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Abstract: Mean and slowly varying wave loads on floating offshore wind turbines (FOWTs)
need to be estimated accurately for the design of mooring systems. The low-frequency
drift forces are underestimated by potential flow theory, especially in steep waves. Viscous
forces on columns is an important contributor which could be included by adding the
quadratic drag of Morison formulation to the potential flow solution. The drag coefficients
in Morison equation can be determined based on an empirical formula, CFD study, or
model testing. In the WINDMOOR project, a FOWT support structure, composed of three
columns joined at the bottom by pontoons and at the top by deck beams, is studied using
CFD. In order to extract the KC-dependent drag coefficients, a series of simulations for
the fixed structure in regular waves is performed with the CFD code STAR-CCM+. In this
study, the forces along each column of the FOWT are analyzed using the results of CFD as
well as potential flow simulations. The hydrodynamic interactions between the columns
are addressed. A methodology is proposed to process the CFD results of forces on the
columns and extract the contribution of viscous effects. Limitations of the Morison drag
model to represent extracted viscous forces in steep waves are investigated. The obtained
drag coefficients are compared with the available data in the literature. It is shown that
accounting for potential flow interactions and nonlinear flow kinematics could, to a large
degree, explain the previously reported differences between drag coefficients for a column
in waves. Moreover, it is shown that the proposed model can capture the contribution of
viscous effects to mean drift forces for fixed columns in waves.

Keywords: FOWT; force coefficients; CFD; waves; Morison forces; mean drift

1. Introduction
Mean and slowly varying wave loads and motions are important for the designing of

mooring systems for floating offshore structures. Column-based offshore wind turbines are
no exception. Linear potential flow solvers such as WAMIT are often used to determining
the mean drift force coefficients. It is well known that this method under-predicts the
drift loads, especially in the low-frequency range relevant for resonant slowly varying
motions of moored structures (see, for example, [1]). This under-prediction is mainly
attributed to viscous forces, which are neglected in the potential flow solution of drift forces.
Wang et al. [2] studied the responses of a FOWT in waves experimentally and reported
that low-frequency motions are consistently under-predicted by the available mid-fidelity
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engineering tools. They attribute this effect to the under-prediction of viscous drag forces
on columns.

The Morison force model, shown in Equation (1), is a well-established model for
considering viscous forces on columns. In this model, the total force on a column is
decomposed to inertia and drag components:

F =
1
2

ρDCDur|ur|+ ρπ
D2

4
CMu̇ (1)

Here, ur is the relative fluid velocity between the body and fluid, and u̇ is the fluid’s
acceleration. ρ and D represent the fluid density and the column’s diameter, respectively. CD

and CM are usually refereed to as the drag and mass coefficients. It has been shown that when
the wave length is roughly more than five times the column’s diameter, known as the long
wave condition, this model gives a good representation of forces (see, for example, [3] among
others). For shorter waves, radiation and diffraction effects must be considered in estimating
forces.

The Morison model of forces is widely used in state-of-the-art time-domain simulation
tools for the motions of offshore structures (e.g., SIMO [4]). Usually, a constant drag and
mass coefficients are selected based on empirical, numerical, or model testing to represent
the forces in these programs. For a fixed structure in waves, the wave particle velocities are
often simplified to a pure harmonic oscillatory motions. The mass and drag coefficients of an
oscillating column’s cross section in the absence of a current depend on several factors such as
the following:

• Keulegan–Carpenter number (KC = umT/D = 2πηa/D), where um is the maximum
relative velocity between the body and fluid, and T and ηa are the oscillation period
and amplitude, respectively.

• Reynolds number: Rn = umD/ν = 2πηaD/(νT), where ν is kinematic viscosity, or
β = Rn/KC = D2/(νT).

• Roughness number, k/D, where k is the characteristic roughness size.

The influence of KC, β, and surface roughness on the coefficients has been studied
extensively in the past. Table 1 includes an incomplete list of such studies, together with
the considered ranges of the parameters. The strong dependency of both mass and drag
coefficients on the KC number is reported for the considered range of values. In practice,
empirical formulas, such as the one presented in the Recommended Practice by DNV [5], is
usually adopted to estimate drag and mass coefficients.

Table 1. Previous studies focusing on mass and drag coefficients of a circular cylinder in pure
oscillatory flow.

Article KC-Range β-Range k/D

Sarpkaya (1977) [6] 2–100 497–5260 smooth, 1/100, 1/800
Bearman et al. (1985) [7] 0.2–10 196–1665 smooth
Sarpkaya (1986) [8] 0.4–25 1035–11,240 smooth-1/100
Chaplin (1988) [9] 4–20 2000–28,000 smooth
Justesen (1988) [10] 1–20 104–105 smooth, 1/50
Anaturk (1991) [11] 0.1–10 29,000–136,000 smooth-1/50
Troesch and Kim (1991) [12] 0.1–1.0 23,200–48,600 smooth
Bearman and Mackwood (1992) [13] 0.1–3.0 <3 × 104 smooth, 1/50
Chaplin (1993) [14] 5–25 104–105 1.210−4

Gao et al. (2020) [15] 0.04–5.0 20,950 smooth
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In addition to the above-mentioned parameters, the following effects are not directly
considered in the Morison force model, and when important, they are usually considered
by varying mass and drag coefficients:

• Free-surface effects;
• Truncation, 3D effects;
• Interactions between columns;
• Non-planar velocities due to waves.

