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a b s t r a c t

A multi-level overtopping wave energy converter was designed according to the large tidal range and
small wave heights in China. It consists of two reservoirs with sloping walls at different levels. The
reservoirs share a common outflow duct and a low-head axial turbine. The experimental study was
carried out in a laboratory wave-flume to investigate the overtopping performance of the device. The
depth-gauges were used to measure the variation of the water level in the reservoirs. The data was
processed to derive the time-averaged overtopping discharges. It was found that the lower reservoir can
store wave waters at the low water level and break the waves which try to climb up to the upper
reservoir. The upper sloping angle and the opening width of the lower reservoir both have significant
effects on the overtopping discharges, which can provide more information to the design and optimi-
zation of this type of device.
© 2017 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Wave energy is one of the most promising ocean renewable
energy resources, which has been developed rapidly in last two
decades (Falcao, 2010). As a typical wave energy converting tech-
nology, the overtopping Wave Energy Converter (WEC), utilizing
the wave overtopping, needs a reservoir at a higher level than the
mean water level of the surrounding sea. Waves run up along the
sloping ramp and over spill into the reservoir. The stored water is
released to the surrounding sea through a duct. The electricity is
generated by the low head axial turbine installed in the duct, which
realizes the converting process from wave energy to the electrical
power. Overtopping devices have demonstrated some advantages
and potentials: Extremely unstable wave energy could be con-
verted to relatively stable static energy, which are easier to be
utilized; the low head hydro turbine is a mature technique in the
hydroelectric engineering.

Sea Power was proposed to be the first overtopping device for

wave energy conversion in the world (Kofoed, 2002). Wave Dragon
(WD), operating as the world's first grid-connected floating WEC,
was developed in Denmark (Cruz). A circular ramp overtopping
wave energy converter was proposed for experimental studies
(Liu et al., 2017). Other ideals of overtopping WEC have been pro-
posed and are still in the laboratory model testing stage (Kofoed
et al., 2002; http://www.jospa.ie). Acting as an onshore plant,
TAPCHAN (Tapered Channel), rated to 350 kW, commenced oper-
ation in 1985 on the west coast of Norway (Kofoed, 2002). A larger
plant with 1.1 MW installed capacity, using the same operation
principle as TAPCHAN, was planned to be constructed at Java,
Indonesia (Tjugen, 1995). In recent years, a Sea Slot-cone Generator
(SSG) overtopping wave energy converter was proposed to collect
more wave water under large wave-height conditions (Working
Group on Wave Energy Conversion, 2003; Kofoed and Osaland,
2005; Kofoed, 2006).

Wave overtopping has always been one of the hotspot research
areas in the costal engineering (Chini and Stansby, 2012). Recent
experimental studies have focused on different aspects such as
effects of oblique and short crest waves on overtopping behavior
(Norgaard et al., 2013), the run-up of solitary waves on a sea wall
(Lin, 2012) and the dam-break flows on the steep slope (Xue et al.,
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2011). Furthermore, some numerical models based on different
methods were developed to simulate the wave motions related to
the overtopping such as wave run-up, focus and breaking during
the overtopping processes (Tonelli and Petti, 2013; Orszaghova
et al., 2014). In addition, uncertainties in experimental and
numerical tests are also analyzed for overtopping discharge
predictions (Williams et al., 2014; Romano et al., 2015).

Comparing to the WD, the SSG type multi-level device can be
coupled with the coastal engineering, such as the breakwater and
sea dikes, which will reduce the construction cost significantly
(Vicinanza et al., 2012). Furthermore, the combination can convert
the traditional passive-energy-absorbing mode of the coastal
structures to the initiative-energy-absorbing mode (Vicinanza
et al., 2014). The hydrodynamic forces on SSG front faces were
experimentally measured (Vicinanza and Frigaard, 2008; Buccino
et al., 2012, 2015). The design, reliability and hydraulic perfor-
mance of SSG have been summarized (Margheritini et al., 2009).
The overtopping discharges of the multi-stage overtopping WEC
were studied in a numerical wave tank by using the regular waves
(Jungrungruengtaworn and Hyun, 2017).

