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Applicability of numerical water tank for the dynamic response analysis of
the barge-type floating platform
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A B S T R A C T

A fully nonlinear Navier-Stokes/VOF numerical water tank is developed for barge-type floaters with coupling to
the dynamic mooring line model. Wave excitation forces, free decay responses, and dynamic responses in regular
waves predicted by numerical water tank show good agreement with experimental results. Then, hydrodynamic
force models used in engineering models are improved by applying the numerical water tank results. It is
clarified that the cause of the overestimation of normalized wave excitation force at water tank test relative to
that predicted by potential theory is the underestimation of the input wave height due to the interference of the
reflected wave from the floater. The new drag coefficient model is proposed based on numerical forced oscil-
lation simulations at the surge natural period. The wave drift QTF is evaluated using the numerical water tank
and the prediction accuracy of the mean floater displacement in the surge direction is improved, compared to the
conventional Newman’s approximation model. The surge-pitch coupling terms of drag force and its mechanism
are investigated by forced oscillation simulations. The correction method of surge-pitch coupling terms of drag
force is proposed and the prediction accuracy of the floater displacement in the surge direction is improved.

1. Introduction

Floating offshore wind turbines (FOWTs) are a promising technology
for harnessing the vast potential of offshore wind energy in deep ocean
regions to generate power. Many demonstration projects have been
conducted over the world (Hywind Demo, 2009; WindFloat 1, 2009;
Fukushima, 2013; Goto Island project, 2013 (Utsunomiya, 2016)). In
various floater types, the shallow drafted barge-type floater is expected
as a low-cost platform suitable for water depths of 50–100 m. In 2018, a
2 MW barge-type FOWT was installed in the FLOATGEN project in
France (FLOATGEN, 2018) and a 3 MW one in NEDO Demonstration
Project of Next-Generation Offshore Floating Wind Turbine in Japan
(NEDO Demonstration Project of Next-Generation Offshore Floating
Wind Turbine, 2019). Barge-type floaters typically show larger pitch
motions compared to spar and semi-submersible type floaters. The
natural period of barge-type floaters in the pitch direction typically fall
within a similar range to dominant wave periods, while those of
spar-type and semi-submersible type floaters are longer periods (Jonk-
man, 2007; Kikuchi and Ishihara, 2020). Skirts are used for the plat-
forms in the demonstration projects (FLOATGEN, 2018; NEDO

Demonstration Project of Next-Generation Offshore Floating Wind
Turbine, 2019) to suppress the dynamic responses of floaters, which
generate strong nonlinear drag forces.

Numerical modeling techniques for floating offshore wind turbine
systems are categorized into three levels: low-, mid-, and high-fidelity
(Otter et al., 2021). Mid-fidelity models, often referred to as
engineering-level model or engineering model, are commonly used for
dynamic analysis based on the equations of motion employing
potential-flow theory and Morison’s equation. Engineering models are
suitable for the design of floating offshore wind turbine system.
High-fidelity models, such as computational fluid dynamics (CFD) are
used for detailed investigations of local flow phenomena. In the
comprehensive benchmark study to date named the Offshore Code
Comparison Collaboration projects (OC3 – OC7), a three-way validation
has been conducted among engineering models, high-fidelity models,
and measurements from water tank tests for semi-submersible type
floaters (Benitz et al., 2014; Robertson and Wang, 2021). It is said that
the CFD simulations can be used as references for tuning the mid-fidelity
engineering-level tools and enable expedient and nonintrusive extrac-
tion of flow-field variables and flow visualizations, which are critical to
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obtaining a better understanding of the underprediction issue and
possibly lead to improvements to the model formulation and modeling
practices used by the mid-fidelity engineering design tools (Wang et al.,
2021). The findings in high-fidelity models have been feedbacked to
engineering models and the prediction accuracy of engineering model
has been improved. For example, advanced hydrodynamic force models
were developed based on the forced oscillation simulations using CFD
and the prediction accuracy of floater motions using engineering model
was improved (Zhang and Ishihara, 2018; Ishihara and Liu, 2020; Otori
et al., 2023).

In high-fidelity models, numerical forced oscillation simulations
have been validated for barge-type floaters (Otori et al., 2023). Recently,
numerical water tanks coupling equation of motion and Navier-Stokes
equation have been developed, and the effect of the nonlinear hydro-
dynamic forces on floater motions has been investigated. The floater
motions for OC3 Hywind platform model were analyzed in the previous
studies using CFD to consider the nonlinear hydrodynamic forces (Beyer
et al., 2013). For more complex structure, the semi-submersible platform
model was considered in OC4 projects and the floater motions were
analyzed (Benitz et al., 2014; Tran and Kim, 2015, 2016). Rivera-Arreba
et al. (2019) investigated the effect of the nonlinearities in the severe
waves on semi-submersible type floater responses. For the barge-type
floater, Borisade et al. (2016) and Beyer et al. (2015) conducted the
design study using coupled MBS-CFD environment in regular waves and
compared with experiments. However, in these studies, the mooring line
is modeled as the adjusted global linear stiffness aiming at the pre-
liminary design, though the dynamic response prediction of barge-type
floaters is significantly affected by the mooring line model. In the re-
views by Davidson and Ringwood (2017) and Aliyar (2022), mooring
line models is categorized into three typical types: static, quasi-static,
and dynamic mooring line models. Static models, such as linear stiff-
ness matrices and spring models, are commonly used for preliminary
designs. Quasi-static models have been employed to design mooring
systems, which neglect dynamic effects such as inertia and drag forces.
Quasi-static models may be sufficient when displacements are relatively
small (Thomsen et al., 2017), but they lead to underestimations of line
tension under extreme conditions. To fully account for the dynamic
characteristics of mooring lines, dynamic mooring line models based on
Newton’s second law have been developed, including first-order lumped
mass model MoorDyn (Hall and Goupee, 2015) and higher-order finite
element model MooDy (Palm et al., 2017). Some studies have coupled
dynamic mooring line model with numerical water tanks for some
platform types including buoys (Palm et al., 2016; Lee et al., 2021; Jiang
et al., 2021; Chen and Hall, 2022), TLP types (Nematbakhsh et al.,
2015), semi-submersible types (Martin and Bihs, 2021; Eskilsson and
Palm, 2022), and spar types (Aliyar et al., 2022). It is also necessary for
barge-type floaters to validate the prediction accuracy of floater motion
using numerical water tanks coupled with dynamic mooring line
models.

In engineering model, hydrodynamic models are essential to predict
floater response accurately. Hydrodynamic loads include contributions
from added mass, radiation damping, buoyancy, linear wave excitation
forces, nonlinear drag forces and wave drift forces. Linear wave exci-
tation force is conventionally evaluated by potential theory in engi-
neering model. Wang et al. (2021) validated the wave excitation forces
in bichromatic waves predicted by numerical water tank for
semi-submersible floaters. The errors and uncertainties of the experi-
mental results and CFD simulations were comprehensively described.
The uncertainties of measured wave amplitudes from the positioning of
the wave probes, and the correction methods for the normalization of
wave excitation force were proposed by removing the contributions
from the reflected waves from the wave basin and the
difference-frequency waves on the wave excitation forces. However, the
validation of wave excitation forces and its normalized forces had not
been performed for the barge-type floaters. It is found that the
normalized wave excitation forces using the measured wave height in

the small wave case overestimates those predicted by the potential
theory in a wave excitation water tank test for the barge-type floater
conducted in this study. The reason of its overestimation needs to be
investigated using numerical water tank.

