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ARTICLE INFO ABSTRACT

Handling Editor: Prof. A.L Incecik The hydrodynamic coefficients are evaluated by fully nonlinear Navier-Stokes forced oscillation simulations

using the volume of fluid method. Richardson extrapolation is employed to obtain the grid-independent solution.

Keywords: The predicted hydrodynamic coefficients are validated by the water tank tests. The applicability of the drag
Barge;type platform coefficient models as the function of Keulegan-Carpenter numbers in the surge and heave directions are inves-
Drag force

tigated for the barge-type floater by comparing with the numerically predicted drag coefficients. The dynamic
response analyses are then conducted using the engineering model with the validated drag coefficient models.
The predicted mean values of surge and mooring tension without considering drag forces underestimate the
measurements in the high wave height condition, where those with considering drag forces show good agree-
ment, which is analytically explained by the mean drag force being inversely proportional to the square of wave
period and proportional to the cube of wave height. Dynamic responses of floater predicted without considering
drag forces caused overestimation at the natural frequencies in the heave and pitch directions, while those

Computational fluid dynamics
Richardson extrapolation
Dynamic analysis

considering drag forces show good agreement with the measurements.

1. Introduction

Floating offshore wind turbines (FOWTs) are a promising technology
for capturing the vast potential offshore wind energy in deep water.
Many demonstration projects have been conducted around the world
with semi-submersible type and spar type floaters (Hywind Demo, 2009;
WindFloat 1, 2009; Fukushima FORWARD, ). Barge type floater con-
sisting of simple square panels has been introduced aiming at lowering
cost. In 2018, a 2 MW barge-type FOWT was installed in the FLOATGEN
project in France (FLOATGEN) and also a 3 MW one in Japan (NEDO
Demonstration Project of Next-Generation Offshore Floating Wind
Turbine). However, a challenge is that the barge type floaters have
larger pitch motions compared to spar and semi-submersible type
floaters. The natural period of the barge type floater in the pitch direc-
tion is around 12 s, which coincides with the dominant wave periods,
while those of spar-type and semi-submersible type floaters are 36 s and
22 s respectively. (Jonkman, 2007; Kikuchi and Ishihara, 2020). Skirts
are used at the platforms in the demonstration projects (FLOATGEN;
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NEDO Demonstration Project of Next-Generation Offshore Floating
Wind Turbine) to suppress the dynamic responses of floaters, which
generate strong nonlinear hydrodynamic forces.

Numerical modeling techniques for floating offshore wind turbine
system is 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, which is based on equation of motion employing
potential-flow theory and Morison’s equation. High-fidelity models such
as computational fluid dynamic (CFD) is used for detailed investigations
of local flow phenomena. In the most comprehensive benchmark study
to date named the Offshore Code Comparison Collaboration projects, a
three-way validation was conducted between engineering and
high-fidelity model and water tank test measurement for
semi-submersible type floaters (Benitz et al., 2014). In this paper, the
engineering model is applied for dynamic analysis of barge-type floater.

The prediction of hydrodynamic forces is critical for the accurate
prediction of the dynamic responses of floating platforms using
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engineering model. Generally, the linear hydrodynamic forces are
evaluated by the potential theory, and the nonlinear hydrodynamic
forces are identified from water tank tests. Recently, CFD have been
employed to evaluate the nonlinear hydrodynamic forces. Zhang and
Ishihara (2018, 2020) employed Large Eddy Simulation (LES) turbu-
lence model with volume of fluid (VOF) method to investigate the hy-
drodynamic coefficients of multiple heave plates. By using LES, the
coherent structures are captured and accuracy is improved, but the
subgrid-scale vortices are modeled. Pinguet et al. (2022) predicted the
hydrodynamic forces of a thin skirt with a thickness of 1 mm at the
bottom of a cylinder by CFD with laminar model in the heave direction.
The predicted hydrodynamic forces agreed well with the experiment. He
mentioned that a laminar flow assumption could be considered for the
boundary layer of the floater when computing the force on the skirt
because the generated vortices are large and occur at the edge of the
skirt. CFD with fine grids can capture the small vortices well, but the
calculation time increases. In order to avoid this, recently, Pan and
Ishihara (2019) presented the numerical prediction of hydrodynamic
coefficients for a semi-submersible platform using Richardson extrapo-
lation. Numerical errors in the predicted hydrodynamic coefficients by
three different grid sizes were systematically studied, the grid inde-
pendent hydrodynamic coefficients were obtained by Richardson
extrapolation, and the extrapolated predictions were validated by the
water tank tests. However, the nonlinear hydrodynamic forces of a barge
type platform have never been investigated by CFD.

It is well known that nonlinear hydrodynamic coefficients depend on
Keulegan-Carpenter (KC) numbers (Graham, 1980). Recently, Gu et al.
(2018) investigate the drag, added mass, and radiation damping of cy-
lindrical bodies by CFD for different KC numbers. However, evaluating
various hydrodynamic coefficients with different KC numbers needs a
high computational cost. Nonlinear hydrodynamic coefficient models
are useful, which enable to perform accurate dynamic analysis without
high-cost experiments or CFD. Ishihara and Liu (2020) proposed the
nonlinear hydrodynamic coefficient model as the function of Reynolds
numbers and KC numbers for each component of a semi-submersible
platform in the surge and heave directions. The distributed hydrody-
namic coefficients in surge and heave directions were integrated to
obtain the global coefficient matrix and used for dynamic response
analysis of platforms based on the formulas proposed by Ishihara and
Zhang (2019). However, the applicability of the hydrodynamic coeffi-
cient model on a barge type floater has never been investigated. The
hydrodynamic coefficient models need to be validated by comparing
with the drag coefficients predicted by CFD for a barge type floater. It
also needs to be confirmed whether the drag force in the pitch direction
is accurately predicted by the distributed hydrodynamic force in the
heave direction or not, since the prediction accuracy of the floater mo-
tion in the pitch direction is important for a barge-type floater.

The mean displacement of floater motion has a significant effect on
the fatigue lifetime of mooring lines. The offshore oil and gas industry
has demonstrated the importance of second-order hydrodynamics,
which is solved either directly or with Newman’s approximation
(Newman, 1974). Bayati et al. (2014) and Pham and Shin (2020)
investigated the effects of second-order hydrodynamics on a
semi-submersible type floating offshore wind turbine system. The
second-order difference-frequency loads improved the prediction accu-
racy of the drift force for the semi-submersible floaters. Meanwhile, Dev
(1996) clarified that the viscous drift force is generated at the splash
zone of a wave, where the platform experiences the submerged state at
the wave crest and the emerged state at the wave trough, and this force is
proportional to the cubic of the wave height. This indicates that the
viscous drift force has an impact in the high wave height conditions.
Stansberg et al. (2015) reviewed the low-frequency drift force modeling.
The full-scale measurement data on the drilling rig of a
semi-submersible type platform in the surge direction indicated that
Newman’s approximation underestimated the measured drift force,
which may have caused the two mooring line accidents in
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semi-submersible platforms in the oil and gas industry. An empirical
adjustment was made on the drift coefficients, especially for the longer
wave periods in order to take into account possible contributions from
the nonlinear viscous effects and current interactions. However, the
influences of the low-frequency drift force due to the nonlinear drag
force on the mean floater displacement and mooring tension are not
clear yet for the barge-type floater for floating offshore wind turbine
systems.

The prediction accuracy of floater motion and mooring tension for
semi-submersible type platforms has been improved for the decade.
Robertson et al. (2014) compared various existing codes of the engi-
neering model of floating offshore wind turbine systems and pointed out
that the prediction accuracy in the pitch direction was improved in the
case considering drag force for each element since the effect of
off-diagonal terms was included. Ishihara and Zhang (2019) predicted
the floater displacement and mooring tension with the proposed
correction factors for added mass and drag coefficients used in the
augmented Morison’s equation. The predicted floater motions and
mooring tensions showed good agreement with the measurements. Liu
and Ishihara predicted the floater motions in the different wave heights
using the proposed hydrodynamic coefficient models considering KC
numbers. The predicted floater motions showed good agreement with
measurements in both low and high wave height conditions. For
barge-type platforms, Kosasih et al. (2019) conducted a comprehensive
dynamic analysis using the identified nonlinear drag coefficients from
the water tank tests in the regular wave. The predicted surge and heave
motions showed good agreement with the measurement, but the pre-
dicted pitch motion is overestimated in both low and high wave height
conditions. This indicates that the prediction accuracy of dynamic
analysis for the barge-type platforms needs to be improved.