The importance of truncation effects is investigated by Nakamura et al. [16] by
studying the effects of the aspect ratio on the drag and mass forces of a circular cylinder
with KC values between 4 and 40. They show that not only does the drag coefficient
change with the aspect ratio but the KC dependency of the drag forces changes as well.
Meaning, especially at lower KC values, the effect of increasing the aspect ratio could be
different compared to high KC values. Vengatesan et al. [17] studies forces on a truncated
rectangular cylinder due to regular and random waves, and reports similar findings about
the effect of the aspect ratio.

Computational Fluid Dynamics (CFD) is a good candidate for studying wave forces
on columns when considering a combination of the above effects in a realistic condition.
An important example of CFD application in studying wave loads on a bottom-mounted
circular is the work by Paulsen et al. [18], which investigates secondary load cycle in
presence of steep waves. More recently, Clément et al. [19] have studied the force on a
restrained cylinder in a regular wave using CFD. In their study, the forces calculated by
CFD are decomposed to Morison coefficients for different sections along the cylinder, and
the applicability range of the Morison load model is evaluated. Wang et al. [20] investigates
the application of CFD in estimating difference-frequency wave loads and show that it is
possible to capture viscous effects on drift forces to improve the engineering prediction of
slowly varying motions.

A fixed column-based structure in waves, without current, is considered in the present
study, focusing on viscous forces on columns and their contribution to mean drift forces.
CFD is often used to quantify viscous and other nonlinear forces on columns in waves.
However, in order to effectively use the findings in time-domain simulations, the forces
obtained from CFD are used to extract drag coefficients for Morison-type force models. This
has proven to be challenging due to the presence of nonlinear flow kinematics, diffracted
waves, and proximity to the free surface.

In the present study, a methodology for extracting sectional drag coefficients from the
CFD results of a fixed FOWT in a series of regular waves is investigated. In this method,
linear forces are estimated using potential flow theory and subtracted from the CFD forces.
Further, a quadratic Morison drag model is fitted to the remaining force, and a mean drag
coefficient is extracted, while nonlinear flow kinematics and free surface approximately are
considered. A description of selected wave conditions, and the CFD setup is given Section 2,
followed by the processing method for calculating residual forces, fitting Morison drag
models, and extracting drag coefficients. Section 3 presents the CFD results and the obtained
drag coefficients by using different assumptions for wave kinematics. Furthermore, the
ability of the obtained model in representing wave frequency and mean drift forces is
investigated by comparing the calculated forces with CFD results.

2. Problem Definition
The problem of forces on a floating offshore wind turbine structure fixed in waves

is considered in the present study, with the aim to identify the contribution of nonlinear
kinematics and viscous forces. To this end, both viscous (CFD) and potential flow solvers
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are used to calculate forces on the columns, and the results are processed to extract the
Morison’s model coefficients.

The structure studied in WINDMOOR research project is selected for this purpose.
The structure has a triangular shape composed of three vertical columns joined at the
bottom by pontoons and at the top by deck beams (Figure 1). The dimensions of the
structure are listed in Table 2. The structure’s draft is set to 15.5 m in a water depth of
150 m.

Figure 1. Platform geometrical model. The wave is propagating in the positive x-direction.

Table 2. Main dimensions of the structure presented in full scale.

Platform Height (PH) 31 m
Column Diameter (D) 15 m
Column-Column Distance (CW) 61 m
Draft 15.5 m
Pontoon Width 10 m
Pontoon Height 4 m
Deck beams Width 3.5 m

The waves are assumed to be traveling in the positive x-axis. Therefore, two of the
three columns are placed upstream, symmetric to the xz-plane, while the third column is
downstream with its center on x-axis (see Figure 2). Here, the two first columns are referred
to as Starboard and Port, for negative and positive y coordinates, respectively. The third
column on x-axis is referred to as Tower.

Figure 2. A view of the computational domain with the rectangle showing the inner domain.
CW: column to column distance. λ: longest wave length considered. The magnitude of wave
forcing function at the water level is shown with shading. The wave is propagating in the positive
x-axis direction.
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The waves are modeled and initialized in the computational domain using the fifth-
order Stokes theorem. The particulars of the considered waves in terms of height (H),
period (T), and inverse of the steepness ratio (S = H/λ) are given in Table 3, where λ is
the wave length. In addition, Table 3 lists the nominal Keulegan–Carpenter number for
each wave, i.e., KC = VT/D, where D is the column diameter, T is the wave period, and
V is the amplitude of the linear wave particle velocity at the free surface (z = 0). For the
considered waves, the range of the nominal KC number varies between 0.21 for W4 and
3.17 for W7.