An overtopping wave energy device integrated with the seawall
was studied experimentally and numerically for the improvement
of overtopping volumes (Tanaka et al., 2015, 2016). A cylinder was
used as the running-up ramp for the overtopping WEC and inves-
tigated in a laboratory wave flume (Mehmet and Mehmet, 2017).
An Overtopping BReakwater for Energy Conversion (OBREC) was
proposed and its prototype device has been constructed at the port
of Naples (Contestabile et al., 2016, 2017a). The overtopping per-
formance and wave loadings on the slope and vertical walls of
OBREC were studied experimentally for its optimal design (Palma
et al., 2016; Iuppa et al., 2016; Contestabile et al., 2017b). A nu-
merical wave tank based on the Flow-3D software was employed
for the wave overtopping behaviors on the OBREC (Maliki et al.,
2017).

The irregular waves were employed in most previous experi-
ments and the overtopping discharges in a long termwere recorded
to evaluate and optimize the performance of the SSG. Due to the
characteristics of irregular waves, it is hard to evaluate the wave
overtopping behaviors over the devices. On the other hand, the
numerical simulations of the overtopping performance of theWECs
were carried out by using the regular waves.

Inspired by filling this gap between experimental and numerical
studies, a laboratory test was conducted in this study. A Multi-Level
Overtopping-typeWave energy converter (MLOW)was designed to
operate in a large tidal range. The regular waves were employed to
demonstrate the detailed phenomena of wave run-up and over-
topping under various wave conditions. The overtopping dis-
charges were also recorded and processed for the analysis of the
contributions of different combinations of wave height & period to
the overtopping performance. Effects of the upper sloping angle

and the opening width of the lower reservoir on the overtopping
discharges of two reservoirs at different water levels were also
tested and analyzed.

2. Conceptual design of MLOW

Because of the sheltered effects of the island-chain, the density
of wave energy in North China is only one-tenth of that in Europe.
On the other hand, the tidal difference around the coastal area in
China is usually 3e4 m. According to the typical sea conditions and
design code of the breakwater in China (Ministry of Transport of the
People's Republic of China, 2012), a conceptual design of MLOW
was carried out, and the schematics are shown in Fig. 1.

MLOW has a discrete slope and two reservoirs at different
water-levels. The upper and lower reservoirs reserve the incident
wave water at the High-Water-Level (HWL) and Low-Water-Level
(LWL), respectively. The two reservoirs share a common outflow-
tube installed with a low-head axial-flow water turbine for elec-
tricity generation. The outlets at the bottom of two reservoirs can
be automatically opened and closed by recognizing the water levels
(Liu et al., 2014). If possible, the guide vanes also can be installed on
the slope to focus the incoming waves and absorb more over-
topping water.

3. Experimental set-up

3.1. Experiment design

Fig. 2 illustrates the MLOW experimental model. The schematic
of MLOW model is presented in Fig. 2 (a). The widths of two res-
ervoirs OU and OL are reduced for saving cost of material, and the
volumes of two reservoirs are large enough for filling incident wave
waters. The heights of the upper and lower reservoirs are
HU ¼ 450 mm and HL ¼ 350 mm, respectively. The height of the
wave wall on the back is HW ¼ 250 mm. The angles of the two
reservoir's sloping walls are defined as a and b, respectively.
Following the previous study's suggestion (Kofoed and Osaland,
2005), OU and b are fixed at 200 mm and 30�, respectively. Ls is
the horizontal projected length of the lower slope. The components
of the physical model made of acrylic plates are shown in Fig. 2 (b).
The variations of testing shape parameters including the sloping
angle and open width of reservoirs can be realized by assembling
and modify the components easily.

The physical model tests were carried out in the wave flume
located in the Ocean University of China. The width and length of
the flume are 0.6 m and 30 m, respectively. The motions of piston-
paddles are controlled by an AC servo motor through the ball
screws to generate desired waves at one end of the flume. Fig. 3
presents the deployment of MLOW model in the flume. As shown
in Fig. 3 (a), the model was put at the opposite end of the wave

Fig. 1. Schematic of MLOW.
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maker and 3.0 m away from the damping zone. The assembled
model in the wave flume is shown in Fig. 3 (b). Three pressure-type
depth-gauges are installed in each reservoir in an even distribution
to monitor the water level variation to reflect the dynamic changes
of overtopping discharges.

