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Abstract

A two-dimensional numerical investigation is performed to study the influence of slot width of multi-stage stationary floating overtopping
wave energy devices on overtopping flow rate and performance. The hydraulic efficiency based on captured crest energy of different device
layouts is compared with that of single-stage device to determine the effect of the geometrical design. The results show optimal trends giving a
huge increase in overtopping energy. Plots of efficiency versus the relative slot width show that, for multi-stage devices, the greatest hydraulic
efficiency is achieved at an intermediate value of the variable within the parametric range considered, relative slot width of 0.15 and 0.2
depending on design layouts. Moreover, an application of adaptive slot width of multi-stage device is investigated. The numerical results show
that the overall hydraulic efficiency of non-adaptive and adaptive slot devices are approximately on par. The effect of adaptive slot width on
performance can be negligible.
Copyright © 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/).
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1. Introduction

Harvesting energy from wave is potentially advantageous
over other renewable sources since sea waves offer the greatest
energy density among renewable energy (Cl�ement et al.,
2002). Moreover, harvesting wave energy has less environ-
mental impact than other renewable energy (Thorpe, 1999). As
a result of this, a large variation of concepts for wave energy
conversion has been introduced worldwide (Drew et al., 2009),
for example, overtopping device. Developers of Wave Energy
Converters (WECs) have been focusing on maximizing the
performance of the device by optimizing geometric design.

The Overtopping Wave Energy Converter (OWEC) has the
inclined wall, called ramp, to lift waves overtop and flow into
a reservoir in order to raise the water head higher than the

surrounding sea level. Then it simultaneously releases water
back to sea through power take-off unit which usually install
the low-head turbine. Well-known example of this device is
the Wave Dragon as shown in Fig. 1 (Kofoed et al., 2006; Tedd
and Kofoed, 2009).

The performance of OWEC has been investigated by the
means of experiments and numerical simulations (Liu et al.,
2008, 2009; Jin et al., 2012). Researchers have focused on
the influence of geometry on the discharge, volume flow rate
into the reservoir, which directly determines the performance
of an OWEC and consequently the generation rate of useful
electrical energy.

In order to enhance the performance of OWEC, the use of
multi-stage reservoirs, as seen in the Sea-wave Slot-cone
Generator (SSG), has been suggested and studied (Kofoed,
2005; Vicinanza and Frigaard, 2008; Margheritini et al.,
2009; Tanaka et al., 2015) as shown in Fig. 2. The
multi-stage OWEC employs several reservoirs for which the
overtopping discharge of incoming waves is stored in different
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levels depending on the wave potential and run-up height.
Generally, the potential energy of water in the reservoirs is
extracted by the Multi-Stage Turbine (MST). This wave en-
ergy device can be floating or land-based. However, the un-
steady mechanism of overtopping flow is unclear, especially
for the multi-stage devices.

Several studies (Kofoed, 2006; Minami and Tanaka, 2015;
Van der Meer and Janssen, 1995), proposed equations used to
predict the amount of water captured in the reservoirs of
single-stage and multi-stage OWECs, in which the discharge
can be calculated from dimensionless variables. It has been
shown that the predicted discharges of both types are
approximately equivalent to the measured overtopping rates
from comparable experiments. However, these analytical so-
lutions do not explain flow physics and overtopping mecha-
nism in detail.

In the present study, a numerical simulation of multi-stage
OWEC is performed. Particularly, the influence of slot width
of two different geometrical layouts on the overtopping energy

and hydraulic efficiency is investigated. Additionally, the
reflection and transmission coefficients is used to determine
the energy transportation. Flow physics and overtopping
mechanism have also been discussed. Moreover, a numerical
investigation of adaptive slot has been performed.

2. Materials and methods

In the present study, a commercial CFD solver ANSYS
FLUENT V.17 is used to simulate wave overtopping behavior
and characteristics for single- and multi-stage OWEC devices.
The governing equations used in the present investigation are the
continuity and the Reynolds Averaged NaviereStokes (RANS)
equations for viscous, incompressible, two-dimensional flow, in
combination with two-phase Volume of Fluid (VOF) method
proposed by Hirt and Nichols (1981) in order to track and locate
the free surface. The standard keε turbulence model is applied
for turbulence closure.

