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Abstract: Floating offshore wind turbine (FOWT) platforms are subject to a wide range of
hydrodynamic loading and dynamic movement, making hydrodynamic force evaluation
difficult. Amongst various floating platforms, submersible platforms are structurally
complex, with multiple members held together by cross-braces. The influence of these
members on hydrodynamic loading is poorly understood. An investigation of the effect of
these members on loads is essential to optimise the design of FOWT platforms, mooring
systems, and protective coatings, leading to a reduction in construction and maintenance
costs. This paper numerically investigates the effect of structural members on the forces
acting on a static semi-submersible platform in a unidirectional current flow of Reynolds
number (Re) ranging from 2000 to 200,000, based on structural diameter and tidal velocity.
The OC4 semi-submersible is chosen as the baseline platform. For each Re, this study
is divided into three stages, such that in each stage, the number of members increased.
These stages are as follows: (1) a finite cylinder (FC), (2) a finite cylinder with a heave plate
(FCHP), (3) three cylinders with heave plates (TCHP) in an equilateral triangle arrangement,
and (4) the OC4 semi-sub. The drag coefficient (Cd) increases with increasing structural
members and weakly varies with increasing Re. However, the viscous drag coefficient (C f )
decreases with increasing Re, and a reverse trend is seen in the case of the pressure drag
coefficient (Cp), with pressure drag dominating over friction drag. Further, the contribution
of individual members is observed to vary with Re. The contribution of cylinders towards
Cd is higher than heave plates, showing that contributions directly depend on the aspect
ratio of members. In the case of TCHP and OC4, the contribution of the rear members is
higher than that of the leading members due to the strong wake effect of the former. Also,
the braces and pontoons of OC4 have contributed substantially towards total Cd, unlike
the central cylinder, which has experienced low drag due to the wake effect of the front
cylinder and heave plate. Also, flow visualisation has shown vortex cores, and recirculating
flows in the near wake of the cylinders and under the heave plates. Recirculation zones
under the heave plates lead to vertical pressure on the structures. This vertical pressure
increases with the number of structural members and the vertical pressure coefficient (Cv),
varying with Re due to three-dimensionality in the wake. Further, this pressure varies
across the bottom surfaces of structures. Analyses of the streamwise pressure coefficient
have shown it is highest on the front surfaces of cylinders. The highest friction is on the top
and sides of the heave plates, and there is considerable friction on the sides of the cylinder.

Keywords: offshore wind energy; floating offshore wind turbine platform; hydrodynamic
loading; pressure coefficient; friction coefficient
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1. Introduction
Renewable energy sources, including offshore wind energy, are essential for reducing

fossil fuel consumption and achieving decarbonisation. To this end, many countries
across the world have set targets to achieve NetZero. Globally, offshore wind capacity
is forecast to nearly double over the next five years, from 72.5 GW in 2023 to 138 GW in
2028 [1]. So far, offshore wind farm developers have preferred installing wind turbines at
near-shore sites due to easy access and associated reduced construction, operation, and
maintenance costs [2,3]. However, this also means that suitable near-shore sites available
for development are limited. Therefore, new wind farms are expected to be developed at
far-offshore, deep water locations (≥60 m) where wind resources are stronger and more
consistent. This move towards deeper waters requires the deployment of floating offshore
wind turbines (FOWT), as opposed to the current fixed-bottom technology. Floating
platforms are extensively used in the oil and gas (O and G) industry for fuel extraction from
deep-sea sites [4]. In fact, the initial conceptualisation of FOWT platforms is based on those
employed in the O and G industry [5]. However, the scale of FOWT foundations, location,
and loading on them are vastly different than O and G floating platforms. This necessitates
the design and structural optimisation of the FOWT foundations to meet the requirements
of the sector. As a result, different types of FOWT platforms have been developed. Amongst
them, the most widely adopted are the spar-buoy [6], semi-submersible [7], and tension-leg
platforms [8] (Figure 1). Spar-buoys are cylindrical structures with a heave ballast attached
at the lower end to stabilise the platform. Semi-submersible platforms have multiple
short columns held together by cross-braces/struts and are water-plane stabilised. Both
these platforms are held at the station using mooring systems. The tension-leg platform
resembles a truncated cylinder with horizontal members extending outwards from the
lower end. The foundation is stabilised by tendons connecting the horizontal arms to the
sea bed. Further, the draft of the platform should be such that the buoyancy force acting
on the structure keeps the mooring system tensioned [9]. Hywind Scotland is the world’s
first floating wind farm where a spar-buoy type foundation has been used, whereas, in
the Kincardine offshore wind farm, the wind turbines are supported by semi-submersible
platforms [6,10]. Compared to onshore wind turbines, offshore wind turbines are subjected
to additional hydrodynamic loading due to waves and currents, including loading due
to wave-induced diffraction and platform-induced radiation [11]. Therefore, accounting
for this wide range of loads, especially under extreme weather conditions, is essential for
the design optimisation of the entire FOWT system and cost reduction [12]. However, the
baseline understanding of loading on floating structures is poor. Therefore, at the onset,
load evaluation on FOWT platforms under simplified conditions is essential.

Unlike spar-buoy and TLP, which structurally resemble a single cylinder supporting
the wind turbine with smaller plan areas, semi-submersible platforms usually have three
cylinders with heave plates spread apart in a triangular arrangement. Heave plates are
usually thinner but wider than cylinders and help to reduce the heave motion of struc-
tures [13]. The wind turbine is held on the top of one of the cylinders or on a third cylinder
at the centre (Figure 1). All these members are held together by multiple braces/struts
and pontoons. These additional members make semi-submersible platforms much more
structurally complex than other FOWT platforms. Further, these members are bound to
affect the flow field around the floating foundation, the loading, and its distribution on
platforms. However, the influence of these members on hydrodynamic forces is poorly
understood. Also, the forces are expected to vary with increasing Reynolds number, which
needs to be considered.
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Figure 1. The three different floating platforms for offshore wind turbines. From left to right, spar-
buoy, semi-submersible, and tension-leg platforms. All three foundations are tethered to the sea bed
through an anchoring–mooring system. Image by Joshua Bauer, NREL [14].

Tran and Kim [15] successfully studied the free-decay and regular wave motions of the
OC4 semi-submersible platform through two different CFD methods. The results obtained
with the shear stress model and Spalart–Almaras model agreed well with experiments
compared with the k − ϵ model. A second CFD study by Tran and Kim [16] investigating
the motion response amplitude operators (RAOs) in regular waves showed good agreement
with experiments and OpenFast. However, there was a large difference in tension acting on
mooring systems compared to experimental results [17,18]. Wang et al. [19] numerically
studied the pitch decay of the OC4 semi-submersible platform and compared the numer-
ical solution to the experimental study. Although very small discretisation errors were
observed in platform maxima motion and period, large differences in linear and quadratic
damping coefficients were also observed. A complex catenary morning line, drag of the
mooring system, power cables, aerodynamic damping due to wind turbine and tower, and
three-degrees-of-freedom adopted in simulations were some aspects that influenced the
results [20].

