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ABSTRACT

Enhancing the survival performance of wave energy converters (WECs) in extreme wave conditions is crucial, and reducing wave loads is a
key aspect of this. Placing the device underwater has been recognized as a beneficial strategy, yet the determination of the optimal submerged
depth and the effects of varying wave conditions remain ambiguous. To address this, the study numerically analyzes the total forces in both
horizontal and vertical directions, along with their harmonic components, across different wave configurations. A computational fluid
dynamics method is employed to investigate a triangular-baffle bottom-shaped oscillating floater, which is known for its high energy conver-
sion efficiency. The findings indicate that submerging the device to a depth equivalent to half the actual focused amplitude (1/24;) is the
most effective strategy in the given sea state, offering superior wave force reduction vertically and robust performance horizontally. The anal-
ysis of harmonics reveals the significant contribution of high-order components to the total wave forces. Additionally, the study examines the
impact of focused wave amplitudes and peak frequencies, showing that although force reductions are lessened in more extreme conditions,
the optimal submerged depth of 1/2A4,, still yields near 30% reduction in total vertical force and 22% in total horizontal force. This research
provides theoretical insight that can guide the enhancement of WECs’ survival capabilities in practical engineering applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0208825

I. INTRODUCTION

Wave energy holds significant potential as a renewable energy

focused on optimizing wave energy converters renowned for their
superior energy conversion efficiency. Findings have demonstrated a
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due to its widespread availability, substantial reservation, and predict-
ability."” In recent decades, over a thousand wave energy converters
(WECs) have been proposed, including types such as oscillating buoy
type,”* oscillating water column type,”* and overtopping type.””
Beyond their ability to generate power under normal operating condi-
tions, their survival capacity in extreme sea conditions is a critical
factor in assessing their overall. Extreme waves, '’ which are charac-
terized by their strong nonlinearity and concentrated energy, present a
formidable challenge, with the potential to damage or even destroy
these devices. Consequently, enhancing the ability of WECs to with-
stand extreme wave conditions is of paramount importance.

In working mode, the WECs generate electricity by the relative
heave motion forced by power takeoff (PTO). Extensive research has

strong correlation between this efficiency and the design of the floater’s
bottom shape.'""'* The oscillating-buoy WEC, known for its flexible
configuration and ease of construction, ™" is a popular choice in wave
energy conversion. Research by Zhou et al."” using the semi-analytical
solution revealed that floaters with symmetrical bottom shapes'®'”
outperform those with symmetrical designs in terms of energy conver-
sion efficiency, and the greater the asymmetry, the higher the effi-
ciency. Madhi et al'® introduced an asymmetrical design named
“Berkeley Wedge,” which achieved an impressive energy conversion
efficiency of up to 96.34% under ideal conditions. Building on this,
Zhang et al.'” developed a “triangular-baffle” bottom shape, which
demonstrated a comparably high efficiency of 93%. This finding has
been corroborated by the studies of Wei et al.”’ and Cheng et al.”"
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Given these advancements, it is essential to investigate the survivability
of floater with a triangular-baffle shaped bottom to ensure their practi-
cal application in wave energy projects.

However, in extreme sea conditions, the WECs should stop work-
ing and even be placed underwater to avoid the impact of the large
wave loads, which is known as the survival mode. The resilience of
WECs under such conditions has increasingly become a focus of aca-
demic research. Weller et al.”” performed laboratory experiments to
analyze the motion response of a WEC and observed that the horizon-
tal displacement (ie., in the direction of wave propagation) could
exceed the vertical displacement by more than six times immediately
after passing the focus point of the waves. Sirigu et al.” experimented
with a 1:20 scale model of the Inertial Sea Wave Energy Converter
(ISWEC) and discovered that adding a clump weight to the mooring
line significantly reduced mooring loads and lowered peak values.
Shahroozi et al.”* conducted a 1:30 scale experiment to explore how
PTO damping parameters affect the mooring loads of a point absorber
during extreme wave events. However, the motion response of WECs
can become excessively large under extreme waves. Ropero et al.”” sug-
gested a proactive strategy to mitigate disaster losses by submerging
fixed WECs, based on a comparison of horizontal and vertical forces
on a heaving point absorber with PTO using the Smoothed Particle
Hydrodynamics (SPH) numerical method. This approach was sup-
ported by Madhi and Yeung,”® who studied wave loads on a floater
with a Berkeley Wedge-shaped bottom in extreme breaking waves.
While submergence is considered an effective survival strategy, the
optimal depth of submergence and the influence of wave configura-
tions remain unclear. Additionally, research on wave loads has been
limited to the analysis of total force.