The nonlinear drag force models considering Reynolds numbers and
KC numbers were proposed based on the experiment and numerical
models (Ishihara and Liu, 2020). Otori et al. (2023) proposed the
nonlinear drag force models for barge-type floater considering Reynolds
number and KC number based on the nonlinear drag force predicted by
numerical forced oscillation simulations with the oscillation period from
0.8 s to 2.0 s in 1/100 model scale. The wave periods were set based on
the range possible in a forced oscillation experiment in 1/100 model
scale at that time. However, in free decay simulation by engineering
model with the proposed nonlinear drag force model, the predicted
floater displacements showed the underestimation of damping ratio in
the surge direction. The nonlinear drag force on a longer oscillation
period of 3.5 s corresponding to surge natural period in 1/100 model
scale needs to be investigated by using numerical water tank, which is
not able to be investigated in water tank tests.

The wave drift Quadratic Transfer Function (QTF) is important for
accurately predicting the mean displacement of the floater. To evaluate
the wave drift QTF, experiments are often conducted by restraining a
platform model with a soft spring system, which includes springs and
pulleys (Ikoma et al., 2021; Seo et al., 2021). Because such experiments
are expensive to perform, the wave drift QTF predicted by Newman’s
approximation (Newman, 1974) based on potential theory is generally
used. However, in regular wave simulation by engineering model, the
predicted mean displacements in the surge direction underestimated the
measurements for most wave periods and overestimated the measure-
ments at the heave natural period of 1.0 s in 1/100 model scale for
barge-type floater (Otori et al., 2023). This may be related with the fact
that the wave drift QTF predicted by the Newman’s approximation
underestimated the measured QTF at water tank test (NEDO, 2018).
Molin and Lacaze (2016) analytically demonstrated that potential the-
ory overestimates the wave drift QTF prediction at the heave natural
period because it does not account for viscous damping in the heave
motion. The applicability of numerical water tank on the prediction of
wave drift QTF needs to be investigated, because the numerical water
tank can take into account viscous effects.

In conventional drag force models, a global matrix of drag co-
efficients is evaluated from the horizontal and vertical drag coefficients
distributed over Morison elements. However, the predicted dynamic
response in the regular wave analysis underestimated the measurements
for wave periods shorter than the pitch natural period in the surge di-
rection (Otori et al., 2023). Ishihara and Zhang (2019) pointed out that
distributed horizontal and vertical drag coefficients in the member-level
Morison elements of a semi-submersible floater resulted in underesti-
mation of surge-pitch coupling terms compared to measurements. The
impact of underestimating surge-pitch coupling term on the floater
motion was limited for semi-submersible floaters, but could lead to an
underestimation of the surge response for barge-type floaters. The
surge-pitch coupling terms of the drag force needs to be evaluated by
forced oscillation simulation using numerical water tank and it is
necessary to propose a correction method for the conventional drag
force model.

This study investigates the applicability of numerical water tank for
the dynamic analysis of barge-type floating platform. The hydrodynamic
models in engineering models are improved using numerical water tank.
In Section 2, the numerical water tank is set up coupling dynamic
mooring line model with the floater motion. The prediction accuracy of
numerical water tank is validated with experimental results for wave
excitation forces, free decay responses, and dynamic responses in reg-
ular waves. In Section 3, the application of the numerical water tank on
hydrodynamic force prediction for engineering model is presented.
Normalized wave excitation force, horizontal drag coefficient, wave
drift QTF, and surge-pitch coupling terms of drag force are predicted by
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using the numerical water tank. Finally, conclusions are presented in
Section 4.

2. Numerical models

In this section, the numerical water tank is developed to conduct the
wave excitation simulation and the dynamic response simulation for a
barge-type floater. The governing equations are described in Section 2.1.
The configuration of computational domain is described in Section 2.2.
The boundary conditions are described in Section 2.3. The dynamic
mooring line model is described in Section 2.4. Using the developed
numerical water tank, the wave excitation force and dynamic response
of floating platform are predicted and validated by comparing them with
experimental results in Section 2.5.

2.1. Governing equations

A fully nonlinear Navier-Stokes numerical dynamic response simu-
lation of floater in waves is conducted within the open-source CFD
toolbox OpenFOAM® (Weller et al., 1998) version 1812+, extended
with the waves2Foam package (Jacobsen et al., 2012). We employ the
two-phase incompressible Navier-Stokes equations in combination with
the Volume of Fluid (VOF) surface capturing scheme developed by Hirt
and Nichols (1981). The governing equations used in the
Navier-Stokes/VOF solver for the conservation of mass and momentum
in an incompressible flow of air and water are specified by Eqs. (1) and
(2).

∇ • u=0 (1)

∂ρu
∂t +∇ •

(
ρuuT)= − ∇p* − (g • x)∇ρ+∇ • μ

(
∇u+(∇u)T

)
+ fσ (2)

where ∇ =
(
∂x, ∂y, ∂z

)
is the three-dimensional gradient operator, u =

(u1, u2, u3) is the velocity field in Cartesian coordinates, g is the gravi-
tational acceleration, x = (x, y, z) is the Cartesian coordinate vector, and
fσ is the surface tension. p* is the hydrodynamic pressure, which relates
to the total pressure, p, by the following equation.

p* = p − ρ(g • x) (3)

The local density, ρ, and the local viscosity, μ, are defined in terms of
the water volume fraction, α, formulated as Eqs. (4) and (5):

ρ=αρwater + (1 − α)ρair (4)

μ=αμwater + (1 − α)μair (5)

where α is zero for air, one for water and a mixture of the two for all
intermediate values. After obtaining the velocity field by solving Eqs. (1)
and (2) for the two-phase flow of air and water, the field of α is advanced
in time by following the transportation equation of Eq. (6) formulated by
Rusche (2003) as:

∂α
∂t +∇ • (uα)+∇ • (urα(1 − α))=0 (6)

Solving the original transportation equation of the VOF method
would lead to significant smearing of the interface. As discussed in
Berberović et al. (2009), Eq. (6) significantly reduces the smearing by
introducing an artificial compression term, which is the last term of the
left-hand side. The artificial compression term is only active in the vi-
cinity of the interface, i.e., 0 < α < 1, where its strength is governed by
the relative velocity, ur. To ensure the boundedness of α between 0 and 1
in solving the transportation equation of Eq. (6), a multi-dimensional
flux limited scheme (MULES) is used.

