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Abstract: Ocean data buoys are among the most effective tools for monitoring marine
environments. However, their measurement accuracy is affected by the motion of the
buoys, making the hydrodynamic characteristics of buoys a critical issue. This study uses
computational fluid dynamics to evaluate the motion performance of large ocean buoys
under wave loads with different characteristics. A high-fidelity numerical wave tank was
established via the overset mesh method and the volume of fluid method to simulate wave-
structure interactions. The results indicate that the buoy motion is influenced primarily
by the first-order harmonic components of the waves. The response amplitude operators
(RAOs) for both surge and heave gradually approach a value of 1 as the wave period
increases. The pitch RAO peaks at the natural frequency of 2.84 s. As the wave steepness
increases, the nonlinearity of wave—structure interactions becomes more pronounced,
resulting in 13.78% and 13.65% increases in the RAO for heave and pitch, respectively.
Additionally, the dynamic response under irregular waves was numerically simulated via
full-scale field data. Good agreement was obtained compared with field data.

Keywords: large ocean buoy; motion response; computational fluid dynamics; numerical
wave tank

1. Introduction

With the continuous development of marine resources, the ocean economy has become
a new global economic growth driver. However, the vast surface and depth of the ocean
present additional monitoring challenges for researchers and engineers. Among the most
effective and reliable tools in marine monitoring today are ocean buoys [1]. These buoys
are anchored at sea by mooring lines to continuously observe and collect environmental
data, such as ocean and atmospheric conditions, enabling researchers to establish accurate
ocean—atmosphere coupling models [2]. The typical shapes of common buoys include
four types: Toroidal, Discus, Sphere, and Spar types. Most buoys are designed with an
axisymmetric shape [3]. Since buoys are affected by wave loads and produce motion
responses, which significantly impact the accuracy of the measured elements, analyzing
their hydrodynamic characteristics is a key issue in buoy design and development [4,5].
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To ensure the reliability of buoy systems, it is necessary to study the motion character-
istics of buoys under different wave conditions [6]. Radhakrishnan et al. [7] found that for
a tethered buoy, lateral motion instability increases when the wave period approaches half
the system’s natural period. However, this phenomenon diminishes as the draft increases.
Liu et al. [8] discovered that the buoy’s drift and heave response increased significantly as
the steepness of the wave increased. Researchers have optimized buoy shapes to increase
their adaptability across all operational conditions [9]. Structural parameters such as buoy
shape, mass, and aspect ratio affect the static and dynamic stability of buoys, areas of
significant interest to researchers [10,11]. Jeong et al. [12] found that viscous damping
must be considered when the incident wave approaches the natural frequency of the buoy.
A buoy with improved appendages can reduce the pitch and heave motions. Amaechi
et al. [13] studied the hydrodynamic response of buoys with different geometries and skirt
sizes under coupled wave-current conditions. The results indicated that radiation damping
has an obvious influence on the hydrodynamic response of the buoy and that the variation
in the geometric size affects radiation damping. Transfer learning has also been applied
to establish relationships between buoy model parameters and motion characteristics,
improving the optimization speed [14,15].

Owing to the small size of buoys, the mooring system is typically single-point moor-
ing [16]. Consideration of the mooring system cannot be ignored. Ma et al. [17] observed
that a sub-harmonic pitch motion of the buoy occurs when the frequency of the external
force is twice the natural frequency of the pitch motion. It is influenced mainly by the
nonlinear coupling between the time-varying tension in the mooring lines and buoy motion.
Li et al. [18] coupled the open-source smooth particle hydrodynamics (SPH) numerical
model DualSPHysics with MoorDyn. The effect of the angle between the wave direction
and the anchor chain of a full-scale buoy in the Yangtze River was studied. The results
revealed that the average value of the inclination angle with an encounter angle equal to
0° and 180° is approximately twice the average in other cases, and the value also has a
significantly greater peak. To increase the stability of buoys, novel mooring configurations
have been proposed. A well-designed mooring system can prevent repetitive motion
and fatigue damage. Zhu et al. [19] analyzed the effects of two symmetrically arranged
mooring lines on the motion response of a buoy. Compared with the sway motion, the
surge motion is limited by the mooring layout, and waves from different directions have
different effects on mooring tension and buoy movement. Chen et al. [20] proposed a
high-stability self-counterweight transverse-tethered semi-submersible buoy structure that
can effectively resist ocean currents with a horizontal transverse mooring system. The pitch
of the buoy was less than 10 degrees under sea states of a 3—4 level. Therefore, the mooring
system significantly affects the buoy motion response, and the coupling between the buoy
and mooring system must be considered [21].