Under extreme waves wave conditions characterized by strong
nonlinearities, the resultant high-order wave forces inflict significant
damage on devices, a factor that cannot be overlooked. Drawing inspi-
ration from the successful application of phase decomposition in
focused waves,””** Zang et al.”” employed a two-phase decomposition
method to analyze wave loads on a cylinder with a perforated surface,
demonstrating the validity of this approach for decomposing hydrody-
namic loads. Chen et al.”’ isolated the higher-order forces acting on
cylinders and discovered that these components accounted for more
than 60% of the forces in the specified wave configuration.
Subsequently, Fitzgerald et al.”' proposed a four-phase decomposition
method, which allows the wave spectrum to be extended wider.
Following this advancement, Feng et al.”” explained the higher order
forces and moments on the cylinder with the surface perforated domi-
nated by inertia and pointed out that the higher-harmonic moments
are relatively larger with more enhanced nonlinearity.

The aforementioned research indicates that placing the floater
underwater can effectively reduce the load force, being an accepted
positive strategy for enhancing survival in extreme wave conditions.
However, the determination of the optimal submergence depth and
the effects of wave configuration on this strategy remain unresolved.
To address these gaps, this study conducts a numerical investigation of
the total forces in the horizontal and vertical directions, as well as their
harmonic components, at various submerged depths. The novelties are
threefold. First, the variations of the vertical and horizontal forces
influenced by the submerged depth are clearly explained. Second, it
identifies the predominant components within the total wave force
through harmonic analysis. Third, it determines an optimal submerged
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depth for withstanding extreme wave conditions and examines the
influence of wave configurations on this depth.

The rest of the paper is arranged as follows. Section II introduces
the methodology of the numerical model. Section III describes the
numerical setup and conducts the modal validation. Results and analy-
sis are given in Sec. I'V. The conclusions are summarized in Sec. V.

Il. METHODOLOGY
A. Flow field model

A computational fluid dynamics (CFD) method is applied hereaf-
ter to simulate the marine device in extreme wave conditions. The
numerical wave tank is established based on the software STAR-
CCM+.” The laminar flow model, which has been successfully
applied in the study of Zhang et al."” on the power generation perfor-
mance of floaters for its higher computational accuracy and efficiency
in dealing with such issues, is adopted in this study to simulate the
wave loads on a floater with a triangular-baffle-shaped bottom. The
fluid is assumed to be Newtonian and incompressible. As sketched in
Fig. 2, the origin of a coordinate system is arranged to be located at the
still water surface on the left boundary, and the direction of the wave
propagation is defined as the positive of the x axis, with vertical
upward as the positive of the z axis. The corresponding continuity
equation is written as

V- -u=0, (1)

where V = (0/0x, 0/0z), and u = (u,, u,) denotes the velocity vector.
The momentum equation is expressed as
%+u~Vuzg—%Vp+%V2u7 @)
where t is the time, p is the fluid density, p is the fluid pressure, u is the
dynamic viscosity, and g=(0, —g) is a vector of the gravitational
acceleration.

The governing equations are discretized and numerically solved
through the finite volume method (FVM), and the volume of fluid
(VOF) method is applied to capture the free surface interface between
air and water. Detailed supplements can be found in Ref. 34.

The inlet boundary on the left and the outlet boundary on the right
of the numerical tank are set up as the velocity inlet boundary condition,
in which the velocity vector on the boundary surface is the velocity of a
specified wave and its composition of fluid components is set to be a
two-phase flow of water and air. The top boundary of the numerical
tank is set as the pressure outlet boundary, in which the pressure on the
pressure outlet boundary surface is the hydrostatic pressure of a speci-
fied wave, and the working fluid is air. Both lateral boundaries of the
numerical wave tank satisfy the symmetry plane boundary condition.
The bottom and the surface of the floater satisfy the wall boundary con-
dition, in which the fluid velocity at the fixed wall is set as zero.

The mesh refinements are performed in the entire fluid domain,
and there are two main regions, one is near the free surface (named
the liquid level encryption zone) and the other is around the floater
(named the floating body encryption zone). The overview of the mesh
in the fluid domain is given in Fig. 1.

B. Wave absorption

The wave forcing method is used for wave absorption. A source
term ¢, is added to the momentum equation to force the solution of
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Liquid level encryption zone Floating body encryption zone

SWL

FIG. 1. Mesh refinement of the liquid level encryption and floating body encryption
zone.

the Navier-Stokes equations toward the theoretical solution or to a
simplified numerical solution within a specified distance:”

qdo = _Vp(¢ - ¢*)7 (3)

where ¢ is the current solution to the momentum equation, and ¢ is
the value toward which the solution is forced. y is the forcing coeffi-
cient, expressed as

7 =~ cos’ (nx" /2), 4)

in which 7, is the maximum value, and x* is the distance from the
inner edge to the outer edge of the forcing zone.