Due to the variation in the wave particle velocity along the column, the KC number
experienced by the column sections differs from the nominal value. The sectional KC is
calculated based on the maximum particle velocity at each section (Z coordinate), predicted
by linear wave theory.

The KC number could be understood as the ratio between the distance a fluid par-
ticle is traveling and the structure’s diameter, or characteristic length. As discussed by
Sarpkaya [21] among others, in an oscillatory flow with a large KC number, boundary
layer separation and vortex formation are expected. On the other hand, for very small
KC numbers, the boundary layer does not have time to fully form and separate, and the
force is dominated by the inertia or diffraction effects. Although the KC numbers are
relatively small for wave-induced velocities on columns, the small viscous force contributes
significantly to drift forces at low frequencies. Therefore, it is important to account for the
viscous effect in calculating drift forces.

Another important parameter dictating the boundary layer regime is the Reynolds
number. In the present study, the nominal Reynolds number is defined as Rn = DV/ν,
where ν is the water’s kinematic viscosity. In oscillatory flows, the frequency parameter
β is usually used instead of Rn, which is defined as Rn/KC. The last column of Table 3
shows this frequency parameter for the studied waves.

Table 3. Selected wave condition. KC = VT/D, Rn = DV/ν, β = Rn/KC.

Wave H [m] T [s] λ/H λ/D KC β
ID Nominal ×107

W1 1.85 13.33 150 18.50 0.38 1.69
W2 5.55 13.33 50 18.50 1.13 1.69
W3 13.88 13.33 20 18.50 2.77 1.69
W4 1.04 10 150 10.41 0.21 2.25
W5 3.12 10 50 10.41 0.62 2.25
W6 7.81 10 20 10.41 1.55 2.25
W7 17.35 10 9 10.41 3.17 2.25

The force acting on a column section due to traveling waves (F2D) could be decom-
posed into potential, viscous drag, and residual forces (Equation (2)):

F2D = FP + FDv + FR (2)

The potential part, or FP, represents the portion of the force obtained from the potential
flow problem solution, namely, diffraction forces in the present problem. The viscous drag
force, or FDv, is a representative of the quadratic drag term present in the Morison equation
to capture the forces due to viscosity and flow separation (Equation (3)). The inertia part of
the Morison model is already considered in the potential part of the force:

FDv =
1
2

ρDCDur|ur| (3)
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The residual forces, or FR, represent the remaining part of the force. This includes
both potential and viscous higher-order terms. Examples of potential higher-order terms
are nonlinear wave kinematics and run-up, while those higher than quadratic viscous
forces are examples of the remaining viscous-related force terms. These residual forces
are usually neglected in most state-of-the-art simulation tools, mainly because they are
difficult to capture accurately with the present simplified models. Here, these components
are assumed to be negligible. The viscous flow solution is obtained using CFD in order to
calculate F2D, whilst the potential flow solution is used to estimate and remove FP before
fitting the remaining force to the quadratic drag force model in order to obtain CD for each
cross section. The adopted methods are described in the following sections.

2.1. CFD Numerical Setup

The selected computational domain consists of an inner and an outer domain. The in-
ner domain is centered at the platform center with dimensions of 4 and 3 times the distance
between column centers, i.e., 61 m. This inner domain is extended by 1, 1.5, and 0.5 wave
lengths of the longest considered wave at the inlet, outlet, and side boundaries, respectively
(see Figure 2). The condition on the lateral boundaries of the outer domain (inlet, outlet, and
sides) is satisfied by enforcing the velocity field and elevation of the selected regular waves
calculated using the fifth-order Stokes solution. In this way, incoming waves are imposed,
and outgoing waves are extracted from the domain. However, since the calculated waves
are different from the theoretical solution due to diffraction and numerical inaccuracies,
the waves must be treated before reaching the boundaries of the outer domain.

The Euler Overlay Method is adopted to gradually blend the prescribed values at
the outer domain with the computed numerical solution until the boundaries of the inner
domain. A forcing function F(x) = µ cos(π/2x)2 is introduced in the blending zone, where
x is the normalized distance from the outer domain boundary and µ is a constant (see
Figure 2). For x = 0 (at the outer boundary), the solution is equal to the one assigned at the
boundary, whereas in the inner domain (x = 1), the solution is solely computed by CFD.
In between the boundaries of the outer and inner domains (blending zone), the forcing
function F(x) is applied to blend the theoretical and numerical solutions. In this way, the
diffracted waves are gradually removed from the solution in the blending zone before
reaching the boundaries. More details of the method can be found in [22].

All CFD simulations are carried out on a model scale of 1:40 (Froude scaling), while the
full-scale dimensions of the WINDMOOR structure are given in Table 2. Unless otherwise
specified, all dimensions and results are given in full scale. This means the actual imposed
β = Rn/KC values in the simulations differ from the full-scale values reported in Table 3.

