Table 5
Statistical comparison of FOWT motion responses considering wave–current interaction.

LC Coupled model Surge (m) Heave (m) Pitch (°)

No. With/No WCI Mean Max StdDev Mean Max StdDev Mean Max StdDev

1 No WCI 0.404 2.139 1.231 0.065 1.068 0.910 0.084 0.910 0.583
With WCI 0.229 3.612 2.347 0.037 3.725 2.520 0.036 0.885 0.591

2 No WCI 0.043 2.978 1.289 0.097 1.312 0.741 0.008 0.963 0.435
With WCI 0.072 3.606 2.544 0.050 4.792 3.371 0.031 0.512 0.333

3 No WCI 1.529 2.076 0.381 0.069 0.320 0.172 0.096 0.526 0.298
With WCI 0.155 2.952 1.953 0.024 3.200 2.126 0.023 0.709 0.472

4 No WCI 0.720 1.093 0.435 0.123 0.688 0.240 0.031 0.799 0.180
With WCI 0.129 5.070 2.174 0.097 4.406 2.815 0.006 0.956 0.400

5 No WCI 0.385 3.481 0.873 0.045 1.743 0.519 0.057 1.540 0.436
With WCI 0.282 3.937 0.843 0.033 1.811 0.514 0.043 1.589 0.394

6 No WCI 0.136 2.944 0.872 0.017 1.821 0.603 0.025 1.447 0.423
With WCI 0.212 2.964 0.912 0.025 1.952 0.622 0.037 1.739 0.483

7 No WCI 0.781 3.225 0.600 0.045 0.836 0.196 0.062 1.260 0.306
With WCI 0.512 2.527 0.493 0.035 0.712 0.186 0.047 1.098 0.293

8 No WCI 0.327 1.146 0.403 0.138 0.985 0.235 0.012 0.825 0.169
With WCI 0.692 2.225 0.400 0.050 1.128 0.217 0.069 1.291 0.307

9 No WCI 2.587 4.113 0.466 2.488 4.182 0.483 3.223 5.435 0.635
With WCI 2.581 4.952 1.099 2.496 5.398 1.091 3.240 5.529 0.636

10 No WCI 2.652 4.155 0.417 2.490 4.257 0.473 3.229 5.552 0.622
With WCI 2.527 5.090 1.087 2.481 5.481 1.257 3.222 5.265 0.635

11 No WCI 2.626 4.168 0.485 2.494 4.219 0.517 3.230 5.528 0.682
With WCI 2.638 4.192 0.485 2.496 4.253 0.521 3.232 5.512 0.687

12 No WCI 2.627 4.056 0.435 2.491 4.287 0.505 3.230 5.621 0.667
With WCI 2.628 4.060 0.431 2.491 4.277 0.500 3.231 5.639 0.661
Fig. 8. Effect of wave–current interaction on the mooring tension of line A for different load cases: (a) extreme; (b) operational.
is intricately connected to the surge motion, which is prominently
influenced by the presence of the current (Pillai et al., 2018).

5.4. Effect of wave–current interaction on nacelles dynamics

Ensuring the nacelle accelerations of a FOWT system remain within
acceptable limits is crucial for its safe operation in a specific location.
Thus, the impact of wave–current interaction on the magnitudes of
nacelle accelerations (𝐺) and their longitudinal (surge), transverse
(sway), and vertical (heave) components, denoted as 𝐺𝑥, 𝐺𝑦, and 𝐺𝑧,
respectively, are analysed for four operational load cases. The findings
are presented in Figs. 10 and 11; and Table 6. Fig. 10.a demonstrates
that incorporating interaction reduces the maximal longitudinal ac-
celeration, 𝐺𝑥. This reduction is particularly pronounced for regular
waves (i.e. LC9 and LC10), where a decrease of up to 48% is observed,
whereas irregular waves (LC11, LC12) experienced a drop of up to
22%. Consequently, these reductions notably influence the mean values
11
of acceleration magnitudes, which decrease by approximately 50%
and 10% when considering the current interaction with regular and
irregular waves, respectively (Fig. 10.b). Since WCI was not relevant
for the operational cases and as well as the pitch response was found
to be less impacted by such interaction. Thus, the significant changes
observed in the 𝐺𝑥 could be attributed to the WCI-altered surge.