C. Wave generation

Focused waves are generated by the superstition of the VOF
module, and the wave forcing method is also applied at the left bound-
ary in front of the wavemaker to ensure the incident waves. The period
T; of the ith wave component can be calculated from

Supposed that the wave components are focused at the assumed
focused position x = x,;, and the assumed focused time ¢ = t,y, it can

36

be regarded
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TABLE 1. The positions of the floater in the survival state.

Distance between The corresponding

Case the top of the floater and SWL d state
LCl1 —A, Emerged
LC2 0

LC3 1/84,

LC4 1/4A, Submerged
LC5 1124,

LC6 5/84,

where k; is the wave number derived from the dispersion equation. By
solving the above equations, the phase ¢; can be derived.

The wave amplitude g; is weighted according to the energy ratio,
written as

a; = Aab N B (7)

where A, is the assumed focused amplitude, and S(f) is the spectral
density function using the advanced JONSWAP method.”

I1l. NUMERICAL SETUP
A. Numerical model

A two-dimensional numerical wave tank is established based on
the CFD technique to simulate a floater under extreme wave conditions.
The fluid domain is illustrated in Fig. 2, with a length of 18 m and a
depth of 1 m. There are two 5-m-long wave-forcing zones set on the left
and right sides, respectively. The left is to generate incident waves and
the right is to absorb reflected waves. The prescribed focused waves are
generated from the left side using the superposition VOF wave model.

The asymmetric floater with a triangular-baffle shaped bottom is
selected as the research object, whose specific size can be referred to
the partial view [Fig. 2(b)]. The front edge of the floater is placed at the
actual focused position (x;,) in the horizontal direction and with vari-
ous emerged/submerged depths related to the actual focused amplitude
(Ap) listed in Table I. Case LCI is taken for comparison, in which the

cos(2fitay — kixan + ;) = 1, (6) floater is fixed with three degrees of freedom restricted when the
Av4
Wave direction =05 d
: SWL —— S
. 2
, D013 | ,
h=1 hy=1
L=5 L=8 L5

Wave forcing zone Working zone

(a) the numerical tank

Wave forcing zone

(b) the partial view of the floater

FIG. 2. Schematic diagram of the numerical wave tank and the selected floater (unit: m).
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TABLE II. Detailed mesh size for spatial convergence analysis.

pubs.aip.org/aip/pof

Model Time step  Mesh size of liquid level encryption zone =~ Mesh size of floating body encryption zone  Total number of meshes
Coarse At= T,/1000 Az=Ap/10, Ax =4Az Az=Ap/10, Ax=Az 87239
Medium Az=A,/20, Ax=4Az Az=A,/20, Ax=Az 325733
Fine Az=Ap/30, Ax=4Az Az=A,/30, Ax=Az 708715

extreme waves happen. In the table, d, defined as the distance between
the top of the floater and the still water surface, is assumed to the posi-
tive when the floater is underwater, and otherwise is negative.

B. Convergence analysis

Convergence analysis of the established numerical model is to be
conducted in this section. Three schemes listed in Table II with different

mesh sizes in the vertical interval Az are chosen to be compared, which
is along with the mesh discretization in the x direction synchronized.
Focused waves with actual focused amplitude A,=0.033m
and peak frequency f,=0.994 Hz are used in the convergence test.
The front edge of the floater is located 10.15 m away from the wave-
maker, which is exactly the actual focused position, and the state of the
floater emerges with d = —Ay,. The comparisons of the water surface

20 T T T I

1.0

—— Coarse (Az=4,/10)
\ - = Medium (Az=4,/20)
‘ — - — Fine (Az=4,/30)

_20 M 1 L 1 M 1 L 1 1 " 1 M 1 " 1 i 1 "
15 16 17 18 19 20 21 22 23 24 25
1(s)
(a) Wave surface elevation at the position in front of the floater (x=10.1 m)
1 O 1 1 1 1 1 1 1 1 T

-1.0 . 1 . 1 . 1 . 1

—— Coarse (Az=4,/10)
- - Medium (Az=4,/20)
- — Fine (Az=4,/30)

A

15 16 17 18 19

20 21 22 23 24 25
1(s)

(b) Wave surface elevation at the position behind the floater (x=11 m)

FIG. 3. Comparison of the spatial convergence analysis.
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elevation at the position in front of and behind the floater are given in
Fig. 3. It can be found that the differences in the maximum in front of
the floater between coarse (Az= A,/10) and medium (Az = A./20),
and medium (Az=A,/20) and fine (Az=A/20) are 1.82% and
0.07%, and those behind the floater are 4.04% and 0.40%, respectively.
Compared with the difference between the coarse and medium, that
between medium and fine is small. Similarly, the convergence analysis
in the time domain is given in Fig. 4. The intermediate time step
At=T,/1000 can satisfy the simulation accuracy. Hence, the steps in
the spatial domain Az= A,/20 and in the time domain At = T,,/1000
are employed in this study.