3.2. Experimental procedures

The regular waves were employed to reflect the wave behaviors
on the device and the overtopping characteristics clearly. The
model scale ratio in this study is set at 1:16 due to the capability
limits of laboratory facility. The values of water levels, wave heights
and periods, whose prototype values were chosen to represent
typical wave conditions of the mild wave climate and water level

variations in Qingdao, China. These values and the shape parame-
ters of MLOW employed in this study are listed in Table 1. Three
water depths are chosen to represent the typical tidal levels to
expose two reservoirs, just submerge the Lower Reservoir (LR), only
expose the Upper Reservoir (UR) for further tests. 240 cases were
carried out for the further analysis and comparison.

The experiment procedure in one case can be simply described
as: Initializing the wave-maker to generate incident regular waves;
After the wave train arrives the device, data recording is triggered
by the water level change inside the reservoir due to the first wave
making to enter it; The time-averaged overtopping discharges are
calculated by using the increased volume in the reservoir and the
filling time. Each case will be tested for at least three times to check
the repeatability and accuracy of the processed results.

Fig. 2. MLOW experimental model.

Fig. 3. Deployment of experimental model in the wave flume.
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The overtopping discharges are measured by three pressure-
type depth gauges (HX-801, Sensor: KTE2000, First Sensor®) in
each reservoir, as shown in Fig. 3 (b). The gaugewas validated in the
still water test and the error is less than 1 mm. Although the
measuring error could increase to 2 mm in the experiments, it is
still less than 1% of the full scale of water column variation in most
cases. The overtopping discharge processing system is shown in
Fig. 4. All the electrical signals are transmitted by the cables to a
data acquisition system in Fig. 4 (a), which was designed by the
authors' team. A data recording and processing software was
compiled to acquire the water level variation data to calculate the
overtopping discharges.

The maximum wave number is restricted to 15 to reduce
reflecting effects of the limited length of flume. If the reservoir was
filled up by (or less than) 15 incident waves, the time-averaged
overtopping flow rates could be computed from the reservoir vol-
ume and filling time. The accurate overfilling timing could be
derived from the inflection point of the water level variation curve
slope. Otherwise, the timing of the 15thwave entering the reservoir
was marked by manual tagging on the water level curve. It aims to
derive the accurate overtoppingwater volume by first 15waves and
exclude the additional volumes from subsequent waves. The water
level data were digitally low-pass filtered to 1.0 Hz to avoid unre-
alistic free surface oscillation.

4. Experimental results and discussion

4.1. Overtopping behavior and time-history of water-level variation

A typical wave-overtopping-process in one wave cycle is illus-
trated in Fig. 5. The water depth is D ¼ 350 mm, and the still water
surface just covers the opening of lower reservoir. The upper slope
angle is a ¼ 30�. The incident wave height and period are
H ¼ 100 mm and T ¼ 1.0 s, respectively. At t ¼ T/4 in Fig. 5 (a), the

wave tongue is hammed by the slope and begins to break during its
climbing; After arriving the lower reservoir at t ¼ T/2, as shown in
Fig. 5 (b), the wave tongue is totally broken. Some splash water
makes to keep climbing along the upper slope and other of them
falls back; At t¼ 3T/4 in Fig. 5 (c), the climbing water body overtops
into the upper reservoir successfully. At t ¼ T in Fig. 5 (d), the
retreating water is also blocked by LR during its combination with
next incident wave. Generally, effects of MLOW on the wave be-
haviors is similar to those of berm breakwaters. The LR acts like a
berm which has a significant influence to the wave behaviors.

