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Abstract

In the multifunctional system consisting of point absorber wave energy converters and a pontoon breakwater, the
breakwater plays an essential role in attenuating waves on the lee side and amplifying waves for a better energy
harvesting on the stoss side. The structure of breakwater is expectedly improved to enhance its wave attenuation and
amplification at the same time. Here we present a novel parabolic arc breakwater and show that for a range of typical
regular incident waves, it can attenuate more wave elevation and focus high waves in several regions in comparison
to a straight breakwater. In further frequency-domain investigations, a special relatively-low frequency associated
with the parabolic arc breakwater configuration is found and named as the critical frequency, closed to which splendid
attenuation and focusing performance can be achieved. A systematic parametric study on the geometric factors (draft,
width, and chord length) of the parabolic arc breakwater is thereafter carried out to examine their influence on the
attenuation and focusing performance at the critical frequency. We find that an increase of the draft can reduce the
critical frequency greatly so as to let it be within the real sea states, meanwhile slightly affecting the attenuation
performance. An increase of the chord length has an uncertain but not large influence on the attenuation performance,
whereas it enhances substantially the focusing performance. Simultaneously, an amplification rate up to 3.06 in two
relatively-large focal areas in a prescribed deployment zone and an average attenuation rate of approximately 68% in
a prescribed protection zone could be obtained in a commonly observed coastal wave.

Keywords: parabolic arc breakwater; wave energy; hybrid system; wave attenuation; wave focusing

1. Introduction

Wave energy attracts broad interest in recent years. Many wave energy converters and related hybrid
energy harvesting systems have been proposed (e.g., Ref. [1]-[4]). Recently, wave energy converters were
combined with breakwaters to form a system that the two kinds of devices share mutual benefits of function
compatibility and cost reduction [5]. Due to the diversity of breakwaters [6] and wave energy converters
[7], many systems were proposed [8]-[20] based on various integration methods. Here we restrict the scope
within a promising and relatively new scenario [19][20], in which flexibly arranged point absorber wave
energy converters (PAWECs) [21] are deployed in front of an easily-constructed and low-cost pontoon

breakwater. PAWECs, with their captured energy proportional to the square of wave height in ideal cases,
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take advantage of high local waves generated by the disturbance of pontoon breakwater and in return offer
it protection from direct wave impact [19]. Better wave energy conversion and attenuation are desired for
this hybrid system. For energy conversion, besides the optimization strategies for a single PAWEC or array
[22]-[24], waves amplified by the breakwater are also a great auxiliary; on the other hand, attenuation of
the system heavily relies on the breakwater [19]. In this sense, the breakwater is supposed to have a

promotive amplification on the premise that its attenuation is guaranteed.

The idea of using artificial architecture to focus high waves for a better energy harvesting has long been
investigated, although such approaches based on wave refraction [25]-[27] or Bragg resonance [28] were
not first applied to breakwaters. One method was the so-called wave lens [30]. Flat plates or horizontal
circular cylinders were assembled underwater in an overall biconvex [29], Fresnel [30], crescent [31], or
other [32] planform. While passing through a wave lens, a monochromatic wave train is refracted by the
sudden decrease in water depth and directed toward a pre-selected focal point. The mechanism is similar to
that of its optical counterpart. An amplification factor (maximum focused surface elevation/incident wave
amplitude) as high as 15 could be obtained for a particular wave frequency [32]. Despite its effectiveness,
this method cannot be straightforwardly adapted for the pontoon breakwater and PAWECs hybrid system
since the focal point is always on the lee side of the wave lens. However, inspired by the thought of directed
refraction in the wave lens approach, a breakwater may instead use directed reflection to focus waves at
certain locations on the stoss side. For this purpose, the breakwater’s opening wall needs to be made to a
particular shape that satisfies the focusing condition. One such breakwater was proposed in [33]. The
planform contour of the opening wall is bent from a straight line to a parabola, analogous to the reflection

of light by a two-dimensional concave mirror.