In conclusion, the study of the hydrodynamic performance of buoys is very important
for the design of buoys. The method used to evaluate the motion response should be
accurate, especially with respect to nonlinear wave—structure interactions and the effect
of the mooring system. This study focuses on a large ocean data buoy and employs a
high-fidelity CFD approach to develop a nonlinear wave-structure interaction model. The
influences of varying wave periods and steepness on the buoy’s motion response were
analyzed. The numerical results were compared and validated against full-scale field data.
The paper is organized as follows: Section 2 introduces the basic theory and model setup of
the numerical model. Section 3 presents the wave generation validation and convergence
analysis. Section 4 provides the numerical results and discusses the motion response of the
buoy under different wave conditions. Finally, Section 5 summarizes the conclusions.
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2. Theory Model and Simulation Set-Up

The present study employed the CFD software STAR-CCM+ 18.02 to establish the
numerical tank, and the wave-structure interaction of the buoy was studied via the overset
mesh method, the volume of fluid (VOF) method, and the dynamic fluid body interaction
(DFBI) model.

2.1. Numerical Method

The STAR-CCM+ used in this study is a Reynold-averaged Navier-Stokes solver based
on the finite volume method. This numerical model, which is based on the incompressible
fluid assumption, satisfies the three-dimensional continuity equation and momentum
equation, which can be expressed as:

o,

35 " (1)

Jdu; _ du; 1 p; d ou;
¥+u]aix]' = 587%4_87961[(1/4_1/16)(3761
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where 7; is the time-averaged velocity, x; and x; are the coordinates in the i direction and

j direction, p; represents the pressure, p is the fluid density, v and v; are the kinematic

viscosity and eddy viscosity, respectively, and f; is the resultant of the body forces.

The pressure and velocity of the flow field are solved via the Semi-Implicit Method
for Pressure-Linked Equations (SIMPLE). Temporal discretization employs a second-order
implicit scheme for unsteady flow. Turbulent effects in the flow field are simulated by the
SST k—-omega model. The VOF method and a high-resolution interface-capturing scheme
are used to capture the motion of the free surface. The volume fraction « is used to define
the phase quantity in each grid cell.

1, water
a(x,t) =<9 0<a<1, interface (3)
0, air

By solving the momentum equations and volume fractions of one or more fluids,
the simulation can accurately capture the motion and changes in the liquid interface.
Consequently, the fluid properties of each grid cell can be determined on the basis of the
properties of each phase.

P = “Pwater+(1 - “)Pair 4)
H= “ﬂwa’ter+(1 - ‘X),uair )

where p is the fluid density and 7 is the kinematic viscosity.

The interaction between buoys and waves is resolved by the DFBI model. Coupled
with the overset mesh method, this approach computes the motion in six degrees of freedom
of the buoy induced by fluid flow, additional forces, and moments. The translational and
rotational equations of motion of the buoy in the global coordinate system can be obtained

via the following equations:
.
dt
dw
M ' 4+ wXx Mw =N (7)

where m is the weight of the buoy, v is the velocity of the center of mass, F is the resultant

—F 6)

force applied to the buoy, M is the tensor of the moment of inertia, w is the angular velocity
of rotation of the buoy, and N is the moment applied to the buoy.
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2.2. The Geometric Parameters of the Buoy

A large ocean-environment-monitoring buoy with an actual size of 10 m was used in
this study. It had a conical base, a cylindrical middle section, and a monitoring platform at
the top. Figure 1b shows the operational scenario in the field. To facilitate the study of the
buoy’s hydrodynamic performance, a simplified model of the buoy was created, omitting
some non-essential features above the water surface, as shown in Figure 1a. The mooring
system of the buoy employed a single-point mooring, anchored in waters at a depth of
100 m. The fairlead hole was centered at the bottom of the buoy. An elastic catenary model
was adopted for the anchor chain. Its dynamic response was entirely linear and did not
consider the interaction with the seabed. Table 1 lists the basic structural parameters of the
buoy system.