A velocity condition is imposed on the boundaries with the inlet and outlet in Figure 2.
These boundaries are defined in the yz plane and perpendicular to the wave propagation
direction. A constant pressure outlet condition is imposed on the top boundary, while
the side boundaries are modeled as symmetry planes. The surface of the wind turbine
platform is represented with a no-slip wall condition, while a free-slip condition is used on
the bottom.

Simulations are run with the software Simcenter STAR-CCM+ 2020.3 Build 15.06.007.
The volume of fluid (VOF) method is used to capture the interface between air and water,
using a high-resolution interface capturing (HRIC) convection scheme. The turbulent flow
is solved using an improved delayed detached eddy simulation (IDDES), resolving the
large scales of turbulence whilst modeling small-scale motions. A low-Reynolds number
approach is used for the near-wall treatment, requiring a fine near-wall mesh height. An
implicit unsteady solver with second-order temporal discretization is used to solve the
transient problem, with a constant time-step of T/500, where T is the wave period.
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2.2. CFD Mesh

A block-refinement methodology is adopted to generate the boundary fitted mesh. The
structure’s geometry, boundary layer, and presence of waves, impose different criteria for
the generated cell sizes. The refinement strategy provides the possibility to control the cell
size in different regions and meet these requirements. The cells’ base size used to discretize
the numerical domain is selected based on the columns diameter and summarized in
Table 4. The base size is chosen as 20% of the column’s diameter. The sizes of cells on
different surfaces after refinement are listed as absolute values in full and model scales, as
well as the ratio of the base size.

Table 4. Mesh surface discretization and cell sizes.

Base Size Ratio Full Scale Model Scale
% [m] [m]

Base 100% 3 0.075
Free Surface 2.7% 0.08 0.002
Columns 2.7% 0.08 0.002
Pontoons 5.3% 0.16 0.004
Deck beams 10.7% 0.32 0.008

Numerical simulations and selected mesh refinements are carried out following best
practices in SINTEF Ocean for the application of CFD to these problems (see, for example, [23]).
For the waves at least 120 cells per wave length and 20 cells per wave height, a target x/z
ratio of 2 is ensured. Moreover, at least 500 time steps are performed within one wave
period. In order to capture the boundary layer on the structure walls, a prismatic layer
is generated around the columns and the pontoons. The near-wall layer has a height of
1.0 ×10−4 m with the aim to achieve a y+ value of 1, where a DES turbulent model with
a near-wall treatment could be used. A total of 10 layers are built with a stretching ratio
of 1.2 (see the view of the mesh in Figure 3). The mesh size on the body surface and in
the domain is chosen after a convergence study carried out on the fixed structure with a
constant current, based on SINTEF Ocean best practices. The choices are further controlled
for a freely floating platform by running 6DOF simulations with two different grid sizes,
the present one and another grid with doubling the refinement. Validation of the results
towards model tests are carried out on the decay tests and presented in [24].

Figure 3. Lateral view of the mesh discretization with body volume refinements.

2.3. Force Calculation

Pressure on the columns is integrated at each time step to obtain the forces. Each
column is split into 23 sections with an equal height of 1 m along its length, where sectional
forces are calculated. These sections are numbered as zj, where j is the vertical distance of
the center position from the water line such that z0 corresponds to a section with its center
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on the mean free surface (see Figure 4). In addition to the sectional forces, the total forces
on columns and pontoons are extracted.

Figure 4. Horizontal segments along the column.

2.4. Wave Kinematics

The kinematics of incident waves on each section are needed for decomposing the
obtained forces into mass and drag coefficients, i.e., fitting Morison force model. Therefore,
propagation of the target waves are solved without the presence of the structure by imposing
the relevant boundary conditions. These are refereed to as “wave-only” simulations. In this
way, the simulated kinematics of the waves are recorded to reflect the magnitude of surface
elevation at the center of columns, and the center of FOWT as captured by CFD. In addition,
the wave-induced particle velocities at the center of the segments along the three columns are
recorded. These values are later used as the ambient wave-induced particle velocities when
extracting the coefficient from obtained forces where the FOWT is present in the simulations.
The surface elevation at the columns is used to determine the wet length and segments on
each column.

2.5. Potential Flow Solution

To better understand the contribution of viscous and other nonlinear forces, a linear
potential flow solution of the problem is obtained using the boundary element method
(panel method). The FOWT surface is discretized in flat panels. The diffraction problem,
i.e., fixed FOWT exposed to waves, is solved using WAMIT (v7.3) (ref. [25]). The transfer
function of forces on the columns as well as the pressure distribution on the panels of the
columns are extracted. The pressure transfer function is later processed, together with the
selected wave conditions, and integrated to obtain the time series of potential flow forces
on different sections along the columns. These time series of forces are used to subtract the
linear potential flow effects from the CFD sectional force time series. The remaining force is
then decomposed using the Morison force model into a quadratic drag coefficient and a
residual force.