Further, in a separate study, Wang et al. [21] showed that the incorporation of dynamic
modelling of the catenary system significantly improved CFD predictions of pitch period
and linear pitch damping coefficient. However, the quadratic pitch damping coefficient was
still underpredicted. Li and Bachynski-Polic [22] simulated the low-frequency radiation
characteristics of OC4 under free-decay motions and forced oscillations in heave, surge,
and pitch and compared them with experiments [23,24]. Although pitch and heave decay
numerical predictions matched with experimental results, there was a substantial difference
in surge decay. This excessive damping was attributed to the mechanical mooring system
in the experimental setup, which was not considered in simulations. Burmester et al. [25]
studied surge decay motions through CFD simulations and formally quantified discretisa-
tion errors through time-step and grid convergence studies. The influence of discretisation
schemes, free-surface, scaling, domain size, catenary mooring models, wave-absorption,
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turbulence models, etc., was also studied [26]. The addition of a wave-absorption zone was
found to have a limited influence on hydrodynamic damping. Also, parameters, such as
line weight and drag coefficient, associated with catenary modelling strongly influenced
the structure’s motion. Wang et al. [27] simulated platform motion in regular waves and
found good agreement of surge RAO with experiments. However, heave and pitch RAOs
were underpredicted due to unsatisfactory non-linear modelling of the catenary system.

Liu et al. [28] investigated the vortex-induced motion (VIM) of the OC4 submersible
platform due to unidirectional current. Three different incidence angles (α) and a range
of flow velocities were considered. The flow velocities were non-dimensionalised by the
natural frequency of the platform and the diameter of the cylinder, which are called reduced
velocities (Vr). Although the streamwise motion for all α was limited, large amplitude
transverse motions were observed from Vr = 6 to 30 for α = 0◦ and 90◦. However, the
transverse motion at α = 180◦ was comparatively low due to upstream vortices interacting
with downstream cylinders. In a separate CFD study, Liu et al. [29] compared the VIM
of cylinders with and without a heave plate. The heave plate was found to expand the
Vr range over which VIM takes place. Further, the large surface area of the heave plate
increased viscous damping, reducing the VIM response. Benitz et al. [30] compared
the hydrodynamic coefficient on a stationary semi-submersible platform obtained from
CFD solver, OpenFOAM, against results from Fast HydroDyn. They showed that the
presence of a free surface, free ends, and multiple members reduced drag. However, these
factors were not considered in HydroDyn. Ma et al. [31] studied the influence of drag
on low-frequency surge motion of the semi-submersible platforms and concluded that
under moderate sea conditions, drift motion was directly related to the drag coefficient
and could significantly affect motion under extreme sea conditions. Also, the choice of
the drag coefficient, depending on the sea state, was essential to simulate the drift and
damping forces [32]. Existing state-of-the-art engineering tools were found to underpredict
hydrodynamic loading and corresponding motions, especially at low frequencies, which
could lead to resonance and extreme loading [17]. The drag forces on heave plates and
cylinders were crucial to understanding low-frequency motions. In addition, the heave and
pitch motion of the platform increased with increasing the drag coefficient of the heave
plates [20]. Biofouling, which is the settlement and growth of marine organisms on offshore
structures, could lead to significant changes in the drag coefficient and force response of
floating platforms [33,34] and fatigue failure [35]. Also, this could also make maintenance
of the structures difficult and expensive [36].

So far, these studies have included aero-hydrodynamic forcing on semi-submersible
platforms under dynamic conditions, motions, and decay of the platforms. The presence of
multiple members in a semi-submersible platform is bound to influence the hydrodynamic
loading on the entire structure. However, the contribution of different components, such as
cross-braces and pontoons, towards the drag coefficient is not yet understood. Further, very
little attention has been paid towards the scaling of hydrodynamic forces with Reynolds
number (Re). Therefore, understanding the contribution of structural components towards
drag and scaling of drag with respect to Re can help understand the influence of the drag
coefficient towards the dynamic motion of the platform. Also, this can be fed into high-
fidelity numerical tools for evaluating FOWT systems and optimising the design of floating
platforms and mooring systems. This can also inform decision-making processes for
construction material selection, operation, and maintenance and cost reduction. This paper
numerically investigates the influence of structural components of a static semi-submersible
platform on hydrodynamic loading under unidirectional current flow. This study has been
carried out without considering the influence of waves. Drag coefficients (Cd) acting on
the four structures and contributions of structural components of the structures towards
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Cd are presented for Re = 2000 to 200,000. Further, flow visualisation, pressure, friction
coefficient, etc.; results are presented for Re = 2900, 43,000, and 200,000. The NREL OC4
semi-submersible platform developed as part of the DeepCWind project is used as the
baseline semi-submersible platform for this study [37]. The investigation is divided into
three stages for each Re. In the first stage, a finite cylinder (FC) is considered. In the second
stage, a finite cylinder with a heave plate (FCHP) is investigated. In the next stage, three
cylinders with heave plates (TCHP) in an equilateral arrangement are considered, and a
central column and braces are added to the TCHP to form a 1:50 model of the OC4 semi-
sub. The paper is organised as follows: in Section 2, we introduce the CFD methodology,
numerical set-up, and validation of flow past a finite cylinder. This is followed by the
results in Section 3, where Cd for Re = 2000 to 200,000 for all structures and contributions of
their components, flow visualisation, pressure, and friction coefficient results are presented.
Finally, the discussion is presented in Section 4, and our findings are summarised in
Section 5.

2. Methodology
The Reynolds averaged Navier–Stokes (RANS) method, which is based on the incom-

pressible Navier–Stokes equation, is adopted. Here, the variables are decomposed into an
ensemble-averaged mean component and a fluctuating component:

ϕ = ϕ + ϕ′, (1)

where ϕ is an instantaneous field, ϕ is the ensemble averaged field, and ϕ′ is the fluctuating
field. The Reynolds averaged Navier–Stokes equations are given as follows:

DU j

Dt
= − ∂P

∂xj
+ ν∇2U j −

∂u′
iu′

j

∂xi
, (2)

and

∂Ui
∂xi

= 0, (3)

where Ui is the ensemble averaged velocity, P is the ensemble averaged kinematic pressure,
and ν is the kinematic molecular velocity of the fluid. The instantaneous velocity fluctua-
tions are given as u′

i = ui − Ui, the flow is assumed to be incompressible, and density, ρ, is
accounted through ν and P. Using the Boussinesq approximation, the Reynolds stresses,
−uiuj, are closed by

−u′
iu′

j = 2νtSij −
2
3

kδij, (4)

and

Sij =
1
2

(∂Ui
∂xj

+
∂U j

∂xi

)
, (5)

where Sij is the symmetric velocity gradient tensor, k = 1
2 u′

iu′
i is the turbulent kinetic

energy, and νt is the kinematic turbulent viscosity, the calculation of which depends on the
turbulence closure model adopted. In this work, the model adopted is Menter k − ω SST,
which has shown excellent performance in external fluid dynamics problems [38]. This
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model solves transport equations for turbulent kinetic energy, k, and specific dissipation
rate, ω. These equations are as follows:

Dk
Dt

= P̃ − β∗ωk +
∂

∂xj

[(
ν +

νt

σk

) ∂k
∂xj

]
, (6)

and

Dω

Dt
= γP − βω2 +

∂

∂xj

[(
ν +

νt

σω

) ∂k
∂xj

]
+(1 − F1)2σω2

1
ω

∂k
∂xj

∂ω

∂xj
, (7)

with

P̃ = min(P; clϵ). (8)

The model coefficients are functions of F1:ϕ = F1ϕ1 + (1 − F1)ϕ2, where ϕ1, ϕ2 are the
coefficients of k−ω and k− ϵ models, respectively. The blending function F1 is calculated as
follows:

F1 = tanh(arg4
1) arg1 = min

(
max

( √
k

β∗ωy
;

500ν

y2ω

) 4ρσw2k
CDkωy2

)
, (9)

CDkω = max
(

2ρσω2
1
ω

∂k
∂xj

∂ω

∂xj
; 1.0e−10

)
. (10)

The model coefficients are σk1 = 0.85, σk2 = 1.0, σω1 = 0.5, σω2 = 0.856, β1 = 0.075,
β2 = 0.0828, β∗ = 0.09, α1 = 5/9, α2 = 0.44, α1 = 0.31, and cl = 10.0. The validation of the
adopted eddy viscosity model is presented in Appendix A.1.