C. Model validation

Using the discrete parameters obtained from the convergence
analysis above, the focused waves are numerically simulated identical
the same setup as the physical experiment conducted in the wave
flume at the Ship and Ocean Engineering Laboratory, South China

ARTICLE pubs.aip.org/aip/pof

University of Technology, China. The comparison of the water surface
elevation is given in Fig. 5. The difference around the focused time
between the numerical results and experimental data is only 3.73%.
The good agreement with the experimental data proves that the estab-
lished numerical model can accurately reproduce extreme waves with
strong nonlinearity.

For further verification, the physical experiment conducted by
Rodriguez et al.”® to investigate the wave loads on the fixed rectangular
box caused by regular waves is used for comparison. Regular waves
with wave steepness kA =0.1 (k is the wave steepness and A is the
wave amplitude of the regular wave) and a rectangular box with rela-
tive size kb=0.7 (b is half of the length of the rectangular box). The
comparison of total vertical forces between the numerical results and
the experimental data is given in Fig. 6, where T is the period of regular
waves and the vertical force is nondimensionalized by pgAb. The cal-
culation error relative to the experimental data (detailed in Ref. 39) is
statistics as a value of 4.46%, which indicates that the numerical model

2.0 T T T T T T T T T
1 Coarse (Ar=1/500T})
ol ! { - - - Medium (A=1/10007,)
; — -~ Fine (At=1/2000T})
! !
1
i
§
y
'
§
A
_2.0 1 1 1 1 1 1 1 1 1
15 16 17 18 19 20 21 22 23 24 25
t(s)
(a) Wave surface elevation at the position in front of the floater (x=10.1 m)
10 T T T T T T T T T
Coarse (A=T,/500)
o5l - ~Medium (A=7,/1000) P ”

~ =+ Fine (A=T,/2000)

-0.5

-1.0 1 1 1 1

15 16 17 18 19

20 21 22 23 24 25
1(s)

(b) Wave surface elevation at the position in front of the floater (x=11 m)

FIG. 4. Comparison of the convergence analysis in the time domain.
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1.2 v T T T g T g T T T T T T T

Experimental data
— - — Numerical results

24 25 26 27 28 29 30 31 32
1(s)
FIG. 5. Comparison of the wave surface elevation between numerical results and experimental data at the position x=9.9 m (A;, = 0.04 m, f, = 1.0Hz, X,, =10 m, t,, = 28,
h=1.0m).
1.0 T T
Experimental data (Rodriguez et al,2016)  —: —- Numerical results
0.5 F E
I
£
0.0
&
-0.5
-1.0 1 1
42 43 44 45
HT
FIG. 6. Comparison of the total vertical force between numerical results and experimental data.
is capable of simulating the interaction between waves and floaters listed in Table III, in which the total wave components remain 81
with sufficient accuracy. unchanged. Waves in cases 1-3 with the same peak frequency but dif-

ferent focused amplitudes are used to investigate the effect of the
focused amplitude, and cases 1, 4, and 5 with the same focused ampli-

Five cases of wave configuration are chosen to study the impact tude but the different peak frequencies to investigate the effect of the
of the wave parameters on the wave loads in the survival mode, as peak frequency.

D. Wave conditions

TABLE IlI. Detailed parameters of various wave configurations.

1S'LE€L ¥20T Ren vT

Actual focused Peak frequency, Spectral range, Actual wave Actual focused Actual focused
Case amplitude, Ay, (m) fo (Hz) Af (Hz) steepness kA, position, x;, (m) time, #, (s)
1 0.038 0.994 0.6-1.8 0.15 10.20 20.07
2 0.043 0.17 10.25 20.10
3 0.058 0.23 10.40 20.14
4 0.038 0.894 0.5-1.7 0.12 10.25 20.11
5 0.038 1.120 0.7-1.9 0.19 10.25 20.08
Phys. Fluids 36, 057146 (2024); doi: 10.1063/5.0208825 36, 057146-6
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IV. RESULTS AND ANALYSIS

The survivability of the wave energy converters depends on their
load capacity under extreme sea conditions. Previous studies have sug-
gested that placing the floater underwater can reduce the load force,"’
being an accepted positive strategy. To investigate the optimal submer-
gence and the impact of the wave configuration on them, hereafter,
total forces in the horizontal and vertical directions, as well as their
component forces corresponding to each order at different submergen-
ces will be analyzed.