Thewater level variation in the UR of the above case recorded by
the center gauge is presented in Fig. 6. The recording begins at the
time spot when thewavewater enters the reservoir. Thewater level
increases mildly with fluctuations as the wave water keeps over-
topping. When the UR is filled up, the end time of overtopping
process can be easily identified by finding the infection point on the
data curve. Although the oscillation of free water surface is not
rough, it still affects the identification of infection point. Therefore,
the data is filtered for further processing. From the increased water
volume and the duration of the overtopping, the time-averaged
overtopping discharge in this case can be calculated.

4.2. Effects of shape parameters on overtopping discharge

In this study, effects of two shape parameters of MLOW on its
overtopping performance were studied: the upper sloping angle a

and the opening width of LR OL. The energy converting efficiency is
the first choice for evaluating the device performance, but the
difficulty to calculate the incident energy from thewave train or the
power of stored water in the reservoir make the efficiency rarely
used in the studies of overtopping devices. On the other hand, the
overtopping discharge is also a key indicator to demonstrate the
performance of an overtopping wave energy device. The dimen-
sionless overtopping discharge to eliminate the influences of wave
heights during the evaluation of operating performance of the
device can be written as (Van Der Meer and Janssen, 1994):

Q ¼ q

H
ffiffiffiffiffiffi
gH

p (1)

where q is the time-averaged overtopping discharge for an indi-
vidual reservoir, and its unit is m3/s/m. g is the gravitational
acceleration. Every case is tested for three times, and the averaged
value will be taken as the representative Q. In addition, the length
ratio rL is proposed to reflect the effects of wave period:

Table 1
Hydrodynamic and shape parameters.

Parameters Values Parameters Values

Water level
D (mm)

300, 350, 400 Upper sloping
angle a (�)

20, 30, 40

Wave height
H (mm)

50, 75, 100 Opening
width of
lower reservoir
OL (mm)

50, 100, 150

Wave period T (s) 0.8, 1.0, 1.2, 1.4

Fig. 4. Overtopping-discharge data processing system.
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rL ¼ l=Ls (2)

where l is the incident wave length.

4.2.1. Upper sloping angle a

In the previous studies, the sloping angle of the LR has been
investigated. Actually, the upper sloping angle has significant ef-
fects on the overtopping performance of the UR. It also affects the
retreating water flows, which will subsequently influence the LR's
overtopping discharges. Effects of the upper sloping angle a on the
dimensionless overtopping discharge Q at three water levels are
shown in Figs. 7e9, respectively. The opening width of the lower
reservoir OL is hereby set at 100 mm.

Two reservoirs are all exposed to the air at D ¼ 300 mm. Effects
of a on the dimensionless overtopping discharges under this water
depth condition are presented in Fig. 7. As H/HL ¼ 1:7.0 in Fig. 7 (a),
the waves failed to climb and overtopping into the UR. The value of
Q fluctuates around 5.0 when rL increases from 1.58 to 3.55. For H/

HL ¼ 1:4.7 in Fig. 7 (b), only the waves for smaller values of rL break
at the opening of LR and generate some splashes to the UR, and the
value of Q over the UR varies from 0.09 to 0.24. For the LR, the
dimensionless discharges increase as rL becomes larger, and its
varying range for three values of a is between 4.6 and 7.9.

As shown in Fig. 7 (c), the varying trend of Q is generally similar
to those shown in Fig. 7 (b). The overtopping discharge of LR for H/
HL ¼ 1:3.5, varying from 0.17 to 1.01, is larger than those H/
HL ¼ 1:4.7 under the same value of rL, which varies from 3.54 to
6.66 for the UR. The values of Q over the LR for a ¼ 30� and a ¼ 40�

are averagely 6.6% and 5.7% more than those for a ¼ 20� in Fig. 7.
The results indicate that a steep slope of the UR can guide the wave
water flowing into the LR instead of falling back when LR is
exposed.

