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Abstract

Overtopping wave energy converters share a similar geometry with traditional slope-
ramp breakwaters, allowing integrated development that simultaneously ensures the basic
protection function of the structure and realizes wave energy absorption. This study
proposes a dual-level overtopping wave energy converter (DULOW) integrated with a pier-
type slope-ramp breakwater, specifically designed for oceanic environmental conditions
characterized by smaller wave heights and larger tidal ranges. An experimental laboratory
investigation was conducted in a wave tank to evaluate the overtopping performance of
the DULOW model under regular and irregular wave conditions. The experimental results
show that the overtopping discharge increases with the number of plane collectors, and
that the discharge collected by the plane collectors is significantly larger than that of the
quadrant cone collector. At the higher still water level, the presence of the lower collector
reduces the overtopping discharge captured by the high-level collectors. Under irregular
wave conditions, the averaged overtopping discharges are lower than those observed under
regular wave conditions. Furthermore, a semi-empirical formula is proposed to describe
the variation trend of overtopping discharge with effective crest freeboard for the tested
DULOW configuration.

Keywords: wave energy; breakwater-integrated overtopping wave energy converter;
experimental study; overtopping performance; semi-empirical formula

1. Introduction

Breakwaters serve two primary functions: resisting the impact of incident waves and
maintaining calm harbor waters for berthed vessels [1]. When waves interact with breakwa-
ters, they undergo breaking, reflection, wave run-up, and overtopping. Overtopping events
not only generate secondary waves that compromise vessel stability but also accelerate
structural degradation through crest and inner slope erosion [2,3]. Compounding these
challenges, climate-induced sea-level rise and intensified storm activities have elevated
risks of overtopping and structural failure [4,5].

While increasing crest height effectively reduces overtopping discharge and dam-
age potential, this approach often compromises cost-effectiveness and is constrained by
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geotechnical limitations on seabed bearing capacity [6]. Integrating breakwaters with
wave energy converters (WECs) presents a dual-benefit solution, simultaneously mitigat-
ing overtopping risks and offsetting construction costs through energy harvesting [7,8].
Furthermore, techno-economic studies have suggested that the coastal-protection benefits
of WECs, including wave attenuation and erosion mitigation, can improve the economic
feasibility of dual-purpose wave-energy systems when these co-benefits are considered
in cost assessment [9-11]. Conventional breakwater configurations typically adopt either
sloping or vertical profiles [12], with overtopping WECs (OWECs) particularly compatible
with rubble-mound slopes through strategic replacement of armor units. Practical imple-
mentations like the Overtopping Breakwater for Energy Conversion (OBREC) [13] and the
Sea Slot-cone Generator (SSG) [14] demonstrate the technical viability of such integrations.

Extensive experimental and numerical studies have characterized the performance of
OWECs. Kofoed et al. quantified overtopping discharges in single- and multi-level SSG
configurations [15], validating results against Van der Meer and Janssen’s foundational
formulae [16]. Their work yielded revised coefficients adapting traditional breakwater
equations to smooth-slope OWECs. Vicinanza et al. demonstrated 76% efficiency gains
using five reservoir tiers while recommending two-to-three-level designs for an optimal
cost-benefit balance [17]. Victor et al. identified adaptive crest freeboards as critical for
maximizing hydraulic efficiency [18], while Olivera et al. enhanced capture width ratios
through reflector installations [19]. Structural modifications such as replacing slit walls with
smooth ramps [20] or adding crown wall noses [21] significantly modulate overtopping
dynamics, with subsequent studies proposing improved predictive formulae based on
wave-structure steepness parameters.

Recent investigations have further elucidated design influences. Sirirat et al. numeri-
cally demonstrated minimal impacts on efficiency from overlapping ramp layouts while
establishing submerged depth thresholds for fixed devices [22]. Liu et al. correlated lower
reservoir opening widths with higher discharge rates, and upper reservoir performance
peaking at 30° slopes [23]. Han et al. confirmed these geometric dependencies under
China’s coastal conditions [24]. Mustapa et al. found that V-shaped ramps outperform
SSG designs by 67% in hydraulic efficiency [25]. Shape optimization studies by Musa
et al. [26] and Martines et al. revealed cubic-profile ramps and reduced inter-ramp spacing
as key efficiency drivers [27]. At the same time, Barros et al. highlighted seabed-integrated
OWEC advantages [28]. Boodoo and Imai showed experimentally that the Dual-Function
Overtopping Converter with a 20° slope favors energy capture through increased run-up
and overtopping [29].

Wave load characterization remains critical for the structural design of OWECs. Kofoed
et al. pioneered direct force measurements on SSG components [30], with Vicinanza et al.
documenting loads 20-50% higher than those predicted by conventional equations [31].
Subsequent analysis by Contestabile et al. demonstrated a 30—40% reduction in force using
curved versus linear ramps [32], noting temporal decoupling of peak horizontal /vertical
forces under irregular waves [20,21]. Reflection characteristics are crucial in determin-
ing integrated system efficiency. Zanuttigh et al. reported SSG reflection coefficients of
45-90% [33], reduced by 22% through reservoir dissipation [21]. Iuppa et al. correlated
OBREC reflections (50-90% range) with ramp freeboard-to-wave height ratios [34], while
Cao et al. numerically investigated irregular-wave overtopping on a fixed OWEC, with
lower transmission coefficients associated with larger front-slope cotf3 and lower relative
freeboard [35].

The current literature predominantly examines single-body OWECs under perpendic-
ular wave incidence, providing foundational hydrodynamic insights but offering limited
discussion of overtopping performance under oblique wave incidence after integration

https://doi.org/10.3390 /jmse14100904


https://doi.org/10.3390/jmse14100904

J. Mar. Sci. Eng. 2026, 14, 904

30f23

with full-scale breakwaters. This study investigates a pier-type slope-ramp rubble-mound
breakwater integrated with dual-level OWECs under regular and irregular waves with two
incidence angles. Using laboratory measurements of reservoir water-level variation and
overtopping discharge, the effects of collector quantity, still water level, wave period, and
wave incident angle on the overtopping performance of the DULOW system are evaluated.
A semi-empirical formula is further proposed to describe the variation trend of overtopping
discharge with effective crest freeboard for the tested DULOW configuration.

