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Water-waves focusing by
an elliptical re�ector
Yihan Wang*

Southampton Ocean Engineering Joint Institute, Harbin Engineering University, Harbin, China
Focusing water waves is a potential technology improving the power generation
of wave energy converters. Two semi-ellipsoidal re�ectors, including long-axis
opening and short-axis opening, were adopted to investigate the water-wave
focusing effects. A 3D numerical wave tank was built and solved using the
computational �uid dynamics (CFD) method. First, the wave �elds around the
re�ectors against different wave periods were calculated. Furthermore, the wave
elevation at monitoring locations of the re�ectors against different wave
steepness was investigated. Results demonstrate that the number of focusing
points of the long-axis opening is more than that of the short-axis opening for
short wave periods. The locations of focusing points move with the change of
wave periods. However, for long wave periods, the waves can be focused over a
large area in front of the re�ector. The wave height at the focusing area overall
becomes smaller with the increase in the wave periods. Additionally, the wave
steepness has insigni�cant effects on the dimensionless wave height.
KEYWORDS

CFD, semi-ellipses re� ectors, water-wave focusing, wave energy converter, wave
period
1 Introduction

The propagation of water waves is accompanied by huge energy, including kinetic
energy and potential energy. The magnitude of water wave energy is proportional to the
square of wave amplitude. Recently, the topic of wave concentration has attracted the
interest of scholars in the �eld of marine engineering to improve the ef�ciency of power
generation devices and reduce the cost. Water waves, like physical waves such as
electromagnetic waves, acoustic waves, and elastic waves, have the characteristics of
refraction, re�ection, diffraction, and resonance. Based on the above wave characteristics,
various wave concentration technologies have been proposed.

The lens is a typical wave energy gathering device, which uses refraction to focus the
wave on a point in space. For deep water, an underwater submerged plate shaped as a
convex lens was proposed to focus waves (Mehlum and Stamnes, 1978; Mehlum and
Stamnes, 1979; Kudo et al., 1986). Then, the nonlinear water-wave focus of a submerged
Fresnel lens has been investigated (Stamnes et al., 1983). To increase wave transmission, the
submerged plate was replaced by a horizontal cylinder array (Murashige and Kinoshita,
1990; Murashige and Kinoshita, 1992). In shallow water, elliptical and bi-convex
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bathymetries were considered as the lens (Grif�ths and Porter,
2012). The conformal transformation technology was adopted to
design a broadband gradient index lens using gradient water depth
(Wang et al., 2015). Recently, inspired by the photonic crystals, an
array of vertical bottom-mounted cylinders was adopted to form a
refraction-based focusing lens for long water waves (Hu and Chan,
2005). Besides, metamaterial concepts have been adopted to design
an epsilon-near-zero water waves focusing lens, in which the lens is
a submerged plate shaped as a semi-circular (Bobinski et al., 2015).
Moreover, wave heights can be ampli�ed at resonance conditions.

Moonpool is known as an operational hole of a drilling
platform, where resonances can be excited at certain wave
frequencies. Kong et al. (2019) proposed a moonpool platform–
wave energy buoy (MPWEC). Numerical results validated that the
wave energy conversion ef�ciency was signi�cantly increased due to
the resonance phenomenon inside the moonpool. Then, Lin et al.
(Liu et al., 2020) experimentally studied the MPWEC introduced in
Kong et al. (2019) with PTO systems. It was found that the
moonpool can enhance the wave energy conversion in a certain
range of wave frequencies. However, the moonpool will hinder the
motion of the �oat buoy at some wave period. Cheng (Cheng et al.,
2021) et al. proposed a quadrate moonpool-type �oating breakwater
combined with an array of wave energy converters. By optimizing
the size and the con�guration of the multi-purpose platform, the
�oating system makes the concentration of wave energy over a
wider frequency range.

Generally, the lens is sensitive to water depth, while the moonpool
only works at the resonance frequencies. Compared with the above
wave concentration methods, re�ectors have attracted more interest in
engineering due to their having fewer limitations. Besides, re�ectors
can be integrated with a breakwater to reduce cost.