2.1. Numerical Set-Up

The OC4 semi-submersible platform was developed to support the NREL offshore
5MW wind turbine to build aero-hydro-servo-elastic models as part of the DeepCwind
project by NREL (Figure 2). The platform consists of three circular columns with a diameter
of 12 m and a height of 26 m, arranged in an equilateral triangle. Heave plates of diameter
of 24 m and a thickness of 6 m are attached at the bottom of each cylinder. The wind turbine
is fixed on the top of a fourth cylinder of diameter 6.5 m and a height of 30 m. This cylinder
is connected to three outer cylinders and heave plates by a number of cross-braces and
pontoons. The length of these members ranges from 38 to 13.62 m with a diameter of 0.0175
m. A detailed description of the OC4 semi-submersible platform and its structural details
can be found in [37].

Figure 2. The OC4 semi-submersible platform with the 5 MW baseline wind turbine, as conceptualised
by NREL for developing numerical models [37]
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This study is divided into four stages for each Re. At Stage 1, a finite cylinder (FC) with
a diameter of 0.24 m and a draft of 0.48 m is considered. Stage 2 considers a finite cylinder
with a heave plate (FCHP) with a diameter of 0.48 m and a thickness of 0.12 m. In Stage 3,
there are three cylinders with heave plates (TCHP) in an equilateral arrangement, and in
Stage 4, the OC4 semi-submersible platform (OC4) is considered (Figure 3). The diameter
and draft of cylinders of TCHP and OC4 are kept at 0.24 m and 0.48 m, respectively. This
ensures that the aspect ratio (AR = draft of cylinder (L)/diameter of cylinder(D)) is fixed
at 2 throughout the study for all structures, and the OC4 is scaled as 1:50 of the original
model, as in the case of Goupee et al. [39]. Computer-aided drawing (CAD) models of FC,
FCHP, TCHP, and OC4 are prepared using SALOME, an open-source software for CAD,
meshing, visualisation, etc. These CAD drawings are then imported to OpenFOAM V10 for
simulation [40]. The domain size in streamwise, cross-stream, and vertical directions for all
structures is summarised in Table 1. To ensure that side wall effects are minimal, the length
of the domain is kept slightly larger than the one used by Alkishriwi et al. [41]. A larger
domain in the streamwise direction is used for TCHP and OC4 as these structures have
multiple members spread apart, covering a larger plan area. The meshes for the simulations
are generated using OpenFOAM’s blockMesh, refineMesh, and snappyHexMesh facilities.
To capture the flow separation in the wake of the structures, the mesh is refined locally, and
the aspect ratio is kept close to 1. Figures 4–7 show the plan views from the top profile view
at y/D = 0 of the computational meshes for the four structures. A refined area has been
added around the structure to capture the wake.

Figure 3. The study is carried out in four stages for each Re. These stages are stage 1: finite cylinder
(FC), stage 2: finite cylinder with heave plate (FCHP), stage 3: three cylinders with heave plates
(TCHP), and stage 4: OC4 semi-submersible platform (OC4). The diameter (D) and drafts (L) of
cylinders are 0.24 m and 0.48 m, respectively.

(a)

Figure 4. Cont.
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(b)

Figure 4. Computation mesh adopted for simulation past FC: (a) plan view of the mesh from the top
showing the refined area; (b) profile view of the mesh through an x–z plane at y/D = 0.

(a)

(b)

Figure 5. Computation mesh similar to that of FC is adopted for FCHP: (a) plan view of the mesh
from the top; (b) profile view through a slice in the streamwise direction.

Table 1. Dimensions of the domains in streamwise, cross-stream, and vertical directions used for
simulations past FC, FCHP, TCHP, and OC4. Here, D refers to the diameter of the cylinder, which is
0.24 m.

Structure Streamwise Direction Cross-Stream Direction Vertical Direction

FC, FCHP −10 ≤ x/D ≤ 14 −8 ≤ x/D ≤ 8 −3 ≤ x/D ≤ 1.2
TCHP, OC4 −14 ≤ x/D ≤ 26 −12 ≤ x/D ≤ 12 −3 ≤ x/D ≤ 1.2
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(a)

(b)

Figure 6. A typical computational mesh used for simulations past TCHP: (a) plan view of the
mesh showing the refined zone in the mesh; (b) profile view of a slice through the domain in the
streamwise direction.

For boundary conditions, a uniform streamwise velocity is defined at the inlet, and a
no-slip boundary condition is defined at the surfaces of structures. Pressure is defined as a
zero gradient at the inlet, whereas at the outlet, a fixed value of zero is specified. In addition,
the boundary conditions for k and ω are specified based on the following equations:

k =
3
2
(IU∞)2, ω =

ρk
µ

(µt

µ

)−1
, (11)

where I is the turbulent intensity, U∞ is the free-stream velocity, ρ is the density of the
fluid, and µt/µ is the ratio between the turbulent and molecular viscosities. To specify
the initial conditions of k and ω, I of 1.0 % and µt/µ of 10−3 are adopted. A symmetry
boundary condition is defined at all remaining boundaries (Table 2). This gives a zero
gradient to the scalar and tangential components of vector variables and a zero fixed
value of the normal component to the plane [42]. The air–water interface is approximated
with a shear-free (symmetry) boundary condition. The influence of a free surface on
hydrodynamics is reserved for future work. The simulations are run in OpenFOAM [40]. A
second-order bounded scheme is adopted for time-step discretisation. The advective terms
and transport equations for k and ω are discretised by first/second-order accurate total
variation diminishing (TVD) schemes, whereas a second-order linear scheme is defined
for the diffusion terms. For pressure–velocity coupling, the PISO algorithm (pressure-
implicit with splitting of operators) is used [43]. The Generalized Geometric–Algebraic
MultiGrid (GAMG) solver with a GaussSeidel smoother is used to solve the pressure
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equation. For velocity and turbulence quantities, smoothSolver with a symGaussSeidel
smoother is adopted. For all the variables, a tolerance of 10−8 is specified throughout
the simulation. The simulations are run at a non-dimensional time step (∆T∗ = ∆TU/D)
= 0.00417 up to a duration of ∆T∗ = 420. The simulations are run from uniform initial
conditions until a statistically steady state is reached before data collection is commenced.
The Cd is monitored throughout the simulations to ensure a steady state is reached.

(a)

(b)

Figure 7. A mesh similar to that of TCHP is used for simulations past OC4: (a) plan view of the mesh
from top with the refined region; (b) profile view of the mesh in the streamwise direction

Table 2. Summary of the boundary conditions specified at various sections of the domain and wall of
the structures across all the three structures and Re cases. The initial condition for k and ω at the inlet
is based on Equation (11).