9.400

400

-

A

lqiw‘e,suo—J

« $10,000

(a) (b)

Figure 1. The ocean buoy model and its geometric dimensions: (a) simplified buoy model; (b) the

prototype of the ocean buoy.

Table 1. Characteristics of the ocean buoy.

Models Parameter Value

Buoy Mass (kg) 50,600
Center of gravity (m) (0,0, 0.108)
Draft (m) 0.950
Moment of inertia, Ixx (kg-m?) 361,000
Moment of inertia, lyy (kg-m?) 361,000
Moment of inertia, 1zz (kg-mz) 460,000

Mooring line Diameter (m) 0.046
Mass/unit length (kg/m) 48.400
Location of the fairlead (m) (0,0, —1.150)
The stiffness (kN/m) 3.000 x 107
The length (m) 101.700

2.3. Test Cases in Marine Environment

The buoy has been installed for a long time in the South China Sea; thus, the conditions
for the numerical simulations were primarily determined by the wave characteristics of this
region [22]. To investigate the hydrodynamic performance of the buoy, two sets of wave
conditions, with different strategies, were used in the numerical simulations. Different
incident wave periods and wave steepnesses were considered, as shown in Tables 2 and 3.
All incident waves were regular waves propagating along the positive x-axis.
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Table 2. Variation in wave period test cases.

Test Cases Wave Height H (m) Wave Period T (s) = Wave Length L (m)
LC1 1.00 2.40 8.98

LC2 1.00 2.70 11.37

LC3 1.00 3.00 14.04

LC4 1.00 3.50 19.11

LC5 1.00 4.00 24.96

LCeé 1.00 4.50 31.58

LC7 1.00 5.40 45.48

LC8 1.00 7.40 85.41

Table 3. Variation in wave steepness test cases.

Wave LCY LC10 LC11 LC12 LC13
Parameter

H/L (-) 0.07 0.06 0.04 0.03 0.02
H (m) 1.40 1.20 0.80 0.60 0.40
T (s) 3.50 3.50 3.50 3.50 3.50
L (m) 19.11 19.11 19.11 19.11 19.11

3. Model Verification

This section describes the establishment of the numerical wave tank (NWT) and the
verification of the numerical model, including the verification of the numerical wave and
the convergence analysis of the mesh and time step.

3.1. Numerical Wave Tank

The NWT was set as a rectangular cuboid, as shown in Figure 2, with a length of
6L (L being the incident wave wavelength) and a width of 3L. The left side of the tank
served as the inlet boundary. Waves were generated via the boundary wave generation
method. Waves propagated along the positive x-axis, and the origin location was the center
of gravity of the buoy. The inlet and outlet boundaries were defined as velocity inlets, the
side and bottom boundaries were specified as slip walls, and the top boundary was defined
as a pressure outlet. The buoy was positioned 2.5L away from the inlet. Furthermore, the
wave forcing approach was used at the boundary of the NWT to eliminate wave reflection.
Table 4 lists the physical properties of the fluids used in the simulations.

Table 4. The physical properties of the fluids used in the simulations.

Type Dynamic Viscosity (Pa-s)  Density (kg/m®)

Water 1.003 x 102 1.025 x 103
Air 1.855 x 107> 1.205
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Figure 2. Graphic visualization of the NWT: (a) boundary condition; (b) geometric dimension.

A fifth-order wave was modelled with a fifth-order approximation to the Stokes theory
of waves. This wave, which better captures nonlinear wave phenomena, more closely
resembles a real wave than a wave that is generated by the first-order method. These
related theories stem from the work by Fenton [23], as shown in Equation (8).

5
¢ = = Y. ¢, [chnks(z 4 d)] sinnf
kSn:l "

15
n=-—Y ', cosn

k55n=1 ®)
u=cy ng',[chnks(z+d)]cosnf

n=1

. gthksd(1 + ?Cy +9*Cy)
— K

where ¢ is the velocity potential, # is the wave amplitude, u represents the horizontal phase
velocity, and ks is the wave number.