In this study, hydrodynamic forces are predicted by CFD, and dy-
namic responses are investigated by engineering models for a barge-type
floater. The fully nonlinear Navier-Stokes/VOF numerical forced oscil-
lation simulations and dynamic analysis using engineering models are
described in Section 2. The numerical errors in the predicted hydrody-
namic coefficients predicted based on three levels of the grid size are
then systematically investigated and the grid-independent hydrody-
namic force is evaluated by applying Richardson extrapolation. The
applicability of hydrodynamic coefficient models proposed by Ishihara
and Liu is investigated for a barge type floater. The global hydrodynamic
force in the pitch direction is analytically predicted using the distributed
hydrodynamic forces in the heave direction. The effect of drag force on
the mean and dynamic response of floater motion and mooring tension
are investigated using the engineering model in low and high wave
height conditions, in which the validity of the proposed drag force
model is also confirmed. Finally, conclusions are given in Section 4.

2. Numerical models

Numerical forced oscillation simulations to evaluate hydrodynamic
coefficients are described in section 2.1. The engineering model for
dynamic analysis is described in Section 2.2.

2.1. Numerical forced oscillation simulation

Forced oscillation simulations are performed to predict the hydro-
dynamic coefficients of the barge-type platform. The fully nonlinear
Navier-Stokes numerical forced oscillation simulations are conducted
within the open-source CFD toolbox OpenFOAM® framework version
1606+ (Weller et al, 1998). The two-phase incompressible
Navier-Stokes equations in combination with the Volume of Fluid (VOF)
surface capturing scheme developed by Hirt and Nichols (1981) is
employed. The governing equations used in the Navier-Stokes/VOF
solver, for conservation of mass and momentum of an incompressible
flow of air and water are expressed as follows:
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where V = (dy,dy, d;) is the three-dimensional gradient operator, u =
(u1,uz,us) is the velocity field in Cartesian coordinates, g is the gravi-
tational acceleration, x = (x,Y, 2) is the Cartesian coordinate vector, and
f»i is the surface tension. p* is the hydrodynamic pressure, which relates
to the total pressure p as below:

P =p-—plgex) 3)

The local density p, and the viscosity u, are defined in terms of the
water volume fraction a, formulated as follows:

P=0P, ey + (1 — )P, 4
H= 0 + (1 — @)ty )

where a is zero for air, one for water and a linear variation for inter-
mediate values. After obtaining the velocity field by solving Egs. (1) and
(2) for the two-phase flow of air and water, the field of @ is calculated
and advanced in time following the transportation equation of Eq. (6)
formulated by Rusche (2003) once the velocity is updated.

da

atJrVouotJrVou,oz(l—0:):0 (6)

Solving the original transportation equation of VOF method would
lead to significant smearing of the interface. This is significantly reduced
in the formulation by Rusche (2003) by the introduction of an artificial
compression term as discussed in Berberovic et al. (2009); which is the
last term of the left-hand side in Eq. (4). The interface compression term
is only active in the vicinity of the interface, i.e. 0 < a < 1, where its
strength is governed by the relative velocity, u,. To ensure the bound-
edness of a between 0 and 1 in solving the transportation equation in Eq.
(6), a multi-dimensional flux limited scheme known as Multidimen-
sional Universal Limited for Explicit Solution (MULES) is used.

The finite volume method is used for discretization, which is based
on the application of the conservation principles applied to a finite
volume in space known as control volume. For the temporal dis-
cretization, i.e., to determine the time step of the numerical simulation,
the Courant-Friedrichs-Lewy condition is used. Throughout the present
research, a Courant number equal to 0.25 is applied. Table 1 summarizes
the numerical schemes used in this research for each term in the gov-
erning equation Eq. (1), (2) and (6).

Boundary conditions are set basically according to Pan and Ishihara
(2019), and are summarized in Table 2. At the atmosphere boundary of
a, the Neumann condition is applied when the fluid flows out of the
domain and the Dirichlet condition is applied when the fluid is flowing
into the domain. At the seabed boundary, a symmetry (slip) condition is
imposed, though the condition does not affect the solution since the
water depth is large enough to make the velocity near the seabed
negligible. At side walls, symmetry conditions are employed. In general,
the no-slip condition requires a finer grid near walls. However, since the
side walls are far away from the vibrating platform in this study, the
symmetric boundary is used to save computational time and ensure that
the velocity component normal to the wall is zero. No-slip condition is

Table 1
Numerical schemes used in this study.

Term Discretization

Time scheme
Spatial gradient scheme
Divergence

Euler, First-order implicit
Second-order central difference
First-order upwind

MUSCL, Second order TVD
Interface compression
Second-order central difference

Ve (pu)u”
Veua
Veua(l —a)
Veua(l —a)
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Table 2
Description of the boundary conditions for volume fraction, hydrodynamic
pressure, and velocity.

Items o p* u

Neumaan condition: d
p/on =0,

Except on the
tangential component
which is set to 0 for

Neumann condition: 9  Dirichlet

a/on = 0 when the condition: p =
fluid flows out of the 0

domain

Atmosphere

Dirichlet condition:

a = 0 when the fluid is inflow
flowing into the
domain
Seabed Neumann condition: ¢ ~ Neumann Symmetry
a/on =0 condition
Side walls Symmetry Symmetry Symmetry
Inlet and Neumann condition: ¢ ~ Neumann Neumann condition: d
outlet a/on =0 condition: dp/ u/on =0
on =0
Structure of Neumann condition: 9 ~ Neumann No-slip wall
platform a/on =0 condition: dp/
on =0

applied for the structure of the platform. The predicted viscous shear
force integrated over the platform is found to be less than 1% compared
to the pressure-derived direct force, and therefore it is considered that
the wave radiation and the vortex shedding are dominant to the hy-
drodynamics compared to the friction.

Reynolds number Re; for the forced oscillation test in the i direction is
defined as below:

(as0)7 (asRay)T

(@007 o, — Res = %)

Dy W Dy

Rel =

where i of 1, 3, and 5 corresponds to the direction of surge, heave, and
pitch. @; and wy = 27/Ty are the prescribed amplitude and angular fre-
quency of the oscillation. Ty is the oscillation period and v, is the ki-
nematic viscosity of water. The thickness of the skirt 7 is used as the
representative length because the skirt is dominant for the flow sepa-
ration in the forced oscillation in the heave and pitch directions, which is
later discussed in Section 3.1. For the pitch direction, the maximum
velocity of the front and rear skirts perpendicular to the skirt surface is
used as the representative velocity, by multiplying the half-length of the
skirt R on the angle amplitude. The Reynolds number in the simulation is
1374 at most, which indicates that the boundary layer remains laminar
(e.g., Jensen et al., 1989). It is thus considered that turbulence has a
minor effect on the platform loads and laminar model is used for
simulations.

The whole computational domain is shown in Fig. 1. The initial
conditions for the two-phase flow are set at a water phase depth of 1.0 m
and an air phase depth of 0.5 m. The length of the computational domain
in the X and Y directions is set as 24.4 m by following the previous paper
by Pan and Ishihara (2019), which is a sufficient length to prevent wave
propagation from returning to the platform. 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. In order to resolve
the flow separation and deformation of the free surface caused by the

R

Fig. 1. Computational domain.
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platform motion, the castellated mesh is applied in the region near the
platform.

The configuration of the 1:100 scale model for the 3 MW barge-type
platform and the definition of coordinates are depicted in Fig. 2. The
main body of the platform model is a cube with a width of 0.45 m 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 platform. Skirts with a width of 0.03
m and a thickness of 0.0035 m are attached to the bottom of the plat-
form. The coordinate origin is located at the center of the platform in the
X and Y directions and at the free surface in the Z direction. Table 3
shows the main properties of the floater. The center of rotation (CoR) of
the forced oscillation equipment in the pitch direction is at 0.0635 m
above the water level.