3. Results and Discussions
Forces along the columns for the studied cases are extracted and discussed in this

section. The forces are decomposed into potential and quadratic drag forces, and drag
coefficient is extracted, using the methodology described in Section 2.
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3.1. Drag Coefficients Along the Columns

Figure 5 shows a sample of the obtained force time series for different segments along
the starboard column. The corresponding undisturbed free surface elevation at the platform
location is shown in Figure 6. The results from the CFD calculations in the absence of
a platform are included together with theoretical waves based on the fifth-order Stokes
solution. As expected, the nature of the force changes drastically depending on the section’s
vertical location and the wave steepness. For higher waves with higher steepness, larger
portions of the column go in and out of water. The force drops to zero when the column is
dry. For lower sections, in long waves, the force resembles a Morison’s force model signal,
oscillatory with slight asymmetry due to the quadratic drag term.
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Figure 5. Sectional force time series on the starboard column for three waves (W3, W5, W7) and
two heights.

100 110 120 130 140 150

Time [s]

-8

-6

-4

-2

0

2

4

6

8

10

12

14

1
[m

]

6=H=20 (W3)

CFD Theory

100 110 120 130 140 150

Time [s]

-8

-6

-4

-2

0

2

4

6

8

10

12

14

1
[m

]

6=H=20 (W6)

CFD Theory

100 110 120 130 140 150

Time [s]

-8

-6

-4

-2

0

2

4

6

8

10

12

14

1
[m

]

6=H=9 (W7)

CFD Theory

Figure 6. Comparison of CFD and theoretical undisturbed free surface elevation at the middle of the
platform. Theory: initialized domain using the fifth-order Stokes wave.

The forces shown in Figure 5 are the total two-dimensional force on a column segment
and can be decomposed as proposed in Equation (2). The potential flow diffraction problem
is solved using WAMIT (v7.3), and the pressure distribution of the column is extracted. A
sample of the obtained pressure distribution over the columns for a 10 s wave is presented
in Figure 7. The wet segments are identified by comparing the vertical location of each
segment’s center to the undisturbed incident wave elevation at the column location obtained
from wave-only CFD simulations. This means that the partially wet segments, as well as
water run-up effects, are not properly captured.

The obtained pressure is integrated over the wet horizontal segments. Since the linear
solution only provides pressure distribution up to the mean free surface, the pressure
values for higher segments are assumed to be constant and equal to the ones on the mean
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free surface. Considering the amplitude and phase of the incident wave in the origin of
the coordinate system, the complex values of pressure are turned into time series for each
segment. Special attention is devoted to ensuring that the wave in CFD and potential flow
solution are in phase. Figure 8 shows a comparison between the obtained potential flow
force on each segment, in addition to the CFD calculated forces. The modified potential
flow force is also included. These signals are identical to potential flow forces, as long as the
segment stays wet, and set to zero when the segment is above undisturbed wave elevation.

Figure 7. Amplitude of the pressure over the structure from the potential flow solution of the
diffraction problem for a 10 s wave.

0 5 10 15 20 25 30
Time [s]

-6

-4

-2

0

2

4

6

8

F
2D x

[N
]

#105 Z = !9[m]

CFD Pot.

0 5 10 15 20 25 30
Time [s]

-6

-4

-2

0

2

4

6

8

F
2D x

[N
]

#105 Z = !2[m]

CFD Pot. FS. Pot.

0 5 10 15 20 25 30
Time [s]

-6

-4

-2

0

2

4

6

8

F
2D x

[N
]

#105 Z = 2[m]

CFD Pot. FS.

Figure 8. Comparison of CFD and potential forces on several segments along the starboard column for
Wave 3. Pot.: Potential force from WAMIT. Pot. FS.: Potential forces stretched up to the instantaneous
free surface.

The quadratic drag and residual force on each segment are obtained by subtracting
the potential flow force from the total force obtained from CFD, assuming the residual force
is negligible (see Equation (2)). Then, Equation (3) is used to calculate a drag coefficient
for each segment. The choice of wave kinematics, i.e., ur in Equation (3), is essential in
extracting the drag coefficients.

Let us start by focusing on W1, a relatively linear wave with the nominal KC of
0.38. Figure 9 shows the obtained drag coefficients along the starboard column using
the nonlinear wave kinematics obtained from the wave-only CFD simulations. Meaning,
the velocities used for ur are the nonlinear solution of the fluid particle velocities due to
propagating undisturbed waves at the location of the column. In addition, the same results
using liner wave kinematics are included, marked with “Lin.” in this figure. As expected,
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for this relatively linear wave with a steepness ratio of 1/150, the obtained drag coefficients
are relatively constant away from the splash zone. This area is marked in the figure with
dashed lines at the nominal amplitude of the incident wave. Moreover, the predicted values
from the linear and nonlinear kinematics are almost identical, except in the splash zone
where fluid velocities are under-predicted by linear wave theory, and consequently, larger
drag coefficients are obtained.