Many innovative methods have been proposed to improve the attenuation of a pontoon breakwater [34]-
[43]. Perhaps the most straightforward way is slightly changing its geometry. As demonstrated in [44] and
[45], width is a key factor. In two-dimensional (2D) cases, the transmission coefficient could be reduced
through either extending the width of a single pontoon or placing multiple pontoons side by side. The latter
may have a better performance for the same overall horizontal dimension [44], reflected by vast twin-
pontoon designs [42]-[45]. Another way that can be regarded as increasing the horizontal dimension of a
breakwater is by bending the structure to make its planform a circular arc [46] or V-shaped [47] pattern. By
the Fermat principle of least time [48], this method also helps create a greater leeward shadow for the
breakwater. The effectiveness of such an approach is demonstrated in single arc [49] and double arcs [50]
configurations. Either the structure is concave toward the stoss side or the lee side, the attenuation effects
are similarly effective [50]. While adapting the bending method, most of the cases are floating or bottom-

mounted vertical plate breakwaters. Pontoon breakwaters are rarely seen.

The practical application of the pontoon breakwater and PAWECs multifunctional system is restricted
by two inadequacies in the previous researches. The first is that an integrated evaluation of both attenuated

waves and amplified waves was necessary but rare. On the one hand, these two aspects were always studied
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in a separative manner, and concerns were mostly focused on the attenuated waves. On the other hand,
studies on the integrated system are mainly concerned about interactions between the breakwater and the
PAWEC: in order to optimize the energy harvesting performance [19][20]. The second, partly due to the
first, is that a simple way to simultaneously enhance both the attenuation and the amplification of waves
was expected but absent. The exclusive improvement methods for attenuation were described in the
literature in the previous paragraph. In [19] the authors reported that the presence of both a breakwater and
a PAWEC was superior in attenuation to the presence of either. The latest only investigation on wave
focusing using a pontoon breakwater was Ref. [33], in which attenuation was not considered. To remedy
the inadequacies, we thereby propose a parabolic arc breakwater in the light of compatibility behind the
method of changing the opening wall shape and the method of bending the whole structure. This concept
can be generalized to other forms of breakwaters, but herein we demonstrate its effectiveness through the
pontoon type. The novelty and motivation of this study are reflected as follows. The first is to establish a
set of criteria, aiming at three-dimensional (3D) problems as those presented in the paper, to evaluate the
overall performance of a breakwater considering simultaneously the wave attenuation and the wave
focusing. The second is to demonstrate the superior performance of a parabolic arc breakwater through a
comparative study. The third is to explore the influence of geometric factors (draft, width, and chord length)
on the performance of a parabolic arc breakwater through a parametric study, hence providing a reference

for practical applications.

The rest of the paper is structured as follows. In section 2 we validate the modeling and declare the
performance criteria. In section 3 we carry out a comparative study between parabolic arc breakwaters and
a straight breakwater. In section 4 we perform a parametric study on the parabolic arc breakwater

dimensions. In section 5 we draw conclusions and remarks on future work.

2. Methodology and validation
2.1 Parabolic arc breakwater

The sketch of top view and side view of the proposed parabolic arc pontoon breakwater in the Cartesian
coordinate system oxyz is in Figure 1. The breakwater is freely floating. From the top view, the breakwater
is a parabolic band with a uniform width w. It is symmetric about the x-axis and placed in a manner that the
opening wall is tangent to the oyz plane at the z-axis. The curvature of the structure is determined by its
focal distance f. The lateral dimension is characterized by chord length /. From the side view, the draft in
calm water is denoted as d. The overall horizontal dimension is characterized by occupation width w,. Water
depth is denoted as /. The incident wave propagates in the positive x-direction with an angular frequency

.
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Figure 1 Sketch of the parabolic arc breakwater: top view and side view