Different shapes of water-wave re�ectors have been considered.
Straight re�ectors are the most basic re�ectors, which can increase
the wave height twice by the vertical wall, known as standing waves.
Loukogeorgaki and Chatjigeorgiou (2019) investigated the
hydrodynamic performance of an array of truncated cylinders in
front of the straight re�ector. The heave exciting force of the
cylinders can be improved at certain wave frequencies due to the
re�ected waves. An array of heaving Oscillating Buoy Wave Energy
Converters (OB-WECs) attached at the weather side of a �xed
straight breakwater has been numerically and experimentally
studied by Zhao et al (Zhao et al., 2019). The results show that
the existence of the straight breakwater can amplify the energy
conversion performance of the WEC array. Konispoliatis (2020),
Konispoliatis and Mavrakos (Konispoliatis and Mavrakos, 2020a;
Konispoliatis and Mavrakos, 2020b), Konispoliatis et al
(Konispoliatis et al., 2020a; Konispoliatis et al., 2020b), Kara
(Kara, 2021; Kara, 2022) arranged an array of truncated cylinders
and an oscillating water column in front of a vertical breakwater,
respectively. It was found that compared to the isolated converter
array, the power ef�ciency of the converters in front of a breakwater
is ampli�ed at speci�c frequency ranges. Natarajan and Cho (2024)
investigated the cost-effective con�guration of an array of WECs
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positioned in front of a vertical seawall in irregular waves. It was
found that economically ef�cient wave power extraction can be
achieved by installing multiple WECs in front of a straight re�ecting
wall, even in nearshore shallow water regions. Besides, the
orthogonal re�ection boundary has also been adopted to improve
wave energy wave power extraction (Konispoliatis and Mavrakos,
2021). More than four times the heaving motion of the isolated
WEC can be reached. It is known that a parabolic boundary can
focus wave energy at a point. Thus, parabolic re�ectors (Ertekin and
Monopolis, 1986; Yang and Ertekin, 1991; Lee and Cheung, 1994;
van der Wiel et al., 2016; Ren et al., 2021; Xu et al., 2023; Zhou et al.,
2023b) have been introduced to concentrate water-wave energy.
Recently, hybrid systems containing a parabolic breakwater and
wave energy converter (WEC) have attracted the research interests.
Floating buoys (Zhang and Ning, 2019; Zhou et al., 2023a) and
oscillating water column (Mayon et al., 2021; Mayon et al., 2023;
Mayon et al., 2024) have been arranged in front of a parabolic
breakwater to improve energy harvesting, respectively.

Above all, the curved re�ector has great potential to reduce the
cost of wave energy generation. To further expand the selection of
re�ectors, this study introduced an elliptical re�ector and
investigated the re�ection behaviors against various wave periods
and wave steepness. First, a three-dimensional numerical wave tank
was developed using Computational Fluid Dynamics (CFD) to
investigate the wave-focusing effects of elliptical energy-
concentrating devices. Then, two types of semi-ellipse that the
long axis and the short axis of the ellipse are used as openings
have been considered, respectively. The wave focus against various
wave periods was investigated. Finally, the effects of wave steepness
on the wave focus by the elliptical re�ector have been studied.
2 Theory

2.1 Governing equations

The water-wave focusing in this study is a wave-structure
interaction problem; thus, a 3D numerical wave tank was
established based on the Reynolds-Averaged Navier-Stokes
(RANS) equations. Assuming the �uid is incompressible, the
governing equations consist of the continuity equation and the
Navier-Stokes (N-S) equations, which can be expressed as follows:
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� (ru)
� t

+ � · (ruV) = �
� p
� x

+
� txx

� x
+

� txy

� y
+

� txz

� z
+ rfx (2)

� (rv)
� t

+ � · (rvV) = �
� p
� y

+
� txy

� x
+

� tyy

� y
+

� tyz

� z
+ rfy (3)

� (rw)
� t

+ � · (rwV) = �
� p
� z

+
� txz

� x
+

� tyz

� y
+

� tzz

� z
+ rfz (4)
frontiersin.org

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wang 10.3389/fmars.2026.1752602
� �ui

� t
+ �uj

� �ui

� xj
= �

1
r

� �p
� xi

+ v m2 �ui �
� u0

iu0
j

� xj
(5)

where Equation 1 represents the continuity equation, and
Equations 2–4) represent the governing differential equations for
the motion of viscous �uids. Equation 5 represents the time-
averaged N-S equations. In these equations: u is the velocity
component in the x-direction, v is the velocity component in the
y-direction, w is the velocity component in the z-direction, r is �uid
density, p is �uid pressure, t is shear stress, f is the body force acting
on the �uid element.
2.2 Free surface tracking method

In this study, the Volume of Fluid (VOF) method is used to
capture the variations of the free surface. This method allows for the
analysis of the position and shape of the multiphase �ow interface,
and it can predict the distribution and movement of the interface.
The distribution of phases and the position of the interface are
described by the phase volume fraction. Additionally, the numerical
model applies the High-Resolution Interface Capturing (HRIC)
technique to improve the accuracy of capturing the free surface
variations. Equations 6, 7 represents the calculation method of
phase volume fraction.

ai =
Vi

V
(6)

o
N

i=1
ai = 1 (7)

where Vi is the volume of phase i in the grid cell; V is the total
volume of the grid cell; N is the total number of phases in the grid
cell. In this study, N = 2.
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3 Validation of the numerical method