The water surface just covers the opening of LR at D ¼ 350 mm.
Therefore, only the overtopping discharges of the UR are shown in
Fig. 8. As illustrated in Fig. 8 (a), the performances for three upper
slope angles are almost same when H/HL ¼ 1:7.0, and there are no
evident overtopping phenomena observed. For H/HL ¼ 1:4.7 in
Fig. 8 (b), the increasing of wave height makes a significant
contribution to the rise of overtopping discharges. For H/HL ¼ 1:3.5
in Fig. 8 (c), the peak value of Q increases almost three times than
that in Fig. 8 (b). For all three values of a, the dimensionless dis-
charges all increase with the increasing of rL. The values of Q in the
UR for a¼ 30� and a¼ 40� are averagely 44.3% and 44.6%more than
those for a ¼ 20�. Same as the phenomena observed in Fig. 5, at
D ¼ 350 mm, the LR acts like a breakwater berm and the climbing
waves in different cases are all obstructed by this reservoir with
significant breakings, which may cause the energy loss of wave
water.

The LR is fully submerged and rL varies from 1.63 to 3.95 at
D¼ 400mm. Effects of a on the overtopping performance of MLOW
under this water depth are shown in Fig. 9. For all three values of H/
HL, the varying trends of Q against rL are similar: the increasing of rL

Fig. 5. Snapshots of wave overtopping process.

Fig. 6. The variation of water level in the upper reservoir.
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causes a mild rising of Q. For three H/HL, the valley and peak values
of Q are 1.31 and 5.04, 1.85 and 6.95, and 3.17 and 7.20, respectively.
Overall, the dimensionless discharges for a ¼ 30�and a ¼ 40� are
averagely 23.4% more and 1.0% less than those for a ¼ 20�,
respectively. The results indicate that a steep slope makes the
waves hard to climb and overtop into the reservoir. Furthermore, a
mild slope increases the length of climbing path, which also causes

the energy loss during the wave propagation. Therefore, under the
effects of the LR's berm lifting, the upper sloping angle of 30� shows
a better overtopping performance for collecting wave water.

4.2.2. Opening width of LR OL

The opening width of LR is another important shape parameter
to be investigated in this study. It is expected to absorb more wave

Fig. 7. Effects of Upper Sloping Angle on Dimensionless Overtopping Discharge (D ¼ 300 mm).

Fig. 8. Effects of Upper Sloping Angle on Dimensionless Overtopping Discharge (D ¼ 350 mm).

Fig. 9. Effects of Upper Sloping Angle on Dimensionless Overtopping Discharge (D ¼ 400 mm).
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water with a larger opening width of LR. On the other hand, since
the LR acts like a submerged breakwater or the berm of traditional
breakwaters, a smaller opening width will reduce the length of
wave climbing path and the lifting effects, which are both expected
to generate more wave breakings. Thus, it is meaningful to study
influences of this shape parameter on the performance of both two
reservoirs. The upper sloping angle a is fixed as 30� in these cases.

Effects of the opening width of LR OL on the overtopping per-
formance of the device atD¼ 300mmare shown in Fig.10. It can be
seen in Fig. 10 (a) the dimensionless overtopping discharges of both
the UR and LR for H/HL ¼ 1:7.0 have little difference for various
opening widths. No overtopping phenomena on the UR could be
observed for all three values of OL. The values of Q for three opening
widths only fluctuate between 4.30 and 5.43 as rL increases. The
waves for the smaller value of H carry less energy and are only
capable to enter the LR.

For H/HL ¼ 1:4.7 in Fig. 10 (b), the values of Q over the LR and UR
increase and decrease with the increasing of rL, respectively. The
peak value of Q for UR is 0.35, and the dimensionless discharge
decreases as the opening width increases. The averaged value of Q
for OL ¼ 150 mm is 5.0% more than that for OL ¼ 50 mm, which is
3.6% less than that for OL ¼ 100 mm. The values for the LR of
OL ¼ 100mm, varying from 4.49 to 7.91, are averagely 8.9% and 3.7%
larger than those for OL ¼ 50 mm and OL ¼ 150 mm, respectively.
From the observations of overtopping processes and the elevating
records of water level in the reservoir, it could be found that a small
opening width (OL ¼ 50 mm) blocks the water of wave tongue to

enter the reservoir. On the contrary, a large opening width
(OL ¼ 150 mm) hinders the retreating water to generate a larger
water body for further overtopping processes, and results in a best
performance for OL ¼ 100 mm. The results indicate that too large
opening width of LR cannot help to absorb more wave water even
for the LR.