2.2 Hydrodynamics and important physical terms

Based on the potential wave theory, interactions between water waves and breakwaters are simulated
by the open-source code HAMS developed by Liu [51], incorporating an open-source package of free-
surface Green function [52]. The fluid is assumed incompressible, inviscid, and irrotational, and the

governing equation is the Laplace equation,

72¢ =0 0]
where ¢ = ¢y + s + @, is the total velocity potential. ¢, is the incident potential, ¢ is the scattered
potential, and ¢, = iw 216-=1 iy s the total radiation potential. &; is the motion response and ¢,.; is
the radiation potential in jth mode oscillating with unit amplitude, respectively. The velocity potential ¢

satisfies the boundary conditions on the free surface Sr, the immersed body surface Sg, and the seabed Sp

(as shown in Figure 1),
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where v,, is the normal component of the fluid velocity on the immersed body surface Sg. The problem
can be solved in the frequency domain numerically by the Boundary Element Method using the open-source

code HAMS. For a planar wave, the incident potential is

igA cosh[k(z+h)] _; i i
$o = tgA coshiktz+ )] ,~ikx cos B~iky sin B 3)
w coshkh

where A4 is the incident wave amplitude, g is the acceleration of gravity, & is the wave number, and f is the
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incident angle. According to Ref.[53], the complex surface elevation can be expressed as

Potds 2
Ne = ;T+%Z]6'=1Ej¢rj 4)

The motion response vector § can be derived from the matrix form equation of motion in the frequency
domain

[~w?(m + a) + iwb + k)€ = F, ()

where m is the mass matrix, a the add mass matrix, b the radiation damping matrix, and kg the

hydrostatic stiffness matrix of the breakwater. F, is the wave excitation force.

A list of major nomenclature is shown in Table 1.

Table 1 Major nomenclature

Breakwater Water Wave

Chord length / Surface elevation n Angular frequency w

Width w Average elevation a Period T

Occupation width Wo Depth h Critical frequency W
Focal distance f Amplification factor a

Draft d Critical elevation e

2.3 Convergence test

We perform a convergence test to validate the mesh to be used in the subsequent computations.
A straight pontoon breakwater with /=10 m, w=1 m, d=1 m is selected as the test model. The water
depth is ~=5 m. Three incident waves covering a wide range with ®=0.5, 3, and 5 rad/s are used.
Three sets of mesh with a grid size of 0.1, 0.125, and 0.2 m are tested. Surface elevations on the
cutting lines on the lee side of the breakwater at x=1, 10, and 19 m are displayed in Figure 2. The

two sets of mesh of 0.1 m and 0.125 m match well. Hereafter the 0.125 m grid size is used in all

the cases.
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Figure 2 Convergence test of the mesh with grid size of 0.1, 0.125, and 0.2 m, in three representative waves w=0.1,

3, and 5 rad/s, at locations x=1, 10, and 19 m.

2.4 Performance criteria

The performance of a pontoon breakwater in this study is evaluated in two aspects: wave attenuation
on the lee side and focusing on the stoss side. Since the main functionality of a breakwater is to reduce
leeward wave elevation, attenuation is considered as the key criterion with the first priority. On the other
hand, the breakwater is expected to focus high waves at some locations (possibly at the focus of the parabola)
for PAWECs. High-quality focal areas are expected to have higher waves, a more regular shape (such as a
square or a circle that has similar lateral and horizontal dimensions), and a larger area. Besides the criteria
of attenuation and focusing, the parabolic arc breakwater should not be too curved to violate practical

construction and application.

In 2D problems, wave attenuation features of a breakwater can be characterized by the transmission
coefficient 7 and reflection coefficient R. Whereas in 3D problems, such as the present study, the concepts
of R and T are no longer applicable since the surface elevation distribution in the lateral direction should
not be considered as uniform (as shown in Figure 2). In such a situation, we use the surface elevation on
the stoss side and the lee side to respectively describe the attenuation and focusing features. In most cases
of the paper, a 50 mX/ rectangular protection zone counted from the leeward wall center and a 50 mx/
deployment zone counted from the opening wall center are selected in which surface elevation is measured
(Figure 3). To acquire a comprehensive knowledge of attenuation, two properties throughout the protection
zone are necessary: the average elevation 7, characterizing general attenuation effectiveness, and the

surface elevation # illustrating complementary details. For focusing on the deployment zone, the preference
6



is seeking high-quality locations. In ordinary reflection by a plain obstacle, the superposition of incident
and reflection waves could create waves with a maximum amplitude two times the incident amplitude. To
demonstrate the superior focusing effect of parabolic arc breakwaters, areas with wave amplitude larger
than 2 m and proper shape and size are marked. Associated with each focal area, the amplification factor a

is also given.