OpenFOAM® is based on finite volume (FV) discretization, which
applies conservation principles to a finite region in space known as
control volume. Table 1 summarizes the numerical schemes used in this

study for each term in the governing equation Eqs. (1), (2) and (6).
The six degrees of freedom motion for the floating platform is solved

using the rigid body dynamics solver in OpenFOAM, rigidBodyMotion.
The equations of motion are formulated based on the conservation of
linear and angular momentum:

∂vf

∂t =
Ff

mf
(7)

∂ωf

∂t = I− 1f •
(
Mf − ωf ×

(
If • ωf

))
(8)

where vf and ωf are the linear and angular velocity of the floater,
respectively.mf denotes the mass of the floater, and If denotes the tensor
of inertia of the floater. Ff and Mf represent total external forces and
moments acting on the floater, including fluid forces, mooring line
forces, and the gravitational force, and are given by:

Ff =

∫∫

Scell
(pn + τ) • dScell + FM + Fg (9)

Mf =

∫∫

Scell
rCS × (pn + τ) • dScell + rCM × FM + rCG × Fg (10)

In these expressions, the fluid forces are computed by integrating the
normal pressure, p and tangential shear stress, τ across all patches
enclosing the body. FM is the mooring line tensions calculated using
dynamic mooring line model described later in Section 2.4. Fg is the
gravitational force. rCS, rCM and rCG denote the distance vector of the
structural mass center to the cell surface center, the fairlead of mooring
line, and the center of gravity, respectively.

The coupling of floating body motion with free surface flow is ach-
ieved in a segregated manner with a PIMPLE loop, which is a combi-
nation of SIMPLE and PISO algorithms. Based on the linear and angular
accelerations evaluated from Eqs. (7) and (8), the displacement and
velocity of the floater is updated with the Newmark method at every
time step.

2.2. Computational domains

The dimension of computational domain follows the water tank size
in the experiment. The entire computational domains for the wave
excitation and dynamic response simulations are shown in Fig. 1(a) and
(b), respectively. The domain for the wave excitation simulations is set
at the model scale of 1:100 to be consistent with the water tank exper-
iment conducted in Section 3.1.1 for validation purposes. The domain
for the dynamic response simulations is also set up at the model scale of
1:100 to be consistent with the water tank experiment conducted by
Otori et al. (2023). A structured mesh is used for the discretization of the
whole computational domain. The grid size is 0.015 m with the
expanding factor from 1.0 to 1.06. To resolve the flow separation and
deformation of the free surface caused by the platform motion, the
castellated mesh refinement is applied in the region near the platform as
shown in Fig. 2, following the study in Otori et al. (2023).

The configuration of the floating platform model and the definition
of coordinates are depicted in Fig. 3. The main body of the floater is

Table 1
Numerical schemes used in this study.

Term Discretization

Time scheme Euler, First-order implicit
Gradient scheme Second-order central difference
Divergence ∇ • (ρu)uT First-order upwind

∇ • μ
(
∇u + (∇u)T

)
Second-order central difference

∇ • uα MUSCL, Second order TVD
∇ • urα(1 − α) Second-order central difference
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rectangular with a width of 0.45m in the X and Y directions and a draft
of 0.07 m. A moonpool with a width of 0.27 m is placed in the center of
the floater. Skirts with a width of 0.03 m and a thickness of 0.0035 m are
attached to the bottom of the floater. The coordinate origin is located at
the center of the floater (in the X and Y directions) and at the free surface

(in the Z direction), with X in the surge direction, Y in the sway direc-
tion, and Z in the heave direction. The measured center of gravity, COG,
is located at (0.00579, 0, 0.055) m. The measured radii of gyration are
0.208 m in the roll direction and 0.209 m in the pitch direction. Table 2
shows the main properties of the floater.

2.3. Boundary conditions

Boundary conditions are set up as shown in Table 3 for the compu-
tational domains depicted in Fig. 1. At the atmosphere boundary of α,
the Neumann condition is applied when the fluids flow out of the
domain, while the Dirichlet condition is applied when the fluid flows
into the domain. At the seabed and side walls, the slip condition is
imposed. A no-slip condition is applied to the floater.

The inlet and outlet boundaries employ the wave generating/
absorbing boundary conditions (GABC) developed by Borsboom and
Jacobsen (2021). Reddy and Viré (2022) indicated that the GABC
method offers advantages in reducing spatial and temporal wave height
decay and eliminating computational costs related to the relaxation
zone. The inlet and outlet boundaries absorb the waves outgoing from
the computational domain. The GABC method applies the
state-of-the-art Sommerfeld-type radiation condition at the open
boundaries. The original Sommerfeld condition for absorbing boundary
condition (ABC) is expressed as Eq. (11):

Fig. 1. Overview of the computational domain of numerical water tank. (a) Wave excitation simulation. (b) Dynamic response simulation.

Fig. 2. The Z-X plane view of the computational grid around the model.
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∂ϕ
∂t + c

∂ϕ
∂x = 0, x = 0, − h ≤ z ≤ 0 (11)

where c = ω/k gives the speed of wave propagation. ω is a cyclic fre-
quency and k is the wave number of the propagating waves. h is the
water depth. For simplicity, the right boundary is placed at x = 0. ϕ is
the two-dimensional velocity potential. The Sommerfeld condition of
Eq. (11) perfectly absorb waves at a single frequency, ω by tuning the
value of c. However, it does not perfectly absorb waves with different
frequencies, because they propagate at different speeds. To solve this
problem, Borsboom and Jacobsen (2021) proposed to use a
depth-varying coefficient c(z) =

̅̅̅̅̅
gh

√
a(z) instead of a constant value in

the Sommerfeld-type condition:

∂ϕ
∂t + c(z)

∂ϕ
∂x = 0, x = 0, − h ≤ z ≤ 0 (12)

where a(z) is determined by minimizing the reflection coefficient.

The inlet boundary also generates the incoming waves according to
the specified wave period, wave height, and water depth. For GABC,
wave generation condition is added to the ABC of Eq. (12). The gov-
erning equation is formulated as Eq. (13):

∂ϕ
∂t + c(z)

∂ϕ
∂x =

∂ϕgiv

∂t + c(z)
∂ϕgiv

∂x , x = 0, − h ≤ z ≤ 0 (13)

where ϕgiv is the velocity potential for the prescribed incident wave.

2.4. Modeling of mooring lines

The finite element model Moody developed by Palm et al. (2017) is
coupled with the body motion solver in OpenFOAM to predict accurately
the floater motion in the pitch direction in waves. It uses an hp-adaptive
discontinuous Galerkin method with the intent of predicting snap loads.
The high-order formulation makes engineering accuracy achievable
using only a few high order elements. External forces acting on the ca-
bles include the added mass and Froude-Krylov forces, the drag force,
the net force of gravity and buoyancy, and seabed contact forces. The
bending stiffness of the mooring line is neglected. The summed restraint
forces and moments are returned to solve the motion of the floater
described in Section 2.1. Readers are referred to the original references
for detailed descriptions of the model (Palm et al., 2017).

Numerical settings related to the mooring line model are listed in
Table 4. The number of spatial discretization of each mooring line is
chosen as 100. Reducing the number to 20 results changes the predicted
tension by less than 0.2 % in the static condition, but causes high-
frequency noise at the beginning of the calculation. This noise is not
observed when the number of elements is larger than 100. The equation
of motion of the mooring line is advanced in time with the third order

Fig. 3. Configuration of the 1:100 scale floater and the definition of coordinates (unit: m). (a) Top view of X-Y plane. (b) Side view of Z-X plane.