The model is forced to oscillate sinusoidally as shown in Eq. (8) in the
still water.

x(t) =a sin(w,t) (©))

x and a are the floater displacement and amplitude. To investigate
the dependence of the hydrodynamic coefficient on the oscillation
period, forced oscillation tests in the surge, heave, and pitch directions
are conducted for five periods ranging from 0.8 s to 2.0 s. The time series
of hydrodynamic force Fy(t) is obtained by subtracting the buoyancy
force F, and hydrostatic restoring force Fx(t) from the total fluid forces
Fr(t) as follows:

Fy(t)=Fr(t) — Fp — Fx(1) 9
F,= —p,8v (10)
Fx(t) = — Kgx(t) an

where p,, is the density of water, g is the gravitational acceleration, V is
the displaced volume of water at the mean position, and Ky is the hy-
drostatic stiffness. The hydrodynamic force and moment can be
decomposed into added mass A and damping N as presented by Eq. (12).

Fy(t) = — Ax(t) — Nx(1) 12)

The added mass and damping in the i direction, A; and N; are ob-
tained by the 1st harmonic components as shown in Eq. (13) and Eq.
(14).

o
i / Fuant (0)sin(@ot)dt a3
70,4 Jo
1 T,
Ny= —— F1(t)cos(mot)dt a4
a; Jo

where i is 1, 3 and 5, representing the direction of surge, heave and
pitch. The non-dimensional added mass coefficient C,; and damping

Side Skirt
_Main bo_dy: :
£ M e
vl j=
\ 0\ f Z
- (%2}
f X o
o (0] ©
= Ox &
I [
Side Skirt
> ~w=0.03
0.225 W =009

(a) Top view, X-Y plane

D =0.07
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Table 3
Dimensions and hydrostatic properties of the 1:100 scale barge type platform
model.

Element Unit Symbol  Dimension
Width of main body m w 0.09
Width of the skirt extended from the main body m w 0.03
Area of skirt in X-Y plane m? S 0.0576
Draft m D 0.07
Freeboard (Elevation of the tower base) m b 0.04
Center of rotation (CoR) above the water level m C 0.0635
Thickness of skirt m T 0.0035
Displaced volume of water m® v 0.00927
Hydrostatic stiffness in the heave direction N/m Ks3 1270
Hydrostatic stiffness in the pitch direction Nm/ Kss 19.5
rad

coefficient Cy; are used to evaluate the added mass and damping as
shown in Egs. (15) and (16).

Aq Az Ass
Ca = ) Ca = 3 Ca =5 15
1 bV 33 oV S = s (15)
Nu Ns3 Nss
Crtt = Oy = —B Oy = 16
N1 bV N33 bV, NS = (16)

where p,V is the mass of displaced volume and Iss is the moment of
inertia of the platform.

Nj; is a composition of the radiation damping N; proportional to the
velocity, and the drag force proportional to the square of velocity as
shown in Eq. (17). The drag force needs to be evaluated for dynamic
response analysis using engineering model described later in Eq. (28).
The radiation damping N,; is obtained from the potential theory by the
boundary element method.

1
Nix; = (Nrii +§Cdiipws|xi(f)\>xi(l) a7

where S is the representative area, which is the skirt area in X-Y plane as
illustrated in Fig. 2 (a) with gray stitched. The quadratic damping term
can be linearized as shown in Eq. (18) (Molin et al., 2007), and the drag
coefficients Cy; can be derived as Eq. (19).

8
| (1) 1%:(1) ~ Eaiwafi(f) (18)
Ni —N, N3 — Nya: Nss — Nis:
Can :H7 @33 = 433 2 Cuss = T > > e 19
3P SA1W, PS030, PSR asw,

where R is the representative length, which is defined as the half of skirt
length 0.255 m.
The oscillation periods and amplitudes are set as listed in Table 4 in

z

0
€ =00635 17\1)@R

=004} o | X
i S

1<

[0}
v = LY 7 = 0.0035
A

(b) Side view, Z-X plane

Fig. 2. Configuration of the 1:100 scale floater and the definition of coordinates (unit: m).
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Table 4
List of cases in the numerical forced oscillation simulations in the 1:100 scale.

Ocean Engineering 284 (2023) 115100

Direction Oscillation Period T [sec] Amplitude a [m, deg] KC number KC [-] Reynolds number Re [-]
Surge 0.8,1.0,1.2,1.5, 2.0 0.01, 0.02, 0.05 0.25, 0.49, 1.23 110< Re; <1374
Heave 0.8,1.0,1.2,1.5,2.0 0.01, 0.02, 0.03, 0.04 0.25, 0.49, 0.74, 0.99 110< Rep <1100

Pitch 0.8, 1.0, 1.2, 1.5, 2.0 0.5, 3, 5, 10 0.05, 0.33, 0.55, 1.10 24< Rey <1223

order to investigate the period and amplitude dependency of hydrody-
namic forces, covering dominant wave periods and wave heights in real
sea states. Five different oscillation periods are set to cover dominant
wave periods. Reynolds numbers calculated by Eq. (5) are described.
Three different amplitudes are set in the surge direction and four
different amplitudes are set in the heave and pitch directions in order to
clarify the dependency of hydrodynamic forces on the KC number. The
KC number in the surge, heave, and pitch directions are calculated by
Eq. (36), Eq. (37) and Eq. (41) as defined later in Section 3.1.

The systematic errors of the predicted hydrodynamic coefficients are
investigated using three different refinement levels of grid. An approx-
imate solution is obtained using the fine grid and the grid independent
solution is then estimated by Richardson extrapolation. The exact so-
lution ¢ is assumed as Eq. (20) expressed as the sum of the approximate
solution ¢, with a grid size of h and the corresponding discretization
error ;. When the grid is fine enough, ¢ is proportional to the main
term of the Taylor series, as expressed as Eq. (21). a is a derivative and is
independent of h, the exponent p is the order of the numerical scheme,
and H is the higher order term.

Q=@+ & (20)

e~al’ + H (21)

The exponent p and a can then be derived by the solutions on the
three grid levels as Egs. (22) and (23), where A means the ratio of grid
sizes and h; = Ah, = A%hs. In general, p is 1 when the first order scheme
is used for time discretization and the grid velocity is constant. However,
as pointed out by Pan and Ishihara (2019), p can be less than 1 when the
dynamic mesh with a variable grid velocity is used.

Py —Pn
log (22—"n.
g Dy —Pny

22
log A (22)

p=

Py — P,
_ 23
T 1) @)
The exact solution is obtained as Eq. (24) based on the solution O,
with the grid size of h;.

(phz - (ph]

w1 26)

Q=@ +
Three levels of grids are built to perform Richardson extrapolation as
shown in Fig. 3. The finest grid is used in the area at a distance of 27 from
the surface of the platform. The second finest grid is used for the boxed
area covering 0.045 m from the tip of the skirt, based on the visualiza-
tion of the vortices and the free surface deformation, which is discussed
later in Section 3.1. The number of cells is 4.9 million for the level 1 grid,
8.5 million for the level 2 grid, and 40.9 million for the level 3 grid.

2.2. Engineering modeling for dynamic analysis

The dynamic response of the motion and mooring tension are eval-
uated by OrcaFlex 11.2 d. The platform and tower are modeled as a
single point of mass with mooring restraints. The nonlinear equation of
motion for the platform point of mass is written as Eq. (27):

M{X} + C{&} + K{x} ={Fs} + {Fs} + {Fx} + {Fu} + {Fe} + {Fep}

+{Fu} @27
where {x}, {x}, and {x} are displacement of the platform in 6DoF and
their time derivatives; M, C, and K represent the mass, damping, and
stiffness matrix. {Fg}, {Fg}, {Fx}, {Fu}, {Fe}, {Fep}, and {Fy} denote the
gravitational, buoyancy, hydrostatic restoring, hydrodynamic, linear
wave excitation, 2nd order wave drift, and mooring restraint forces. The
hydrostatic restoring force {Fx} is obtained by Eq. (11). The hydrody-
namic forces {Fg} in the numerical model can be written as a sum of the
hydrodynamic inertia force {F,}, linear radiation damping force {F,},
and drag force {Fp} as shown in Eq. (28). Hydrodynamic inertia force
and linear radiation damping force relates with added mass A and ra-
diation damping N; as shown in Egs. (29) and (30). The 6DoF matrices of
A and N, are obtained from the potential-flow analysis, where the
commonly used boundary element method is used by the computer
program ANSYS AQWA. For the dynamic response simulations, the
frequency-dependent added mass and radiation damping in the time
domain is calculated by the Cummins equation. Drag force {Fp} is
calculated based on the member-level model, known as Morison element
as described in Section 2.3.