Stoss side Lee side

Figure 3 Protection zone and deployment zone

3. Comparative study between parabolic arc and straight breakwaters

According to the performance criteria, a comparative study is carried out to demonstrate the
effectiveness of parabolic arc breakwater in wave attenuation and focusing. Seven parabolic arc
breakwaters with /=10, 15, 20, 25, 30, 35, 40 m are thereby selected in comparison to a straight breakwater.
It starts from /=10 m since the curvature is considered better not to be large. In all the breakwaters, the
chord length is /=20 m, the width is w=1 m, and the draft is d=1 m. The water depth is #=5 m. Nine groups
of incident regular waves with an angular frequency o ranging from w=1 to 5 rad/s with an increment of

0.5 rad/s are used to check the performance of breakwaters in a different wave environment.
3.1 Attenuation

The comparative results of the average elevation #, for each wave are displayed in Figure 4. For w=1,
1.5, and 2 rad/s, 7. around all the eight breakwaters keeps close to 1 m. Either a parabolic or straight
breakwater is almost useless. For w=2.5 rad/s, the breakwaters begin to work but are similarly ineffective
with a 7, about 0.9 m. The /=10 m parabolic arc breakwater is a little better than the rest. For v=3, 3.5, 4,
4.5, and 5 rad/s, . of all the breakwaters drops a lot. It is evident that 7, of the seven parabolic arc
breakwaters is lower than that of the straight breakwater. To sum up, in our selected cases, the parabolic arc
breakwaters are as good as or better than the straight breakwater, especially in the high-frequency waves.
Also, for >3 rad/s, attenuation is stronger as the focal distance fincreases (the straight breakwater may be
regarded as a parabolic arc breakwater with f/=+). The /=10 m parabolic arc breakwater has an overall best

attenuation at an average level.

Next, we look closely to see how better the attenuation of the /=10 m parabolic arc breakwater could be
in contrast to that of the straight breakwater in the high-frequency waves. By calculating the ratio of

difference (#astraight-#aj=10 m)/falr=10 m, We have for w=3, 3.5, 4, 4.5, and 5 rad/s, #, of the /=10 m parabolic arc
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breakwater is less than that of the straight breakwater by respective ratios of 44.23%, 55.32%, 54.17%,
51.55%, and 30.26%.
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Figure 4 Trends of average elevation 7, in protection zone, with respect to seven parabolic arc breakwaters with

=10, 15, 20, 25, 30, 35, 40 m and a straight breakwater. w=1 m, d=1 m, w=1 to 5 rad/s with an increment of 0.5

rad/s.
Surface elevation 7 (m), f= 10 m, o= 3.0 rad/s Surface elevation 7 (m), straight breakwater, @ = 3.0 rad/s
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Figure 5 Surface elevation # in the protection zone of the /=10 m parabolic arc breakwater (left) and straight

breakwaters (right), where w=1 m, d=1 m, /=20 m, »=3 rad/s.