2. Sloping-Ramp Breakwater-Integrated with Dual-Level OWECs

The design and development of WECs are inherently constrained by regional wave
energy resource characteristics. In European coastal regions with abundant wave energy
resources, multi-level reservoir configurations, such as SSG devices [14], have been imple-
mented to maximize incident wave-water capture and storage. Contrastingly, coastal zones
in northern China exhibit distinctive hydrodynamic conditions characterized by significant
tidal ranges, reduced wave heights, shorter periods, and lower energy flux densities. To ad-
dress these specific resource constraints, this study develops a dual-level OWEC (DULOW)
integrated with a pier-type slope-ramp rubble-mound breakwater, engineered to enhance
operational duration and power generation under northern China’s coastal conditions.

Figure 1 presents a bird’s eye view of the DULOW system incorporated at the terminal
section of a shore-attached slope-ramp rubble-mound breakwater. The DULOW config-
uration maintains geometrical continuity with conventional breakwater slope, enabling
both retrofitting of existing terminal structures and de novo construction with standardized
profiles. This innovative design converts traditional passive energy dissipation through
armor rocks or artificial armor units into active energy harvesting by strategically stor-
ing overtopped water volumes in reservoirs. The integrated DULOW modules achieve
dual benefits: mitigating wave impact loads on breakwater while substantially reducing
construction costs through infrastructure sharing, particularly in material procurement
and substructure development. The modular design permits flexible scaling of unit num-
bers based on site-specific wave energy parameters, power generation targets, and capital
investment considerations.

Figure 1. Bird view of a DULOW device integrated into an attached breakwater.

Figure 2 illustrates two-dimensional (2D) cross-sectional schematics of the DULOW
integrated within a slope-ramp rubble-mound breakwater, demonstrating operation under
two tidal phases. System integration requires structural modifications including optimized
module width adjustments and core-stone replacements to accommodate low-head hydro
turbines within reconfigured outflow channels. The vertically staggered upper reservoir
(UR) and lower reservoir (LR) employ tidal phase-dependent operational strategies, utiliz-
ing identical principles to extend operational windows across tidal cycles.

https:/ /doi.org/10.3390/jmse14100904


https://doi.org/10.3390/jmse14100904

J. Mar. Sci. Eng. 2026, 14, 904

40f23

Wave overtopping ~

A LR LR
at AR '?:Tﬁluifefo;tﬁguﬁ'
A L T ["PRLow-Head hydro tarbin
L Slilfee for the LR=7 . © - = —

@)

Wave overtopping i

)

e tt ,Slu;fée fg_x;‘t‘h‘e I;,R‘, s t
(b)

Figure 2. 2D schematics of a DULOW integrated into the sloping-ramp rubble-mound breakwater.

(a) LR operation; (b) UR operation mode.

During the low tidal phase, as shown in Figure 2a, wave overtopping fails to reach
UR elevation, promoting UR deactivation through sluice gate closure. Concurrently, the LR
maintains closed-gate storage until it reaches predetermined hydraulic head thresholds, at
which point controlled water release activates the turbine-generator unit. The laboratory ex-
perimental tests in this study focus on the overtopping collection processes and discharges.
At the same time, the turbine performance, electrical power output, and wave-to-wire
conversion efficiency are not considered in this paper. Under high tidal conditions, as
shown in Figure 2b, submerged LR operation ceases through sluice gate closure, while the
UR engages in wave energy harvesting through ramp-overtopping processes. UR-initiated
generation commences upon achieving critical storage levels, with released water driving
a shared turbine system. This phase-oriented operational strategy allows the DULOW
system to maintain overtopping wave-water collection over a wider range of tidal levels.
The dual-level arrangement is mainly intended to improve tidal adaptability, rather than
simply increasing the number of reservoirs for multi-stage overtopping at the same still
water level. In the present DULOW concept, the lower and upper reservoirs are designed
to operate alternately under different tidal levels, thereby reducing the adverse influence
of tidal fluctuations on reservoir freeboard and extending the effective operating water
level range.

3. Experimental Setup

All experimental tests were conducted in the wave tank at the Shandong Provincial
Key Laboratory of Ocean Engineering in the Ocean University of China. The rectangular
tank, with dimensions of 60.0 m in length x 36.0 m in width x 1.5 m in depth, provides
controlled wave testing conditions. A piston-type wave maker mounted at the headwall
section in the tank enables precise generation of regular and irregular wave scenarios with
programmable wave parameters and adjustable incidence directions. A porous-media-
based damping system deployed along the opposite boundary effectively attenuates wave
energy through viscous dissipation. In addition, wave-absorbing materials were installed
along the side walls of the 3D basin to reduce reflections from the side walls.
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The physical model was designed according to the Froude similitude, with a scale
ratio of 1:16. Therefore, the time and volume scale ratios per unit width were 1:4 and
1:64, respectively. Based on local environmental conditions and model design details, two
tested still water levels, i = 0.25 m and h = 0.35 m, were selected to represent effective crest
freeboards for the lower and upper collectors. In the model tests, the wave height of 0.04 m
corresponds to a prototype-equivalent wave height of 0.64 m, and the model wave periods
of 1.50~2.00 s correspond to prototype-equivalent periods of 6.00~8.00 s.

Figure 3 illustrates the model set-up in the wave tank. A model of the DULOW inte-
grated into a slope-ramp rubble-mound breakwater was constructed in the tank attached
to the side wall to simulate the connection of the full-scale structures with the shoreline.
An anchoring point, deployed 21.0 m from the wave maker and 8.0 m from the side wall,
served as a datum point for model positioning and construction. The model external
contour measured 16.9 m in length and 1.5 m in width. The model section from the side
wall to the anchoring point employed conventional breakwater armor rocks on two sides.
For the lateral section, the DULOW modules with plane and cone ramps were constructed
on the waveward side, and the conventional armor rocks were placed on the corresponding
leeward side. The incident wave angle «, defined based on the anchoring point, is the
included angle between the incident wave direction and the model longitudinal direction.
During the tests, the generated waves are fixed at normal incidence, resulting in « = 0° for
the initial model deployment. By rotating the entire model about the anchoring point, the
effects of oblique wave incidence can be evaluated through experimental tests with various
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Figure 3. DULOW model setup in the wave tank.