Boundary U∞ (m/s) p (m2/s2) k (m2/s2) ω (s−1)

Inlet (1, 0, 0) zeroGradient 1.5 × 10−4 150
Outlet zeroGradient 0 zeroGradient zeroGradient
Wall noSlip zeroGradient 1 × 10−9 1 × 1010

Top and Bottom Symmtery Symmetry Symmetry Symmetry
Sides Symmtery Symmetry Symmetry Symmetry

2.2. Validation of Flow Past a Finite Cylinder

The flow past a surface-piercing finite cylinder with a submerged free end has received
far less attention than the flow past an infinite or finite cylinder resting on the bed. There
are only a few works which have investigated the flow past a finite cylinder with a free
end [44]. Benitz et al. [44] studied the flow past finite cylinders of AR ranging from 1 to
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19 at Re = 2900 to understand the effect of AR change on force coefficients and vortex
shedding. Similarly, Rosetti et al. [45] and He et al. [46] investigated the flow past a
finite cylinder of AR = 2 at Re = 43,000. The former validated the numerical simulations
against experiments, whereas the latter investigated the vortex-induced vibration of a finite
cylinder. So far, there are no studies investigating the flow past a finite cylinder at high Re.
However, inferences can be made from flow past a bed-resting finite cylinder of AR = 2.
Frederich et al. [47] compared two different numerical methodologies for flow past a finite
cylinder of AR = 2 resting on the bed at Re = 200,000. Therefore, these works are chosen
to validate flow past FC of AR = 2 at Re = 2900, 43,000, and 200,000. In this work, the
coefficient of drag (Cd) of the simulations is compared to Cd reported in the literature. The
Cd is given as follows:

Cd =
Fd

1
2 ρU2

∞ Are f
, (12)

where Fd is the ensemble-averaged drag force, ρ is the fluid density, U∞ is the free-stream
velocity, and Are f is the projected area of the structure. A mesh independence study is
carried out for flow past an FC at each Re, and Cd is reported in Table 3, along with Cd

reported in the literature. Although the Cd of the simulations at Re = 2900 and 43,000
agree well with those reported in the literature, there is a difference at Re = 200,000. This
is attributed to differences in boundary conditions. In the literature, a bed-resting finite
cylinder is considered, whereas here, a surface piercing cylinder is adopted.

Table 3. Mesh independence study: meshes with their cell count, Cd for each mesh at Re = 2900,
43,000, and 200,000, and results from the literature for each Re.

Mesh Cells (×106) Cd Re = 2900 Cd Re = 43,000 Cd Re = 200,000

M1 1.8 0.716 0.644 0.693
M2 4.6 0.718 0.680 0.695
M3 10.0 0.720 0.710 0.699
M4 16.2 0.724 0.715 0.703
M5 16.3 0.724 0.715 0.703

Benitz et al. [44] - 0.725 - -

He et al. [46] - - 0.71 -

Frederich el al. [48] - - - 0.8

3. Results
In this section, results of numerical simulations of flow past FC, FCHP, TCHP, and OC4

at Re = 2900, 43,000, and 200,000 are presented. At the onset, the Cd of all four structures for
Re = 2000 to 200,000 is presented in Figure 8 to understand the variation in Cd with respect
to Re. It is clear from the plots that adding structural members increases the Cd of the
structures; however, there is no significant change with increasing Re. Gonçalves et al. [49]
showed that for a finite cylinder of given AR, Cd is independent of Re, except for AR = 0.2.
The projected area of TCHP is thrice that of FCHP. Therefore, it is expected that it will
experience a drag force thrice that of FCHP. In other words, the Cd of TCHP and FCHP
should be the same. However, the differences in Cd of TCHP and FCHP at some Re can
be attributed to the flow interference of upstream structures on downstream members.
Figure 9 shows the viscous (C f ) and pressure drag (Cp) coefficients acting on all the
structures for Re = 2000 to 200,000. Although the variation of total Cd with Re is insignificant,
the C f decreases with increasing Re and a reverse trend for Cp. This shows that pressure
drag dominates over friction drag as Re increases. The heave plate of FCHP significantly
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increases C f compared to FC. This is attributed to higher friction on the heave plate, as
presented in the streamwise friction results later in this section. However, adding more
cylinders with plates, as in the case of TCHP, did not increase C f compared with FCHP.
This is attributed to the rear members experiencing lower friction due to the wake effect
of the leading member. Also, adding pontoons and braces increases viscous drag acting
on the OC4. Interestingly, the variation of C f with Re for FC resembles the variation in Cd

with Re for an infinite cylinder, as can be seen in [50]. Apart from the total Cd and C f , an
investigation on comparison of individual contributions of each member of the structures
is also necessary. Also, in cases of TCHP and OC4, where the flow is symmetrical around
the structure, the difference between Cd acting on the two rear members is of the order
≤10−7. Figure 10 shows the drag coefficient (Cdm) contributions of individual structural
members of structures normalised by the total Cd of the structure. Across all three different
structures, the contribution of the individual members varies with Re. The contribution
of the cylinders is higher than that of heave plates across all structures. Gonçalves et al.
[49] observed that Cd is directly related to AR. This explains the higher Cdm/Cd of finite
cylinders compared to heave plates, which are shorter and thicker. Further, variations in
Cdm/Cd with respect to Re of cylinders are similar to the variation of Cd with Re for an
infinite cylinder, suggesting that the flow regime is similar for finite and infinite cylinders
[50]. The Cdm/Cd of heave plates increases until Re ≈ 30,000, after which the variation is
insignificant. A similar variation of Cd is observed for finite cylinders of AR = 0.2 [49].
This variation is attributed to three-dimensionality in the wake due to the formation of
recirculating flow under the heave plates (AR = 0.35), as has been presented in the flow
visualisation results later in this section. Although the contributions of central cylinders and
braces and pontoons vary from a low Re until Re ≈ 10,000, these are mostly independent of
Re as Re increased (Figure 10c). This is due to a reduction in the wake effect from upstream
members. In the case of TCHP and OC4, the contribution of leading members is lower
than that of rear members (Figure 10b,c). This is also observed in the flow past infinite
circular cylinders in an equilateral triangle arrangement with various spacing to diameter
(δ = d/D) ratios. When the cylinders are closely placed (δ ≤ 1.5), the Cd acting on the
rear cylinders is lower than on an infinite cylinder due to the wake effect of the front
cylinder. However, as the spacing ratio between cylinders increases (δ ≥ 2.5), this wake
effect decreases, and the vortex shed by each cylinder is independent of each other, thereby
increasing drag on rear members. Also, wake suppression by rear cylinders reduces drag
on the front cylinder [51–54]. It should be noted that δ of TCHP and OC4 are ∼4.1; this
explains the higher contribution of rear members than leading members towards total drag.
The contribution of the central cylinder is the lowest, whereas the contribution of braces
and pontoons is substantially high, showing that the central cylinder experiences low drag
due to the wake effect of the front cylinder.