Surface elevation # distribution is illustrated as complementary details for the comparison of attenuation

between the /=10 m parabolic arc breakwater and the straight breakwater. Here we take the w=3 rad/s case
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as an example (Figure 5). The most distinctive character of the leeward wave field of the parabolic arc
breakwater is the roughly stratified pattern in y-direction: narrow high elevation layer (yellow and red) on
the boundaries, low elevation layer (mainly blue) in the central part, and the medium elevation layer (green)
in between. No high elevation spot is mixed in the low and medium elevation areas as that in the pattern of
the straight breakwater. Laterally, from outer to inner of the protection zone, wave motion decreases. In a
large area (mainly blue) in the central part, wave motion could be quite faint. According to the Fermat
principle of least time [48], the convex leeward wall is able to direct waves outward the central zone,
reducing interactions between waves and preventing focusing. This may explain the distribution pattern

and the better attenuation of the parabolic arc breakwater.
3.2 Focusing

To examine the wave focusing performance of the /=10 m parabolic arc breakwater and the
straight breakwater, the distribution of # in three representative waves (from low to high, w=1, 3,
and 5 rad/s) are displayed in Figure 6. For each wave in this case and hereafter, the maximum
elevation in the entire deployment zone is used as the upper bound in the rainbow ribbon on the
right side of the pictures. The lower bounds are chosen accordingly for the best clarity. In all three
waves, the straight breakwater, in general, shows a wave field with a periodical strip pattern,
revealing little apparent focusing. Whereas the parabolic arc breakwater is able to focus higher
waves in some locations (red spots), the focusing strength is varying in different waves. High
focusing happens in high-frequency waves. As we see in w=5 rad/s, a could be 4.74. The incident

wave is amplified by nearly five times at the focus of the parabola.
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Figure 6 Surface elevation # in the deployment zone of the /=10 m parabolic arc breakwater (left column) and

straight breakwater (right column), where w=1 m, d=1 m, I=20 m, w=1, 3, 5 rad/s.

4. Parametric study on the dimensions of the parabolic arc breakwater

In the previous section, we demonstrate the performance of a representative /=10 m parabolic arc
breakwater in wave attenuation and focusing. In this part, we will study the influence of its draft, width,
and chord length on the performance. The water depth is /=5 m. Incident waves are from 0.5 to 5 rad/s with

an increment of 0.01 rad/s.

4.1 Draft

Here the width and chord length are kept fixed as w=1 m and /=20 m. A series of draft d=1,
1.5,2,2.5, 3 m are used.

The results of #,. in the protection zone of the five breakwaters are shown in Figure 7a. We see that
attenuation in the five cases shows similar general trends in the frequency domain. The most interesting
finding is the existence of sharp local minima. On this point and in the narrow adjacent range around it,
relatively low-frequency waves can be effectively attenuated. Herein we would name this particular
frequency as the critical frequency by denoting it as w.. The corresponding local minima of 7, is named as
the critical elevation by denoting it as 7.. The breakwater can be potentially tuned to make its critical

frequency match the local wave frequency in order to obtain a satisfying attenuation effect.
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Figure 7 a. Average elevation 7, in the frequency domain in the protection zone of the /=10 m parabolic arc
breakwaters. b. Trend of critical frequency w. and critical elevation #. with respect to d, where w=1 m, =20 m, d=1,

1.5,2,2.5,3m.

Results of w. and 7. for the different drafts are displayed in Figure 7b. As d increases from 1 to 3 m, w.
decreases a lot from 2.69 to 1.67 rad/s, #. increases not much from 0.315 to 0.38 m. @, is quite sensitive to
the change of d, whereas 7. is not. It indicates that the critical frequency of the breakwater can be effectively
reduced by increasing the draft, without loss of much attenuation ability. But such an approach may have
some latent limits. First, although the critical elevation does not increase much, it still increases (about
20%), and the attenuation worsens. Other methods, such as installing extended porous plates [39] on the
bottom of the leeward wall, may be an alleviation. Second, from Figure 7b one could observe that the
decreasing of the critical frequency is slower as the draft increases. Using this method to reduce the critical
frequency could be harder for a large draft. Third, as the draft increases, the pattern around the critical point
becomes sharper. The effective band is narrower, and the attenuation performance is more sensitive to a

varying incident wave frequency around the critical point.