Table 2
Dimensions and hydrostatic properties of the 1:100 scale floater.

Element Symbol Dimension

Draft [m] D 0.07
Freeboard (Elevation of the tower base) [m] b 0.04
Width of the beam of main body [m] W 0.09
Width of the skirt extended from the main body [m] w 0.03
Thickness of skirt [m] τ 0.0035
Area of skirt in X-Y plane [m2] S 0.0576
Center of gravity (X, Y, Z) [m] COG (0.00579, 0,

0.055)
Radius of gyration in the roll direction [m] kXX 0.208
Radius of gyration in the pitch direction [m] kYY 0.209

Table 3
Description of the boundary conditions for volume fraction, hydrodynamic pressure and velocity.

Items α p* u

Atmosphere Neumann condition: ∂α/∂n = 0 when the fluid flows out
of domain.
Dirichlet condition: α = 0 when the fluid is flowing into
the domain

Dirichlet condition: p* = 0 Neumann condition: ∂u/∂n = 0,
Except for the tangential component which is set to
0 for inflow.

Seabed Slip Slip Slip
Side walls Slip Slip Slip
Inlet and outlet Neumann condition: ∂α/∂n = 0 Wave generating/absorbing boundary

conditions
Wave generating/absorbing boundary conditions

Structure of
floater

Neumann condition: ∂α/∂n = 0 Neumann condition: ∂p*/∂n = 0 No-slip wall
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explicit Runge Kutta scheme, with adaptive time step size determined by
a maximum Courant Friedrichs Lewy (CFL) number of 0.9. The time
stepping scheme and time step size of the CFD solver significantly in-
fluence the stability in coupling with MooDy. The Euler implicit method
is used for the time stepping scheme. Using the Crank-Nicolson method
results in high-frequency noise of the mooring line tension that diverges
over time as observed in Lee et al. (2021), even though the
Crank-Nicolson method provides higher-order accuracy compared to the
Euler implicit method. For the time step size, a fixed time step is used,
because adaptive time step for time step size results in high-frequency
noise in the mooring line tension, as reported in the study by Palm
et al. (2016). This numerical high-frequency noise occurs because the
Moody is modeled without the bending stiffness (Palm et al., 2016), and
causes an ill-posed problem (Triantafyllou and Howell, 1994) associated
with the negative prediction of tension near the touch-down point of
mooring line.

Based on the dynamic response water tank test described in Otori
et al. (2023), four mooring lines, i.e., ML1 to ML4, are attached to the
platform as shown in Fig. 4. The angles of mooring lines are 20◦ to the
X-axis, and the fairleads are located at X = − 0.265 m, Y = ± 0.0 m
and Z = 0.04 m for ML1 and ML2 and at X = 0.265 m, Y = ± 0.18 m
and Z = 0.04 m for ML3 and ML4. The length of each mooring line is
9.86 m. The studless chains are modeled as cylindrical elements with a
diameter of 4.9 mm, and the weight of 1.43 N/m in air and 1.25 N/m in
water. The added mass coefficient and drag coefficient of lines are set to
the same as in Otori et al. (2023).

The measured and predicted initial displacement of the floater and
the mooring line tension are summarized in Table 5 for the static
equilibrium test. Due to the cable for measuring the mooring line ten-
sion, the initial displacement of 1.1 deg in the pitch direction is observed
in the experiment. Instead of modeling the cable, the coordination of the
center of gravity of the floater is shifted to 5.8 mm in the X-direction to
reproduce the initial displacement. The length of ML1 and ML2 is
shortened by 2.9 mm (0.03 % of the total length) and that of ML3 and
ML4 is by 2.1 mm (0.02 % of the total length) to reproduce the measured
mooring line tension.

2.5. Validation of numerical water tank

2.5.1. Validation of the predicted wave excitation forces
To validate the numerical simulation, wave loads are measured at

the small towing tank of Akishima Laboratory (Akishima Laboratory,
2024) in this study. The configuration of the water tank is illustrated in
Fig. 5. The dimensions of the water tank are 100 m in length, 5.0 m in
width, and 2.65 m in depth, with a set water depth of 2.15 m. A
3-component force transducer, fixed to a 1:100 scale barge-type plat-
form model, measures the wave excitation forces and moments in the
surge, heave, and pitch directions. The incoming wave is measured at
the wave probe located upstream of the platform at X = − 4.51 m and
Y = 0.0 m. The incoming wave period Tw is set at a typical value of 1.2
s. Two different wave height conditions are set at H = 0.02 m and H =

0.04 m.
Numerical simulations are performed to predict the wave load on a

fixed barge-type platform. The computational domain for wave excita-
tion simulation described in Fig. 1 (a) is employed. The dimension of the
computational domain is illustrated in Fig. 6. The incoming waves are
generated at the GABC inlet and propagate in the positive X-direction.
The length between the outlet boundary and the platform model, length
b in Fig. 6, is set as 4.5 m, corresponding to two wavelengths. The length
from the platform model to the inlet boundary, length a in Fig. 6, is set to
6.0 m, which is longer than b, so that the computational domain includes
the wave probe position. The air phase depth c, the water phase depth d,
and the length of the computational domain in the Y-direction (i.e., the

Table 4
Numerical settings related to the mooring line model.

Items Modeling

Mooring line model Dynamic mooring line model MooDy (Palm et al., 2017)
Number of FEM elements per one mooring line 100
Time stepping schemes in MooDy Third-order explicit Runge-Kutta scheme
Time step size in MooDy Adaptive time step with maximum CFL number of 0.9
Time stepping schemes in CFD solver Euler implicit
Time step size in CFD solver Fixed time step

Fig. 4. Top view of the mooring system in the dynamic response experiment (unit: mm).

Table 5
The initial displacement of the floater and the mooring line tension in the static
equilibrium test.

Item Measurement Prediction Error

Surge − 0.0026 m − 0.0026 m 0 %
Heave 0 m 0 m 0 %
Pitch 1.1 deg 1.1 deg 0 %
Mooring line tension in ML1 3.78 N 3.76 N − 0.5 %
Mooring line tension in ML3 3.72 N 3.74 N +0.5 %
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distance between side walls in Fig. 1 (a)) are set as 0.5 m, 2.15 m and 5 m
respectively as same as the water tank experiment layout. The incoming
wave is evaluated at X = − 4.51 m and Y = 0.0 m, which corresponds
to the position of the wave probe in the experiment.

The incoming wave height at the wave probe, HProbe, and phase,
εProbe, are evaluated by assuming that the surface elevation at the wave
probe ηProbe represents a sinusoidal wave as in Eq. (14):

ηProbe =
HProbe

2
sin(ωt − kXProbe − εProbe) (14)

where ω denotes the wave frequency, and k is the wave number. XProbe is
the position of the wave probe in the X-direction of − 4.51m. The pre-
dicted incoming wave height at the wave probe, HProbe is compared with
the experimental values in Table 6. It is confirmed that the incoming
waves generated in the simulation are approximately the same height as
the experiment, with an error within 7.8%.