At the inlet boundary;, fifth-order Stokes waves was generated via a boundary wave-
making method, which better captured nonlinear wave phenomena and more accurately
reflected real ocean conditions. To improve the accuracy of the wave simulation, a refined
mesh region was set near the free surface. A wave-forcing technique was applied at the
surrounding boundaries to prevent wave reflection, with the length typically ranging from
one to two times the incident wave wavelength. To assess the accuracy of the numerical
wave, a wave gauge was placed at the buoy location to monitor the wave heights during
empty-tank wave generation. Figure 3 presents a comparison of the time history between
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the numerical and theoretical wave heights. This shows a high degree of agreement,
indicating that the numerical wave was both accurate and stable.

1.0
Numerical
----- Theory
0.5
g
=
B 0.0
L7
3
=
—0.5
-1.0 T T : -

20 22 24 26 28 30

Time (s)

Figure 3. Comparison of the time history of wave elevation between the numerical and theoretical
results.

3.2. Mesh Convergence

Figure 4 shows the grid division of the tank. The entire mesh region consisted of a
background mesh and an overset mesh. To ensure the effectiveness of the overset mesh,
the overset region was maintained at a minimum of four grid layers away from the surface.
Linear interpolation was employed to couple the solution between the overset region and
the background region. These two grids overlapped in an arbitrary manner to address buoy
motion. An overset mesh interface coupled the overset region with the background region.
Notably, the cell sizes in the overlapping region between the overset and background grids
should be similar during mesh generation. To maintain numerical accuracy, the background
grid was refined in the motion area.

Local refinement |

Figure 4. Mesh partition and refinement.

Before the case calculations, a grid convergence analysis of the NWT was conducted
to systematically verify the effects of different grid sizes on the computational accuracy. A
typical regular wave condition with a wave height of H = 1 m and a period of T = 2.4 s was
selected for the simulation. Table 5 presents the three grid scales used in this study, with a
constant refinement ratio of v/2 between grid sizes. Ax and Az represent the smallest grid
cell sizes in the x and z directions, respectively. Ax was 50% of the base size, whereas Az
was 25% of the base size.
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Table 5. Mesh size.
Mesh Base Size (m) L/Ax H/Az Total Number
A 0.160 63 12 2,158,186
B 0.113 89 17 5,674,459
C 0.080 125 25 14,324,774

The center of gravity of the buoy was selected as the measuring point, and the heave
responses of the buoy were selected as the variables to conduct the procedure. Figure 5
shows the time history of the buoy heave responses under different grid resolutions.
The relative differences in the response amplitudes were 2.52% and 0.2%, respectively.
Considering both the simulation accuracy and computational cost, mesh B was selected for
use in subsequent simulations.

0.1

——Mesh A ----- Mesh B
—-— Mesh C
0.0+
=)
by
-
3
jan
—0.1
-0.2 T T : :
40 42 44 46 48 50
Time (s)

Figure 5. Time history of heave responses at different mesh resolutions.

3.3. Time-Step Convergence

Next, a time-step convergence analysis was performed under the same incident wave
conditions based on mesh B. Three simulations were executed with different time steps:
At =T/240s, T/480 s, and T/960 s. The constant refinement ratio between time steps
was set to 2. Figure 6 displays the time history of the heave motion for the different time
steps. A comparison of the motion amplitudes revealed numerical differences of 4.69% and
1.27% between At = T/240 s and At = T/480 s and At = T/960 s, respectively. To balance
numerical accuracy and computational cost, a time step of At = T /480 s was selected for
further calculations.

01 ——Ar=T/240----- Ar=T/480
—-—At=T/960

0.0+
E
]
>
B
jan

—0.14

-0.2 T r T T

40 42 44 46 48 50
Time (s)

Figure 6. Time history of heave responses at different time steps.
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4. Results and Discussion

To investigate the hydrodynamic performance of the buoy, a series of numerical
simulations were conducted. These included free decay tests and studies on the effects of
different wave periods and wave heights on the motion response. Finally, the full-scale
field data were used for verification. Notably, all motion responses were measured based
on the basis of the center of gravity.