In the five critical frequencies, w.=1.81 rad/s for d=2.5 m and w.=1.67 rad/s for =3 m are in the range
from 1 to 2 rad/s, which is commonly observed in some coastal areas in southwest England [54] and
Shandong, China [4]. Here we take the latter case with lower w. for further investigation. The results of 7
in the deployment zone and protection zone under the critical condition are shown in Figure 8. The focal
areas with a>2 are circled by black lines, and the amplification factor a in the large one (maximum surface
elevation in the circled area/incident wave amplitude) is shown. For attenuation, the low elevation zone
(blue) appears a butterfly shape and is mainly in the region closed to the leeward wall. The breakwater
could be properly placed to cover targeted infrastructures in this area. The elevation is mostly around 0.5
m in the rest of the area, which is also a reasonable shelter. On the stoss side, the breakwater mainly focuses

a large elliptic a>2 area with ¢=2.43. Between -20 m<x<-10 m, another a>2 area may be discarded since

it is small.
Surface elevation 77 (m). d=3.0 m, w= 1.67 rad/s Surface elevation 7 (m), d=3.0 m,w = 1.67 rad/s

O 24300 1.0000
1.8225 0.7500
1.2150 0.5000
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] - 0.0000 . 0.0000

-50 -40 -30 -20 -10 0 0 10 20 30 40 50
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Figure 8 Surface elevation # in the deployment zone (left) and protection zone (right) behind the /=10 m parabolic
arc breakwater in the d=3 m case, where w=1 m, /=20 m. Focal areas with a>2 are circled by the solid line.

Amplification factor a in the large focal area is given.
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4.2 Width

Here the draft is =3 m, and the chord length is /=20 m. A series of width w=1, 1.5, 2, 2.5, 3 m are used.
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Figure 9 a. Average elevation 7, in the frequency domain in the protection zone of the /=10 m parabolic arc
breakwaters. b. The trend of critical frequency w. and critical elevation 7. with respect to w, where d=1 m, /=20 m,

w=1,15,2,2.5,3 m.

The results of 7, in the frequency domain are in Figure 9a. As w increases, 7, after w. is greatly reduced,
but 7, before w. is hardly affected. Also, the pattern around the critical point is less sharp. w. and 7. for
different width are displayed in Figure 9b. w. drops not much from 1.67 rad/s for w=1 to 1.58 rad/s for w=3
m, whereas #. has only tiny fluctuation around 0.38 m. From the above results, the critical frequency could
be reduced by increasing its width, but the method is not as effective as an increasing draft (Figure 7b). The
decreasing of critical frequency also shows a slowdown as the width increases. For attenuation under the
critical condition, increasing width has a negligible effort, but the effective band around the critical point
becomes wider, making the attenuation less sensitive to a varying incident wave frequency. Besides, an

increased width is quite effective in suppressing high-frequency waves.

Surface elevation 7 (m), w = 1.5 m, @=1.64 rad/s Surface elevation 7 (m), w = 1.5 m, ®=1.64 rad/s
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Figure 10 Surface elevation # in the deployment zone (left) and protection zone (right) behind the /=10 m parabolic

arc breakwater for w=1.5, 2, 2.5, 3 m, where d=1 m, /=20 m. Focal areas with a>2 are circled by solid line.

Amplification factor a in each large focal area is given.

The distribution of # in the deployment zone and protection zone of the w=1.5, 2, 2.5, 3 m breakwaters

under the critical condition are presented in Figure 10. Together with Figure 8, we find that changing width

has a very limited influence on the shape and amplification factor a of the high elevation area. The

distribution in the protection zone is also not affected much.

4.3 Chord length

In this part, as we increase the chord length of the breakwater, we keep the targeted protection zone

invariant as a 50 mx20 m area, as in the previous sections. The deployment zone is changing with the

breakwater as a 50 mX/ area. The draft is d=3 m, and the width is w=1 m. Chord length /=20, 25, 30, 35,

40 m are used.
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Figure 11 a. Average elevation #, in the frequency domain in the protection zone of the /=10 m parabolic arc
breakwaters. b. The trend of critical frequency w. and critical elevation #. with respect to /, where w=1 m, d=1 m,

=20, 25, 30, 35, 40 m.