The predicted wave loads at H = 0.02 m and Tw = 1.2 sec are
compared with the measurements in Fig. 7. The predicted wave loads

Fig. 6. Layout of computational domain for the wave excitation simulation (unit: mm).

Table 6
Predicted wave height at the wave probe (X = -4.51m) in the experiment and
simulation.

Cases Exp. CFD Error

H =

0.02m
0.0156m 0.0144 m − 7.8 %

H =

0.04m
0.0314m 0.0300 m − 4.4 %

Fig. 7. Measured and predicted wave excitation forces (H = 0.02 m, Tw = 1.2 s).

Fig. 5. Top view of the wave excitation experiment (unit: mm).
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accurately match the measurements in the surge, heave, and pitch di-
rections, with amplitude errors within 10 % and phase errors within 7.4
deg. The amplitude errors can be mainly attributed to the 7.8% differ-
ence in incoming wave height, as shown in Table 6. The measured and
predicted wave excitation forces at H = 0.04 m are also listed in Table 7.
It is confirmed that the predicted wave loads are in good agreement with
experiment for different wave heights.

2.5.2. Validation of the predicted floater responses in free decay simulation
Free decay simulations are conducted and validated by comparing to

the water tank test conducted in Otori et al. (2023). The computational
domain for dynamic response simulation described in Fig. 1 (b) is

employed. The dimension of computational domain is illustrated in
Fig. 8. The length from the floater to the inlet and outlet boundaries,
denoted as a and b in Fig. 8, is set to a = b = 1.1 m, which is confirmed
to be sufficient to eliminate the influence on the predicted dynamic
response during simulations. The air phase depth, c, the water phase
depth, d, and the length of the computational domain in the Y-direction
(i.e., the distance between side walls in Fig. 1 (b)) are set as 0.5 m, 1.0 m
and 8.0 m respectively as same as the water tank test. The initial dis-
placements for the free decay simulations are set according to the water
tank tests, which are respectively − 0.087 m, − 0.029 m, and 5.4 deg in
the surge, heave, and pitch directions.

The time series of the predicted floater motion are validated by
comparing to the experiment by Otori et al. (2023) in Fig. 9. The time
axis is normalized by the natural periods obtained in experiments for
each direction: Tn1 = 3.50 s for surge, Tn3 = 0.86 s for heave, and Tn5 =

1.21 s for pitch. The displacement is normalized by the absolute initial
displacements in each direction. The predictions by numerical water
tank show excellent agreement with the experiment for the surge, heave,
and pitch directions. The prediction by numerical water tank also cap-
tures well the two-peak phenomena in the heave direction as a com-
posite of two oscillation periods around 0.72 s and 1.0 s, due to the
oscillation of water mass in the moonpool. The natural periods and
damping ratios are analyzed from the first twelve peaks of oscillation
and presented in Fig. 10. For the heave direction, the natural period and

Table 7
Measured and predicted wave excitation forces (H = 0.02 m, 0.04 m, Tw = 1.2 s).

Amplitude [N, Nm] Phase [deg]

H = 0.02 m H = 0.04 m H = 0.02 m H = 0.04 m

Exp. CFD (Error) Exp. CFD (Error) Exp. CFD (Error) Exp. CFD (Error)

Surge 4.77 4.50 (− 5.7%) 9.15 9.13 (− 0.2%) 292.0 291.8 (− 0.2 deg) 302.0 306.3 (+4.4deg)
Heave 7.38 6.67 (− 9.7%) 13.47 13.14 (− 2.5%) 344.9 348.2 (+3.3 deg) 342.7 350.1 (+7.4deg)
Pitch 0.313 0.282 (− 10.0%) 0.722 0.708 (− 2.0%) 246.5 247.2 (+0.7 deg) 234.0 240.6 (+6.4deg)

Fig. 8. Layout of computational domain for the dynamic response simulation.

Fig. 9. Measured and predicted time series of floater displacement in free decay in (a) surge, (b) heave, and (c) pitch directions.

Fig. 10. Measured and predicted (a) natural periods and (b) damping ratios.
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damping ratio are calculated from the initial displacement and the first
positive peak. The natural periods in the surge, heave, and pitch di-
rections match well with the experiments within 2.0 %. The damping
ratios match well with the experiments within 6.0 %. The numerical
water tank has demonstrated the accurate prediction of free decay
responses.

2.5.3. Validation of the predicted floater responses in regular waves
Regular wave simulations are conducted and validated by comparing

to the water tank test results described in Otori et al. (2023). The same
layout of computational domain described in Fig. 8 is employed. For
incoming wave conditions, eight wave period cases from 0.8 s to 2.0 s
are simulated to cover dominant wave periods in real sea states. The
designated wave height is set as 0.02 m, which corresponds to the
normal sea state. The measured wave heights in the experiments are
used as input wave heights for the numerical water tank, which are
within a range of − 6.1 % to +25 % of the design value.

The predicted mean displacements in the surge, heave, and pitch
directions for regular waves are compared with experimental results in
Fig. 11. The predictions by the numerical water tank demonstrate a
favorable agreement with the experimental results. Notably, the

numerical water tank’s prediction for surge mean displacement accu-
rately captures the gradual increase observed in shorter wave periods.
The predicted amplitude and phase are also compared with the experi-
mental results in Fig. 12. The predictions by the numerical water tank
show good agreement with the experimental results. In particular, the
prediction by the numerical water tank captures the surge amplitude
increasing for periods shorter than 1.3 s and the peak in pitch amplitude
at 1.3 s, which is attributed to accurate consideration of drag forces in
the surge and pitch directions.

3. Application of numerical water tank for dynamic response
analysis

In Section 3, the application of the numerical water tank on hydro-
dynamic force prediction for engineering model is presented. In Section
3.1, the reason of the overestimation for the normalized wave excitation
forces is investigated by wave excitation simulation using numerical
water tank. In Section 3.2, the horizontal drag coefficient at a long
oscillation period of 3.5 s in a model scale is investigated by forced
oscillation simulations using numerical water tank, and the conven-
tional drag coefficient model is extended. In Section 3.3, wave drift force

Fig. 11. The measured and predicted of mean floater displacements in regular waves (H = 0.02m) in (a) surge, (b) heave, and (c) pitch directions.

Fig. 12. The measured and predicted amplitude and phase RAO of the floater motions in regular waves (H = 0.02m). Amplitudes in (a) surge, (b) heave, and (c) pitch
directions. Phases in (d) surge, (e) heave, and (f) pitch directions.

H. Otori et al. Ocean Engineering 312 (2024) 118915 

9 



QTFs are evaluated by regular wave simulation using the numerical
water tank to improve the prediction accuracy comparing with New-
man’s approximation. In Section 3.4, the surge-pitch coupling terms of
drag force is investigated by forced oscillation simulation using nu-
merical water tank. A new engineering model analysis procedure is
proposed considering the surge-pitch coupling terms of drag force.