In the oblique-wave tests, the shoreline-attached condition was maintained by keeping
the shoreward part of the model connected to the side wall. In contrast, the whole model
was rotated about the anchoring point to change the relative angle between the incident
waves and the DULOW section. This experimental arrangement allowed a controlled
comparison between normal and oblique wave incidences. However, side-wall reflections
and diffractions near the breakwater head could not be completely eliminated due to the
model’s installation in a finite-width basin and attachment to the side wall. The porous
wave absorber installed along the opposite boundary was used to reduce reflected waves.

https://doi.org/10.3390 /jmse14100904


https://doi.org/10.3390/jmse14100904

J. Mar. Sci. Eng. 2026, 14, 904 6 of 23

Figure 4 displays the cross-sectional profiles of the model. The conventional rubble-
mound breakwater section, illustrated in Figure 4a, is trapezoidal, defined by an upper
base width of Wyp = 0.16 m, a lower base width of Wy = 1.50 m, and an overall height of
Hp = 0.40 m. The profile is constructed using core stones covered by a 0.06 m-thick layer
of armor rocks. The sea-side and harbor-side slopes are 1:1.85 and 1:1.50, respectively. In
accordance with the domestic breakwater design code [36], the core stone mass ranges
from 2.0 g to 12.0 g. To ensure stability, the armor rock masses were amplified with a factor
of 1.2 to 1.3, resulting in a mass range of 37.0 g to 49.0 g. The DULOW section, shown
in Figure 4b, is a simplified model consisting solely of fundamental facilities: upper and
lower ramps, collectors, and reservoirs. This section maintains the same upper and lower
base widths and overall height as the breakwater section. On the harbor side, it utilizes
the identical core stones, armor rocks, and profiles as the breakwater section. On the sea
side, the DULOW model has a bottom width of 0.90 m. The plane ramp features a bottom
width of 0.52 m with a slope angle of 30°, which is marginally larger than the slope of
the sea-side slope of the conventional breakwater. The lower collectors and reservoirs
have identical widths of Wicr = 0.16 m, with respective heights of Hjg = 0.20 m and
Hic = 0.10 m. Consequently, the lower mouth is positioned at a height of 0.30 m with
a width of Wi = 0.05 m. The upper collector reservoirs have a width of Wygr =0.22 m
and a height of Hyjg = 0.30 m. The upper ramps are staggered relative to the lower ramps
but share the same slope angle of 30°. The upper collectors have the same width as the
breakwater upper base and a height of Hyjc = 0.10 m. R¢ iy and R¢ | denote the crest
freeboards of the upper reservoir at the higher water level and the lower reservoir at the
lower water level, respectively.

Wup
f—=]

Armor rocks

Sea side Harbor side

Hpy

@

Figure 4. Cross-sectional profiles of the laboratory model. (a) Breakwater section; (b) DULOW section.
Blue indicate armor rock, and orange indicate core stone.

Figure 5 illustrates the modular divisions of the DULOW section, which are used to
evaluate the model’s wave climbing and overtopping performance at various positions.
As depicted in Figure 5a, the DULOW section is segmented into eight plane modules
(PC1-PCs), each with a width of 1.0 m, and a quadrant cone module (QC) featuring a
bottom radius of 0.9 m. All modules comprise ramps and individual upper and lower
collectors, which are color-coded in light and lake blue, respectively. Importantly, these
modules can be substituted by core stones and armor rocks, matching the cross-sectional
profile of the conventional breakwater shown in Figure 4a, for example, the module PC;.
When all plane and quadrant cone modules are replaced by core stones and armor rocks,
the entire model effectively transforms into a conventional breakwater model. Figure 5b
shows the reservoir system: the lower and upper reservoirs (Q_L and Q_U) are dedicated
to QC for storing incident wave water at different water levels. Furthermore, the lower and
upper reservoirs (P_LL and P_UL) serve modules PC;—PCy, collecting wave water from
one to four collectors, respectively. Individual down-flowing circular exits, each with a
diameter of 0.03 m, are installed on the bottom of each collector. Following an identical
operating principle, reservoirs P_LR and P_UR serve modules PC5-PCg. The overtopping
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discharges of the DULOW model are ultimately evaluated by calculating the water volumes
accumulated in these reservoirs.
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Figure 5. Modular collector and reservoir arrangements in the DULOW section. (a) Module division;

(b) reservoir division.

The various configurations of module combinations are detailed in Table 1. Specifi-
cally, in Configuration S01, all DULOW modules are substituted by core stones and armor
rocks, resulting in the model operating as a conventional breakwater. For the remaining
four configurations, the QC is consistently utilized. The plane modules, with varying
numbers of collectors and corresponding reservoirs, are employed in laboratory investiga-
tions to thoroughly evaluate the effects of these modular configurations on the operating
performance of the DULOW model.

Table 1. Modular configuration in the DULOW section.

Serial Number Modular Configurations

of Configurations Collectors Reservoirs
S01 No No
S02 PC¢—PCg, QC QL QUPLR,P_UR
QL QUPLLPUL,
S03 PC,~PCs, QC PR P UR
QL QUPLL, P_UL,
S04 PC,—PCs, QC SRRy
QL QUPLLPUL,
S05 PC,-PCs, QC PRy

Figure 6 illustrates typical configurations of the DULOW model deployed in the
wave tank with modular elements. As shown in Figure 6a, Configuration S01 serves as a
conventional breakwater benchmark, with all DULOW modules removed and the section
filled with core stones and armor rocks. This configuration interacts with incident waves to
measure wave climbing and overtopping impacts. A typical DULOW configuration, S04 as
shown in Figure 6b, utilizes a quadrant cone module and seven plane modules with PCy
replaced by a conventional breakwater section.