A. Analysis of wave load with different submergences
1. Total horizontal and vertical forces

Figure 7 compares variations of the time histories of total hori-
zontal force F, and total vertical force F, influenced by submerged
depths, in the wave state with actual focused amplitude A, =0.038 m
and peak frequency f,=0.994Hz (ie., case 1). The horizontal force
along the wave propagation is defined as positive and the vertical force
upward is defined as positive; otherwise, it is negative. Note that the
positive or the negative only represents the direction of the wave force,

pubs.aip.org/aip/pof

so the maximum magnitude of both positive and negative forces is
essential to draw more attention. Therefore, their corresponding maxi-
mum magnitude of the positive and negative forces is collected in
Fig. 8, where the subscripts p and ¢ denote the peak and the trough.
Concerning the total horizontal force in Fig. 7(a), its time history
tends similarly to that of the water surface elevation, manifested as the
exhibition that the peak appears around the focused time along with
asymmetry troughs on adjacent sides. Additionally, as the submerged
depth becomes deeper, the magnitudes of the positive peaks as well as
the negative trough become smaller. That also means that the magni-
tudes of the positive peaks in the submerged state (LC2-LC6) are
decreased compared to that in the emerged state (LC1). It can be
explained by the fact that when placing the floater underwater in
extreme sea conditions at different water depths, the interaction sur-
face between wave and structure remains unchanged, demonstrating
that the horizontal forces on the floater depend on the wave pressure
on the wavefront. As known, within a certain range of the water depth,
the deeper the water depth, the smaller the horizontal velocity of water
particles, and consequently, the smaller the wave pressure applied to
the wavefront. The summary of the maximum magnitude of the hori-
zontal forces (Fig. 8) also delivers this information on the attenuation

04 1 1 1 1 1 1 1 1 1
02 F
Z
g 00
= |
-0.2 \\\
Y
- — LCl(d=-4,) — LC2(d=0) — LC3(d=1/84,) — LC4(d=1/44,) — LC5(d=1/24,) — LC6(d=5/84,) 1
_04 1 1 1 1 1 1 1 1 1
-5 -4 -3 -2 -1 0 2 3 4 5
1-1y(s)
(a) Total horizontal forces
02 1 1 1 1 1 1 T T 1
- — LCl(d=-4,) — LC2(¢=0) — LC3(d=1/84,) — LC4(d=1/44,) — LC5(d=1/24,) — LC6(d=5/84,) 1
0.1 s
3
T 00]
\L;N

1
e

(b) Total vertical forces

FIG. 7. Influence of submerged depths on the time history of total wave forces in the wave state of case 1 (A, =0.038 m, f, = 0.994 Hz).
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FIG. 8. Influence of submerged depths on
the maximum magnitude of the peak
(marked with the subscript p) and trough
(marked with the subscript f) of total wave
forces.

0 1/8 1/4 12

diA,

effect of deeper water depth on the horizontal forces containing the
positive peak and the negative trough.

The variation of the total vertical force exhibits some differences
[Fig. 7(b)]. In the state with the floater just submerged (LC2), the peak
value of the total vertical forces rapidly decreases to the minimum of
all. With the increase in the submergence, the peak value gradually
increases again, and it is still below that in the emergent state when the
submergence increases to the deepest (i.e., LC6: 5/8A;). For the trough,
its magnitude decreases as the submergence keeps deepening. This
monotonous variation of the vertical forces with the submerged depth
can be considered as the combined action of hydrostatic pressure and
hydrodynamic pressure. When the submerged floater interacts with the
incident waves, the total vertical force comes from not only the hydro-
static pressure but also the hydrodynamic pressure. With the increase
in the water depth, the hydrostatic pressure keeps increasing rapidly
while the hydrodynamic pressure decreases slowly. This will lead to a
minimum vertical total force occurring at some submerged depth.

From the above, placing the floater underwater in extreme sea
conditions can indeed reduce the total horizontal force, and deepening
the submergence can promote this effect within a certain range.
Meanwhile, the decrease in total vertical force (including positive and
negative values) will exhibit a midst mode, at which the magnitude can
achieve its maximum within the given range of the submerged depth.

To quantitatively describe the effectiveness of the strategy of plac-
ing the floater underwater under extreme sea conditions, Ky a

5/8

parameter of the reduction ratio of wave force maximum magnitude,
is defined hereafter in this study

’F(total)‘
Kr = (1 — W) x 100%, (8)

max
where F, represents the corresponding wave force in the emergent
state (i.e., case 1, LC1).

Figure 9 summarizes the reduction ratio with different submergen-
ces. Although for total horizontal force, the reduction ratio can increase
from 5.06% to 29.14% with the continued increase in the submerged
depth, the reduction ratio in the total vertical force rapidly increases fol-
lowed by slow decreases but remains above 40%. This phenomenon sug-
gests that the strategy of placing the floater underwater can be quite
beneficial in significantly reducing the total vertical forces. Moreover, the
submergence state with the depth of 1/24,, (i.e., LC5) having the advan-
tage of reducing the total vertical force up to the maximum 41.89% and
fine reduction capacity in total horizontal force can be supposed to be a
more preferred candidate in promoting the survival performance.