The numerical wave tank used in this study is illustrated in
Figure 1. The entire computational domain was de�ned with
velocity inlet boundaries, a pressure outlet at the top, and a wall
boundary at the bottom. The length of the wave tank is l = 72m,
while the width is b = 48m. The water depth is 3m. Wave-damping
zones were implemented around the periphery. Within the internal
region, the three-dimensional Navier–Stokes equations (N–S
equations) were solved directly. In contrast, force-based damping
was applied in the external regions (damping zones) to guide the
solution of the discrete N–S equations toward the theoretical
solution within a prescribed distance. This approach not only
reduces computational cost by allowing smaller domain sizes but
also effectively suppresses wave re�ection at the boundaries. The
damping zones that are 1.0 times the wavelength at the inlet, 2.0
times the wavelength at the outlet, and 0.5 times the wavelength at
the two sides were adopted.
3.1 Mesh convergence veri�cation

The study focuses on regular waves with a wave height H = 0.07
m and a period of T = 1.5 s. Three mesh sizes were selected for the
simulation, with speci�c mesh sizes and numbers shown in Table 1.
The mesh sizes for Mesh A, Mesh B, and Mesh C are 12.5% of the
base size in the x-direction (wavelength direction) and 1.56% of the
base size in the z-direction (wave height direction) at the free
surface. The wave gauge is placed at a distance of three times the
wavelength from the wave generation boundary. Figure 2 presents
the time history of the wave surface measured by the wave gauge
under the three different mesh sizes. As shown in Figure 2, at three
times the wavelength from the wave generation boundary, the
relative error between the wave height measured by the wave
FIGURE 1

Boundary conditions and size of numerical wave tank.
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gauge and the incident wave height is 6.98% for Mesh A, while the
relative errors for Mesh B and Mesh C are both less than 5%.
Considering both numerical accuracy and computational cost,
Mesh B is chosen for the subsequent studies.
3.2 Time step convergence veri�cation

Next, the time step convergence of the numerical model with
Mesh B size was veri�ed, while the wave conditions were
unchanged. Figure 3 shows the time history of the wave surface
measured by the wave gauge for three different time step sizes. From
the �gure, it can be seen that as the time step size decreases, the
curves approach the target wave shape. The simulations with time
steps Dt = T/150 = 0.01 s, and Dt = T/300 = 0.005 s, produce nearly
identical wave results. Considering that the simulation time for Dt =
T/150 = 0.01 s is signi�cantly shorter than that for Dt = T/300 =
0.005 s, a time step of Dt = T/150 = 0.01 s is chosen for the
subsequent simulations.
4 Results and discussion

An ellipse with the equation in Equation 8 has been considered.
Wave-focusing effects of two semi-ellipses that the long axis and the
short axis of the ellipse are set as openings have been investigated,
respectively, as shown in Figure 4. For each re�ector, the wave
elevation at �ve monitoring locations has been recorded, as shown
in Figure 4. For the long-axis opening, �ve monitoring locations
including (0m, 0m), (0.5m, 0m), (-0.5m, 0m), (0m, 0.45m), (0m,
-0.5m) are selected, while �ve locations including (0m, 0m), (0.4m,
0m), (-0.4m, 0m), (0m, 0.4m), (0m, -0.4m) are selected for the
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short-axis opening. The incident waves propagate from left to right.

x2

0:52 +
y2

12 = 1 (8)
4.1 Wave-focusing effects against various
wave periods

First, �ve wave periods, including T = 0.5s, 1.0s, 1.5s, 2.0s, and
3.0s, were adopted to investigate the wave-focusing effects in front
of the elliptical re�ectors. The wave steepness is set as WS = 0.02.

4.1.1 Time history of the wave distribution
The time history of the wave distributions in a period including

t = 0T, T/4, T/2, 3T/4 of various wave periods (T = 0.5s, 1.0s, 1.5s,
2.0s, 3.0s) is shown in Figures 5–9, respectively. In each �gure, the
left column shows the results of the long-axis opening, while the
right column shows the results of the short-axis opening.

Figure 5 shows the wave distribution of T = 0.5s. It can be found
that the wave-focusing points (A/A0 > 1.0) exist both for the long-
axis re�ector and the short-axis re�ector due to the interaction
between the incident waves and the re�ected waves. The focusing
points are located at two areas, including the wall surface and the
space in front of the wall. The number of the focusing points of the
long-axis re�ector is obviously larger than that of the short-axis. If a
wave energy converter is arranged at the focusing point, more
power can be generated. Moreover, the wave height in the lee-side
of the re�ector is signi�cantly weakened due to the shielding effects
of the wall, which can protect the structure in the lee-side.

Figure 6 demonstrates the results of T = 1.0s. Compared with
that in Figure 5, it can be found that the number of focusing points
reduces. The focusing points are also located on the wall surface and
space in front of the wall. However, it should be noted that the
location of the focusing points moves compared to that of T = 0.5s.
The movement of the focusing points is not conducive to the
capture of wave energy at �xed positions. Besides, the wave
elevation at the lee side of the re�ector is also weakened.