Figure 6¢c shows that all modular elements are prefabricated from 2.0 mm thick steel
plates to resist deformations and facilitate on-site assembly. For the plane modules, the
lower reservoir (LR_P) and upper reservoir (UP_P) are 4.0 m long and collectively cover
four collectors to store overtopping wave water. The upper ramp and collector, each
1.0 m long, are integrated into a single unit (UC_P) for the plane modules. Conversely,
the lower plane ramp (LRA_P) and lower plane collector (LC_P), both 1.0 m long, are
separate components assembled using bolts. The elements for the quadrant cone module
are prefabricated using an identical principle: the upper ramp, collector, and reservoir
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are integrated into the unit UR_Q), while the lower ramp (LRA_Q), lower collector, and
reservoir (LR_Q) remain separate.

QC module

Figure 6. Physical photos of the DULOW model with modular elements. (a) Configuration S01;
(b) Configuration S04; (c¢) modular elements.

The laboratory tests utilized two water depths: a lower level of i = 0.25 m and a higher
level of i = 0.35 m. The testing included two incident wave angles: « = 0° and « = 30°.
Oblique waves were generated by directing forward wave incidence from the wave maker
while rotating the DULOW model by 30° around its anchoring point. Both regular and
irregular wave scenarios were employed. For regular wave conditions, the incident wave
height was set to Hg = 0.04 m, and the incident wave period Ty varied across 1.50's, 1.75 s,
and 2.00 s, resulting in sixty regular-wave testing cases. For the irregular wave condition,
the JONSWAP spectrum (7 = 3.3) generated the wave train. The significant wave height
and period were fixed at Hg = 0.04 m and Ts = 1.50 s, respectively, for a total of twenty
irregular-wave testing cases.

The measuring instrument chain and the data recording control system are illustrated
in Figure 7. Pressure-type water-level meters are utilized to measure water level variations
across the different reservoirs and to calculate instantaneous overtopping discharges. Both
the wave gauges and the water level meters are connected to a 64-channel data acquisition
(DAQ) system for laboratory data recording, processing, and storage. The wave gauge has
a full scale (FS) of 700.0 mm and an accuracy of & 0.5%-FS. The pressure-type water level
meter has an FS of 1000.0 mm with an accuracy of £ 0.5%-FS.

During the tests, the wave gauges were fixed at deployment points using steel supports.
The water level meters were installed on the side walls, near the reservoir bottoms, to
measure variations in reservoir water levels. Two meters were installed in the plane
reservoirs and connected to the DAQ system through reserved openings on the side walls.
One meter was installed in the quadrant cone reservoirs, connecting directly to the DAQ
system through the top opening. In the plane modules, a Kaidun-50 micro pump was fixed
to the bottom to drain the reservoirs, with a rated flowrate (FR) of 50.0 L /min and an error
of £3.0% FR. In the quadrant cone module, a WB-1003G micro pump was fixed to the
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side wall to drain the collectors with an FR of 8.0 L/min and an error of £2.0%-FR. An
automatic control switch system was designed, installed above the model, and connected
to the pump power supplies to drive the drainage process. Three contacts of the control
switch system were fixed on the side walls of collectors: the grounded (black) contact was
placed on the bottom, the high-level (red) contact was placed near the opening mouth,
and the low-level (blue) contact was positioned at the same level as the test water depth.
The installation of measuring instruments (micro pumps and control switch contacts) is
displayed in Figure 8.

o
Els ™

— syt
o

[

Control
switch——

system .

z

T
Micro pump |

Water llevel meter —|

Figure 7. Instruments and control switch system. (a) Wave gauge; (b) water-level meter; (c) Kaidun-50
type micro pump; (d) WB-1003G type micro pump; and (e) water level control switch system.

Figure 8. Measuring instruments installations. (a) Water level meter in a plane reservoir; (b) water
level meter and micro pump in the quadrant reservoir; and (c) contacts in a plane collector.

When a collector fills up, the high-level contact touches the free surface, closing the
circuit and initializing pump operation. Conversely, when the water level decreases to
the height of the low-level contact, the pump ceases draining. During regular wave tests,
overtopping data for at least twenty wave cycles are recorded, starting from when the first
wave successfully overtops into the reservoir. During these tests, the pump system is not
activated during wave action. If the reservoir fills up in less than twenty wave cycles, the
overtopping discharge is calculated using the time interval from the moment the first wave
successfully overtops to the moment the reservoir is filled. After the test, the accumulated
water in the reservoir is drained until the internal water level returns to the external still
water level, and the overtopping volume is determined from the measured reservoir water-
level variation and the reservoir geometry. For irregular wave tests, more than 1000 wave
cycles are employed. Before testing, the pump discharge pipe is pre-filled to maintain
continuous drainage. During wave incidence, the pump system continuously discharges
overtopped water into the storage tank. The total overtopping volume is calculated from
the collected water volume in the storage tank, together with the residual water volume
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variation remaining in the reservoirs after the test. All test cases were conducted three
times, and the average values were used as the representative values for each case.

The overtopping discharge is a critical parameter for evaluating the DULOW model
performance. Based on the model geometry, testing cases, and previous studies [20,21], the
dimensionless overtopping discharges of the plane and quadrant cone modules are defined

as follows:
qp_uL qp_UR qp_LL qrP_LR
Qr.ur = ,Qp ur = ,Qp 1L = ,Qp IR = —F/—= (1)
VgH VgH? VgH? VgH?
lot @

Qo= e/

where g is the gravitational acceleration and H is the incident wave height. Qp yr, Qp ur,
Qp 11, and Qp [ R are the dimensionless overtopping discharges of the upper and lower
reservoirs on the left and right sides for the plane modules. Qg 1y and Qg ; are the
dimensionless overtopping discharges of the upper and lower collectors/reservoirs for the
quadrant cone module. gp_yr, p_ur, gp 11 and gp_yr are the time-averaged dimensional
overtopping discharges of the upper and lower reservoirs on the left and right sides for the
plane modules. For a = 30°, the characteristic collector length for the plane modules is taken
as the projected length normal to the incident wave direction. go y and qg | are the time-
averaged dimensional overtopping discharges of the upper and lower collectors/reservoirs
of the quadrant cone module. d;, is a quarter of the circumference of the quadrant cone
mouth, which is 0.13 m and 0.30 m for the upper and lower collectors, respectively.