2. Decomposed harmonic forces

When strong nonlinear extreme waves interact with a floater, the
induced high-order wave loads (observed from the spectral analysis in
Appendix A) cannot be ignored. In this study, based on the four-phase
decomposition method (introduced in Appendix B), the total forces
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can be decomposed into the linear term FY, the second-order sum
term P(2+), the third-order term F@), and the second-order difference
and fourth-order term F?~) ++ F, The corresponding time histories
with different submerged depths are compared in Fig. 10, in which the
left represents the horizontal forces and the right represents the vertical
forces.

Concerning the horizontal force illustrated in Fig. 10(a), the
maximum magnitude of the linear force [Fig. 10(a.1)] near
the focused time occurs when the floater is just submerged. With
the increase in the submerged depth, the maximum value decreases
and gradually becomes smaller than that in the emerged state when
the submerged depth is larger than 1/4A, (LC4). There is no signif-
icant change in the phase of the linear force between the sub-
merged state and the emerged state, but it is different for the
second-order sum force [Fig. 10(a.2)]. In the submerged state,
there is a phase lag near 7 relative to that in the emerged state.
That is, the maximum magnitude of the time history in the
emerged state occurs at the peak, while it occurs at the trough in
the submerged state, which dominates a decrease in the maximum
of the total horizontal forces with the floater underwater.
Meanwhile, the value of F?7) + F® at the focused time decreases
and gradually turns from the positive into the negative with the increase
in the submerged depth, also contributing to the reduction of the total
force. In contrast, the third-order force has a negligible effect due to its
smaller order of magnitude. Therefore, although the linear component
increases when the floater is just submerged, the total horizontal force is
smaller than that in the emerged state, reflecting that the influence of the
submerged depth on the even order force [including F*" and
F?7) 4 F] exceeds that on the linear force. As a result, different sub-
merged depths have various effects on the total horizontal force.

For vertical forces that are more sensitive to the submerged depth
[Fig. 10(b)], the peak as well as the trough of the linear forces are sig-
nificantly reduced when the floater is placed underwater, and the
reduction magnitude increases as the submerged depth increases.
Similar to the horizontal force, the second-order sum force exhibits the
trough at the focused time and their magnitudes occur in a decreasing
trend with the increase in the submerged depth while remaining a
much larger value than that in the emerged state. F*~ 4+ F) behaviors
monotonic variation with the change of the submerged depth. Once
the floater is placed in a shallow water depth, the value of F>~) + F¥

ARTICLE pubs.aip.org/aip/pof

is negative. The greater the submerged depth, the smaller the magni-
tude of F?~) ++ F¥, until the relative submerged depth is greater than
0.25 at which point the magnitude is smaller than that in the emerged
state. While placed in deep water (ie., d/A, is greater than 0.5), the
value of F*) 4 F*) covers a smaller positive. The above phenomenon
illustrated that the trends of the linear force and the second-order force
vary monotonically with the change of the submerged depth, which
does not agree with that of the total vertical force. Hence, it can be
known that the effect of F*~ + F* cannot be ignored, which further
indicates that the linear theory cannot lead to reliable results to predict
the force loads of the floater under extreme circumstances.

B. Analysis of wave loads with different focused
amplitudes

Based on the above analysis, placing the floater underwater with a
depth of 0.5 times the actual wave amplitude in the given sea state
achieves better wave force reduction. To investigate the universality of
this so-called optimal submerged depth, three case wave configurations
(i.e., cases 1-3 listed in Table III) with the same peak frequency but dif-
ferent incident amplitudes are selected to study.

Figure 11 compares the reduction ratio of the wave force magni-
tude with various wave amplitudes. As the actual wave amplitude
increases from 0.038 to 0.058 m, the decrease in the reduction ratio of
the total vertical force is 12.51%, greater than the decrease with a value
of 2.75% concerning the total horizontal force. However, for larger
waves, the effectiveness of this strategy of placing the floater underwa-
ter half the actual wave amplitude to reduce the wave loads will be
weakened a bit. For the case with the largest wave amplitude, whose
actual wave steepness has reached up to 0.23, the reduction of the
wave force is not as good as the case with a smaller wave amplitude,
but also remarkable with a reduction near 30% of the total vertical
force and 22% of the total horizontal force.