Further, adding more structural members is expected to influence the flow behaviour
in the vicinity of the structures. Streamlines of time-averaged streamwise velocity are
presented to understand the flow physics around floating structures. Figure 11 shows
the mean velocity streamlines in the wake of FC at Re = 2900. Figure 11a shows two
symmetric vortex cores formed in the near wake of the FC, whereas Figure 11b shows
a recirculating flow in the near wake. Also, a recirculation zone is formed behind the
cylinders due to upward flow. The fluid flows down along the sides of the cylinder and
then under the free end in the upstream direction. Similarly, Figure 12 shows velocity
streamlines in the wake of FCHP. Although symmetric vortex cores are formed in the near
wake (Figure 12a), these are not as distinct as in the case of FC. However, the recirculation
zones in the near wake and under the heave plate are much more distinct compared with
FC (Figure 12b). The effect of multiple heave plates of TCHP and central cylinder and
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braces of OC4 on the flow behaviour is presented in Figures 13 and 14, respectively, for
Re = 2900. Similar to the FCHP, the vortex cores formed behind the front cylinder of
the FCHP are not as distinct as in the case of FC, showing the effect of the heave plate
(Figure 13a). Further, vortex cores behind the two back cylinders are not symmetric due
to the influence on the flow field from the upstream structure. Similar to the FCHP, two
distinct recirculation zones are formed behind the front cylinder and under the heave plate
(Figure 13b). In the case of OC4, the central cylinder slightly inhibits the formation of vortex
cores behind the front cylinder. Also, similar to TCHP, the effect of the upstream members
on the vortex cores behind the two back cylinders can be observed (Figure 14a). However,
the inclined cross-brace between the front and the central cylinder restricts the recirculation
region behind the front cylinder. Also, recirculating flows can be observed under the heave
plate (Figure 14b). Similar recirculating flow and vortices are also seen at Re = 43,000 and
200,000, and flow visualisation plots are presented in Appendix A.1.

The vortices and recirculating flow around the structures influence the distribution of
pressure and friction acting on the structures. Therefore, analyses of pressure and friction
coefficients on structures are essential. The recirculating flows under the heave plates
are the negative pressure pockets that exert considerable pressure on the structures in a
downward direction. FOWT platforms are subjected to dynamic movement in response to
hydrodynamic loading. Therefore, investigation of downward force is essential. Figure 15
shows the vertical force coefficient (CV) normalised by the density (ρ), free-stream velocity
(U∞), and projected area of structures in the vertical direction (Ab) and vertical force (FV),
respectively. Adding the heave plate and braces significantly increases the downward
vertical force. This is further evident from the CV plot. Although the FC experiences
significantly less FV than other structures, a lower Ab leads to a higher CV . Further, the
CV increases with Re for Re ≥ 40,000. This increase in CV acting on FC can be attributed
to the change in the recirculating flow under the free end of the FC, as can be seen in
Figure 16. Here, the recirculation zone under the free end of the FC can be observed at
Re = 2900, 10,000, 100,000, and 200,000. The zone is largest at Re = 200,000 and lowest at
Re = 2900, and the size increases with increasing Re. This increase in size is due to the
increase in flow going downwards along the back of FC and then under the free end.
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Figure 8. Plot of time-averaged drag coefficient (Cd) for all structures at Re = 2000 to 200,000. Adding
more structural members increases the Cd across all Re. However, no significant change with respect
to Re is observed.

Further, it is expected that the vertical pressure on the bottom surfaces of structures
will vary due to recirculating flow. Therefore, an investigation of the vertical pressure
variation is necessary as it will lead to differential forcing on the bottom surfaces of the
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structures. Figure 17 shows the vertical pressure coefficient on the surfaces of free ends of
FC, FCHP, TCHP, and OC4 at Re = 2900 and 200,000, respectively. Across all the structures,
the negative coefficient shows that the pressure is in the downward direction. The highest
pressure is experienced at Re = 200,000, and pressure varies across the surface in the
streamwise direction, with the highest force acting near the leading edge and gradually
decreasing with the lowest pressure near the rear edge. In the cases of TCHP and OC4,
the bottom surfaces of upstream members experience lower negative pressure than the
members at the rear, with some parts of the cross-braces of OC4 experiencing very high
pressure. The gradient increases across the surfaces as the Re increases. This pressure
variation on surfaces depends on the area covered by the recirculation zone over the
bottom surfaces. Similarly, vertical pressure variation is also observed at Re = 43,000 for
all structures and is included in Appendix A.3. For FOWT platforms, quantifying this
differential forcing on the members is essential for accounting for the stress acting on the
mooring system, designing individual members, and choosing construction materials.
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Figure 9. (a) Plot of time-averaged viscous drag coefficient (C f ) for all structures at Re = 2000 to
200,000. C f decreases with increasing Re. The addition of heave plates significantly increases friction
drag compared to a finite cylinder. (b) Plot of time-averaged pressure drag coefficient (Cp) for all
structures at Re = 2000 to 200,000. Clearly, pressure drag dominates over friction drag as Re increases.
Also, Cp increases with increasing structural members.
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Figure 10. Time-averaged drag coefficient (Cdm/Cd) contributions of individual structural members
normalised by the Cd of the entire structure for Re = 2000 to 200,000: FCHP (a), TCHP (b), and
OC4 (c).
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(a) (b)

Figure 11. Streamlines of time-averaged streamwise velocity: plan view of the FC from top (a) and
profile of streamlines on a vertical plane through the centre of FC (b) at Re = 2900.

(a) (b)

Figure 12. Time-averaged streamwise velocity streamlines around the FCHP at Re = 2900: plan view
of the FCHP from top (a) and profile view on a vertical plane (b).

(a) (b)

Figure 13. Similar to FC, symmetric vortices are formed behind each of the cylinders of TCHP.
However, the effect of the upstream cylinder can be seen on the vortices behind back cylinders
(a). Recirculation regions are formed behind the cylinder and under the heave plate of the front
cylinder (b).
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(a) (b)

Figure 14. Mean streamwise velocity streamlines in the wake of OC4 at Re = 2900. Two vortex cores
are formed behind each of the back cylinders of OC4 (a). The recirculation region behind the front
cylinder is restricted between the cylinder and cross-brace (b).
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Figure 15. Plots of time-averaged vertical force coefficient (CV ) normalised by the density, free stream
velocity, diameter, and projected area of structures in the vertical direction (a) and vertical force
(FV) (b) for all Re cases ranging from 2000 to 200,000. The addition of more structural members
substantially increases the vertical force.
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(a) (b)

(c) (d)

Figure 16. Time -averaged velocity streamlines in the wake of FC at Re = 2900 (a), Re = 10,000 (b),
Re = 100,000 (c), and Re = 200,000 (d).

(a) (b)

(c) (d)
Figure 17. Cont.
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(e) (f)

(g) (h)

Figure 17. Vertical pressure coefficient acting on the bottom surface of FC at Re = 2900 (a) and at
Re = 200,000 (b). Similarly, (c,d) show the vertical pressure coefficient on the bottom surface of the
heave plate of FCHP at Re = 2900 and 200,000, respectively. In both cases, the pressure varies on the
surface in the streamwise direction, with lower pressure near the leading edge and higher near the
rear edge. Vertical pressure coefficients at Re = 2900 and 200,000 for TCHP are shown in (e) and (f),
respectively, and for OC4 in (g) and (h), respectively. The vertical pressure varies across the bottom
surfaces of each heave plate, with higher negative pressure on the rear heave plates than on the leading
one for both Re. In the case of OC4, the leading braces experience lower pressure than the rear one.