Furthermore, Table 6 summarises the statistics for nacelles accel-
erations. Notably, incorporating wave–current interaction reduces the
minimum, mean, maximum, and standard deviation values, further em-
phasising the impact of WCI on the nacelle dynamics. On the contrary,
the statistical distribution presented in Fig. 11 reveals minor differences
in the transverse (𝐺𝑦) and vertical (𝐺𝑧) accelerations when considering
the interaction effect. These subtle variations can be attributed to the
collinearity of the environmental conditions. It is worth noting that the
wind, with a speed of 11.4 m/s, opposes the direction of the waves.
Given the dominance of these loads (wind and wave), distinguishing
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Fig. 9. Effect of wave–current interaction on the mooring tension of line B for different load cases: (a) extreme; (b) operational.
Fig. 10. Effect of wave–current interaction on nacelles accelerations under operational conditions: (a) longitudinal component (𝐺𝑥); (b) total acceleration (𝐺).
Table 6
Statistical comparison of nacelles’ accelerations under operational conditions considering wave–current interaction.

LC Coupled model Nacelle A acceleration, G (m2/s) Nacelle C acceleration, G (m2/s)

No. With/No WCI Min Max Mean StdDev Min Max Mean StdDev

9 No WCI 7.01E−2 5.19E−1 2.30E−1 7.87E−2 1.71E−2 3.97E−1 1.50E−1 6.58E−2
With WCI 3.84E−3 2.83E−1 9.57E−2 3.47E−2 1.88E−3 2.57E−1 8.96E−2 3.12E−2

10 No WCI 7.01E−2 5.09E−1 2.19E−1 7.84E−2 1.97E−2 4.18E−1 1.62E−1 6.80E−2
With WCI 4.44E−3 2.64E−1 1.04E−1 3.45E−2 5.65E−3 2.53E−1 9.90E−2 3.23E−2

11 No WCI 1.71E−3 5.14E−1 1.25E−1 6.72E−2 1.45E−3 4.01E−1 9.744E−2 5.23E−2
With WCI 2.34E−3 3.92E−1 1.11E−1 5.90E−2 2.08E−3 3.26E−1 8.91E−2 4.67E−2

12 No WCI 4.58E−3 4.94E−1 1.21E−1 6.60E−2 1.45E−3 3.97E−1 9.90E−2 5.35E−2
With WCI 1.89E−3 4.83E−1 1.17E−1 6.33E−2 1.86E−3 4.01E−1 9.63E−2 5.18E−2
the specific influence of the current, with a speed of 0.3 m/s, becomes
challenging when it is either following or opposing.

To delve further into the impact of WCI on nacelle structural re-
sponses, time series for regular waves and power spectral density (PSD)
for irregular waves are depicted in Figs. 12 and 13, respectively. These
plots are generated from 0 to 3600 s after excluding the 200-second
12
transient phase during wave build-up. Mean values have been removed
for the time series plot, and data has been smoothed to emphasise the
dynamics of nacelles’ accelerations. As shown in Fig. 12, the considera-
tion of WCI effectively reduces nacelle accelerations. Fig. 13 illustrates
the impact of irregular waves, indicating an apparent reduction in
acceleration PSDs under the influence of WCI, particularly within the
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Fig. 11. Effect of wave–current interaction on translational accelerations of the nacelles under operational conditions: (a) transverse component (𝐺𝑦); (b) vertical component (𝐺𝑧).
Fig. 12. Time histories of nacelles’ accelerations considering wave–current interaction under operational conditions for regular waves: (left) Nacelle A and (right) Nacelle C.
frequency range of 0 to 0.25 Hz, irrespective of the current direction.
Interestingly, nacelle A exhibited higher acceleration than nacelle C at
very low frequencies.