Unlike the linear version, the drag coefficients obtained using nonlinear wave kine-
matics are decreasing after entering the splash zone. This is more clearly shown for W7 in
Figure 9. The difference between adopting linear or nonlinear wave kinematics is much
more evident in this case where the wave steepness equals 1/9.
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Figure 9. Drag coefficient for W1 and W7 extracted by decomposing the residual force after removing
the potential flow sectional force contribution using both nonlinear and linear (-Lin) wave kinematics.
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Figure 10 shows the obtained drag coefficients for different segments along the star-
board column for all considered waves, which shows how the general trends observed for
W1 and W7 are present in other conditions.
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wave kinematics.
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The variation of force coefficients along a column in waves have been also reported
before by Dadmarzi et al. [26]. However, here, the contribution from potential flow effects
is removed. The remaining drag force still varies along the column, whilst the variations
are smaller for the waves with lower steepness.

A non-dimensional distance to the free surface (σ′ = σ/(u2/2g)), as introduced in [27],
is used to evaluate the effect of wave kinematics in extracting drag coefficients. Figure 11
shows the ratio between the drag coefficients extracted using linear and nonlinear wave
kinematics. Here, u2/2g represents the fluid velocity head at the free surface, while σ is the
distance from the undisturbed incident free surface. The ratio of the two drag coefficients
is equal to one when the σ′ is lower than −1. Close to and above σ′ = −1, which roughly
represents the splash zone, the ratio starts to increase and follow a “S-shaped” trend with
an inflection point at CD(Lin)/CD(Nonlin) = 4. In engineering applications using linear
wave kinetics, often the drag coefficient in the splash zone must be increased to properly
represent the forces (see, for example, [28]). Figure 11 suggests that when using linear wave
kinematics for calculating forces in the splash zone, the drag coefficient must approximately
be increased four times to take the effect of nonlinear kinematics into account. A similar
factor is also reported and used by Wang et al. [2].
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Figure 11. Ratio of drag coefficients from linear and nonlinear kinematics.

Figure 12 shows a comparison of the reported drag coefficients for an oscillatory
cylinder in infinite fluid in the literature. The reported values are for pure single frequency,
harmonic, two-dimensional flow, where β values are from approximately 2 × 102 to 1.3 ×
105. The full-scale β values are outside this range (about 2 × 107), while the model-scale
values are within (about 2 × 104). Disregarding the discrepancies in the reported values for
β >= 104, it seems the drag coefficients are less dependent on β. The recommended values
from [5], marked with (RP) are also included for the nominal KC numbers of the waves,
which seem to follow the reported values for β >= 104.

The extracted drag coefficients for the segments along the starboard column for all the
considered waves are shown with a plus sign in Figure 12. Since the incident wave particle
velocity changes along the column, a range of KC numbers is obtained for each wave. For
a column with a constant cross section as shown here, the higher KC numbers indicate
that the segment is closer to the free surface, i.e., experiences higher fluid velocity. For
the lowest steepness of 1/150, i.e., W1 and W4, the drag coefficients for lowest KC values
are in good agreement with the Recommended Practice [5] and experimentally reported
values. However, as the KC increases, i.e., the segment gets closer to the free surface, the
magnitude is deviating from the expectation. It seems that the variation depends both on
steepness as well as the wave-length-to-diameter ratio. The drag coefficients for waves
with higher steepness start with a much higher value than expected and are generally
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decreasing for higher KC numbers. This could be attributed to the free surface effects, and
the fact that pressure on the free surface has to stay constant. It is possible to conclude
that other phenomena besides quadratic drag are present in the interaction between fluid
and the segments, especially in the presence of the free surface. The fact that a quadratic
model has chosen to represent the resulted force leads to obtaining higher than previously
estimated drag coefficients, which decreases as the segment gets closer to the free surface.
This suggests the variation in drag coefficients along the column cannot be explained by
KC alone.
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Figure 12. Drag coefficient extracted by decomposing the force.

3.2. Reconstructed Forces

Figure 13 shows the x-component of the force time series on the lowest segment of
the starboard column (Z = −10 m) for three different waves. The forces obtained from
CFD as well as the diffraction forces from potential flow and the extracted quadratic drag
term are included for comparison. Three different method for calculating the drag force
are presented, while all three are using the Morison drag model. The included force
components are as follows:

• Linear Diffraction (Pot.FS.): Linear diffraction forces calculated using potential flow
theory and stretched up to instantaneous free surface.

• Linear Morison (Mor.): The drag coefficient is extracted using linear wave kinematics,
and forces are calculated with linear wave kinematics.

• Nonlinear Morison (Mor. NonLin.): The drag coefficient is extracted using nonlinear
wave kinematics, and nonlinear wave kinematics are used for calculating forces.

• Linear Morison with Recommended Practice drag coefficient [5] (RP): Linear wave
kinematics and the recommended drag coefficient are used to calculate forces.