From the view of the finite amplitude theory, the increase in the
incident wave amplitude with fixed peak frequency means the increase
in the wave steepness, consequently causing a larger horizontal velocity
and pressure of water particles. However, the submerged state holds a
larger wave-facing surface and smaller horizontal pressure compared
to the emerged state. This leads to a reduction ratio of the wave force
magnitude decreased for larger wave amplitude despite the increased
total horizontal force. For vertical direction, the larger the incident
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wave amplitude, the greater the vertical hydrodynamic pressure. When
a floater placed underwater at the same submerged depth is subjected
to various waves with different incident wave amplitudes, the total ver-
tical force of the configuration with higher hydrodynamic pressure is
naturally higher for their hydrostatic pressure remains the same. The
rapid increase in total vertical force leads to a significant decrease in
the reduction ratio. The above phenomenon reflects the variation in
the reduction ratio of the wave force magnitude with the incident wave
amplitude is not linear. When considering extreme waves character-
ized by strong nonlinearity, higher-order wave loads may be induced,
which cannot be ignored in practical engineering applications.
Considering that case 3 is more representative of extreme sea
conditions for larger actual wave steepness and its wave force reduc-
tion is much worse, the influence of the submerged depth is worth
further testing. From the comparison shown in Fig. 12, it can be
observed that the reduction ratio of the vertical wave force magnitude
at the submerged depth of 1/24,, is larger than that at the depth of
1/4Ay, as well as 5/8A, although the reduction ratio of the horizontal
wave force is increasing with the increase in the submerged depth.
This variation is similar to that in the wave configuration with a
smaller incident wave amplitude (shown in Fig. 9). Hence, for priority
to the vertical wave force, the optimal strategy in this wave condition

60

is still preferred to placing the floater underwater at the submerged
depth of 1/2A. From this point of view, it can be pointed out that
changes in the focused amplitude within a certain range hardly influ-
ence the optimal submerged depth despite the decrease in the magni-
tude reduction ratio (associated with the enhancement of the wave
nonlinearity).

C. Analysis of wave loads with different peak
frequencies

The influence of peak frequencies is to be illustrated in Fig. 13,
based on three cases of wave configurations (i.e., cases 1, 4, and 5 listed
in Table III) with the same focused amplitude but different peak fre-
quencies. The larger the peak frequency (the shorter the wavelength),
the larger the reduction ratio of horizontal force magnitude and the
smaller the reduction ratio of vertical force magnitude. This means
that placing the floater underwater at a certain depth is beneficial to
decrease the vertical loads with a ratio value above 40%, especially in
longer wave conditions, and the reduction ratio of horizontal force is
increased in shorter wave conditions. Under the assumption that the
front of the floater is exactly arranged at the position with wave
focused, the phase at this position remains consistent under different

50 |
45.66

41.89

40+

30 |

K (%)

23.94 24.01

20

Cr R

35.36

FIG. 13. Influence of different peak fre-
quencies on the wave force magnitude
reduction ratio.

0.894 0.994
1, H2)

1.12

Phys. Fluids 36, 057146 (2024); doi: 10.1063/5.0208825
Published under an exclusive license by AIP Publishing

36, 057146-11

1S'LE€L ¥20T Ren vT


pubs.aip.org/aip/phf

Physics of Fluids ARTICLE

wave conditions so that the horizontal velocity of the wave particles is
proportional to the peak frequency. That is, the higher the peak fre-
quency, the greater the horizontal velocity of the wave particles. It
demonstrates that the horizontal force under shorter wave conditions
should be greater when the floater is placed underwater at the same
submerged depth, while here the reduction ratio is larger. It may be
related to the increase in the horizontal force in the emerged state.
Concerning the vertical force, the larger the peak frequency (ie.,
shorter wavelength), the larger the wave steepness, while the smaller
the reduction ratio. Although the range difference in actual wave steep-
ness caused by the variation in peak frequency (i.e., cases 1, 4, and 5,
from 0.12 to 0.19) and that in the focused wave amplitude (i.e., cases
1-3, from 0.15 to 0.23) is little, the corresponding variation in the
reduction ratio of horizontal and vertical wave force magnitude is quite
different. That is, the corresponding decrease in the reduction ratio of
horizontal and vertical wave force magnitude are —11.42% and 5.09%
with the increase in the peak frequency and compared to those values
2.75% and 12.51% with the increase in the focused amplitude. This
suggests that the wave conditions with larger focused amplitude should
be paid more attention to for the variation of wave force reduction is
more sensitive to changes in focused amplitude in such a given
configuration.

V. CONCLUSIONS

This paper numerically investigates the wave forces on a floater
(including both total forces and various harmonic forces) at different
submerged depths to identify an optimal survival strategy in response
to extreme wave conditions. The main findings are summarized as
follows:

(1) The patterns of variation for horizontal and total vertical forces
as influenced by submerged depth differ in the specified sea
state. The peaks and troughs of the total horizontal force dimin-
ish as submerged depth increases, whereas for the total vertical
force, deeper submergence results in higher peaks and lower
troughs.