4.1. Free Decay Test

The natural period, which is determined by the inherent properties of the structure,
is a critical factor influencing buoy motion. When the excitation period approaches the
natural period, resonance occurs, which amplifies the buoy’s motion response. Therefore,
a free decay test was first performed on the buoy with a mooring system. Owing to the
single-point mooring configuration, the restoring force in the surge direction was relatively
weak. Consequently, this study conducted free decay tests with only heave and pitch
degrees of freedom.

Notably, each test was initiated by applying an initial displacement of only one degree
of freedom under steady water conditions. The buoy, influenced by restoring forces,
underwent periodic decay motions and gradually returned to equilibrium. By recording
the buoy’s motion responses, the time history for each degree of freedom was obtained.
Figure 7 shows the free decay time history of the buoy’s heave and pitch motions. The
heave motion decayed very quickly because of the large damping effect of the buoy’s base,
which acted like a large damping plate. To improve the accuracy of the natural period
estimation, multiple free decay tests were performed by releasing the buoy from different
heights. The natural period can be calculated by Equation (8). The natural period for heave
was found to be 3.46 s, and for pitch, it was 2.84 s.

_ tigk—ti

where T represents the natural period, and ¢;, and ¢; correspond to the times associated
with the (i + k)" and ith amplitude peaks, respectively.

0.8 15
10
0.4+
- 5
£ i
2 001 Z o
= =
& s
—0.4 4
710_
-0.8 : . -15 ; ;
0 5 10 15 0 5 10 15
Time (s) Time (s)
(a) (b)

Figure 7. Time history of the free decay test: (a) the heave motion; (b) the pitch motion.

4.2. Effect of Wave Period

This subsection compares the motion responses of the buoy under different wave
periods. All the conditions involved regular waves with a wave height of 1 m, as detailed
in Table 2. Under the combined effects of regular waves and the mooring system, the
buoy’s motion could stabilize after a period of development. The motion characteristics
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were analyzed by calculating the response amplitude operator (RAO). Figure 8 presents
the motion responses of the buoy in three degrees of freedom: heave, surge, and pitch. The
surge motion of the buoy increased with the wave period, which was influenced primarily
by the horizontal wave forces and the restoring force of the mooring system. The mooring
chain was not fully tensioned under all test cases. The heave motion also increased with the
wave period, ultimately approaching the height of the incident waves. Notably, there was
no significant resonance during the natural period of heave because of the large amount of
radiation damping resulting from the bottom shape. The pitch motion first increased and
then decreased as the wave period increased, reaching a maximum near the natural period
of pitch. The buoy exhibited pronounced resonance under wave action.

1.2 1.2

\
!
\

N
\

o
'S
L

0.0

Surge RAO (m/m)
I\
Heave RAO (m/m)

=
\

0.0

T(s) T(s)

(a) (b)

Pitch RAO (deg/m)
=

T(s)

()

Figure 8. The RAO of motion response: (a) the surge motion; (b) the heave motion; (c) the pitch
motion.

Harmonic analysis via fast Fourier transform (FFT) was performed on the buoy’s
motion response to study the nonlinear interaction between waves and structures. Figure 9
displays the frequency spectral patterns of the heave and pitch motions of the buoy under
test cases LC1 and LC2. The buoy motion was influenced primarily by the first-order
harmonic component of the waves, with higher-order harmonic components contributing
relatively little. In LC1, the presence of third and fourth harmonics indicates that the buoy
experienced nonlinear motion responses. However, as the wave period increased, the
higher-order harmonic components gradually diminished. Figure 10 shows the changes
in the free surface around the buoy over one wave period. It can be observed that the
wave shape significantly changed on both the weather side and the lee side of the buoy,
particularly under condition LC1, resulting in substantial wave slamming and wave run-up.
Figure 11 shows the pressure nephogram at the bottom of the buoy within one wave period.
It can be clearly found that the run-up and slamming occurred in the direction of the
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incident wave. These phenomena increased the wave impact forces on the buoy, thereby
affecting the stability of the system.