Starting with the wave with the lowest steepness, i.e., W5, the segment is sufficiently
far away from the splash zone for the influence of drag to be negligible, and therefore
the potential force agrees well with the CFD results. As expected, the importance of the
drag term increases with the steepness, i.e., W3 and W7. The linear and nonlinear Morison
drag forces give very close results, while the predicted drag force using the recommended
coefficients from [5] is much smaller. The phase difference between the drag and potential
force is noticeable. The phase of the CFD force is slightly behind that of the potential force
while it is ahead of the drag term.
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Figure 14 shows the reconstructed force by adding the potential flow force to the
calculated drag components. As expected, the force for the lowest segment matches well
with the CFD results due to the small contribution of the drag force. In cases with higher-
steepness waves, the phase of the total force is much closer to the CFD results by adding
the potential force. The linear and nonlinear Morison models give similar results and
match the CFD forces in terms of phase and amplitude reasonably well. However, for W7
with the highest steepness, it is clear that there are complex phenomena which cannot be
captured, particularly when the flow is moving back, i.e., when the wave is passing. The
CFD results seem to suggest the presence of a secondary wave system, interacting with the
segment. Such a phenomenon has been reported before in [29] for steep waves interacting
with columns.
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Figure 13. Comparison of CFD and force components on Z = −10 m segment on the starboard column
for Wave 3, 5 and 7.Mor.: quadratic drag using linear wave kinematics. RP.: Same as Mor. but with
recommended drag coefficients from [5]. Mor.NonLion.: same as Mor. but with nonlinear wave
kinematics. Pot. FS.: Potential forces stretched up to the instantaneous free surface.
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Figure 14. Comparison of CFD and reconstructed forces on Z = −10 m segment on the starboard
column for Waves 3, 5, and 7. Legends are the same as Figure 13, and potential forces are added to all
drag components.

Figure 15 shows a similar comparison for a segment on the mean free surface, i.e.,
Z = 0 m. Here, the linear diffraction forces (Pot.FS.) and the drag component seem to cancel
each other. The difference between the linear and nonlinear Morison models for the lowest
steepness is noticeable. This difference is much smaller for the cases with higher steepness.
It is possible to argue that the nonlinear Morison model gives better, and more physically
correct, drag forces. However, comparing the reconstructed forces in Figure 16 suggests
that a consistent order of modeling for drag and diffraction forces matters. This means that
combining the linear diffraction forces and linear Morison (please see the definition above)
gives better local predictions, at least when potential flow diffraction forces are dominant.

Figure 17 shows a comparison of the total force on the Starboard column in the x
direction, both from the CFD and reconstructed force using different methods. Similar to
segment forces, the total force on the column is predicted with good accuracy for the lowest
wave steepness. For higher steepness waves, the linear and nonlinear Morison models
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seem to perform equally well, and better than the other method. However, for the highest
steepness (W7), the peak of the negative force is not captured by any of the models.

0 10 20 30 40

Time [s]

-2

-1

0

1

2

3

F
2D x

[N
]

#105 6=H=50 (W5)

CFD Mor. RP.
Mor.NonLin. Pot.FS

0 10 20 30 40

Time [s]

-4

-2

0

2

4

6

8

F
2D x

[N
]

#105 6=H=20 (W3)

CFD Mor. RP.
Mor.NonLin. Pot.FS

0 10 20 30 40

Time [s]

-1

-0.5

0

0.5

1

1.5

F
2D x

[N
]

#106 6=H=9 (W7)

CFD Mor. RP.
Mor.NonLin. Pot.FS

Figure 15. Comparison of CFD and force components on Z = 0 m segment on the starboard column
for Wave 3, 5 and 7.Mor.: quadratic drag using linear wave kinematics. RP.: Same as Mor. but with
the recommended drag coefficients from [5]. Mor.NonLion.: same as Mor. but with the nonlinear
wave kinematics. Pot. FS.: potential forces stretched up to the instantaneous free surface.
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Figure 16. Comparison of CFD and reconstructed forces on Z = −10 m segment on the starboard column
for Waves 3, 5 and 7. Legends are the same as Figure 15, and potential forces are added to all drag
components.
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Figure 17. Comparison of CFD and reconstructed total forces on the starboard column for Wave 3,
5 and 7. Mor.: quadratic drag and potential-flow forces using linear wave kinematics. RP.: same
as Mor. but with recommended drag coefficients from [5]. Mor.NonLion.: same as Mor. but with
nonlinear wave kinematics. Pot. FS.: linear diffraction forces from potential flow stretched up to the
instantaneous free surface.