In Figure 11a, we see that as / increases, 7. after the critical point is greatly reduced. This method is
more effective than increasing the width (Figure 9a) in suppressing waves beyond the critical frequency.
The pattern around the critical point becomes less sharp; attenuation is less sensitive to a varying spectrum.
In Figure 11b, e, slightly increases from 1.67 rad/s for /=20 m to 1.7 rad/s for /=40 m, whereas 7. fluctuates
in a range from 0.31 to 0.38 m. Increasing chord length has a little negative effect on the reduction of critical

frequency and a relatively random effect on attenuation under the critical condition.

The distribution of # in the deployment zone and protection zone (bounded by dashed lines) of the /=25,
30, 35, 40 m breakwaters under the critical condition are shown in Figure 12. Amplification factor a in each
large focal area is marked. Together with that in Figure 8, the pattern in the protection zone in the five cases
are similar. The low elevation region is closely behind the leeward wall. In the deployment zone, as the
chord length increases, high focal areas gradually move from the central part to the sides. As the attenuation
and focusing are not changing monotonically with the chord length, the five cases need to be treated
accordingly. First, we should discard the /=30 m case. With an increase in the construction material, higher
critical frequency and elevation, lower amplification factors, and not larger focal areas, it has little
advantage comparing with the /=25 m case. The /=25 m case is quite good, the critical frequency and
elevation are among the lowest, and the two focal areas are relatively large with reasonable amplification
factors. The /=35 and 40 m cases are similar in attenuation, and they both mainly have two symmetric high
focal areas. The /=40 m case has a bit advantage in the amplification factor and size of the focal area. The

low and small focal areas could be used for PAWECsS, but the high and large focal areas are much better.
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Figure 12 Surface elevation # in the deployment zone (left column) and protection zone (right column) behind the

=10 parabolic arc breakwater for /=25, 30, 35, 40 m, where w=1 m, d=1 m. Protection zones are bounded by dashed

lines. Focal areas with a>2 are circled by the solid line. Amplification factor a in each large focal area is given.

Except for the /=30 m case, attenuation, especially in high-frequency waves, and focusing are generally

improved as we increase chord length. However, we should also consider the geometry of the breakwater.
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The occupation width (see Figure 1) is wo=w+*/16f. For fixed f and w, w,—w is proportional to /. As [
increases, w, increases in an approximately quadratic speed. If the chord length is made very large, the
occupation width and total length (the length of the parabola) will be much larger, leading to an abnormal
shape and excessive use of construction material. A compromise between the performance and the shape

has to be made.

5. Conclusion

The hybrid system of wave energy converters and breakwaters has become an active research area. This
study proposes a novel parabolic arc pontoon breakwater to improve attenuation performance and focus
high waves for PAWECs. The adaption of the code is validated by a convergence test. Surface elevation in
the development zone and protection zone and amplification factor are used as the main criteria for the
assessment of attenuation and focusing performance. Through a comparative study between the parabolic
arc and straight breakwaters in nine different waves and a parametric study on the /=10 m parabolic arc

breakwater in a wide frequency range, the major remarks are concluded as follows:

1. A parabolic arc breakwater is as good as or better than a straight breakwater in attenuation, especially
in high-frequency waves. The /=10 m parabolic arc breakwater is able to focus high waves at certain

locations, whereas the straight breakwater is not.

2. A relatively-low critical frequency is found in the narrow band around which the parabolic arc
breakwater has excellent attenuation and focusing performance. The strategy of the breakwater design could

be formulated so as to match the critical frequency with the peak frequency at the operation sites.