3.1. Prediction of the normalized wave excitation forces

In engineering model, normalized linear wave excitation forces need
to be considered as one of the hydrodynamic forces. However, the
normalized wave excitation forces evaluated for small wave height do
not match those predicted by potential theory in the experiment. To
investigate its reason, the wave excitation force predicted in Section
2.5.1 for small wave height case (H = 0.02 m,Tw = 1.2s) is normalized
by the incoming wave amplitude and compared to the prediction by
potential theory calculated by Ansys Aqwa (ANSYS Inc, 2019). The
normalized amplitude, f and phase, εf are calculated as Eqs. (15) and

(16), using the amplitude, f and the phase, εf of the harmonic compo-
nent of the predicted wave load, f sin

(
ωt − εf

)
:

f =
f

HProbe/2
(15)

εf = εf − εProbe (16)

Fig. 13 and Table 8 show the predicted normalized wave excitation
forces by potential theory and CFD. The predicted normalized ampli-
tudes are larger than those predicted by potential theory by 51.4 % for
surge, 41.8 % for heave, and 54.6 % for pitch directions.

The distribution of the free surface elevation is visualized in Fig. 14
by conducting the simulations with and without the floater. In simula-
tions with the floater, it is observed that interference fringes are
generated from the interference between the incident wave and its re-
flected counterpart from the floater, while an undistributed regular
wave field is observed in simulations without the floater. Fig. 15 com-
pares the wave height at the probe location during simulations with and

Fig. 13. The predicted normalized wave excitation forces by potential theory and CFD (H = 0.02 m,Tw = 1.2 sec).

Table 8
Normalized wave excitation forces at H = 0.02 m and Tw = 1.2 s predicted by potential theory and CFD for different wave amplitudes.

Amplitude [N/m, Nm/m] Phase [deg]

Potential theory CFD, w/floater (Error) CFD, w/o floater (Error) Potential theory CFD, w/floater (Error) CFD, w/o floater (Error)

Surge 413.0 625.3 (+51.4 %) 449.5 (+8.8 %) 272.0 291.8 (+19.8 deg) 274.4 (+2.4 deg)
Heave 653.0 926.2 (+41.8 %) 665.8 (+2.0 %) 344.4 348.2 (+3.8 deg) 330.8 (− 13.6 deg)
Pitch 25.3 39.1 (+54.5 %) 28.1 (+11.1%) 272.0 247.2 (− 24.8 deg) 229.8 (− 42.2 deg)

Fig. 14. Visualization of the free surface elevation (H = 0.02 m,Tw = 1.2 sec). (a) Simulation with the floater. (b) Simulation without the floater.
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without the floater. The wave height from simulations with the floater is
found to be smaller by 28% for H = 0.02 m compared to those without
the floater because the wave probe is located at the trough in the
interference fringe as marked with pin in Fig. 14. It is clarified that the
wave probe location causes the overestimation of the normalized wave
excitation force in the experiment.

This indicates that the incoming wave needs to be simulated without
the floater. The wave excitation force is normalized by the incoming
wave without floater as shown in Fig. 13. The prediction error, f of CFD
from potential theory forH = 0.02 m improves significantly from 51.4 %
to 8.8 % for surge, from 41.8% to 1.9 % for heave, and from 54.6 % to
11.1 % for pitch, compared to the conventional method normalized by
the input wave simulated with the floater. The remaining error comes
from the drag force effect since the potential theory assumes the infin-
itesimal wave height.

3.2. Prediction of the horizontal drag coefficient

In engineering model, the drag coefficient needs to be considered in
Morison equations. Otori et al. (2023) proposed the horizontal drag
coefficient model for the barge-type floater using the predictions by
forced-oscillation simulations in the range of wave period from 0.5 s to
2.0 s in 1/100 model scale, which was covered in water tank test.
However, with the proposed drag coefficient model, an underestimation
of the damping ratio in the surge free decay response has been reported
as shown in Fig. 17. In this study, numerical forced oscillation simula-
tions in the surge direction are newly performed at the surge natural
period of 3.5 s, which is not able to be performed by the water tank test.
Four different amplitudes of 0.005 m, 0.01 m, 0.02 m, and 0.05 m are
conducted applying the numerical setups used in Otori et al. (2023). The
predicted drag coefficients with different KC numbers are plotted for
various oscillation periods in Fig. 16. As the oscillation period increases
to the surge natural period of 3.5 s, the KC dependency becomes weaker,
and the drag coefficient is almost constant for different KC number.
Dashed line in Fig. 16 shows the conventional drag coefficient model. It
is found that the conventional model of Otori et al. (2023) un-
derestimates the horizontal drag coefficient at 3.5 s predicted by CFD as
shown by dashed line in Fig. 16.

Based on the numerically predicted drag coefficient, the conven-
tional model is extended by introducing the non-dimensional parame-
ters, ξ1 and γ1 as functions of the oscillation period, T, as shown in Eq.
(17):

Cd11 = Cd11,ref

{
− 0.45(γ1KC1 + 1)0.33

+ 1.93
}

ξ1

γ1 = 3.8 × 10− 9β2

ξ1 = 1.4 × 10− 9β2 + 1.6

KC1 =
2πa1

R
, β =

R2

νT

(17)

where Cd11,ref is the reference drag coefficient with an amplitude of 0.02
m and an oscillation period of 3.5 s (i.e., the natural period in the surge
direction). KC1 is the KC number in the surge direction. β is the
normalized frequency. R = 0.255 m is the representative length of
floater, employing the half length of skirt. ν is the dynamic viscosity of
water. The proposed model aligns well with the numerically predicted
drag coefficients for different oscillation periods and KC numbers,
improving the underestimation of conventional model at T = 3.5 sec.

A surge free decay simulation is conducted using engineering model
with the proposed horizontal drag coefficient model. The configuration
of the engineering model follows Otori et al. (2023). The initial
displacement of a1 = 0.087 m is used as the reference amplitude, and the

Fig. 15. Wave height at the wave probe measured and predicted in cases with
and without the floater.

Fig. 16. Horizontal drag coefficients predicted by the numerical simulation,
the conventional model and the proposed model.

Fig. 17. The time series of surge free decay response measured and predicted
using conventional and proposed horizontal drag coefficient models.
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surge natural period of T = 3.5 sec is used as the reference period for the
normalization. Cd11 is evaluated as 3.0 by the proposed model, while 1.4
by the conventional model. The predicted time series of surge free decay
response is shown in Fig. 17. The prediction by the proposed model
improves the agreement with the experiment compared to those by the
conventional model.

3.3. Prediction of the wave drift QTF

To evaluate wave drift force QTFs without the use of costly water
tank experiments, conventional models (e.g. Otori et al., 2023) have
employed Newman’s approximation based on the potential theory
calculated by Ansys Aqwa (ANSYS Inc, 2019). The surge mean
displacement predicted with the conventional model is shown in Fig. 18
(b). The conventional model overestimates the measurement by 126 %
at the heave natural period of 1.0 s and underestimates the measure-
ments at 1.2 s and 1.3 s.