In Figures 7-9, the periods of the incident waves are T = 1.5s,
2.0s, and 3.0s, respectively, which means longer waves. It can be
found that regional focus, instead of point focusing of the water
FIGURE 2

Mesh convergence veri�cation.
FIGURE 3

Time step convergence veri�cation.
TABLE 1 The setup of cell number of mesh, and time-step for the
convergence study.

Mesh Base size (m) L/Dx H/Dz

A 0.34 82 13

B 0.28 100 16

C 0.22 127 20
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waves, occurs for longer waves. Thus, the focusing area of long
waves is larger than short waves. That means the movement of the
focusing point does not need to be considered. Therefore, there are
more options for the locations of the wave energy converter. Noted
that the wave amplitude on the lee-side of the re�ector is not
signi�cantly reduced, due to the diffraction of the long waves,
especially for T = 3.0s, shown in Figure 9.

4.1.2 Wave heights at monitoring locations
To further investigate the wave focusing of the re�ectors, the

wave height at the monitoring locations shown in Figure 4 is
calculated. The dimensionless wave heights (H/H0) at (0m, 0m),
(0.5m, 0m), (-0.5m, 0m), (0m, 0.45m) of the long-axis opening are
shown in Figure 10, while the dimensionless wave heights (H/H0) at
(0m, 0m), (0.4m, 0m), (-0.4m, 0m), (0m, 0.4m) of the short-axis
opening are shown in Figure 11.

In Figure 10a, it can be found that the wave height at (0m, 0m)
is H/H0 = 1.72, which means the wave energy is focused. However,
the wave heights at other locations are not ampli�ed or even
become smaller. As shown in Figure 10b, the wave height at (0m,
0m) is still larger than 1.0. Besides, the wave heights at (-0.5m, 0m)
and (0.45m, 0m) are larger than 2.0, which means the focusing
points move with T = 0.5s is change to T = 1.0s. In Figure 10c, it can
be found than the wave heights at the locations inside the re�ector
((0m, 0m), (0.5m, 0m), (0m, 0.45m)) are all larger than 1.0, while
the wave height at the location outside the re�ector ((-0.5m, 0m)) is
smaller than 1.0. This means regional focusing inside the re�ector
happens for T = 1.5s. Seeing Figures 10d, e, the wave heights at all
locations are larger than 1.0, which means the area of the regional
focusing becomes larger for T = 2.0s and 3.0s (long waves).
However, the value of the wave height overall becomes smaller
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with the increase of the wave period T. Noted that the height at (0m,
0m) is always larger than 1.0 for different wave periods (T = 0.5s,
1.0s, 1.5s, 2.0s, 3.0s), thus, the wave energy converter can be
arranged at this location.

In Figures 11a, b, it can be seen that the wave heights at most
locations are smaller than 1.0. Besides, the wave heights at one
location are quite different for different wave periods T, which
means the focusing points move with the change of T. Comparing
Figure 10c with Figure 11c, it can be found that the wave heights at
(0m, 0.4m) and (0m, 0m) of the short-axis re�ector in Figure 11c is
smaller than that of the long-axis re�ector in Figure 10c, which
means the focusing area of the short-axis re�ector is smaller than
that of the long-axis against T = 1.5s. As shown in Figures 11d, e, the
wave heights at all locations are larger than 1.0, which means reginal
focusing. Similar to long-axis opening, the value of the wave height
overall becomes smaller with the increase of the wave period T.
4.2 Wave-focusing effects against different
wave steepness

Three kinds of wave steepness (WS = H0/l), including WS1 =
0.02, WS2 = 0.04, WS3 = 0.06, were adopted to investigate the
nonlinear effects of the wave-focusing. Here, the wave period is set
as T = 1.5s.

4.2.1 Long-axis re�ector
As shown in Figures 12a, b, d, the dimensionless wave

elevations (h/A0) at (0m, 0.5m), (0m, 0m), and (0.45m, 0m) are
larger than 1.0, which means the water waves are focused at these
locations. It can be found that waves are almost linear at these
FIGURE 4

Locations of the wave gauges in the numerical model.
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FIGURE 5

Time history of the wave distribution of the long-axis re�ector and the short-axis re�ector against T = 0.5s: (a) t = 0T, (b) t = T/4, (c) t = T/2, (d) t =
3T/4. The left column is the result of the long-axis opening, while the right column is the result of the short-axis opening.
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FIGURE 6

Time history of the wave distribution of the long-axis re�ector and the short-axis re�ector against T = 1.0s: (a) t = 0T, (b) t = T/4, (c) t = T/2, (d) t =
3T/4. The left column is the result of the long-axis opening, while the right column is the result of the short-axis opening.
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