In addition to pressure in the vertical direction, FOWT foundations are also subjected
to streamwise pressure and friction, and both are expected to vary on the surfaces of the
structures. Figure 18 shows the streamwise pressure coefficient acting on FC, FCHP, TCHP,
and OC4 at Re = 200,000. The pressure coefficient acting on the surface of cylinders can
be divided into three zones: the green zone where the pressure is highest, the red zone
on the side where pressure is lowest, and the yellow zone in between where the pressure
transitions. At the front surface, where the streamwise flow impinges orthogonally, the
velocity is minimum; therefore, pressure is maximum. As the fluid flows on either side
of the cylinders, it accelerates, decreasing the pressure (red zone). The thin vertical zone
between these two zones is where the pressure transitions. Similar to cylinders, the
front surfaces of heave plates of FCHP, TCHP, and OC4 experience considerable pressure.
However, the width of the high-pressure zone on the front surfaces of heave plates is
not uniform. This is attributed to the incoming flow separating with a portion moving
downward towards the lower edge and the rest towards the upper edge of the plate. In the
case of OC4, the pressure on the central cylinder is negative, indicating that the cylinder
is within the wake of the front cylinder. The pressure on braces varies; for example, the
pressure on the upper half of the inclined brace connecting the central cylinder to the outer
cylinder is higher than the lower half. The sections of horizontal braces which are within
the wakes of the front cylinder or central cylinder experience negative pressure compared
with the rest of the members.
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(a) (b)

Figure 18. Streamwise pressure coefficient acting on FC (a), FCHP (b), TCHP (c), and OC4 (d) at
Re = 200,000. The front surface of cylinders and heave plates can be divided into three zones: the
green zone in the middle where the pressure is maximum; the red zones on either side where the
pressure is minimum; the transition zone in between. The variation of pressure on the surface of the
heave plate is due to separation of incoming flow.

An investigation of friction acting on the surfaces of structures is also important. It
has implications on the type of corrosion and bio-fouling preventive coating to be selected,
as well as general maintenance of the floating structures. Figure 19 shows the friction
coefficient acting on the front and bottom surfaces of FC, FCHP, TCHP, and OC4 at Re =
200,000. The streamwise friction on the cylinder surfaces can be distinguished into two
sections: the section in the middle where the friction is least due to velocity being lowest
and the two zones on either side where friction is maximum. These are the two sections
where the flow accelerates along the surface, increasing friction. Similarly, the sides of
heave plates of FCHP, TCHP, and OC4 experience higher friction than the front surfaces. In
the case of FCHP, TCHP, and OC4, the highest friction is experienced on the top and sides
of heave plates. The negative friction on top of heave plates is due to a small upstream flow
from recirculating flows formed at the junction of the heave plate and cylinder (Figure 13b).
Only the lower half of the central cylinder of OC4 experiences significant friction. This
is due to the rest of the cylinder being within the wake of the front cylinder. Clearly, the
friction on the surfaces of the cross-braces varies; for example, the rear half of the horizontal
braces connecting the front and back heave plates is where friction is highest. Meanwhile,
the friction on the leading half is very low due to the wake influence of the front cylinder.
This is also the case for the horizontal brace between the front heave plate and the central
cylinder. The friction on the brace connecting the central cylinder to the back heave plates
and the brace between the two back heave plates is substantially high. This is because these
members are outside the wake effect of upstream members. Also, on their surfaces, small
sections of negative friction can be observed; this is due to small pockets of recirculating
flow being formed. The negative friction on the front and back surfaces of the inclined
brace connecting the front and central cylinder shows the influence of recirculating flow in
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the wake of the front cylinder. Also, similar to the central cylinder, high friction is restricted
to the sides of its lower half. For the inclined braces at the rear, the highest friction is on the
sides compared with the front surface facing the flow orthogonally.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 19. Streamwise friction coefficient acting on front and bottom surfaces of FC (a,b), FCHP (c,d),
TCHP (e,f), and OC4 (g,h) at Re = 200,000. Friction is maximum on the two regions adjacent to the
front section of the cylinder and heave plates where the flow is orthogonal. In cases of TCHP and
OC4, friction is highest on the top surfaces of heave plates.
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The friction on the free end is due to flow along the surface moving upstream in the
recirculation zone (Figure 19b), hence negative friction. In the case of FC, the friction on the
free surface can be divided into two symmetric sections. This is due to fluid in the vortex
cores behind the cylinder flowing down along the two sides and then under the free surface.
The central ridge is where fluid from either side meets, increasing the friction. For TCHP
and OC4, friction on the bottom surfaces of heave plates can be divided into red and green
zones. The recirculating flow under the heave plates is responsible for high friction (red
zone), with the flow being upstream along the surface. The friction is positive near the rear
edge because the flow is downstream and attaches behind the recirculation region, as seen
in Figure 13b. Also, the friction varies from the middle section moving towards the leading
edge. This is because the flow velocity of the recirculation flow is higher near the middle
section, and the flow decelerates moving upstream. The pressure and friction coefficient
variation of all three structures at Re = 2900 and 43,000 are presented in Appendix A.3.

4. Discussion
In this study, the OC4 semi-submersible platform developed by NREL for the Deep-

CWind project is chosen as a baseline FOWT foundation to numerically study the influence
of structural members on hydrodynamic loading due to uni-directional current flow on
a static structure. The investigation has been divided into four stages: in the first stage, a
simple truncated/finite cylinder (FC) and in the second stage, a finite cylinder with a heave
plate (FCHP) are considered. In the third stage, three cylinders with heave plates (TCHP)
arranged in an equilateral triangular arrangement are considered. During the final stage, a
central cylinder and braces are added to the TCHP to obtain the OC4 semi-submersible
platform. Force analyses are carried out for each structure for three different Reynolds
numbers (Re = uD/ν, where u is the velocity, D is the diameter, and ν is the kinematic
viscosity of the fluid), Re = 2900, 43,000, and 200,000.

The addition of members at each stage increases the drag coefficient (Cd) acting on
the structure for each Re. Although Cd has remained relatively constant with increasing
Re, analyses of viscous drag coefficient (C f ) and pressure drag coefficient (Cp) have shown
that C f decreases with increasing Re, whereas Cp increases with Re. This indicates the
dominance of pressure drag over friction drag at higher Re. The FCHP experiences signifi-
cantly high C f compared to FC, comparable with that of OC4. TCHP experiences lower
C f than FCHP because of low viscous drag on rear members due to the wake effect.An
investigation of individual contributions of members of FCHP, TCHP, and OC4 show that
the contributions vary with Re. The cylinders’ contribution is higher than that of the heave
plates, showing that the contribution is directly dependent on AR. In the case of TCHP
and OC4, the contribution of the rear members is higher than the leading members due to
wake suppression of rear members. The contribution of heave plates increases until Re ≤
30,000 due to three-dimensionality in the wake of the structures. In the case of OC4, the
contribution of the central cylinder is the least among all members due to the wake effect of
the front cylinder, whereas the contribution of braces and pontoons is similar to that of the
back cylinders. Further, as observed in the works of Kawamura et al. [55], Okamoto et al.
[56], and Benitz et al. [44], in this work, no vortex shedding is observed for finite structures
with an AR = 2. Benitz et al. [44] observed vortex shedding increases with increasing
AR of the finite cylinder, with vortex shedding completely suppressed for cylinders with
AR ≤ 3. Flow visualisation in the vicinity of the structures showed two symmetric vortex
cores and recirculating flow in the wake of FC. Similar vortices are formed behind each of
the cylinders of FCHP, TCHP, and OC4, with recirculation zones formed under the heave
plates. The recirculating flow under the structures exerts vertical force in a downward
direction, and the addition of heave plates substantially increases this vertical force. Fur-
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ther, this vertical force is observed to vary across the bottom surfaces of structures. On the
bottom surfaces of the free end of FC and heave plates, the highest vertical force is near
the leading edge of the surface and gradually decreases in a downstream direction such
that the lowest force is observed close to the rear end. Also, in the case of TCHP and OC4,
leading members are subject to higher vertical force than rear members.