The observed reductions in nacelles’ accelerations when incorporat-
ing WCI can be attributed to the complex hydrodynamic interaction
caused by the coupling of waves and currents. The intricate WCI
introduces additional forces and moments, thereby modifying the flow
conditions around the entire floating system. These altered flow fields
influence the inertia of the system, which, in turn, contributes to the
system’s dampening response (Goupee et al., 2014). Furthermore, twin
FOWTs add another level of complexity due to the wake interaction
between the rotors, which is not considered in this study. Therefore, the
assessment of their aerodynamics is a topic of ongoing research (Martín
San Román, 2022).

Commonly, the interaction of the current with the incoming waves
results in a larger excitation force in surge and excitation moment in
pitch. The surge drift force also changes with the current-altered wave
height (Chakrabarti, 1984). Unlike conventional offshore structures,
FOWTs are distinguished by their towering superstructures. These tow-
ers lead to a significant rotor displacement from even a minor pitch
13
motion of the floating platform. Moreover, in this peculiar FOWT
design with a single-point mooring system, the presence of wind could
potentially tilt the platform, inducing pitch motion and vibrations in
the tower fore-aft that could affect nacelle acceleration (Antonutti
et al., 2016). Consequently, it impacts the generated power efficiency
and contributes to the accumulation of fatigue loads. Therefore, the
inclusion of WCI is considerably effective for capturing more accurate
wind-wave effects. Then, a trade-off between vibration reduction and
rotor speed enhancement could be advantageous for extending the
operational life of wind turbine components.

6. Conclusions

This study investigates wave–current interaction effects on the
W2Power FOWT, which is equipped with a pair of NREL 5MW wind tur-
bines and moored to the seabed using a single-point mooring system of
conventional catenary configuration with three lines made of studless
chains. Two analytical models were developed to analyse current inter-
action with regular and irregular waves. The effects of following and
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Fig. 13. Power spectral densities of nacelles’ accelerations considering wave–current interaction under operational conditions for irregular waves: (left) Nacelle A and (right)
Nacelle C.
opposing currents on wave characteristics were investigated, revealing
alterations in the regular and stochastic wave fields. WCI models are
then integrated with the OrcaFlex programme to analyse the dynamic
responses of the floating system. The simulations involved various
loading scenarios, including current-only, wave-only, and wave–current
with and without interaction. The key findings are as follows:

• The presence of current significantly impacts the FOWT’s static
equilibrium and, consequently, its mooring system’s operational
point and motion dynamics.

• WCI significantly affects the translational motion response of the
FOWT system, while rotational motion is relatively unaffected.
The mean values of surge and heave decreased with a following
current and increased with an opposing current, resulting in
differences of up to ±26% and ±30%, respectively.

• WCI impacted the mooring system’s dynamics, with notable ef-
fects observed on the maximum tension at the fairlead, while the
mean tension was insignificantly affected. For regular seas, the in-
teraction can lead to differences of up to ±22.5% in the maximum
tension, depending on the current direction and mooring layout.
For irregular seas, the differences were up to ±10%.

• WCI was found to minimise maximum longitudinal acceleration
(𝐺𝑥) substantially. 𝐺𝑥 has experienced a notable decrease of up to
48% in regular seas, while a drop of up to 22% in irregular ones.
Transverse and vertical accelerations showed slight variations due
to the collinearity of environmental conditions along the 𝑋-axis.

The analysis highlights the significance of incorporating WCI to
accurately simulate the dynamic responses of FOWTs and ensure op-
erational safety. The current framework and results of the parametric
studies presented in this paper can be the basis for the applications
of advanced wave–current interaction models in future studies. For
instance, nonlinear WCI models, such as those developed by Moreira
and Peregrine (2012), can be established to account for more nonlinear
effects of such interaction and their implications on the structural
responses of FOWTs. Future work will involve the validation of the de-
veloped numerical models through tank testing experiments conducted
at the Facility (Ingram et al., 2014). This study rigorously examines the
FOWT dynamics under extreme sea states and operational conditions,
adopting a simplified rigid body approach for the floater subjected
to environmental loads. Thus, future research should also consider
incorporating floater flexibility in numerical modelling.
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