=g, +ah] +H 24)
Once p is identified, the discretization error on the second grid ¢, can {Fu} ={Fa}+{F} + {Fp} (28)
be derived as Eq. (25) using solutions of two different grid levels ¢, and Fle _Ali 29
@y, Finally, the exact solution is obtained as Eq. (26). {Fa} = — Al (29)
ey~ — so;zp* cr;h‘ (25) {F}=-Nix} (30)
The drag coefficient is implemented as Morison elements. In the
model, the drag force normal to each element f, with area dS is

(a) Level 1 (b) Level 2 (c) Level 3

Fig. 3. The Z-X plane view of the grid around the model for each refinement level.
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calculated by Eq. (31), where vx and v, are the velocity of the skirt and
its component normal to the skirt. C; is determined from the drag co-
efficient model proposed in Section 3.1.

1
fD :EprdVlen‘ ds (31)

The diffraction analysis of linear potential theory provides the 6DoF
vectors of linear wave excitation force {Fz} as the sum of the 1st order
Froude-Krylov and diffraction forces. {Fg} is represented by frequency-
dependent force amplitude per wave amplitude {fz,} and phase ¢, as a
summation of each wave component n as shown in Eq. (32).

The wave drift force {Fgp} in the surge direction is considered by
Newman’s approximation of the quadratic transfer function (QTF)
matrices calculated by the second-order potential theory using the wave
amplitude a, and the diagonal component of the QTF {Q,} for each
wave component as shown in Eq. (33).

N
{Fet = a{fen}sin(wpat — ¢g,,) (32
n=1
N
{Fep}=>_a{Qu} (33)
n=1

Mooring restraint force {Fy} is calculated by the finite element
model. The added mass coefficient and drag coefficient of mooring lines

in the normal direction .. C; and ... Cj are set as 1.0 and 1.2

respectively referring to Ishihara and Zhang (2019) that used the same
studless chains in the experiments shown later in Section 3.2. Morison’s
equation is used to evaluate the dynamic loading on each segment.

In free decay tests and simulations, the natural period and the
damping ratio in the surge and pitch directions are investigated by
sampling ten peaks of the displacement from the static equilibrium po-
sition ay1, ap2, ..., ap10, excluding the initial value a,o. The average
period from the 1st peak to the 10th peak is taken as the natural period,
and the average of damping ratio &, calculated by Eq. (34) is taken as the
damping ratio.

&= —log (u) 34
4n

a,,
3. Results and discussions

In Section 3.1, hydrodynamic coefficients for a barge-type platform
are numerically predicted by different grid refinement levels in the
surge, heave, and pitch directions. The influence of grid refinement is
systematically studied, and grid independent solution is obtained by
applying Richardson extrapolation. The applicability of the hydrody-
namic coefficient model on barge-type floater is investigated. In Section
3.2, dynamic analysis is conducted and the effect of drag force on the
mean floater displacement and mooring tension is investigated. In Sec-
tion 3.3, the effect of drag force on the dynamic response of floater
motion and mooring tension is investigated.
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3.1. Hydrodynamic force assessment by CFD simulation

Water tank tests for the forced oscillation are conducted with a 1:100
scale model for the barge type platform at the current water tank of
Mitsui Akishima Laboratory in order to measure hydrodynamic forces
for the validation of the predicted ones by CFD. The forced oscillation
tests are performed as Fig. 4. The length, width and depth of water tank
are 100 m, 5 m and 2.65 m respectively. The platform is attached to the
forced oscillation equipment. The forces and moment in surge, heave
and pitch directions are measured using a 3-component force transducer
installed on the forced oscillation equipment at 0.1885 m above the
water plane. The displacement is measured by the laser displacement
meter.

The experiment cases are listed in Table 5. In order to see the de-
pendency of wave periods, 5 oscillation periods from 0.8 to 2.0 s is
conducted with the amplitude of 0.05 m in surge, 0.04 m in heave and 5°
in pitch direction. In order to see the dependency of wave height, 0.02 m
in surge and heave directions and 3° in pitch direction is conducted with
1.2s.

Hydrodynamic forces are analyzed from the measured sinusoidal
forces using Egs. 8-19 and the added mass coefficient and damping
coefficient are obtained. The measured force includes the effect of the
oscillation equipment. The inertia and damping forces of the equipment
is separately measured by performing a forced oscillation test of the
equipment in the air for each oscillation period and amplitude. The fluid
force Fr in Eq. (9) is evaluated by subtracting the inertia of the platform
model and equipment F; and the damping force of the oscillating device
AFp, for each oscillation period and amplitude.

Fr(t) = F(1) — Fy(t) — AFp(1) (35)

Numerical forced oscillation simulations configured in Section 2.1
are conducted firstly with an oscillation period of 1.2 s and an amplitude
of 0.04 m conducted with the level 1, level 2, and level 3 grids. The time
history of hydrodynamic force in the heave direction measured and
simulated with level 2 grid is presented in Fig. 5.

The amplitude of hydrodynamic force Fy(t) is calculated as 31.78 N
inlevel 1 grid, 31.21 N in level 2 grid and 30.85 N in level 3. By using Eq.
(22), the parameter of Richardson extrapolation p is evaluated as 0.67.
For hydrodynamic forces of other periods and amplitudes in surge,
heave and pitch directions, p of 0.67 and the predicted hydrodynamic
forces with level 1 and level 2 grids are used in Eq. (26).

Figs. 6-8 show variation of the predicted added mass and damping
coefficients with the grid size in surge, heave and pitch directions

Table 5
List of cases in the forced oscillation experiment.

Period [s] Surge amplitude Heave amplitude Pitch amplitude as
a; [m] a3 [m] [deg]
0.8,1.0,1.2, 0.05 0.04 5
1.5,2.0
1.2 0.02 0.02 3

(a) Surge direction

(b) Heave direction

(c) Pitch direction

Fig. 4. Water tank tests for the forced oscillation.



H. Otori et al.
60
40
20
Z
™ 0
[se}
I
L
-20
-40
-60

o Exp.
Cal.-Level 2 grid

4.2

73 76 438 5
Time, t/T0 [-]

Fig. 5. Comparison of measured and predicted hydrodynamic forces in the
heave direction with Ty = 1.2 s and KC3 = 0.99.
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analyzed by Egs. (13) and (14). Table 6 shows the predicted added mass
and damping coefficients with different grid size and its error compared
to the experiments. The predicted added mass in the surge and pitch
direction and the predicted damping coefficients in the surge and heave
direction by the level 1 grid show good agreement with the measure-
ments and weak grid dependence. The added mass coefficient in the
heave direction predicted with the level 2 grid underestimates the
measurements with the error of —8.5%, but the added mass coefficient
predicted by Richardson extrapolation agreed well with the measure-
ments with the error of —3.3%. The damping coefficient in the pitch
direction predicted with the level 2 grid underestimates the measure-
ments with the error of —18.3%, but the damping coefficient predicted
by Richardson extrapolation shows good agreement with the measure-
ments with the error of —4.0%. As a result, Richardson extrapolation
improves the prediction accuracy for the added mass coefficient in the
heave direction and the damping coefficient in the pitch direction. The
accuracy of the forced oscillation is validated since the predicted hy-
drodynamic forces with Richardson extrapolation matches well with the
measured ones.