4. Results and Discussions
4.1. Wave Motions on the Model in Regular Waves

A comparative analysis of overtopping dynamics across individual wave cycles was
conducted for representative configurations under regular wave conditions. This analysis
aimed to elucidate the influence of the DULOW structure on wave hydrodynamics over
the model. The experimental parameters were standardized at 1 = 0.25 m, H = 0.04 m,
T =2.00s, and « = 0°, using Configurations 501 (a conventional rubble-mound breakwater)
and S05 (DULOW model) as comparative benchmarks.

Figure 9 chronologically details wave-structure interactions for forward-propagating
regular waves (h =0.25m, H =0.04 m, T =2.00 s, and « = 0°). The temporal sequencing was
initialized at the first wave-model contact, with sampling intervals set at quarter- wave-
cycle increments. Wave propagation proceeds from left to right in the tank visualization.
During the initial two-quarter cycles, comparable wave run-up patterns emerged for both
configurations due to orthogonal wave incidence, as evidenced by identical maximum
run-up elevations across monitoring positions. Divergence became pronounced in the
third-quarter cycle when Configuration S05 achieved reservoir overtopping and wave-
breaking phenomena during ascent, contrasting sharply with the non-overtopping behavior
of Configuration S01. The fourth-quarter cycle revealed amplified wave amplitudes for
configuration SO5, with structural differences between the conventional breakwater and
the DULOW system being most discernible at the transitional interface section.

Figure 10 illustrates wave kinematics acting upon the model under oblique wave
conditions (h =0.25m, H =0.04 m, T =2.00 s, and &« = 30°). Chronographic documentation
commencing at the initial wave-model contact was sampled at quarter-cycle intervals.
During the period from 0 to t = T/4, shore-parallel wave advancement along the structure
showed reduced run-up for S01, attributable to its hydraulic roughness characteristics,
with limited overtopping reaching collector PCy4. By t = T /2, progressive fluid migration
achieved sustained overtopping into PC; and PCs, concurrent with the initiation of a
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secondary wave front at the seaward slope. Notably, Configuration S01 exhibited prema-
ture fluid recession at this phase due to inertial mass restriction and armor-layer energy
dissipation. At ¢t = 3T /4, the primary wave flux became confined to PC1 absorption, while
the secondary front propagated shoreward to PC; and PCg, resulting in a complete loss of
terminal breakwater overtopping capacity. The culmination of the full cycle demonstrates
secondary wave penetration to PCq alongside total fluid evacuation from the structural sur-
face, establishing a clear temporal differentiation in energy dissipation pathways between
the conventional breakwater and DULOW system.

Figure 9. Wave motions on the model under a forward incident regular wave condition (ot = 0°).
(a) SO01; (b) SO5.
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Figure 10. Wave motions on the model under an oblique incident regular wave condition (& = 30°).
(a) SO01; (b) S05.

4.2. Overtopping Performance Evaluation of the DULOW System
4.2.1. Water Level Variations in the Reservoirs

The overtopping behaviors of the DULOW system are characterized by instantaneous
water level variations in the reservoirs, quantified through the dimensionless parameter
Wg, where Wi = wgr/Rc. Here, wgr denotes the dimensional instantaneous water level
variation, and R represents the reservoir crest freeboard under corresponding environ-
mental conditions. The original dimensional instantaneous water level variations in the
reservoirs under typical test conditions (h =0.25m, H =0.04 m, T =2.00 s, and « = 0°) are
presented in Figure 11. Both reservoirs exhibit pronounced raw data fluctuations due to
free-surface oscillations from wave intrusion. While measurable, these water-level changes
prove inadequate for precise inflection point identification, which is required to determine
the overtopping duration between initial wave entry and reservoir filling.

| | . ! QL
| =
<05 -
) E
bl ol il [ T 0 - L L M
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t/ T[] t/ Tl
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Figure 11. Original raw data of instantaneous water level variations in the reservoirs. (a) Reservoirs
integrated with plane collectors; (b) reservoirs integrated with quadrant cone collectors.

Figure 12 demonstrates moving-average filtered instantaneous water level variations
in the reservoirs across test conditions. At/ = 0.25 m, as shown in Figure 12a, plane
reservoirs achieve synchronized filling within seven wave cycles, with fluctuation periods
matching the incident waves, thereby enabling average overtopping discharge calculation
through duration based averaging. At/ = 0.35 m, as shown in Figure 12b, delayed filling
of the upper plane reservoir occurs due to energy dissipation caused by the presence of

https:/ /doi.org/10.3390/jmse14100904


https://doi.org/10.3390/jmse14100904

J. Mar. Sci. Eng. 2026, 14, 904

13 of 23

lower reservoir openings, which reduces wave propagation to the upper chambers. For
« = 30°, as shown in Figure 12¢, oblique wave incidence extends the filling duration to
30 cycles, resulting in attenuated fluctuations. This results from extended wave trajectories
along the sloped ramp and sequential wave entry into the collectors, creating a 0.4-cycle
phase difference between reservoirs. Notably, upper plane reservoirs remain unfilled at
h = 0.35 m due to the increased travel distance and interference of the lower reservoir.
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Figure 12. Filtered instantaneous water level variation in the reservoirs. (a) lower plane reservoirs
for h = 0.25m, « = 0°; (b) upper plane reservoirs for 1 = 0.35 m, « = 0°; (c) lower plane reservoirs for
h=0.25m, a = 30°; (d) lower quadrant cone reservoirs for 1 = 0.25 m, « = 0°; (e) Upper quadrant cone
reservoirs for /1 = 0.35 m, « = 0°; (f) lower plane reservoirs for i = 0.25 m, Hg =0.04 m, Ts =2.00 s,
« = 0°; and (g) upper plane reservoirs for h = 0.35 m, Hg = 0.04 m, Ts =2.00 s, « = 0°.