(2) Placing the floater underwater at the depth of 1/24;, (where A,
represents the actual focused amplitude of the incident waves)
is confirmed as the optimal strategy for maximizing wave force
reduction in the given sea state. As submerged depth increases,
the magnitude of the total horizontal force lessens, and the total
vertical force initially rises then falls, indicating that a depth of
1/2A,, offers the most effective wave force reduction vertically
and excellent performance horizontally.

(3) While even order forces [including F 2H) and F?7) 4+ F9) pre-
dominantly influence the total horizontal force, the second-
order difference and the forth-order forces [F*~) + F*] play a
significant role in the variation of total vertical forces. Relying
solely on linear terms for the total horizontal force or on linear
and second-order sum terms for the total vertical force does not
accurately capture the variations, suggesting that linear theory is
insufficient for predicting wave loads.

(4) The optimal performance in wave force reduction under more
extreme conditions, with an actual wave steepness of kpAb at
0.23, remains at a submerged depth of 1/2A;, showing reduc-
tions of 21.26% and 29.38% in the horizontal and vertical direc-
tions, respectively. Wave conditions with larger focused
amplitudes warrant closer attention, as the variation in wave

pubs.aip.org/aip/pof

force reduction is more sensitive to changes in focused ampli-
tude than to shifts in peak frequencies for this particular
configuration.

These insights delineate the optimal submerged depth for
responding to extreme wave conditions and the influence of wave con-
ditions on this response, which is advantageous for the survival mode
planning of marine devices. This guidance is instrumental in designing
devices with enhanced reliability. In the future, the device considering
the effect of the mooring and even the hybrid system combining the
floater with floating breakwaters or platforms will be noticed. The
research on their survival strategy in more complex extreme waves is
going to be pushed ahead. This will better guide practical engineering.
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APPENDIX A: FORCE ENERGY SPECTRUM

Fast Fourier transform (FFT) is an important tool for reflecting
energy distribution in the frequency domain. Figure 14 compares the
spectral characteristics of the total forces in different submerged depths,
in which the vertical value is normalized by the corresponding total
force maximum ([Se(f)lmax) in the emerged state. Concerning the
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FIG. 14. Influence of different submerged depths on the force energy spectrum (case 1).

horizontal force [Fig. 14(a)], the peak in the fundamental frequency
range achieves a maximum in the just submerged state (i.e., LC2), and
then decreases gradually with the increase in the submergence depth.
When the relative submerged depth is greater than 1/2, the peak value
begins to be less than that in the emerged state. The high-order compo-
nents hardly change with the variation of the submerged depth. For the
vertical force [Fig. 14(b)], the peak in the fundamental frequency range
achieves a maximum also in the just submerged state (i.e., LC2), and
then decreases gradually with the increase in the submergence depth.
Differently, the peak values in the submerged state are much smaller
than that in the emerged state. When the submerged depth is greater
than 1/2, the peak value tends to be stable. Additionally, there are also
some differences in the second-order difference components and high-
order harmonics, which should not be ignored in the analysis.

APPENDIX B: FOUR-PHASE DECOMPOSITION METHOD

According to Stokes wave theory, the water surface elevation
can be expanded into several high-order components””*'

1 = Anyy cos(0) + A* (i1 + 15, c0s(20)) + A° (13 cos(0)

+ 1133 cos(30)) + A4(’740 + 4y €08(20) + 1144 cos(40)) + O(As)a
(B1)

where A denotes the wave amplitude, 0 denotes the wave phase, and
11;j denotes the jth term of the ith order component. Similarly, when
the waves interact with the marine structure, the high-order wave
loads can be written as’”

F = AFy; cos(0) + A*(Fyy + Fy cos(20)) + A*(F3; cos(0)
+ Fs3 c0s(30)) 4+ A*(Fy9 + Fyy cos(20) + Fyy cos(40)) + O(A%).
(B2)
According to the four-phase decomposition method applied to
the wave surface elevation,”” when the phase is assigned the value of
0, ©/2, m, and 37/2, the expression of Fy, Foo, Fig9, and F,7, can be

consequently obtained. Then, the linear and nonlinear harmonics
can be obtained based on the following:

FO — Fy + iFoog — Fig0 — iFa70
4 b)
FO _ Fy — Foo + Fi30 — Faro
! | (B3)
FO) Fy — iFog — Fig0 + iFa70
4 b)
FC-) L ) — Fy + Foo + Fig0 + Fano

4
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where FU, F? F®_ and F®7) + @ represent the linear force, the
second-order sum force, the third-order force, and the second-order
difference and fourth-order force, respectively.
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