The streamwise pressure coefficient on the surface of the FC can be distinguished into
three different sections: a green zone on the front where the force is highest, a red zone
on the sides of the FC where the pressure is negative, and a transition zone in between.
Three similar zones are also observed on the cylinder surfaces of FCHP, TCHP, and OC4.
However, the pressure on most of the central cylinders is negative because of the wake
effect of the front cylinder. The pressure coefficient on the braces varies from negative to
positive depending on whether the member is within the wake of an upstream member or
in the free stream. Similar to the streamwise pressure coefficient, analyses of the streamwise
friction coefficient are also presented. In the case of FC, the friction is highest on the sides
of the front surface where the streamwise flow accelerates. The friction on the surface
of the free end is negative due to the flow along the surface being upstream. Similarly,
friction on the sides of the cylinders of FCHP, TCHP, and OC4 is substantial; however, the
highest friction is on the top surfaces and sides of heave plates. The friction on the bottom
surfaces of heave plates varies in the streamwise direction, with friction being negative on
the leading and middle sections where friction is positive on the rear edge. The negative
friction is due to recirculating flow along the bottom surfaces of heave plates upstream.
Near the rear edge, streamwise flow is attached to the surfaces behind the recirculation
zone. Only the sides of the lower half of the central cylinder experience high friction
compared with the rest of the cylinder. The friction on the braces varies depending on their
location in the OC4, with parts of the braces experiencing higher friction than the rest.

5. Conclusions
In this work, the flow past floating offshore wind turbine platforms is detailed. Nu-

merical studies are used to quantify the change in hydrodynamic loading with increasing
structural complexity. It is shown that subject to uni-directional flow, increasing geometric
complexity leads to an increase in drag coefficient (Cd). Compared to FC, the addition
of cylinders, heave plates, braces, and pontoons increased Cd by ∼ 23.6%, averaging
Re = 2000 to 200,000. However, there is no significant change in the drag coefficient with
increasing Re for any of the structures. However, analyses of viscous (C f ) and pressure
drag (Cp) coefficients show that where the former decreases with increasing Re, where the
latter shows a reverse trend. Also, Cp increases with increasing complexity. Although C f

increases significantly with the addition of a heave plate to the finite cylinder, there is no
further increase with increasing structural complexity, and C f of FCHP is comparable with
that of OC4. An investigation into individual contributions of members towards total drag
shows that contributions vary with Re. The contributions of cylinders are higher than those
of heave plates, showing that contributions are directly related to AR. The contributions
of heave plates vary until Re ≈ 30,000 due to three-dimensionality in the wake. In the
case of TCHP and OC4, the contribution of rear members toward Cd is higher than that
of leading members. The combined contribution of one rear cylinder and heave plate of
TCHP towards Cd is ∼8.5% higher than the combined contribution of the leading cylinder
and heave plate, and the same for OC4 is ∼16.84%. This indicates that the wake effect of
rear members is stronger than that of leading members. The low contribution of the central
cylinder is attributed to the wake effect of the front cylinder, whereas the contribution
of braces and pontoons is ∼14.86% of total Cd. Further, for a typical minimum shelf sea
tidal velocity of 0.02 m/s [57], OC4 cylinder diameter of 12 m, and Cd = 0.884 at Re =
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200,000, the drag force acting on the OC4 is ∼202 N. Flow visualisation in the vicinity
of the structures showed unique flow behaviour, such as upwash, recirculating flow, and
vortices in the wake of the structures. The additional structural members significantly
increase vertical force acting on the structures, with the vertical force coefficient varying
strongly with Re due to changes in recirculating flow in the wake of the structure. Variation
of vertical pressure on the free end along the streamwise direction is observed across
all structures, with downward pressure on the leading edge and upward near the rear.
Streamwise pressure is highest on the front surfaces of members facing orthogonally to
the flow. The highest friction is on the sides of the cylinder and the top surfaces of heave
plates. Also, friction varies on the bottom surfaces of heave plates due to recirculation flow.
The friction is negative in the leading and central regions due to the flow being upstream,
whereas near the rear end, where the flow is reattached and is in the downstream direction,
experiences positive friction. These findings are important for designing improvements not
only of individual components and whole FOWT platforms but also of their mooring and
anchoring systems. Furthermore, this can feed into the choice of structural material and
designing of corrosion and biofouling-resistant paints for offshore structures. This, in turn,
can help in decision-making for the construction and maintenance of FOWT platforms,
leading towards the development of cost-effective FOWT platforms.
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Re Reynolds Number
NREL National Renewable Energy Laboratory
TLP Tension-Leg Platform
Cd Time-averaged Drag Coefficient
C f Time-averaged Viscous Drag Coefficient
Cp Time-averaged Pressure Drag Coefficient
Cv Time-averaged Vertical Force Coefficient

Appendix A
Appendix A.1. Numerical Validation of the Eddy Viscosity Model

The flow past an infinite cylinder at Re = 3900 has been extensively studied exper-
imentally and numerically, providing a wide range of datasets. Therefore, the accuracy
of the k − ω SST model is numerically verified for unidirectional flow past an infinite
cylinder at Re = 3900 against the works of [58,59]. The size of the computational domain
is −10 ≤ x/D ≤ 40 in streamwise, −12 ≤ x/D ≤ 12 in cross-stream, and 0 ≤ x/D ≤ 3
in vertical directions, where D is the diameter of the cylinder. The simulations are carried
out with five hexahedral meshes of increasing resolution from ∼ 500k to ∼ 3012k cells. The
turbulent quantities k and ω are initialised based on turbulence intensity (I) of 0.2% and a
ratio of turbulent to molecular kinematic viscosity (νt/ν) of 10−3. A uniform streamwise
velocity is specified at the inlet and Dirichlet boundary conditions at the cylinder wall. For
pressure, a Neumann boundary condition is adopted at the inlet and outlet, whereas it is
set to zero at the cylinder wall. The initial conditions for turbulent kinetic energy k and ω

are calculated based on Equation (A1).

k =
3
2
(IU∞)2, ω =

ρk
µ

(µt

µ

)−1
, (A1)

where I is the turbulent intensity, U∞ is the free-stream velocity, ρ is the density of the fluid,
and µt/µ is the ratio between the turbulent and molecular velocity. Near the wall, the k is
expected to be very low, whereas ω increases; therefore, a low value for k and a high value
for ω is specified at the wall. At the top, bottom, and side boundaries, a symmetry boundary
condition is specified. The simulations were run on OpenFOAM, which is a leading open-
source computational fluid dynamics software developed by OpenFOAM Foundation [40].
A second-order, implicit scheme is used for time discretisation. The gradient terms are
discretised using the Gauss linear scheme, whereas a total variation diminishing (TVD)
scheme, which is first/second-order accurate, is specified for the convective terms. A
second-order Gauss linear scheme is specified for Laplacian terms.