4 T T
O CFD
351 — — Extrapolation |
Exp.
3l P J
25 ~
=z
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z
)
15+ -
1L 4
0.5 ~
0 Il Il Il Il Il

Grid Level
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Fig. 6. Variation of the predicted hydrodynamic coefficients with the different grid size in the surge direction with Tp = 1.2 s and KC; = 1.23.
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Fig. 7. Variation of the predicted hydrodynamic coefficients with the different grid size in the heave direction with Ty = 1.2 s and KC3 = 0.99.
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Fig. 8. Variation of the predicted hydrodynamic coefficients with the different grid size in the pitch direction with To = 1.2 s and KCs = 0.55.
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Table 6
The predicted added mass and damping coefficients with different grid size and its error compared to experiment.
Exp. Level 1 (Error) Level 2 (Error) Extrapolation (Error)
Added mass coefficient in the surge direction Ca11 1.304 1.202 (-7.8%) 1.210 (-7.2%) 1.225 (-6.1%)
Damping coefficient in the surge direction Cn11 0.862 0.867 (0.6%) 0.866 (0.5%) 0.866 (0.5%)
Added mass coefficient in the heave direction Ca33 2.913 2.583 (-11.3%) 2.666 (-8.5%) 2.816 (-3.3%)
Damping coefficient in the heave direction Chss 2.036 1.976 (-2.9%) 1.997 (-1.9%) 2.049 (0.6%)
Added mass coefficient in the pitch direction Cass 1.480 1.445 (-2.4%) 1.474 (-0.4%) 1.523 (2.9%)
Damping coefficient in the pitch direction Cnss 1.598 1.171 (-26.7%) 1.306 (-18.3%) 1.534 (-4.0%)
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Fig. 9. The hydrodynamic coefficient predicted by the grid level 2 and Richardson extrapolation in the surge forced oscillation with KC = 1.23 for the five oscil-

lating periods.

Forced oscillation simulations in the surge direction are conducted.
The predicted added mass and damping coefficients are presented in
Fig. 9. Dash line shows the prediction with the level 2 grid and the solid
line represents the results obtained by Richardson extrapolation. The

P

o>
o

(a) Bird view of vorticity at Q-Criterion=20

N\

&

added mass and damping coefficients predicted by the level 2 grid and
Righardson extrapolation show good agreement with the measurements
for all oscillation periods within 7% error. Vorticity is visualized by the
Q-criterion as shown in Fig. 10 (a) and (b) in order to clarify the flow

Q-criterion

|: 1.000e+02

70

-2.000e+01

(b) Top view of vorticity (X-Y plane at the half draft)
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l 1.200e+02
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(c) Brid view of hydrodynamic pressure

Fig. 10. Contour of vorticity and hydrodynamic pressure in the forced oscillation simulation in the surge direction. (a; = 0.05 m, Top = 1.2 s, t = 4.5T¢, when

platform velocity is maximum in the negative direction).
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characteristic. It is observed that the flow separation occurs at the corner
of the main body, which is the area enclosed by the dashed circle. Fig. 10
(c) shows that the hydrodynamic pressure is significantly decreasing in
the wake of the corners of the main body, although the hydrodynamic
pressure on the negative X side of the floater is mostly positive due to
wave radiation. This result indicates that the horizontal drag coefficient
in the engineering model discussed in Section 3.3 needs to be distributed
at the corner of the main body.

Forced oscillation simulations in the heave direction are conducted.
The predicted added mass and damping coefficients are presented in
Fig. 11. The experiment value of 0.8 s is removed because it is consid-
ered inaccurate. The added mass coefficients predicted by the grid level
2 slightly underestimate the measurement data, while those predicted
by Richardson extrapolation agree well with measurements. The mean
error for all simulations performed was reduced from 7% to 2% by
Richardson extrapolation. The measured added mass in 1.5 s might have
an experimental error. The damping coefficients predicted by the grid
level 2 and Richardson extrapolation agree well with the measurements
in the oscillation periods of more than 1.2 s. In the oscillation periods
less than 1.0 s, the predictions overestimate the measurements, since it is
considered that the quipment attached on top of the platfrom model may
be interfering with the oscillation of the water surface in the moonpool.
Vorticity is visualized by Q-criterion as shown in Fig. 12 (a) and (b) in
order to clarify the flow characteristic. The flow separation occurs at the
tip of skirts, which is the area enclosed by the dashed circle. Fig. 12 (c)
shows that the hydrodynamic pressure is decreasing in the wake of the
skirt. This result indicates that the vertical damping coefficient needs to
be distributed at the skirt in the dynamic analysis discussed in Section
3.3.

Forced oscillation simulations in the pitch direction are conducted.
The predicted added mass and damping coefficients are presented in
Fig. 13. The added mass coefficients predicted by the grid level 2 and
Richardson extrapolation agree well with the measurements in all
oscillation periods within 5% error. The damping coefficients predicted
by grid level 2 underestimate the measurement data, while those pre-
dicted by Richardson extrapolation agree well with measurement. The
mean error for all simulations performed significantly decreases from
21% to 7% using Richardson extrapolation. Vorticity is visualized by the
Q-criterion as shown in Fig. 14 (a) and (b) in order to clarify the flow
characteristic. The flow separation occurs at the tip of the skirts, which is
the area enclosed by the dashed circle. The size of the vortex corre-
sponds to the amplitude of the oscillation, and it can be seen that the
closer to the center of rotation, the smaller the size of the vortex at the
skirt. Fig. 14 (c) shows that the hydrodynamic pressure decreases cor-
responding to the flow separation at the skirt.

The drag coefficients are evaluated by Eq. (19). The relationship
between the drag coefficient and KC number is investigated. KC number
is a nondimensional value calculated as the ratio of the oscillation
amplitude to the representative length of the floater. Here R is the half

05 4

0 L
06 08 1

L " L L L
12 14 16 18 2 22
To [s]

(a) Added mass coefficient C,33
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length of the skirt 0.255 m. The equation of KC numbers in the surge and
heave direction are summarized as follows:

Kcl :271'&]

(36)

37

The predicted drag coefficients with different KC numbers are
plotted in Fig. 15. The drag coefficient exhibits a decreasing trend as KC
number increases in both surge and heave directions. This relationship
has been reported in studies investigating sharp-edged bodies (Graham,
1980; Ishihara and Liu, 2020). In the surge direction, the drag coefficient
shows a weak decrease with increasing KC number. This is because the
drag force is primarily affected by the larger diameter main body. On the
other hand, in the heave direction, the drag coefficient shows a signif-
icant decrease with increasing KC numbers. This is because the drag
force is largely affected by the thinner skirt. Also, it is observed that the
drag coefficient in the surge direction decreases with longer periods,
whereas the drag coefficient in the heave direction generally did not
depend on the period.

The drag coefficient models of barge-type floater in the surge and
heave directions are proposed by Egs. (38) and (39), based on the drag
coefficient model proposed by Ishihara and Liu (2020) for square cyl-
inder components of semi-submersible floaters. Here the coefficients of
KC y; and 75 are introduced. These parameters are 1 in Ishihara and Liu
(2020), but they are identified as 2.83 for y; and 28.3 for 5 in this study.
The differences in y; and y5 are due to the difference in the dimension of
R in Egs. (36) and (37). The dimensionless parameter &, represents the
dependence on the wave period. In the surge direction, &, is fitted as a
function of the dimensionless period T. and Tg. is a reference period of
12s in full scale. Cg11 rer and Cyss rer are the drag coefficients in the surge
and heave directions for the cases with amplitude of 0.02 m as shown in
Table 4.

Cant = Carnrr { — 045(7, KC, + 1) +1.93}¢,,7, =2.83, =9
£ — e (1) <Cl — 198, T. :T/ TRe_/)

Cass = Cazs g { — 0.45(r3KCs + 1)°* +1.93}, 7, =28.3 (39)

Fig. 16 shows the distributed hydrodynamic coefficients on each
Morison element, which is determined by the visualization result in
Figs. 10 and 12. Surge drag coefficients are distributed at the corner of
the main body and heave drag coefficients are distributed at the edge of
the skirt. The global drag coefficient in the pitch direction is analytically
calculated from the distributed drag coefficient in the heave direction
predicted by the model as shown in Eq. (37) and compared with that
predicted by the numerical prediction.