3. Increasing draft of the parabolic arc breakwater is the most effective way to reduce the critical
frequency, whereas slightly rise the corresponding critical elevation. Increasing width can slightly reduce
the critical frequency and has a small influence on the critical elevation. Increasing chord length raises the
critical frequency a little and has an uncertain but not large influence on the critical elevation. While doing
so, the balance between the performance and shape of the parabolic arc breakwater should also be
considered. A combination of the methods of varying dimensions and others is possible to tune the
breakwater to be effective in a prescribed wave environment. Based on the present study, a breakwater is
found to be capable of attenuating approximate 68% of the elevation as well as to focus two large areas
with an amplified factor of 3.06 in a 3.7s wave, which is commonly observed in some coastal areas in

southwest England and Shandong Province, China.

Future work will explore in detail the general design criteria of a parabolic arc breakwater considering
the wave attenuation and focusing performance based on the findings of the present study, which will be

investigated in a later stage.
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Appendix
The Position of center of gravity, mass, and moment of inertia of the floating breakwaters used in this
study are listed in Table 2. The body-fixed coordinate system OXYZ is located at the center of gravity of a

breakwater. The deployment of the breakwater is shown in Figure 1.

Table 2 Position of center of gravity, mass, and moment of inertia of the floating breakwaters

1=20 m, w=1 m, d=1 m

£(m) quitiop of center of gravity in the Breakwater Moment of inertia (Kg-m?)
inertia coordinate system (m) mass (Kg) Iy Iyy 17z
10 (-0.333,0, 0) 2.050E+04  7.510E+05 2.803E+04 7.568E+05
15 (-0.056, 0, 0) 2.050E+04  7.444E+05 2.083E+04 7.428E+05
20 (0.083, 0, 0) 2.050E+04  7.419E+05 1.833 E+04 7.378E+05
25 (0.167, 0, 0) 2.050E+04  7.417E+05 1.717 E+04 7.355E+05
30 (0.222, 0, 0) 2.050E+04  7.401E+05 1.655 E+04 7.342E+05
35 (0.262, 0, 0) 2.050E+04  7.397E+05 1.617 E+04 7.334E+05
40 (0.292, 0, 0) 2.050E+04  7.395E+05 1.593E+04 7.329E+05
straight (0.5,0,0) 2.050E+04  7.386E+05 1.513E+04 7.313E+05
=10 m, =20 m, w=1 m
d (m) quitiop of cenFer of gravity in the Breakwater Moment of inertia (Kg-m?)
inertia coordinate system (m) mass (Kg) Lxx Iyy Iz
1.5 (-0.333,0, 0) 3.075E+04  1.154E+06 5.988E+04 1.146E+06
2 (-0.333,0, 0) 4.100E+04  1.576E+06 1.103E+05 1.536E+06
2.5 (-0.333,0, 0) 5.125E+04  2.023E+06 1.843E+05 1.927E+06
3 (-0.333,0, 0) 6.150E+04  2.498E+06 2.872E+05 2.319E+06
f=10m, =20 m, d=3 m
w (m) quitiop of center of gravity in the Breakwater Moment of inertia (Kg-m?)
inertia coordinate system (m) mass (Kg) Lxx Iyy 177
1.5 (-0.083, 0, 0) 9.255E+04  3.862E+06 4.850E+05 3.591E+06
2 (0.167, 0, 0) 1.230E+05  5.280E+06 7.226E+05 4.931E+06
2.5 (0.417, 0, 0) 1.538E+05  6.742E+06 1.003E+06 6.336E+06
3 (0.667, 0, 0) 1.845E+05  8.238E+06 1.330E+06 7.806E+06
=10 m, d=3 m, w=1 m
1 (m) Po_sitior.l of center of gravity in the Breakwater Moment of inertia (Kg-m?)
inertia coordinate system (m) mass (Kg) Ixx Iyy L7z
25 (-0.802, 0, 0) 7.688E+04  4.700E+06 4.284E+05 4.546E+06
30 (-1.375,0,0) 9.225E+04  7.989E+06 6.646E+05 7.957TE+06
35 (-2.052, 0, 0) 1.076E+05 1.262E+07 1.065E+06 1.287E+07
40 (-2.833,0, 0) 1.230E+05 1.885E+07 1.725E+06 1.966E+07
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