To improve the prediction accuracy of the wave drift responses, the
wave drift QTF is evaluated from the regular wave simulations of the
numerical water tank. In this study, the wave drift QTF is evaluated as a
mean component of hydrodynamic force on the floater in the surge di-
rection. To evaluate the wave drift force without the nonlinear effect of
mooring lines, linear springs are used to restrain floaters in studies such
as Ikoma et al. (2021) and Seo et al. (2021). This study confirms that the
catenary mooring system shows linear stiffness at 6.1 N/m in the surge
direction, with less than 1 % variation across the surge displacements
from − 0.025 m to +0.025 m, which prevents surge drift force from
being affected by the nonlinear response of mooring lines. For the
validation, the wave drift QTF is also evaluated from the regular wave
test of the water tank test.

The wave drift QTF obtained from the numerical regular wave
simulation is compared to that evaluated from experiments and poten-
tial theory in Fig. 18 (a). The QTF obtained from the numerical water
tank shows good agreement with the experimental results. Near the
heave natural period of 1.0 s, the potential theory shows much larger
value of wave drift QTF than that of experiment and the numerical water
tank test, primarily because it neglects viscous damping on the heave
motion (Molin and Lacaze, 2016; Tan et al., 2021). On the other hand,
the QTF obtained from the numerical water tank at 1.0 s is 63 % lower
than that from the potential theory. Furthermore, the numerical water
tank results indicate larger values of the wave drift QTF at 1.2 s, where
potential theory evaluates it to be zero.

Using the wave drift QTF obtained from numerical water tank, the
dynamic analysis of floater in regular wave is conducted. The predicted
surge mean displacement is presented in Fig. 18(b) and compared to the

predictions using potential theory. The overestimation at the heave
natural period of 1.0 s is improved and it is confirmed that evaluating
wave drift QTF using the numerical water tank improves the prediction
accuracy of the surge mean displacement in the engineering model.

3.4. Prediction of the surge-pitch coupling term of drag force

The surge amplitude predicted by engineering model underestimated
the measurements less than 1.3 s of wave period as shown in Fig. 22
(Otori et al., 2023). To investigate this underestimation, the surge-pitch
coupling term of drag force is investigated in this study. 6x6 global
matrix of drag coefficients [Cd] are presented as Eq. (18):

[Cd] =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Cd11 0 0 0 Cd15 0

0 Cd22 0 Cd24 0 0

0 0 Cd33 0 0 0

0 Cd42 0 Cd44 0 0

Cd51 0 0 0 Cd55 0

0 0 0 0 0 Cd66

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(18)

where the subscript 1, 2, 3, 4, 5 and 6, representing the direction of
surge, sway, heave, roll, pitch, and yaw directions.

The global matrix is evaluated using numerical water tank. Cd11 and
Cd51 are evaluated through the surge forced oscillation, Cd33 through the
heave forced oscillation, and Cd55 and Cd15 through the pitch forced
oscillation simulations. This study considers a symmetric motion in the
Y-direction, so Cd22, Cd44, Cd24, Cd42, and Cd66, are not discussed in detail.
Due to the symmetricity of the model, Cd22, Cd44, Cd24, and Cd42 are
regarded equal to Cd11, Cd55, − Cd15, and − Cd51, respectively. Cd66 is not
evaluated by the yaw forced oscillation simulations because it is out of
scope in this study. The global drag matrix evaluated from the numerical
forced oscillation simulations

[
Cd,CFD

]
at T = 1.2 sec, a1 = 0.01 m, a3 =

0.01 m, a5 = 3 deg is evaluated as:

[
Cd,CFD

]
=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

7.25 0 0 0 − 11.12 0

0 (7.25) 0 (11.12) 0 0

0 0 21.82 0 0 0

0 (6.36) 0 (17.86) 0 0

− 6.36 0 0 0 17.86 0

0 0 0 0 0 (Cd66)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(19)

where the drag coefficients are obtained from drag force FD11, FD33, and
FD15 and drag moment MD55 and MD51 in each direction as:

Fig. 18. Comparison of the results obtained from measurements, the QTF evaluated from potential theory, and the QTF evaluated from the numerical wave tank. (a)
Surge wave drift QTF predicted by the potential theory and numerical water tank. (b) Mean surge displacement predicted by engineering model with wave drift QTF
predicted by potential theory and numerical water tank.
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and the off-diagonal components as:

Cd15 =
FD15

−
1
2

ρwCd15 AR2|θ̇|θ̇
,Cd51 =

MD51

−
1
2

ρwCd51 AR|ẋ|ẋ
(21)

The global matrix of drag coefficients in the engineering model
[
Cd,eng

]
conventionally evaluated from the distributed horizontal and

vertical drag coefficients on Morison elements Otori et al. (2023) is
obtained as Eq. (22):

[
Cd,eng

]
=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

7.32 0 0 0 − 1.35 0

0 7.32 0 1.35 0 0

0 0 22.82 0 0 0

0 2.83 0 16.80 0 0

− 2.83 0 0 0 16.80 0

0 0 0 0 0 2.42

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(22)

where each component can be derived following the formulation by
Ishihara and Zhang (2019) with modification of the pitch drag coeffi-
cient Cd55 definition based on OrcaFlex (Orcina, 2020) as:

Cd11 =
1
Ax

∑N
Corner
w

i=1
Cd

n
i A

n
i ; Cd33 =

1
Az

∑N
Skirt
w

i=1
Cd

t
iA

t
i ;

Cd55 =
1

AxR3

∑N
Corner
w

i=1
Cd

n
i A

n
i |zCOR − zi|3

+
1

Az R3

∑NSkirt,Front/Rear
w

i=1
Cd

t
iA

t
ix

2
i

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

x2
i + (zCOR − zi)2

√

+
1

Az R3

∑NSkirt,Sides
w

i=1
Cd

t
iA

t
i |xi|

3;

Cd15 = −
1

AxR2

∑N
Corner
w

i=1
Cd

n
i A

n
i (zCOR − zi)2; Cd51 = −

1
AxR

∑N
Corner
w

i=1
Cd

n
i A

n
i (zCOR − zi)

(23)

Cd
n
i is the horizontal drag coefficient at the corner of the main body

evaluated from the proposed hydrodynamic coefficient model of Eq.
(17). Cd

t
i is the vertical drag coefficients at the skirt evaluated from the

model proposed by Otori et al. (2023). NCorner
w is the number of elements

in water at the corner of the main body representing the horizontal drag
force. NSkirt,Front/Rear

w and NSkirt,Sides
w are the number of elements of the

front/rear and side skirts, representing the vertical drag force. xi, yi, and
zi are the local coordinates for the element i in the distributed Morison
elements of Otori et al. (2023). zCOR is the center of rotation in the forced
oscillation. Ax and Az are the characteristic area of the floater in the
horizontal and vertical directions. An

i and At
i are the characteristic area

of element i for the horizontal and vertical directions, respectively.
Comparing Eq. (19) and Eq. (22),

[
Cd,eng

]
accurately predicts the

diagonal components with an error of less than 6 %. However, it
significantly underestimates the magnitude of the off-diagonal compo-
nents, with errors of 88 % for Cd15 and 56 % for Cd51. Fig. 19 illustrates
the difference between the prediction by CFD and conventional engi-
neering model method ΔCd15 and ΔCd51 across various oscillation pe-
riods. Here, ΔCd15 and ΔCd51 are defined as:

ΔCd15 = Cd15,CFD − Cd15,eng (24)

ΔCd51 = Cd51,CFD − Cd51,eng (25)

Both ΔCd15 and ΔCd51 shows a negative value, exhibiting a peak at the
1.0 s oscillation period.