2.1. Numerical model

The wave overtopping behavior is simulated in a two-
dimensional numerical wave tank as shown in Fig. 3, which
has water depth of 20 m and the tank length is 300 m. Nu-
merical wave probes are employed in order to monitor surface
elevation. The pressure outlet and open channel flow condition
combined with porous media zone is applied on the right
boundary acting as a wave absorber such as used by Du and
Leung (2011) and Hu and Liu (2014), while the wall condi-
tion combined with dynamic mesh model is utilized on the left
boundary acting as a wavemaker.

The airy wave is generated as an incident wave in the
present study. The kinematics of the piston type wavemaker
x(t) is defined by:

xðtÞ ¼ x0
2

�
1� e

�5t
2T

�
sinut ð1Þ

where x0 is the maximum displacement of the wavemaker and
u is the angular frequency.

For numerical wave tank, a numerical beach is necessary,
as a wave absorber or dissipation zone in order to avoid the
occurrence of wave reflection. In the present study, the porous
media conditions is applied to form an artificial wave absorber

Fig. 1. Wave Dragon device (Tedd and Kofoed, 2009).

Fig. 2. Graphics of SSG wave energy converter (Vicinanza and Frigaard,

2008).

Fig. 3. The two-dimensional numerical wave tank used to simulate wave overtopping behavior. The locations of wave probes are indicated by P1, P2, P3, P4, and

P5.
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zone which is located on the right boundary of domain. The
momentum source term of simple homogeneous porous media
model is defined by:

Si ¼�
�
m

a
vi þC2

1

2
r

����vi
����vi

�
ð2Þ

where Si is the additional source term for the i-th (x, y or z)
momentum equation, jvij is the velocity magnitude, m is the
viscosity of the fluid, C2 is the inertial resistance factor, and
1/a is the viscous resistance coefficient.

This momentum source term is composed of two parts: a
viscous loss term (the first term on the right-hand side of
Eq. (2)), and an inertial loss term (the second term on the right-
hand side of Eq. (2)) which is added in the NaviereStokes
equations. In this work, the coefficient 1/a is the main
parameter in order to define the rate of absorption. As
described in Du and Leung (2011), only 1/a can be considered.
If 1/a is too small, the wave energy cannot be effectively
absorbed. If 1/a is too large, the porous media will act as a
solid wall and the wave will reflect at the entrance of porous
zone. The viscous resistance coefficient is defined as a function
of the position, which is described by a UDF code.

The baseline layout is based on single-stage OWEC, such
as used by Liu et al. (2008), and is schematically illustrated in
Fig. 4a. The sloping ratio S is defined as the ratio between the
height R and length L of the ramp, S ¼ R/L. The freeboard or
crest height Rc and draught or submerged depth Rs are fixed as
2 m relative to the mean water level (MWL), while length of
the ramp is L ¼ 4 m, giving the slope ratio S of 1/2 for both
freeboard and druaght parts.

The multi-stage devices employed in this study have 2
different layouts; fixed discrete slope with extended overall
length and variable discrete slope with fixed overall length.
The illustrations of the multi-stage layout are given in Fig. 4b
and c. Both layout models have 3 extra slots compared to the
single-stage device. The width of these slots is w measured
horizontally. The crest height of the slots are Rc1 ¼ 0.5 m,
Rc2 ¼ 1.0 m and Rc3 ¼ 1.5 m. The crest height of the main
reservoir Rc4 and the submerged depth Rs are fixed equivalent
to that of single-stage device.

For the layout of fixed discrete slope with extended overall
length, the slope ratio of both freeboard and draught ramps are
fixed as 1/2 equivalent to that of single-stage device. This
results in the 3w extended length of the ramp. For the layout of
variable discrete slope with fixed overall length, the slope ratio
of draught part is equivalent to that of single-stage device
(S ¼ 1/2), whereas the discrete ramps of freeboard part have
more steep slope ratio as: S ¼ Rc4/(L/2 � 3w).

To study the influence of the slot width on the performance
of the devices, the parameter is varied within the range of
0.1 m � w � 0.6 m with a 0.1 m increment, corresponding to
the relative slot of 0.05 m � w/Rc4 � 0.30 m. In the present
study, the generated incident wave height H of 2 m and the
wave period T of 6 s is utilized following Liu et al. (2008). The
wave and other testing conditions are summarized in Table 1.

2.2. Validation of numerical model

The generated wave profile is monitored at x ¼ 1l for 10
wave periods and at t ¼ 12T in a range of 4l from wavemaker.
The incident wave period is T ¼ 6 s, wave height is H ¼ 2 m
and the time step size is dt ¼ T/6000. Grid system of
computational domain has been generated with adaptive
refinement. A dense or more refined mesh is generated in re-
gions of interest which are the vicinity of free surface and
device. The mesh size is dependent on the wave height and
length. In the present study, the number of cells per wave
height is 20 cells and 100 cells per wavelength is utilized
which is finer than the suggestion from Connell and Cashman
(2016).