The time-averaged drag coefficient (Cd) acting on the cylinder is calculated as follows:

Cd =
Fd

1
2 ρU2

∞ Are f
, (A2)

where Fd is the ensemble-averaged drag force, ρ is the dynamic density of the fluid, U∞ is
the free stream velocity of the fluid, and Are f is the projected area of the cylinder. The Cd

acting on the cylinder ranged between ∼ 1.00 and 0.998 across all the simulations, where
the Cd in [58,59] are 1.245 and 0.98, respectively. Karman vortex street, a feature observed in
the wake of infinite cylinders, is vortices shed alternatively from either side of the cylinder.
The non-dimensionalised frequency Strouhal number (St) associated with this periodic
vortex shedding is given as follows:

St =
f D
U∞

, (A3)
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where f is the vortex shedding frequency, D is cylinder diameter, and U∞ is free stream
velocity. St for the simulations is ∼0.19, whereas St reported by [58,59] are 0.211 and
0.208 ± 0.002, respectively. Further, velocity deficit profiles in the wake of the cylinder at
x/D = 1.06 and 1.54 are compared against those reported in [59]. Figure A1 shows the
velocity profiles for all five simulation runs in [59]. Clearly, at x/D = 1.06, the simulation
results agree very well with the literature; however, at x/D = 1.54, although the simulation
results converge, the velocity profiles are under-predicted compared with [59]. This is also
observed in the numerical work of [58]. Nevertheless, URANS with the k − ω SST model
can resolve past cylinders and, therefore, have been adopted in further numerical study.
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Figure A1. Time-averaged streamwise velocity profiles in the cross-stream direction normalised by
free-stream velocity (U/U∞) at x/D = 1.06 (a) and 1.54 (b) for each simulation run and the results
reported in [59]. The velocity profiles at x/D = 1.06 agree very well with the results in literature.
However, at x/D = 1.54, although simulation results converge, simulations underestimate velocity
deficit compared with [59]. This difference is also reported in [58].

Appendix A.2. Flow Visualisation at Re = 43,000

This section presents flow visualisation in the wake of FC, FCHP, TCHP, and OC4 at
Re = 43,000 and 200,000. Similar to the Re = 2900 case, vortices and recirculation zones are
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formed in the near wake of the structures. The influence of upstream members can be seen
on the vortices behind the back cylinders of TCHP and OC4. In the case of OC4, only one
vortex core is formed behind each back cylinder.

Figure A2. Flow visualisation in the wake of FC at Re = 43,000 showing the formation of two vortex
cores (left) and recirculating flow (right).

Figure A3. Flow visualisation in the wake of FCHP at Re = 43,000 showing symmetric vortices in the
near wake (left) and recirculation zones behind the cylinder and under the heave plate (right).

Figure A4. Flow visualisation wake of TCHP at Re = 43,000 showing symmetric vortex cores behind
each cylinder (left), though the influence of upstream member on vortices behind back cylinders
can be seen. The effect of the heave plate reduces the size of the recirculation zone behind the
cylinder (right).
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Figure A5. Flow visualisation in wake of OC4 at Re = 43,000. Only one vortex core is formed behind
each back cylinder (left). Recirculation flow behind the front cylinder is restricted by the inclined
cross-brace (right).

Figure A6. Time-averaged streamwise velocity streamlines around the FC at Re = 200,000: plan view
of the FC from top (left) and profile view on a vertical plane (right).

Figure A7. Flow visualisation in the wake of FCHP at Re = 200,000. Unlike Re = 2900 and 43,000,
vortices in the wake are less distinct (left). However, similar to the other two cases, recirculation
regions are formed under the heave plate and behind the cylinder (right).

Figure A8. Flow visualisation in the wake of TCHP at Re = 200,000 showing the symmetric vortices
behind cylinders (left) and recirculating flows (right).
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Figure A9. Mean streamwise velocity streamlines in the wake of OC4 at Re = 200,000. A single vortex
core is formed behind each of the back cylinders of OC4 (left). Similar to TCHP, recirculating flow
can be observed behind the front cylinder and the heave plate (right).

Appendix A.3. Pressure and Friction Coefficient Results

In this section, vertical pressure coefficients for all structures are presented at
Re = 43,000. Similar to the other two Re cases, vertical pressure varies in a streamwise
direction on the free end of FC and bottom surfaces of TCHP and OC4.

Figure A10. Vertical pressure coefficient acting on FC (top left), (top right), TCHP (bottom left),
and OC4 (bottom right) at Re = 43000. The pressure varies across the surfaces of the free end of
FC and heave plates of FCHP, TCHP, and OC4. This is attributed to recirculating flows under the
heave plates.

Also, the streamwise pressure coefficient for all structures is presented in Figure A12
at Re = 2900 and in Figure A13 at Re = 43,000. Similar to the Re = 200,000 cases, the highest
pressure is on the front surfaces of FC and cylinders of TCHP and OC4. Also, the two red
zones on either side are where the pressure is minimal as the flow accelerates.
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Figure A12. Streamwise pressure coefficient at Re = 2900 on FC (top left), FCHP (top right), TCHP
(bottom left), and OC4 (bottom right). The front surfaces of FC and cylinders of FCHP, TCHP, and
OC4 are where pressure is at its maximum.

Figure A13. Streamwise pressure coefficient at Re = 43,000 on FC (top left), FCHP (top right), TCHP
(bottom left), and OC4 (bottom right). Similar to Re = 2900 cases, the front surfaces of FC and
cylinders of FCHP, TCHP, and OC4 are where pressure is at its maximum.

Figures A14 and A15 show the streamwise friction coefficients on FC at Re = 2900
and 43,000, respectively. Negative friction on free surfaces of free ends is due to flow
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being upstream. At Re = 2900, the highest friction is at the leading edge; however, at
Re = 43,000, friction is high on the rear half of the free end. The friction is least on the front
surface where pressure is maximum, and friction is maximum on either side due to flow
acceleration. The streamwise friction coefficient for TCHP for Re = 2900 and 43,000 are
presented in Figures A18 and A19, respectively. Similar to the Re = 200,000 case, the friction
varies on the free ends on heave plates due to recirculation zones. There is considerable
friction on the top surfaces of heave plates and sides of cylinders. A similar trend can be
seen in the case of OC4 at Re = 2900 (Figure A20) and at Re = 43,000 (Figure A21). Similar
to Re = 200,000, the friction on braces varies depending on whether sections of braces are
within the wake of the upstream member.

Figure A14. Streamwise friction coefficient on the free end (left) and front surface of FC (right) at
Re = 2900. The highest friction is at the leading edge of the free end whereas on front surface friction
is highest where the flow accelerates.

Figure A15. Streamwise friction coefficient on the free end (left) and front surface of FC (right) at
Re = 43,000. Friction increases on the surface of the free end in a streamwise direction.

Figure A16. Streamwise friction coefficient on the bottom surface of the heave plate (left) and cylinder
and the top surface of the heave plate (right) at Re = 2900.
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Figure A17. Streamwise friction coefficient on the bottom surface of the heave plate (left) and cylinder
and the top surface of the heave plate (right) at Re = 43,000.

Figure A18. Streamwise friction coefficient at Re = 2900 on bottom surfaces of TCHP (left) and the
rest of TCHP (right).

Figure A19. Streamwise friction coefficient at Re = 43,000 on bottom surfaces of TCHP (left) and the
rest of TCHP (right).

Figure A20. Streamwise friction coefficient at Re = 2900 on bottom surfaces of OC4 (left) and the rest
of OC4 (right).
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Figure A21. Streamwise friction coefficient at Re = 43,000 on bottom surfaces of OC4 (left) and the
rest of OC4 (right).
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