To investigate the cause of the difference between the off-diagonal
components of drag forces predicted by CFD and those evaluated from
the horizontal and vertical drag coefficients, the dynamic pressure field
during the pitch forced oscillation (T = 1.2 sec; a5 = 5 deg) is visualized
in Fig. 20 (a). In the pitch motion, vortices are observed at the edge of
the skirts, which is the area enclosed by the dashed circle and is a
dominant contributor to Cd55 as indicated by Otori et al. (2023). It is
found that the resultant low-pressure wake also interacts with the main
body and creates a surge directional force; on the right side of the
platform, the low-pressure wake affects the platform’s side, while on the
left side, the vortices are released under the skirt and the wake does not

Fig. 19. Difference in surge-pitch coupling terms of drag coefficients: (a) ΔCd,15 and (b) ΔCd,51 predicted by CFD and those evaluated by distributed horizontal and
vertical drag coefficients.

Cd11 =
FD11

−
1
2

ρwA|ẋ|ẋ
,Cd33 =

FD33

−
1
2

ρwA|ż|ż
,Cd55 =

MD55

−
1
2

ρwAR3|θ̇|θ̇
,Cd66 =

MD66

−
1
2

ρwAR3|ψ̇ |ψ̇
(20)

H. Otori et al. Ocean Engineering 312 (2024) 118915 

13 



affect the platform’s side. This results in a pressure difference between
the platform’s left and right sides, causing a positive force in the surge
direction when θ̇ > 0, corresponding the negative value of ΔCd15. This
flow distribution is unique to barge-type floater and therefore this
coupling effect has not been included in the conventional formulation of
Eq. (23) for semi-submersible floater, where only the surge drag force
created by the flow normal to the corner of main body is considered for
Cd15. The dynamic pressure in the surge forced oscillation (T = 1.2 sec;
a1 = 0.02 m) is also visualized in Fig. 20 (b). As enclosed by the dashed
circle, vortices are observed at the edge of the skirt in the transverse
direction of platform motion. This creates a positive drag moment in the
pitch direction when ẋ > 0, corresponding the negative value of ΔCd51.
This coupling effect has also not been included in the conventional
formulation of Eq. (23), where only the surge drag force created by the
flow normal to the corner of main body is considered for Cd51.

To consider the influence of surge-pitch coupling terms on the dy-
namic response of barge-type floater, a new analysis procedure of en-
gineering model is proposed. The off-diagonal terms are corrected
according to the flowchart of dynamic analysis in Fig. 21. The surge and
pitch coupling term of drag forces, ΔFd15 and ΔMd51 are approximated
as:

ΔFd15 = −
1
2

ρwΔCd15 AR2|θ̇Conv|θ̇Conv (26)

ΔMd51 = −
1
2

ρwΔCd51 AR|ẋConv|ẋConv (27)

where, ẋConv and θ̇Conv are the surge velocity and pitch angular velocity
evaluated from the time series of relative velocities at the edge of the
front and rear skirts predicted by the conventional model as:

ẋConv =
1
2
(
ur,Front + ur,Rear

)
(28)

θ̇Conv =
1
2R

(
vr,Front − vr,Rear

)
(29)

Here, ur,Front and ur,Rear are the surge relative velocity at the edge of the
front and rear skirts, and vr,Front and vr,Rear are the heave relative velocity
at the front and rear skirts. ΔCd15 and ΔCd51 are obtained in Fig. 19,
corresponding to the oscillation period and amplitude. The reference
oscillation periods and amplitudes are evaluated from the oscillation
periods and amplitudes of ẋConv and θ̇Conv. The amplitude dependence of
ΔCd15 and ΔCd51 is linearly interpolated using the calculated values for
two different amplitudes shown in Fig. 19. A is the representative area,
defined as the area of skirts in X–Y plane of 0.0576 m2.

Dynamic analysis with consideration of surge-pitch coupling drag
term is then conducted by incorporating ΔFd15 and ΔMd51 into the
equation of motion in the surge and pitch directions. The predicted
RAOs by the proposed method are shown in Fig. 22. The prediction
accuracy of surge amplitude is significantly improved by considering
ΔFd15, indicating that ΔFd15 contributes to the increase of surge ampli-
tude for periods from 1.0 s to 1.3 s. The influence of considering ΔMd51
on the pitch motion is relatively small, but the underestimation by the
conventional model at T = 1.3 sec, close to the pitch natural period, is
slightly improved. Considering the high accurate prediction by numer-
ical water tank as shown in Fig. 12 (c), the prediction accuracy of the
pitch amplitude near the natural period in engineering model needs to
be further investigated in the future.

4. Conclusions

In this study, an applicability of numerical water tank for the dy-
namic response analysis of the barge-type floating platform is investi-
gated. The conclusions are obtained as follows.

1. A numerical water tank is developed coupling with dynamic mooring
model for barge-type floater. Wave excitation forces, free decay re-
sponses, and dynamic responses in regular waves predicted by nu-
merical water tank show good agreement with experimental results.

2. It is clarified that the cause of the overestimation in measured
normalized wave excitation force relative to that predicted by po-
tential theory is the underestimation of the input wave height due to
the interference of the reflected wave from the floater in the water
tank test. By evaluating incoming waves without the platform
simulated by numerical water tank, the normalized wave excitation
forces show good agreement with those predicted by the potential
theory.

Fig. 20. Visualization of low-pressure wake at the skirt in the dynamic pressure field at maximum floater velocity. (a) Pitch oscillation (T = 1.2 sec; a5 = 5 deg). (b)
Surge oscillation (T = 1.2 sec; a1 = 0.02 m). Z-X plane cross section at the center.

Fig. 21. Flowchart of predicting the floater motion using proposed correction
method of off-diagonal terms.
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3. A new drag coefficient model for the surge direction is proposed
based on the drag coefficient obtained from numerical forced oscil-
lation simulations at the surge natural period. By evaluating the
horizontal drag coefficient from the proposed drag coefficient model,
the prediction accuracy of engineering model is improved for the
surge free decay motion.

4. The wave drift QTFs predicted by numerical water tank show good
agreement with measurements compared to those predicted by po-
tential theory, especially at the heave natural periods. The surge drift
motion predicted by engineering model with the wave drift QTF
predicted by numerical water tank show good agreement with
measurements.

5. The surge-pitch coupling terms of drag force predicted by numerical
water tank show the differences from those evaluated by distributed
horizontal and vertical drag force on Morison elements due to the
flow separation generated at thin skirt. The new engineering model
analysis procedure is proposed to correct the surge-pitch coupling
terms of drag force. The surge floater response predicted by the
proposed engineering model shows good agreement with the
measurements.
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