Figure 12d,e presents the water-level variations in quadrant cone reservoirs at different
environmental water levels. At h = 0.25 m, as shown in Figure 12d, the incident waves
encounter difficulty climbing the conical ramp, slowing lower reservoir filling compared to
plane counterparts. The upper quadrant cone reservoir in Figure 12e exhibits accelerated
level rise but slower wave storage due to reduced capacity. For the irregular wave scenario
at i = 0.25 m, as shown in Figure 12f, reservoir filling initiates at the 27th wave, triggering
micro-pump activation upon reaching high-level contact. Subsequent operation maintains
dynamic equilibrium between wave inflow and pump drainage by activating the low-level
contact. At h =0.35 m, as shown in Figure 12g, upper reservoirs remain unfilled, preventing
pump initialization.

4.2.2. Overtopping Discharges of the DULOW System

Overtopping discharge is a critical indicator for demonstrating the operating per-
formance of an overtopping WEC. The nondimensional time-averaged overtopping dis-
charges of plane reservoirs for various configurations in regular waves with an incidence
angle of « = 0° are compared as bar charts in Figure 13, with error bars indicating the
standard deviation (SD) of the repeated tests. In general, for any specific module con-
figuration, the nondimensional time-average overtopping discharge reaches its maxi-
mum when the relative incident wave length A /L is the largest, because incident waves
with longer periods carry more power and can climb the slope ramp, resulting in higher
overtopping discharges.
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Figure 13. Nondimensional time-averaged overtopping discharges of the plane reservoirs for four
configurations (H = 0.04 m and @ = 0°). (a) 1 = 0.25m; (b) & = 0.35 m.

For I = 0.25 m, as shown in Figure 13a, only the reservoir at the lower still water level
can absorb incident wave water, and most values of Qp r are larger than Qp ;; for different
module configurations. As more modules are replaced by armor rocks from right to left, the
values of Qp 11 gradually reduce and become zero for S02 due to the increased presence of
armor rocks. Compared to Configuration S05, the average overtopping discharge under
three incident wave lengths for Configuration S03 is reduced by 30.3%. On the other hand,
the values of Qp g exhibit minor differences across different module configurations. The
plane reservoir is responsible for storing the incident wave water from the plane collector
on the right side, which is trapped by the side wall and armor rocks on both sides, making
it easier for the water to climb higher and enter the reservoir, even causing larger values of
Qp_rR for S02.

For h = 0.35 m, as shown in Figure 13b, the lower-level reservoirs are submerged,
and only the higher-level reservoirs can store incident wave water. The testing results
show that the variation patterns of overtopping discharges of the higher reservoirs across
different configurations are similar to those at the lower level. Meanwhile, for any specific
configuration at a higher still water level, the overtopping discharges are smaller than
those at a lower level because more wave power is dissipated along the longer climbing
route to the higher-level reservoirs. For Configuration S05 as an example, as the water
depth increases from 0.25 m to 0.35 m, the average values of Qp ;1 and Qp g under three
incident wave length conditions are smaller than those for Qp ;1 and Qp g by 26.6% and
21.1%, respectively.

Similar to Figure 13, Figure 14 presents nondimensional time-averaged overtopping
discharges of plane reservoirs for various configurations in regular waves under an inci-
dence angle of « = 30°. For i = 0.25 m, as shown in Figure 14a, the overtopping discharges
in oblique waves are significantly smaller than those in head-on waves. By comparing the
values of Qp ;1 and Qp 1R, it can be found that the overtopping discharges for the plane
lower reservoir on the left side decrease as the configuration changes from S05 to 502, while
the overtopping discharges for the plane lower reservoir on the right side exhibit minor
differences. These phenomena can be explained as follows: the waves arrive at the plane
lower reservoir on the right side, which is less affected by the armor rocks, resulting in
minor differences in overtopping discharges across different configurations. On the other
hand, the plane lower reservoir on the left side is located at the far end of the model, where
a longer climbing route causes the incident waves to be more affected by armor rocks. This
is influenced by the decreasing number of overtopping modules, leading to a reduction in
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overtopping wave water collection in the reservoirs. For & = 0.35 m, as shown in Figure 14b,
under the influence of the open mouth of the lower reservoirs, the values of Qp ;1 and
Qp_ur all decrease, with some reducing to zero.
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Figure 14. Nondimensional time-averaged overtopping discharges of the plane reservoirs for four
configurations (H = 0.04 m and « = 30°). (a) h = 0.25m; (b) h = 0.35 m.

Based on the standard deviation data of the experimental cases, the coefficient of
variation (COV) was used to evaluate the repeatability of the measurements. Under head-
on regular-wave conditions, most effective overtopping cases exhibited COV values below
5%, with only a few low-discharge cases reaching approximately 8%. Under oblique regular-
wave conditions, the COV values were generally below 10%, while some low-discharge
cases showed larger values of up to approximately 15%. The increased variability under
oblique incidence is mainly attributed to non-uniform overtopping along the collectors.

Figure 15 presents nondimensional time-averaged overtopping discharges of the
quadrant cone reservoir for various configurations in regular waves under an incidence
angle of a = 0°. The quadrant cone reservoir stores significantly less overtopping wave
water than the plane ones because the quadrant cone reservoir is located at the breakwater
head, where the incident waves diffract and bypass the breakwater head with accessory
structures to propagate to the leeward field. Only a small amount of water climbs to the
collector, resulting in a significant reduction in overtopping discharges. In addition, only
the quadrant cone reservoir for Configuration S02 cannot receive incident wave water.
For h = 0.25 m, as shown in Figure 15a, the nondimensional overtopping discharge for
any specific relative wave length gradually reduces as the configuration changes from
505 to S02, becomes zero for S03 at A/L =1.73 and for S02 at A/L = 2.00. No overtopping
discharges are recorded for all configurations at A /L = 1.45. For h = 0.35 m, as shown in
Figure 15b, the Qg 1 value shows a decreasing trend with a decrease in module number
from Configuration S05 to S03 for A/L = 1.65 and A/L = 2.33, which is caused by inter-
ference cancellations between incident and reflected waves in front of the quadrant cone
collector, resulting in wave height reduction that hinders the incident waves from entering
the collector.
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Figure 15. Nondimensional time-averaged overtopping discharges of the quadrant reservoirs for
four configurations (H = 0.04 m and « = 0°). (a) 2 = 0.25 m; (b) h = 0.35 m.