The generated wave profile is shown in Fig. 5 along with
calculated wave using linear wave theory. It can be seen that
the generated wave using dynamic mesh agrees well with the
calculated linear wave.

Moreover, the VOF model used in the present study is
validated by the laboratory experimental data of a dam break

Fig. 4. Layouts of the single- and multi-stage devices. The incident wave di-

rection is from left to right. (a) Single-stage device. (b) Fixed discrete slope

with extended overall length. (c) Variable discrete slope with fixed overall

length.

Table 1

Ocean environment conditions.

Parameters

Wave height, H [m] 2.0

Wave period, T [s] 6.0

Water depth, d [m] 20.0

Wave steepness, H/L[�] 0.036

Relative freeboard, Rc/H[�] 1.0

Relative wave height, H/d[�] 0.1

Relative slot width, w/Rc4[�] 0.05, 0.10, 0.15, 0.20, 0.25, 0.30
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over a dry bed conducted by Martin and Moyce (1952) which
is a very useful benchmark. The position of the leading edge of
water is plotted against non-dimensional time, see Fig. 6. The
numerical result of the present study is in satisfactory agree-
ment with the experiment and a comparable study (Hirt and
Nichols, 1981).

In addition, the overtopping flow rate of multi-stage device
is validated. Fig. 7 shows the numerical result of multi-stage
device in comparison with the overtopping flow rate calcu-
lated using Eq. (3) which is proposed by Kofoed (2006). The
equation is useful for validation as seen in several studies such
as Nam et al. (2008), Vicinanza and Frigaard (2008) and
Margheritini et al. (2009).

qnðz1; z2Þ ¼
ffiffiffiffiffiffiffiffi
gH3

s

q
A

B
eC

Rc;1
Hs

2
4eBz2

Hs � eB
z1
Hs

3
5 ð3Þ

where qn is the average overtopping flow rate of each reser-
voirs, Hs is significant wave height, Rc,1 is the crest freeboard
of the lowest reservoir, z1 is the crest freeboard of the current
reservoir as the lower limit, z2 is the crest freeboard of the
reservoir above as the upper limit. The coefficients A, B and C
are defined by experiment data.

2.3. Wave reflection analysis

It is possible to determine the reflection coefficient from
wave profiles recorded using numerical wave probes, since the
free surface elevation is assumed to be the superposition of
sinusoidal incident and reflected wave trains. Several publi-
cations proposed different experimental techniques to calcu-
late wave reflection. A summary of these publications
explaining methods for obtaining the incident wave height H
and reflection coefficient Kr is presented by Isaacson (1991).

In the present study, the method of two fixed probes is used
to calculate the reflection coefficient since it is cited as the
most accurate method. The incident and reflected wave am-
plitudes can be represented respectively by:

ai ¼ 1

2jsinDj
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2
1 þA2

2 � 2A1A2cosðDþ dÞ
q

ð4Þ

and

Fig. 5. Numerical wave tank validation. The generated wave profile is

compared with linear wave theory. (a) Surface elevation at x ¼ 1l. (b) Wave

surface elevation at t ¼ 12T.

Fig. 6. Time history of the position of the leading edge of water.

Fig. 7. Comparison of the calculated overtopping rates using Eq. (3) with

comparable numerical results of multi-stage device.
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ar ¼ 1

2jsinDj
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2
1 þA2

2 � 2A1A2cosðD� dÞ
q

ð5Þ

where An is the measured amplitude of the nth probe, D is the
dimensionless distance between two probes, and d is the
measured phase angle of second probe relative to that of the
first probe and is obtained by Fast Fourier Transform (FFT)
algorithm. The ratio between the reflected and incident wave
amplitudes: Kr ¼ ar/ai is defined as reflection coefficient.
Similarly, the transmission coefficient is expressed as the ratio
between the transmitted and incident wave amplitudes:
Kt ¼ at/ai.