The drag coefficient for each Morison element at the distance X from
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(b) Damping coefficient Cys33

Fig. 11. The hydrodynamic coefficient predicted by the grid level 2 and Richardson extrapolation in the heave forced oscillation with KC = 0.99 for the five

oscillating periods (0.04 m).
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(a) Bird view of vorticity at Q-Criterion = 20
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Fig. 12. Contour of vorticity and hydrodynamic pressure in the forced oscillation simulation in the heave direction. (ag = 0.04 m, To = 1.2 s, t = 4.5T, when

platform velocity is maximum in the negative direction).
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Fig. 13. The hydrodynamic coefficient predicted by the grid level 2 and Richardson extrapolation in the pitch forced oscillation with KC = 0.55 for the five

oscillating periods (5 deg amplitude with respect to CoR).

the origin is defined as Cg33 skirt (X) as shown in Eq. (40), which is derived
from the drag coefficient model in the heave direction. The KC number
at each element is calculated as shown in Eq. (41). Here, Xas is the arc
amplitude in the normal direction of the skirt. X is the distance from the
center of the skirt calculated by Eq. (42) as a function of the local co-
ordinate along the skirt L. I varies along the side skirt.

Cazs suirn(X) = Ca33(KC5 (X)) (40)
2 (X
KCs(X) = ”(R"S) 41
- | side skirt
X= { R front skirt, rear skirt (42)

The drag force of each Morison element f;, due to the pitch motion is

10

calculated by Eq. (43), where vy and v, are the velocity of the skirt and
its component normal to the skirt. In the forced oscillation in the pitch
direction, the time series of vx and v, are respectively calculated by Egs.
(44) and (45). Here, L is the distance from the CoR to the skirt.

1
foX)= Epwcdﬁ.skir/ (X)vx|valw di 43
vx = — aswo\/ X% + L2cos(wot) (44)
v, = — aswoX cos(wot) (45)

The global moment in the pitch direction Fpss is calculated from the
drag force of each Morison element f;, as shown in Eq. (46). The first and
second terms correspond to the contribution of two side skirts, and the
third and fourth terms to that of front and rear skirts. The drag
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Fig. 14. The contour of vorticity and hydrodynamic pressure in the forced oscillation simulation in pitch direction. (as = 5 deg, To = 1.2 s, t = 4.5T,, when platform
velocity is maximum in the negative direction).
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Fig. 15. Comparison of predicted drag coefficients by the proposed model and those from the numerical simulation.
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Fig. 16. Distributed drag force in surge and heave directions on each Morison element.
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Fig. 17. Comparison of the predicted drag coefficient Cy4s5 by the distributed
the drag force in the heave direction and those from the numerical simulation.

coefficient in the pitch direction Cys can be derived as shown in Eq.
(47). The hydrodynamic force in the surge direction is negligible to
calculate the global force in the pitch direction because the distance
between the force and the center of rotation is short.

R

R 2 Ry

—Ry —Ry —Ry
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direction Cyss calculated by Eq. (47) and those from the numerical
simulation. It is found that the predicted drag coefficients in the pitch
direction from the distributed drag coefficients in the heave direction
show good agreement with those from the numerical simulations. The
drag coefficient in the pitch direction significantly decreases as the KC
number increases. This indicates that the drag coefficient model in the
heave direction can be used to predict the drag force in the pitch di-
rection at the same time. Only the drag coefficient models in the surge
and heave directions are used as the inputs and the drag force in the
pitch direction is automatically calculated to predict the dynamic
response of the floater.

3.2. The effect of hydrodynamic force on the mean displacement of
floater

To validate the performance of the engineering model using the
proposed nonlinear hydrodynamic coefficient models, the dynamic
response experiments of a 1:100 scale model for the 3 MW barge-type
floater are conducted in the small towing tank of Mitsui Akishima
Laboratory. The dimensions of the water tank are 55 m in length, 8 m in
width, and 1 m in the water depth. Fig. 18 presents the overview of the
dynamic response test. The floater motion is measured by an optical
motion capture camera. Three optical targets on the deck of the platform
and one in the middle of the tower are installed to capture the 6DoF
platform motion. The cable is attached to the freeboard of the platform
to transmit the information of the measured mooring tension, which
affected the initial displacement in the pitch direction. The incoming
wave is measured by the wave probe placed upstream of the floater at X
=-739mand Y =0.0m.

The floater model is the same as the forced oscillation test model
described in Table 3. The tower is only installed in the dynamic response
experiment with a mass of 1.4 kg and a height of 0.7 m. Four catenary
mooring lines, i.e., ML1 to ML4, are installed as shown in Fig. 19.
Mooring lines are installed at an angle of 20° to the X-axis, and are
connected to the fairlead located at X = —0.265m, Y = +0.0 mand Z =
0.04 m for ML1 and ML2 and at X = —0.265m, Y = £0.18 m, and Z =
0.04 m for ML3 and ML4. Each mooring line is 9.86 m length. The

(47)

Ry
+ / Rfp(R)w di (46)
R,
c foT” Fpssdt ff;l Cam siin (X)X w dl + fféz Cd33,Skirt(R)\/mR2W dl
dss = =
7 10, SR i (1) s (1) e 25K

Fig. 17 shows the comparison of global drag coefficient in the pitch

Fig. 18. Overview of the dynamic response test.

studless chains as shown in Fig. 20 are used and the properties of the
chain are given in Table 7. The displacement of the floater is 9.27 kg
including the mass of the floater, the mass of optical targets, the mass of
tower, and the apparent mass of mooring lines in water. The center of
gravity and the moment of inertia are measured to be located at 0.055 m
and 0.3555 kgm? above the water plane, considering the platform, op-
tical targets and tower mass.

The dynamic analysis is conducted using the engineering model
described in Section 2.2. Drag coefficients in the horizontal and vertical
directions are calculated from the hydrodynamic models proposed in the
previous section. Drag coefficients in the vertical direction consider the
amplitude at each Morison element as shown in Egs. (38)-(40). Simu-
lation cases of dynamic analysis are summarized in Table 8. Case 1 is a
static equilibrium test conducted to confirm the initial position of the
floater and the fairlead tension in the mooring lines. Case 2 is free decay
test to evaluate the natural period and the damping ratio of the floater in
the surge, heave, and pitch directions. Case 3 is the regular wave test,
where two conditions are set for wave height H, one for the low wave
height condition of 0.02 m and the other for a high wave height con-
dition of 0.18 m. For the low wave condition, wave period Ty is set in the
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Fig. 19. Top and side view of the mooring system. (units: mm).
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Fig. 20. Configuration of chain used for mooring lines.

Table 7
Chain properties in mooring system.
Material ~ Nominal Length Spacing Weight in Weight in
diameter d,, P, (mm) Wy, (mm) the air (N/ water (N/
(mm) m) m)
Steel 3 24 5 1.432 1.246
Table 8
Simulation cases.
Cases Condition Description
1 Still water Static equilibrium test
2 Still water Free decay test in the surge, heave, and pitch directions
3 Regular (a) Low wave, Tp = 0.8-1.8 s, H = 0.02 m; (b) High wave,
wave To=1.2-1.85, H=0.18 m
4 Irregular (a) Low wave, Ts = 1.4 s, Hg = 0.02 m; (b) High wave, Ty =
wave 1.4s5,H;=0.10m
Table 9

The initial displacement of the floater in the static equilibrium test in each
direction.

Item Measurement Prediction Error
Surge —0.0026 m —0.0026 m 0%
Heave 0m Om 0%
Pitch 1.1 deg 1.1 deg 0%
Mooring tension in ML1 3.78 N 3.78 N 0%
Mooring tension in ML3 3.72N 3.72N 0%
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range from 0.8 s to 1.8 s. For high wave conditions, T is set in the range
from 1.2 s to 1.8 s, which does not exceed the theoretical wave breaking
limit. Case 4 is the irregular wave test. Pierson-Moskowitz spectra are set
as a target of wave generation, with a significant wave period T, = 1.4s.
Two conditions for significant wave height H; are set, one for the low
wave height condition of H; = 0.02 m and the other for the high wave
height condition of H; = 0.10 m. A unidirectional wave is generated to
propagate along the positive X axis.