For a = 30°, the quadrant cone collector and reservoir at the still higher water level
cannot receive any incident wave water. Therefore, only the nondimensional time-averaged
overtopping discharges for different configurations in regular waves at the lower water
level (h = 0.25 m) are compared in Figure 16. The overtopping discharges for S03 with
A/L =2.00,504 with A/L =1.73 and A/L = 2.00, and S05 with A/L = 1.73 can be observed
with extremely small values.
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Figure 16. Nondimensional time-averaged overtopping discharges of the quadrant reservoirs for
four configurations (H = 0.04 m and « = 30°).

The nondimensional overtopping discharges collected by the plane collectors and
reservoirs for different configurations in irregular waves at incidence angles of a = 0°
and « = 30° are presented in Figures 17 and 18, respectively. For a« = 0°, as shown in
Figure 17, the values of Qp 11 and Qp_ iy, decrease gradually as the number of overtopping
modules decreases, exhibiting identical variation patterns to those in regular waves. For
« = 30°, as shown in Figure 18, the variation pattern of overtopping discharges against
module configurations in irregular waves is similar to that in regular waves. The values of
Qp rr and Qp yr exhibit minor differences, while the values of Qp ;1 and Qp ;1 decrease
gradually as the number of armor rock modules increases on the slope surface. In general,
the overtopping discharges in irregular waves for any specific configuration are lower than
those in regular waves. Although some large waves can enhance the transient discharge
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in a short period, a considerable proportion of smaller waves fail to reach the collectors,
thereby reducing the time-averaged overtopping discharge.
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Figure 17. Nondimensional time-averaged overtopping discharges of the plane reservoirs for four
configurations (Hs = 0.04 m, Tg =1.50 s, and a = 0°). (a) 1 = 0.25 m; (b) h = 0.35 m.
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Figure 18. Nondimensional time-averaged overtopping discharges of the plane reservoirs for four
configurations (Hg = 0.04 m, Tg = 1.50 s, and « = 30°). (a) i = 0.25 m; (b) h = 0.35 m.

Under head-on irregular-wave conditions, the COV values are generally below 20%,
with an average of approximately 9.5%. Under oblique irregular-wave conditions, the
scatter was higher, with most effective cases showing COV values of approximately 6-25%
and an average value of approximately 19.1%. The larger scatter is mainly attributed to
the intermittent nature of irregular-wave overtopping and non-uniform wave entry into
the collectors.

4.2.3. Semi-Empirical Formula for Overtopping Discharge Prediction of the
DULOW System

A semi-empirical formula is proposed to describe the overtopping discharge of the
DULOW system within the tested range. The formula is based on the present experimental
results and a general form of overtopping discharge expressions used in previous stud-
ies [37]. Because the quadrant cone collectors collected limited overtopped water and no
overtopping was observed in several cases, they were excluded from the formula devel-
opment. Accordingly, the proposed formula only focuses on describing the overtopping
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discharge of the plane collectors and reservoirs in the tested DULOW configuration. The
overtopping discharge prediction formula can be expressed as follows:

3

g — 00237,/ 82

%’Yw‘g - exp [_(2-74’11)1'3} 3)

where g is the overtopping discharge of the DULOW system; T is the 3D attenuation effect
coefficient; 0 is the slope angle of the ramp; ¢ is the wave breaking coefficient (Iribarren
number), which accounts for the combined influence of wave steepness and ramp slope,

and is defined as follows:
tan0

vVH/A

where A is the incident wavelength. In addition, the effective freeboard gr can be expressed

¢= (4)

follows:
as follows R,

= éH')/w')’e’th

where R, is the crest freeboard of the reservoir, representing Rc i and R¢ j at different

PR 5)

still water levels; 7, represents the influences of the lower collectors on the overtopping

behaviors; 7, represents the roughness and permeability of the slope surface on the over-

topping behaviors; 7y, represents the effects of incident wave directions, and based on the

laboratory test results in this study, which can be expressed as follows:
1.00, for « = 0°

= 6

Te { 0.48, for « = 30° ©)

The coefficients in the formula were determined from the present experimental results
with reference to the observed overtopping process. The coefficient T represents the
overall three-dimensional attenuation associated with wave diffraction, reflection, and
waterflow spreading around the pier-type breakwater head and was set at 0.4 for the
tested layout. The coefficient v, accounts for the influence of the lower collectors on the
overtopping process at the upper level. Based on the measured reduction in the upper-
level overtopping discharge, v, was set at 1.0 at the lower still-water level and 0.76 at the
higher still-water level. The coefficient -y, reflects the combined influence of slope-surface
roughness, permeability, and collector arrangement, and was set to 0.60, 0.70, 0.80, and
0.85 for configurations S02-S05, respectively. The coefficient 7, accounts for the effect of
oblique wave incidence. These coefficients should be regarded as empirical parameters for
the present DULOW configuration and require further validation before being applied to
other layouts or hydraulic conditions.