For H/HL¼ 1:3.5 in Fig. 10 (c), the LR's openwidth of 50mmwith
a shortest wave climbing path also shows a better overtopping
performance for the UR, and the peak value of Q is achieved to be
1.10 at rL ¼ 2.26. The LR with the largest opening width restores
most wave water in the testing range of rL, and the peak value of Q
achieves 7.23 at at rL ¼ 3.55. The averaged value of Q for
OL ¼ 150 mm over the domain of rL is 11.7% more than that for
OL ¼ 50 mm.

When the LR is exposed to the air, the opening width of LR has
little effects on the dimensionless of both two reservoirs for the
small wave height. As the wave height is increased, the values of Q
for the UR decrease for a larger opening width of LR. In addition, the
overtopping performance of the LR is sensitive to both the opening
width of LR and the incident wave height.

Fig.11 gives the effects of LR's opening width on the overtopping
performance of MLOW at D ¼ 350 mm. As shown in Fig. 11 (a), the
waves under three values of OL for H/HL ¼ 1:7.0 hardly make to
overtop into the UR. In Fig. 11 (b) and (c), the dimensionless over-
topping discharge increase as the length ratio increases and the
value of OL decreases. The peak values of Q for H/HL ¼ 1:4.7 and H/
HL ¼ 1:3.5 are achieved to be 1.85 and 3.69 for rL ¼ 3.07 and

Fig. 10. Effects of LR's Opening Width on Dimensionless Overtopping Discharge (D ¼ 300 mm).

Fig. 11. Effects of LR's Opening Width on Dimensionless Overtopping Discharge (D ¼ 350 mm).
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rL ¼ 3.76, respectively.
Effects of LR's openingwidth on the overtopping performance of

MLOWat D¼ 400 mm are shown in Fig. 12. The curves for different
values of OL scatter more than those in Fig. 11. The largest value of Q
for each H/HL is achieved to be 6.49, 7.47 and 7.45 as rL is the largest
in all three sub-figures. For three values of H/HL, the dimensionless
discharges for OL ¼ 50 mm are 39.3% and 70.0%, 26.6% and 52.8%,
and 12.1% and 32.5% more than those for OL ¼ 100 mm and
OL ¼ 150 mm, respectively.

When the LR is submerged, it acts simply as an underwater
berm to the UR. Generally, a smaller opening width reduces the
wave climbing path and causes less energy loss, which results in a
better dimensionless overtopping performance. For D ¼ 350 mm,
the values of Q for each opening width increase significantly as the
value of H/HL increases. For D ¼ 400 mm, this variation trend gets
milder and the difference of Q among different H/HL becomes
smaller.

5. Conclusions and future work

In this paper, a multi-level sloping device MLOW was proposed
to absorb and converter the energy of the overtoppingwaves stored
in the reservoirs at different tidal levels. The shape parameters of
the device are designed according to the oceanic dynamic condi-
tions in North China, including a large tidal range and the small
wave heights. An experimental study was carried in thewave flume
to investigate the overtopping performance of MLOW. The regular
wave conditions were employed to investigate the characteristics
of the overtopping process and the discharges more clearly under
different conditions.

It was found that the lower reservoir will break the incident
waves and cause most waves to fail to climb up to the upper
reservoir. On the other hand, the lower reservoir can collect and
store the retreating wave water. The lower reservoir set could
increase the energy conversion especially at the low water levels.
The experimental results show that an upper sloping angle of
a ¼ 30� shows a better overall performance for both the LR and UR
at different water levels. In addition, a larger opening width will
contribute to a larger overtopping discharge of the lower reservoir
itself. But a large value of OL will cause the decreasing of the
overtopping discharge of the upper reservoir.

In the future, the numerical wave tank based on the VOF model
is going to be set up for the parameter study. More shape param-
eters should be tested, including the level number and the sloping
angle of the lower reservoirs, to adapt the wave conditions in China

better. The irregular wave conditions also should be considered for
the evaluation of the overtopping performance under the actual sea
conditions.
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