3.3. Interaction Effects

In practice, it is assumed that the effects of the columns diffracted wave pattern on
the viscous forces of other columns are negligible. Using CFD, it is possible to evaluate
this assumption. Figure 18 shows the obtained total forces in the x direction on the three
columns from CFD. The forces on the starboard and port columns are almost identical,
while the force on the tower shows a phase shift. In addition to the shift, the magnitude
and the shape of the peaks are also different. This could be attributed to the diffraction
effects of the upstream columns since using a pure Morison model with the kinematics of
the undisturbed wave fails to reproduce such differences.
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Figure 19 shows the reconstructed forces from the nonlinear Morison model, together
with the linear diffraction solution from potential-flow theory. In this way, the diffraction
wave patterns of the columns are included in calculating the forces. The obtained forces
show similar differences between the tower and the other two columns, which suggests
that including diffraction waves in calculating forces on closely placed columns might be
important. This is more clear for the forces perpendicular to the wave propagation direction
(y direction for the present cases). Figure 20 shows the obtained forces on the columns
in y direction. Although the forces predicted by Morison model after imposing a long
crested uniform wave in x direction predict no force in the y direction, the CFD calculation
suggests a strong force in y, which is consistent with the potential flow diffraction results.
This suggests, depending on the column dimensions, that the diffraction effects, and their
consequent effect on viscous forces, cannot be neglected.
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Figure 18. Comparison of CFD forces on columns for three waves. Stb.: Starboard, Por.: Port,
Tow.: Tower.
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Figure 19. Comparison of CFD and reconstructed forces on starboard (Stb.) and Tower (Tow.)
columns. Mor. Nl.: Quadratic drag plus potential forces stretched up to the instantaneous free
surface.
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Figure 20. Comparison of CFD forces on columns for three waves, perpendicular to wave propagation
direction. Stb.: Starboard, Por.: Port, Tow.: Tower.
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3.4. Drift Forces

Viscous forces contribute to mean and low-frequency drift forces. An estimation of
the obtained drift force on the columns is presented here. The potential mean drift force
on the three columns is calculated using linear potential flow solver WAMIT. In addition,
the mean forces from CFD and the constructed forces from the three different method
presented in Section 3.2 are shown in Figure 21. Here, the recommended drag coefficients
from [5] are used both with linear and nonlinear kinematics. The predicted obtained values
from CFD show higher mean drift forces, comparing to the potential flow effects, which
could be attributed to the contribution of viscous forces (see, for example, [30]). The linear
and nonlinear Morison models, with extracted drag coefficients, give a better prediction
of the mean drift forces. However, the values are slightly under-predicted comparing to
CFD, while the nonlinear Morison models perform slightly better. In the case of the lowest-
steepness waves with the higher period (13.3 s), the under-prediction is larger. Meaning,
the mean drift forces by CFD are up to four times larger than the estimation by the Morison
models. The exact reason for this difference is not fully understood and left for future
investigations. A similar comparison for a higher-steepness wave with the same period
gives much closer results. Overall, the results suggest a higher drag coefficient than what is
usually applied is needed to reproduce the mean drift forces.
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Figure 21. Drift forces on the columns of FOWT support structure. Pot.: Potential flow mean drift.
Mor.Lin.: Linear Morison, Mor.NL.: Nonlinear Morison, Mor.Lin.RP.: Linear wave kinematics with
recommended drag coefficients from [5]. Mor.NL.RP.: Nonlinear wave kinematics with recommended
drag coefficients from [5].

4. Conclusions
The total and sectional forces on columns of a floating offshore wind turbine (FOWT)

support structure were investigated using CFD and potential flow. Morison-type models
were used to decompose the forces on column sections and extract a quadratic drag
coefficient along the column.

It was shown that it is important to consider potential flow forces in processing CFD
forces to extract drag coefficients. The exact free surface should be considered while
selecting the segments which are wet and hence exposed to wave forces.

Moreover, the residual forces on column could be translated to drag coefficients using
linear or nonlinear wave kinematics. The drag coefficient extracted from nonlinear wave
kinematics gives a more correct physical representation of the drag force. For example,
the forces goes to zero when approaching the instantaneous free surface. The drag co-
efficients extracted using linear wave kinematics give a more consistent drag force with
linear diffraction forces. As a consequence, where linear diffraction forces are important,
the reconstructed force using the linear Morison results gives a better prediction of the
total force.
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It was also discussed that interaction effects due to diffracted waves between different
columns may matter, especially for forces perpendicular to wave propagation direction.
The potential part of such an interaction could be considered using the potential flow
solution of the diffraction problem.

Comparison of the forces with CFD suggested that higher drag coefficients than are
recommended in [5] are usually needed, especially close to the free surface, regardless
of using linear or nonlinear kinetics. Therefore, it is possible to under-predict viscous
contribution to drift forces on large columns if the proper choice of drag coefficients and
consistent wave kinematics are not applied. Moreover, it was shown that in steep waves,
the quadratic drag model is unable to capture the local forces around the splash zone
accurately. For this reason, model testing is an important tool to validate and tune the
viscous contribution to drift forces (see, for example, [30]).

As a future study, the drag forces obtained here could be added as a correction to the
potential flow drift forces, where the mean drift motion of FOWT can be compared with
the measured data of the model test carried out in the WINDMOOR project.
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