The calculated results obtained from the semi-empirical formula are compared with the
experimental results in Figure 19. As shown in Figure 19a, the dimensionless overtopping
discharge Q, plotted against the effective freeboard ¢r for both formula predictions and
experimental results exhibits a rapid decreasing trend followed by mild converging trends.
Both the formula and experimental data fit the exponential distribution characteristics. In
addition, the determination coefficients of formula predictions and experimental results
are 0.98 and 0.68 [38], respectively, indicating that the formula predictions agree well with
the exponential curves, while the experimental results exhibit a large degree of scattering.
A further analysis of the correlation between formula predictions and experimental results
is shown in Figure 19b. The results show that the correlation coefficient between formula
predictions and experimental results is 0.84, indicating that the varying patterns of the
two data series show good positive correlations. On the other hand, their root-mean-
square deviation is 7.1 x 1073, indicating that the prediction amplitudes of the overtopping
discharge still have relatively significant deviations. The scatter in the data points is caused
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by both experimental variability and limitations of the semi-empirical formulation. The
repeatability of the overtopping measurements was evaluated through repeated tests, and
the COV values were within acceptable ranges. These deviations might be caused by the
limitations in the number of laboratory testing cases and restrictions in the semi-empirical
formula predictions. Certainly, it is necessary to conduct laboratory tests with more incident
wave heights, periods, still water depths, incident wave angles, and slopes to refine the
prediction formula and enhance the correlation coefficient between experimental results
and formula predictions.

50

O Formula predicitons
® Experimental results

QF()r XIO—S [_]
(b)

Figure 19. Comparisons of formula predictions and experimental results of overtopping discharges.

(a) Overtopping discharges against ¢g; (b) formula predictions versus experimental results.

4.3. Engineering Implications and Limitations

Compared with existing overtopping devices, such as the OBREC [21], SSG [17], and
DFOC [29] concepts, the proposed DULOW system is designed for tide-varying pier-type
breakwater applications. OBREC-type devices have been more extensively studied as
breakwater-integrated OWECs, focusing on hydraulic and structural performance. In
contrast, the present study primarily focuses on overtopping discharge and reservoir filling
behavior. SSG-type devices use multiple-level reservoirs to amplify wave-water capture at
a single still- water level. In contrast, the dual-level arrangement of DULOW is primarily
designed to enhance tidal adaptability by allowing the lower and upper reservoirs to
operate at different water levels. Compared to DFOC-type concepts, the DULOW model
has not yet been examined for adjustable geometry, long-term coastal protection effects,
and turbine-coupled performance. The present results should be regarded as a preliminary
evaluation of the overtopping performance of a fixed-geometry DULOW model.

Experimental results also guide the layout of collector modules. The plane collectors
showed substantially higher overtopping discharge than quadrant cone collectors, indi-
cating that straight ramp-type collectors are more effective for wave-water collection in
the tested layout. The quadrant cone module collects limited overtopped water under the
tested conditions in this study and is recommended not as a primary option. Its conical
geometry is similar to that of conventional rubble-mound breakwater head structures,
which can be settled at the breakwater head as a protective system, replacing part of the
armor layer. Under other incident wave directions, especially when waves first interact
with the quadrant cone module, its wave-collecting function may become more significant.
In addition, the reduced discharge of the upper collectors at the higher still water level
and lower discharges under oblique wave incidence indicate that collector elevation and
dominant wave direction should be considered in practical layout design.
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The present study focuses on reservoir filling behavior and overtopping discharge.
Other aspects, such as turbine performance, electrical output, annual energy production,
long-term structural loading, reflection performance, and prototype-scale operation, were
not investigated. While wave-dissipating nets and a porous damping system were used
in the wave tank to reduce reflected wave energy, the reflection coefficient in front of
the DULOW model was not systematically measured. Consequently, future tests should
include incident-reflected wave separation to quantify the reflection characteristics of the
integrated breakwater-DULOW system.

5. Conclusions

A dual-level overtopping wave energy converter integrated with a pier-type slope-
ramp breakwater is proposed to satisfy oceanic environmental conditions in the Chinese
coastal area. The DULOW device employs dual-level reservoirs to accommodate opera-
tional conditions at different tidal levels, thereby extending the overall operation period.
An experimental laboratory investigation was conducted on the overtopping performance
under various wave conditions. This study focuses on reservoir filling behavior and
overtopping discharge, while turbine performance, electrical output, and wave-to-wire
conversion efficiency are outside its scope. Five module configurations were examined
to assess the overtopping wave-water collecting capabilities in both regular and irregular
wave scenarios. A semi-empirical formula was proposed to describe the overtopping
discharge variation in the tested DULOW configuration under the examined conditions.

For the overtopping performance, as the number of plane collectors decreases, the
dimensionless overtopping discharges of plane collectors near the breakwater end exhibit
minor differences, while the overtopping discharges decrease gradually at and near the
breakwater head. As the configuration changes from S05 to S03, the overtopping discharge
near the breakwater head is reduced by 30.3%. At the higher still water level, due to the
presence of lower collectors, the dissipation of incident waves is enhanced, and the over-
topping discharges are smaller than those at the lower still water level. For configuration
505, the overtopping discharges of lower collectors and reservoirs near the breakwater
end and head are larger than those of higher collectors and reservoirs by 78.2% and 79.7%,
respectively. In addition, the overtopping discharges of the quadrant cone collector are
significantly smaller than those of plane collectors, and the overtopping phenomenon is
not even observed in some cases. Under irregular conditions, the variation pattern of
overtopping discharges against the number of plane collectors is similar to that under
regular wave conditions. In contrast, a greater number of small waves fail to enter the
reservoir, resulting in overtopping discharges that are smaller than those under regular
wave conditions.

Based on the experimental results, a semi-empirical formula considering 3D effects,
slope-ramp angle and roughness, the presence of lower collectors, and incident wave
direction is proposed to predict the overtopping discharges of the DULOW device equipped
only with plane collectors and reservoirs. The formula describes the general variation trend
of overtopping discharge with effective crest freeboard within the tested range. However,
because the coefficients were determined from the present experimental dataset and only
one wave height was tested, the formula should be regarded as a preliminary empirical
expression for the tested DULOW configuration. Additional experimental data are required
to further refine the formula parameters and improve its applicability.
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Abbreviations

The following abbreviations are used in this manuscript:

DULOW  Dual-Level Overtopping Wave energy converter
WEC Wave Energy Converter

OWECs  Overtopping Wave Energy Converter

OBREC  Overtopping Breakwater for Energy Conversion
SSG Sea Slot-cone Generator

cov coefficient of variation
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