2.4. Hydraulic efficiency

Generally, the overall efficiency of the OWEC can be
considered as a combination of partial efficiencies, i.e., hy-
draulic, reservoir, turbines and generator efficiencies. The
hydraulic efficiency h is the main performance indicator in the
present study and is defined as the ratio between the potential
power in the overtopping water and the power in the incident
wave:

h¼ Pcrest

Pwave

ð6Þ

where

Pcrest ¼
Xn

i¼1

QirgRc;i ð7Þ

and

Pwave ¼ 1

8
rgH2c

1

2

�
1þ 2kd

sin hð2kdÞ
	
¼ Ecn ð8Þ

here Qi is the average overtopping flow rate per unit length of
the ith reservoir, r is the water density, g is the gravitational
acceleration, Rc,i is the crest height of the i

th reservoir, H is the
wave height and T is the wave period. Therefore, the hydraulic
efficiency is proportional to the overtopping water temporarily
stored in the reservoirs.

Eq. (8) is the wave power per unit length which consists of
three variables: wave energy density E, phase velocity c and
factor n. The region of water depth affects the factor n, for
deep water, n ¼ 1/2 and for shallow water, n ¼ 1.

The incident, reflected and transmitted wave power can be
calculated using Eq. (8). The transportation of energy con-
servation of the overtopping phenomenon is expressed in
dimensionless form by:

1¼ hþK2
r þK2

t þ L ð9Þ

where K2
r is the reflection rate, K

2
t is the transmission rate and L

is the loss rate which is defined as ratio between the dissipated
wave power PL to the incident wave power: L ¼ PL/Pwave.

3. Results and discussion

In the present study, the overtopping flow rate into the
reservoir and the energy captured are the main performance
indicators of the devices. The simulations are monitored for at
least 15 wave periods to obtain solutions. In case of aperiodic
solution, the simulation is further monitored until a periodic
solution is obtained.

3.1. OWEC performance

The transportation of energy is given in Figs. 8 and 9, in
which the overall hydraulic efficiency, reflection, transmission
and loss rates are shown in functions of relative slot width.
Note that the relative slot width w/Rc4 ¼ 0 represents the
single-stage device. It can be seen that the multi-stage devices
capture wave energy effectively compared to single-stage de-
vice. Performance of both layouts of multi-stage devices have
a similar trend. The efficiencies of both multi-stage layouts are

Fig. 8. Overall hydraulic efficiency, reflection, transmission and loss rates. (a)

Fixed slope with extended overall length. This graph is corresponding to Fig.

4b and 12a. (b) Variable slope with fixed overall length. This graph is corre-

sponding to Fig. 4c and 12b.
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approximately on par for the pre-peak regime. However, the
fixed slope device performs better for large slot width, i.e.,
peak and post-peak regimes. This is because the variable slope
device has more steep slope compared to the fixed slope
layout. The steep slope ratio results in less discharge according
to Liu et al. (2008) Moreover, the numerical results of the
present study show that the optimal hydraulic efficiency of the
multi-stage device is nearly on par with hydraulic efficiency
proposed by Margheritini et al. (2009) which states that the
hydraulic efficiency is within a range of 30e40%.

In addition, the reflected wave energy is decreasing with
increasing slot width since the amount of water being stored

by the reservoir is increasing. However, the transmitted wave
energy is about to remain constantly, as shown in Fig. 9b. This
can be concluded that the influence of slot width on underpass
wave is insignificant.

For smaller slot width, i.e., pre-peak regime, increasing the
parameter gives an increase in overall hydraulic efficiency,
hence a performance gain. The optimal performance is ob-
tained at an intermediate value of the relative slot width: w/
Rc4 ¼ 0.2 for fixed slope device and w/Rc4 ¼ 0.15 for variable
slope device with in the parametric range considered in the
present study. Further increasing the slot width gives reduction
in efficiency.

Water wave flows into the reservoir of single- and multi-
stage devices are shown in Fig. 10. For the multi-stage de-
vice, the extra slots at lower levels capture water during both,
run-up and fall-down processes, see Fig. 11. On the other
hand, the single stage device has only one main reservoir,
therefore the whole water volume run-up to the main reservoir.
As a result of this overtopping mechanism, the overall hy-
draulic efficiency of the multi-stage device is higher than the
single stage device.

The performance enhancement is obtained via increasing
the overtopping flow rate and energy captured by extra res-
ervoirs at lower crest heights, see Fig. 12. As a result of this,
the overtopping flow rate and energy captured by the main
reservoir are reduced. This explains why the overall hydraulic

Fig. 9. Effect of slot width on efficiency and loss rates. (a) Overall hydraulic

efficiency. (b) Reflection, transmission and loss rates.