0.12 ; T 5
0.104 1 \,\31'dc1' 0.010 44 1 U brder
~0.084 : B
RS i 3 34
© 0.06 : 0.005 :
< 0.064
g 3 order 4™ order E 5] :
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E 0.044 I 0.000 E‘ 3
' I | ‘
0.024 o ‘ 1 2" grder
2"%order ;
0.00+ 0 3 3
0 1 2 3 0 1 2 3
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(a) (b)
0.4 10 r
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/_\037 1* order ?D
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202 g
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3 =
g g
< 0.1 < 5] 5
o b order
27 drder 04 )
0.0 ] T T T T H T T
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

Frequency (Hz) Frequency (Hz)

(© (d)

Figure 9. The FFT frequency spectral patterns of the motion response: (a) the heave motion under

LC1; (b) the pitch motion under LC1; (c) the heave motion under LC2; (d) the pitch motion under
LC2.

Volume Fraction of water

(b)

Figure 10. The variation in the free surface around the buoy within one wave period: (a) LC1; (b) LC2.



J. Mar. Sci. Eng. 2025, 13, 822 12 of 18

=1/4T =1/2T =3/4T
lnmdent
wave
<0 _— >1.2x10*
Pressure(Pa)

Figure 11. Pressure nephogram at the bottom of the buoy within one wave period in LC1.
4.3. Effect of Wave Steepness

This section investigates the motion responses of the buoy under varying wave steep-
ness values, ranging from 0.02 to 0.07, with the specific test conditions detailed in Table 3.
Figure 12 presents the variations in the RAO of the buoy motion obtained in the NWT.
The results indicate that different degrees of freedom exhibited varying sensitivities to
the wave steepness. Notably, the impact of the wave steepness on the surge motion was
relatively low. During the simulations, while increasing the wave steepness led to greater
amplitudes of surge motion, the slow drift distance of the buoy also increased. This resulted
in a tightening of the mooring lines, which increased the restoring forces provided by the
mooring system. For heave and pitch motions, the RAOs increased by 13.78% and 13.65%,
respectively (from LC13 to LCY9), as the wave steepness increased. This was attributed pri-

marily to the enhanced nonlinear wave-structure interactions resulting from the increased
wave steepness.

0.85 0.85
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g z
0751 2075
o o -
z z =
N 5 0.70 "
0.70 v 0,70
/5] s
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(@ (b)
20
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=
Q 18+ ./
é _—
3
ERVE —___
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0.62 0.63 O.'()4 0.65 0.66 O.i)? 0.08
& (H/L)

(©

Figure 12. The RAO of the motion response: (a) the surge motion; (b) the heave motion; (c) the pitch
motion.

To further analyze the nonlinear interaction between waves and the structure, har-
monic analysis via FFT was conducted on the heave and pitch motions of the buoy. Figure 13
shows the frequency spectral patterns of the motion responses under test conditions LC9
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and LC10, with the vertical axis representing the non-dimensionalized motion response
amplitude 7. With increasing wave steepness, the second-order components of the buoy
motion progressively increased, indicating an increase in the nonlinear effects between
the waves and the structure. In contrast, the contributions of the first-order harmonic
amplitude showed opposing behaviors for the heave and pitch motions. As the wave
steepness increased, the contribution of the first-order component to the pitch motion
gradually decreased. Figures 14 and 15 show the free surface and velocity nephograms
around the buoy under large-amplitude wave conditions. It is evident that the buoy’s
motion and wave motion clearly exhibited a strong coupling effect, with closely aligned
phases. As the amplitude of the wave motion increased, the wave forces acting on the buoy
also increased, resulting in more pronounced changes in the waterline. However, due to
the faster fluid velocities and larger wave amplitudes, the buoy’s influence on the wave
surface and velocity field decreased. Figure 16 shows the vorticity nephogram around the
buoy during one wave period and shows the dramatic changes in the interface between
the buoy and the wave.
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Figure 13. The FFT frequency spectral patterns of the motion response: (a) the heave motion; (b) the
pitch motion.
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Figure 14. Wave surface contours around the buoy during one wave period in LC9.
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Figure 15. Velocity vector nephogram around the buoy during one wave period in LC9.
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Figure 16. Vorticity nephogram around the buoy during one wave period in LC9.