The measured and predicted initial displacements are summarized in
Table 9. Due to the cable for measuring the mooring tension, the initial
displacement of 1.1 deg in the pitch direction is observed. Instead of
modeling the cable, the coordination of the center of gravity is shifted to
5.8 mm in the X direction to reproduce this initial displacement. The
length of mooring lines ML1 and ML2 is shortened by 5.5 mm, or 0.06%
of the total length to reproduce the measured initial mooring tension of
ML1 and ML2. The angle of mooring lines ML3 and ML4 from the X axis
is adjusted from 20.0 deg to 20.88 deg to reproduce the measured initial
mooring tension of ML3 and ML4.

The measured and predicted time series of floater motion in free
decay simulation are depicted in Fig. 21. The initial displacements are
—0.087 m, —0.029 m, and 5.4 deg in the surge, heave, and pitch di-
rection. The drag coefficient was determined by Egs. (38) and (39),
based on the KC values evaluated from the initial displacements of each
Morison element shown in Fig. 16, and the natural period iteratively
obtained from the simulation. The predicted time series presented an
excellent agreement with the experiment for the surge, heave, and pitch
directions. The natural periods and damping ratio are analyzed as shown
in Fig. 22. The predicted natural periods match the measured ones for all
models within 6% or less errors. In the heave direction, two-peak phe-
nomena are observed as a composite of two oscillation periods around
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0.72 s and 1.0 s. The resonance period and the damping ratio are
tentatively calculated from the initial displacement and the first peak.
The predicted damping ratios by the potential flow model underestimate
the measured values, while the predictions by the proposed model show
good agreement with the measurements. The prediction errors reduce
from 66% to 38% in the surge direction, from 16% to 5% in the heave
direction, and from 49% to 7% in the pitch direction. In the pitch di-
rection, the damping ratio using a uniform vertical hydrodynamic co-
efficient is overestimated by 21%, while the damping ratio predicted
using the distributed vertical hydrodynamic coefficient agrees well with
the measurements and the prediction error reduces to 7%. This indicates
that considering the distribution of drag coefficients improves the ac-
curacy of floater motion in the pitch direction.

As mentioned by Stansberg et al. (2015), two accidents occurred in
the oil and gas industry due to the insufficient consideration of the mean
drag force effect on the mooring lines of semi-submersible floaters. To
explain how the drag force produces a mean floater displacement in the
surge direction as derived by Dev (1996), the kinetic theory of regular
waves is incorporated using the airy wave theory as shown in Eq. (48).

n=n, cos(w,t), uy =n,0, cos(W,t) (48)
where 7 is the surface elevation, u, is the corresponding velocity of the
water particles of the wave head, and 7, is the wave amplitude. The drag
force per unit length AFp(t) on a floating cylinder with diameter D in
regular waves can be expressed with the drag coefficient C; and the
relative velocity u, as shown in Eq. (49). The relative velocity u, is the
difference between the water particle velocity u, and the floater velocity
in the surge direction, which can be expressed as a sinusoidal function
with amplitude of u,, and phase advance ¢,y from the water particle
velocity as follows:

1
AFp(t) = P CuDu,|u,| (49

14

Uy (1) = thrg COS(Wot + €4,x) (50)

Substituting Eq. (48) into Eq. (47), AFp(t) is obtained as follows:

AFD([)

1
EpCdufaDAz CoS(@,t + &,,¢)|cos(@ot + €,,5)|

~ %pCdDAzwﬁnuz cos(w,t + &,,5) (51)

Eq. (51) indicates that the drag force produces a zero mean force on a
part of the platform submerged over the entire period, and that the in-
phase portion of the drag force with the crest velocity can create the
mean force in the wave splash zone, in which the part is not always
submerged. A mean component in the splash zone of the drag force
Fpo(t) is found by integrating the unit length force over the splash zone
as follows:

To 2= ra
Fpo(t) = / / AFp(r)dt
0 z=0

where 7, is the free surface elevation relative to the floater obtained
from the difference between the free surface elevation and the heave
motion of the floater is expressed as a sinusoidal function with ampli-
tude of 7,, and phase advance ¢, , from the free surface elevation as
shown in Eq. (53).

(52)

n,(t) =n,, cos(w,t +¢, ;) (53)
Finally, a mean component of the viscous drag force Fpy(t) can be
analytically calculated by Eq. (54).

4 , o1 [M
FDO(t):ngdDworla 7 ),

2n

2
) ”ra3 COS(SV] z Su,x') (54)
To "

=My 2
X / cos(wot+eu,x~)dzdt:—pCd0D(
0 3
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Fig. 23. The predicted and measured mean floater displacement in regular waves.

It is derived that the mean drag force is proportional to the cubic of
the wave height and inversely proportional to the square of the wave
frequency. The increase in mean displacement leads to an increase in the
maximum value of mooring tension. This indicates that the mean drag
force is important to accurately predict the maximum value of mooring
tension in the high wave height condition.

Fig. 23 shows the predicted mean displacements with and
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consideration of the nonlinear drag force coefficients for the low wave
height of 0.02 m and the high wave height of 0.18 m. In the case of low
wave height, the predicted mean displacements with and without
consideration of nonlinear drag force coefficients are nearly equal as
shown in Fig. 23 (a). This is because the wave drift QTF, which is pro-
portional to the square of the wave height, dominates the mean
displacement at small wave height, rather than the mean drag force
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Fig. 24. The predicted and measured mean mooring tensions in regular waves.
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which is proportional to the cube of the wave height. Although there are
some discrepancies between the experimental and predicted values, the
predictions capture the tendency of surge mean displacement to increase
on the side of shorter periods where the wave drift QTF is larger. The
peak at the wave period of 1.0 s corresponds to the heave natural period.
Molin and Lacaze (2016) analytically showed that the surge wave drift
force QTF is coupled with the heave motion of the floater in the second
order potential theory. The simulated QTF shows the peak at the natural
period in the heave direction, though the measured QTF does not have
this peak as reported by Tan et al. (2021). Further research is required to
accurately evaluate the wave drift force QTF. On the other hand, for the
high wave height case, the predicted mean displacement in the surge
direction without the nonlinear drag force significantly underestimates
the measurements as shown in Fig. 23 (b), while those with the
nonlinear drag force show good agreement with the measurements and
increase with the cube of the wave frequency as expected by Eq. (54).
The error of mean surge displacement at 1.2 s is reduced from 81% to
12% using the proposed drag model. The mean displacement is also
predicted by considering a mean component of the viscous drag force
theoretically calculated by Eq. (52) instead of considering drag co-
efficients. The predicted mean surge displacement is consistent with that
predicted by considering drag force, which also confirms that the mean
displacement comes from the drag force. The mean displacements in the
heave and pitch directions are sufficiently small compared to the mean
displacement in the surge direction and the amplitude of dynamic
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response discussed later for both low and high wave height conditions.

The predicted mean mooring tensions of mooring lines 1 and 3 are
plotted in Fig. 24. The mooring tension increases with shorter wave
periods, which corresponds to the surge mean displacement. In the low
wave height condition, the predicted mooring tension by the potential
theory and the proposed drag force coefficients show good agreement
with measurement. However, in the high wave height case, the pre-
dicted mooring tension by the potential theory significantly un-
derestimates the measurement for the mooring line 1 and overestimates
that for the mooring line 3, since the predicted surge displacement by
the potential theory obviously underestimates the measurement, while
the predicted mooring tensions by the proposed model show good
agreement with the measured ones. The error at 1.2 s is reduced from
69% to 9% for mooring line 1, and from 105% to 0% for mooring line 3.
It is also confirmed that the theoretical drag force can explain the in-
fluence of drag force coefficients on the mooring tensions.

3.3. The effect of hydrodynamic force on the dynamic response of floater

The dynamic response of the floater is calculated using the proposed
drag force coefficient models. The predicted and measured RAOs in both
low and high wave heights are plotted in Fig. 25. In the low wave height
case, the predicted floater displacements without considering nonlinear
drag force overestimate the measured values in the resonance region
around 1.0 s in the heave direction and 1.2 s in the pitch direction. On
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Fig. 25. The predicted and measured RAO of the floater motions in regular waves.
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Fig. 26. The predicted and measured RAO of mooring tension in regular waves.

the other hand, when considering nonlinear drag force, the predictions
show good agreement with the measurements. The error reduced from
32% to 27% for heave resonant response and from 200% to 20% for
pitch resonant response.