Fig. 10. Contour of overtopping flow rate at the same time. (a) Single-stage

device. (b) Fixed slope multi-stage device, w/Rc4 ¼ 0.2. (c) Variable slope

multi-stage device, w/Rc4 ¼ 0.2.
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efficiency is decreasing with large slot width. The water and
therefore wave energy are mainly captured and stored by the
lower reservoirs, then the remaining water with small amount
of energy will run-up to the upper reservoir, being stored at a
higher level. For wider slots, the larger amount of water is
stored at the lower level with the lower potential energy, whilst
the higher ones have less water being stored.

3.2. Adaptive slot width of multi-stage device

Since the higher level of reservoir gives greater potential
energy, it is preferable to mainly capture water via the main
reservoir, in order to maximize hydraulic efficiency. An
assumption to achieve this goal is application of adaptive slot
width, i.e., the higher reservoir having wider slot. In this
section, the influence of adaptive slot width is investigated.

In Table 2, the different relevant numerical parameters are
shown for cases chosen to study the effect of adaptive slot
width. The baseline layout is the fixed slope multi-stage device
with relative slot width of w/Rc4 ¼ 0.2. The slots of each
device have width of w1 (the lowest), w2 (the middle) and w3

(the highest). The adaptive layout gives difference in size of
the slots as Dw ¼ w2 � w1 ¼ w3 � w2, so that the average
width of each device is w ¼ w2.

It can be seen that the adaptive device performs approxi-
mately on par compared to non-adaptive devices, as seen in
Fig. 13. Although the lowest slot is designed to be narrowest to
let water run-up to the greater level, the higher slots which are
wider could not capture water sufficiently to gain performance
enhancement. On the other hand, when the lowest slot is
designed to be widest, the increase in energy captured by the
lowest reservoir compensates with the loss in energy being
stored by the highest reservoir. The results show that the in-
fluence of adaptive slot on the overall performance of device
seems to be minor in this present study.

It is also suggested to control the operation of multi-stage
overtopping wave energy converter by dividing into run-up
(uprush) process and fall-down (backwash) process. For
example, all slots are closed during the run-up process to
capture overtopped energy through the main reservoir only,
while all slots are opened to collect the remained falling-down
water during the backwash process.

Fig. 11. Run-up and fall-down processes. (a) Run-up process. (b) Fall-down

process.

Fig. 12. Partial hydraulic efficiencies of each reservoir as functions of relative

slot width. (a) Fixed slope with extended overall length. This graph is corre-

sponding to Fig. 4b and 8a. (b) Variable slope with fixed overall length. This

graph is corresponding to Fig. 4c and 8b.

Table 2

Numerical parameters to study the influence of adaptive slot width.

Case Dw=w wi=w

Slot 1 Slot 2 Slot 3

1 �0.4 1.4 1.0 0.6

2 �0.2 1.2 1.0 0.8

3 0.0 1.0 1.0 1.0

4 0.2 0.8 1.0 1.2

5 0.4 0.6 1.0 1.4
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4. Conclusions

A numerical model for two-dimensional flow was used to
investigate the effect of slot width of multi-stage overtopping
wave energy devices on energy captured. The numerical wave
tank has been validated. The generated wave agrees well with
the linear wave theory. The multi-stage OWECs have 2
different layouts; fixed slope and variable slope device. The
hydraulic efficiency of the multi-stage devices is compared
with that of baseline single-stage device. Moreover, the fixed
slope device is studied more in detail via application of
adaptive slot width.

Optimal performance based on hydraulic efficiency of
multi-stage device exists at an intermediate value of slot width

giving a huge increase in energy captured and efficiency. The
enhancement is obtained by increasing the overtopping flow
rate into extra slots with lower crest heights, in both wave run-
up and fall-down processes. This results in a decrease in
overtopping flow rate of the main reservoir. This can be
avoided by using a controllable gate or valve which manages
to close the extra slots during wave run-up process and auto-
matically open during wave fall-down process. In case of
adaptive slot width, the results show that the overall hydraulic
efficiency is nearly equivalent compared to the that of non-
adaptive device.

Since the computational costs are high and the parameters
cannot be varied continuously, we were not able to complete
an efficiency chart for the suggested control strategy. However,
we believe the present study is beneficial for understanding
and validating the comparable experiment. A better under-
standing of overtopping flow mechanism explained in the
present study could therefore provide a guideline in the field of
OWEC design. Further investigations are recommended in
order to study the effects of the suggested control strategy and
the influence of adaptive slot within the wider range of para-
metric space. The study of three dimensional phenomena of
overtopping flow is also recommended.
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