4.4. Validation with Full-Scale Field Data

To investigate the motion response of the buoy in a real ocean environment, full-scale
field data were used to validate the numerical methods. The prototype buoy was deployed
in the South China Sea. The measurement instruments installed on the buoy recorded
the water surface elevation and motion responses on 22 August 2017. A 600 s segment
of wave data was selected for analysis, as shown in Figure 17, during which components
below 0.1 Hz were excluded because they were deemed related to the slow drift of the
measuring buoy. Power spectral density analysis revealed that the measured waves could
be approximated by the JONSWAP spectrum, with a peak period of 3.23 s and a significant
wave height of 0.75 m. Figure 18 shows the power spectral density of the measured water
surface elevation and its comparison with the simulation spectrum. The results indicate that
the simulated JONSWAP spectrum and the measured waves exhibited good and consistent
statistical characteristics. Furthermore, it was assumed that the wave direction remained
constant throughout the duration of the measurement.
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Figure 17. The time history of wave height measured in the field.
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The pitch motion of a buoy has the greatest impact on the accuracy of the wind speed
measurement sensors. Therefore, this analysis focused exclusively on the pitch motion.
Owing to discrepancies between the measured and simulated input wave time histories,
frequency domain analysis was performed via FFT. Figure 19 shows the good consistency
between the measured and simulated values, both of which exhibited a spectral peak
corresponding to the buoy’s natural pitch frequency. This indicates that the pitch motion
response of the buoy was influenced by resonance. To ensure the accuracy of the sensors,
the natural frequency of the buoy should avoid wave frequencies present in the deployment
area. Snapshots of the flow field revealed significant changes in the free surface around the
buoy, as shown in Figure 20. Under irregular wave loads, the probability of wave run-up
increased markedly, often accompanied by substantial motion responses of the buoy.

Pitch amplitude (deg)
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----- Simulation

Figure 19. The FFT frequency spectral patterns of pitch motion.

Figure 20. Flow field snapshot of free surface around the buoy.
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5. Conclusions

This study investigated the motion of large ocean buoys under various sea conditions
by establishing a numerical wave tank to assess buoy performance and stability. First,
a three-dimensional numerical wave tank for handling wave—structure interactions was
developed via an overset mesh method and the volume of fluid method, and mesh and time-
step convergence analyses were conducted. Free decay tests were subsequently conducted
to determine the buoy’s natural frequencies. This study then focused on the buoy’s motion
responses under different wave conditions, particularly terms of the degrees of freedom of
surge, heave, and pitch. The following conclusions were drawn from the analysis:

1.  In the free decay tests, the unique bottom shape of the buoy acted as a damping
plate, generating substantial radiation damping, which led to a rapid decay in heave
motion. The natural periods for heave and pitch were measured to be 3.46 s and 2.84 s,
respectively.

2. The response characteristics of the buoy’s motion under different sea conditions were
analyzed via the response amplitude operator and frequency spectral patterns. The
heave response approached the amplitude of the waves as the wave period increased.
The maximum RAO for pitch motion was close to the buoy’s natural frequency. As
the wave steepness increased, the nonlinearity of the waves intensified, resulting in an
increased motion response of the buoy. This made the nonlinear interactions between
the waves and the structure more pronounced.

3. The numerical simulations of the dynamic responses under irregular waves were
conducted via full-scale field time series data and compared with field data. A
comparison between the wave surface and the buoy pitch motion revealed a fairly
good agreement.

Because other degrees of freedom data are not available at present, the validation
with full-scale field data was limited to the pitch motion. Future work will consider
incorporating a broader range of degrees of freedom for a more comprehensive validation.
Furthermore, considering the practical engineering significance of buoys, we plan to
establish a calibration relationship between the buoy’s motion response and measured
environmental data such as wave elevation and wind speed to more accurately estimate
environmental data.
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CFD Computational fluid dynamics
DFBI Dynamic fluid body interaction
FFT Fast fourier transform
NWT Numerical wave tank
RAO Response amplitude operator
SIMPLE  Semi-Implicit Method for Pressure-Linked Equations
VOF Volume of fluid
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