In the high wave height case, the predicted floater displacement by
potential theory overestimates the measurements in the surge direction
for periods longer than 1.3 s, as well as in the pitch direction around the
resonant period of 1.2 s. It is also observed that the heave resonance
affects the pitch displacement. On the other hand, the predicted floater
displacements using the proposed hydrodynamic coefficient model
demonstrate good agreement with the measurements. The over-
estimation in the surge direction around 1.4 s has decreased from 44% to
20%, and the error in the pitch direction at the resonant period of 1.2 s
has reduced from 50% to 13%.

The measured and predicted mooring tensions are plotted in Fig. 26.
Fig. 26(a) illustrates the mooring tension of mooring line 1 in the low
wave height. The predictions based on potential theory significantly
overestimate the measurements in the resonance regions of 1.0 s in the
heave direction and that of 1.2 s in the pitch direction. It suggests that
the prediction of mooring tension is affected by the floater motion when
hydrodynamic forces are not accurately considered, which is not
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L
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observed in the case of a semi-submersible floater. In the high wave
height, the predicted mooring tension of mooring line 1 by the potential
theory underestimates the measurements and that of mooring line 3
overestimates the measurements. This is a combined effect of the
overestimation in surge and pitch floater motions by the potential-flow
model. The predicted mooring tensions by the proposed hydrodynamic
force model show good agreement with the measurements for both
mooring line 1 and line 3 in low and high wave heights. The errors for
line 1 in the low wave height case have reduced from 48% to 4% at 1.0 s
and from 160% to 30% at 1.2 s. Additionally, in the case of high wave
height, the errors have decreased from 55% to 18% for line 1 and from
99% to 3% for line 3 respectively at 1.4 s.

Irregular wave simulations are performed using the proposed drag
coefficient model. The measured and simulated significant wave heights
are shown in Fig. 27. The measured time series of significant wave
height is directly inputted in the simulation, and so the measured and
simulated wave spectrum perfectly matches.

Amplitudes to evaluate hydrodynamic coefficients in Egs. (38) and
(39) are identified from Eq. (55), using the power spectral density of the
relative velocity in the normal direction of each Morison element Sy, and
the corresponding angular frequency . The natural preriod in the surge
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Fig. 27. The power spectrum of the incoming irregular waves.
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Fig. 28. The measured and predicted power spectrum of the dynamic response of the floater in irregular waves.

direction is used for the wave period to evaluate the drag coefficients in
surge direction in Eq. (38).

a; = /°° 7SV"‘.(M) dw
0

nw? 65

The response spectra of the floater motion for low and high wave
heights are presented in Fig. 28. In the low wave height case, the pre-
dictions by the potential-flow model overestimate the measurements in
the resonance regions of 0.3 Hz in the surge direction, 1.1 Hz in the
heave direction, and 0.8 Hz in the pitch direction. Otherwise, the pro-
posed model shows good agreement with the measurements in those
resonance regions. The mean component in the pitch direction is
attributed to the measurement cable. In the high wave height condition,
the predictions by the potential theory underestimate the measurements
in the resonance regions of 1.1 Hz in the heave direction and 0.8 Hz in
the pitch direction as same as the low wave height case, though the
proposed model shows good agreement with the measurements. The
peaks around low frequencies of 0 Hz and 0.3 Hz correspond to the drift
and surge natural frequencies.

The response spectra of the mooring tension are shown in Fig. 29. In
the low wave height case, the predictions by the potential flow model

18

are overestimated for both mooring lines 1 and 3 in the pitch resonance
frequencies. This result coincides with the overestimation of mooring
tension predicted by the potential flow model in the surge and pitch
resonance regions in regular wave simulation. The predictions by the
proposed model agree well with measurements, which also coincides
with the predictions in regular wave simulation. In the high wave height
case, the predictions by the potential flow model overestimate the
measurements for all wave frequencies, while the predictions by the
proposed model match well with the measruements. The peak at the low
frequency of 0 Hz corresponds to the drift in the surge direction.

For quantitative comparisons, the measured and predicted standard
deviations for low and high wave height conditions are shown in Fig. 30
and the prediction errors are summarized in Tables 10 and 11. In the low
wave height case, the prediction errors decrease from 7.9% to —0.7% in
the surge direction, from 6.8% to —3.7% in the heave direction, and
from 109.1% to —1.7% in the pitch direction. In the high wave height
case, the prediction errors also decrease from 18.3% to 7.4% in the surge
direction, from 6.3% to —3.4% in the heave direction, and from 23.9%
to —2.5% in the pitch direction. For the mooring tensions, the proposed
model also improves the prediction accuracy of the standard deviation
in both low and high wave height conditions, except for the mooring
tension ML3 in the low wave height case. These results are consistent
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Fig. 29. The measured and predicted power spectrum of mooring tension in irregular waves.
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The measured and predicted standard deviations in the irregular wave at the low
wave height condition (Hs = 0.02 m).

Table 11

Mooring Force (N)

o
Ny
a

The measured and predicted standard deviation in the irregular waves at the

high wave height condition (Hs = 0.10 m).

Item

Measurement Potential-flow Proposed Item Measurement Potential-flow Proposed
(Error) (Error) (Error) (Error)
Surge [m] 0.00549 0.00592 0.00545 Surge [m] 0.0315 0.0373 0.0339
(+7.9%) (=0.7%) (+18.3%) (+7.4%)
Heave [m] 0.00509 0.00544 0.00491 Heave [m] 0.0245 0.0260 0.0236
(+6.8%) (—3.7%) (+6.3%) (—3.4%)
Pitch [rad] 0.00131 0.00274 0.00129 Pitch [rad] 0.0595 0.0738 0.0580
(4+109.1%) (—1.7%) (4+23.9%) (—2.5%)
Tension ML1 [N] 0.0943 0.1190 0.0814 Tension ML1 [N] 0.911 1.171 0.785
(+26.0%) (—13.7%) (+28.5%) (—13.9%)
Tension ML3 [N] 0.0846 0.0821 0.0666 Tension ML3 [N] 0.472 0.526 0.456
(—3.0%) (—21.4%) (+11.6%) (—3.2%)

with the RAOs obtained from the regular wave tests and the improve-
ment is particularly notable in the pitch direction with a 100%
improvement in accuracy for the low wave height case and a 20%
improvement for the high wave height case. These improvements indi-
cate that the effects of the drag coefficient in the surge and heave di-
rections are significant in the prediction of floater motion.

4. Conclusions

Hydrodynamic forces and dynamic responses of a barge-type floater
are investigated using CFD and engineering model. The conclusions are
obtained as follows:
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1. The grid-independent added mass and damping coefficients are ob-
tained by Richardson extrapolation and are validated by water tank
tests. It is clarified that the flow separation occurs at the corner of the
main body in the surge direction and at the tips of the skirts in the
heave direction by visualization of vorticity. It is shown that the
existing drag coefficient models as a function of the KC number are
applicable for the barge-type floater. The global hydrodynamic co-
efficient in the pitch direction predicted by the distributed hydro-
dynamic coefficients in the heave direction matches well with that
predicted by CFD.

2. The predicted mean values of surge and mooring tension show a
good agreement with the measurements in the high wave height
condition by considering the nonlinear drag force, while those
without consideration of the nonlinear drag force coefficient un-
derestimate the measurement. It is analytically shown that the mean
drag force is inversely proportional to the square of the wave period
and proportional to the cube of wave height, which is also confirmed
by dynamic analysis considering nonlinear drag force coefficients.

3. The predicted dynamic responses of floater and mooring tension
show good agreement with the measurements in the low and high
wave height conditions, while those without consideration of the
nonlinear drag force overestimate the measurements at the fre-
quencies of heave and pitch. The predicted mooring tensions by the
potential theory are overestimated or underestimated in heave and
pitch directions, while the predicted ones by the proposed drag force
model show good agreement with the measurements. This indicates
that the mooring tension is significantly affected by the floater mo-
tion. The predicted dynamic responses of floater and mooring ten-
sion in irregular waves show a good agreement with the
measurements in the low and high wave height as a result of
correctly considering both mean and dynamic components.
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