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Abstract

1.

The Wave Dragon is a floating slack-moored
Wave Energy Converter of the overtopping type,
which is facing now the last phase of development
before the commercial exploitation: the deployment
of a full-scale demonstrator. In this phase a
modelling tool allowing for accurate predictions of
the performance of the device at different scaling
ratios and locations of interest is strongly required.
The overtopping, depending on the local conditions
of the deployment site, is identified as the right stage
to be considered in the modelling. The existing
formulation of the overtopping model needs to be
updated in order to represent more accurately the
effects of the geometrical features and stability of
the device and of the local conditions and nonscalable parameters on the overtopping flow. The
paper analyses the conditions at which the present
formulation has been established and proposes a
strategy for its future development in which the
effect of each factor influencing the overtopping
flow is separately investigated and described by a
dedicated parameter. This will broaden the
applicability of the model, allow for more accurate
predictions on the performance of the device and
help to improve the efficiency of its control.

Introduction

The Wave Dragon (WD) is a floating slack-moored
Wave Energy Converter (WEC) of the overtopping
type. Oncoming waves are focused by two arm
reflectors towards the ramp of the device, surge-up
onto it and overtop into a reservoir placed at a higher
level than the Mean Water Level (MWL). The energy
production takes place as the water is led back down to
the sea through a set of low-head hydro-turbines (Fig.
1).

Figure 1: The Wave Dragon working principle

Following the standard protocol recommended for
the development of WECs [1-2], after the tank testing
of 1:51.8 scale model and the real sea testing of a 1:4.5
scale prototype, WD is now facing the last step before
commercialisation: the deployment of a full scale
demonstrator. In this phase it is very important to be
able to extend the applicability of the available data to
different scales and different local conditions, in order
to have reliable predictions on the performance of the
device.
The overtopping process represents the interaction
between the WD and the waves, and is therefore the
stage at which an accurate modelling can take into
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account both the local features of the wave climate and
the characteristics of the set-up. An update of the
overtopping model is therefore required to improve the
quality of the predictions on the performance of the
device at different deployment conditions, favouring
the commercialization of WD.
The overtopping model considered during the
development of the WD has been derived from a
formulation originally established for high crest
freeboard applications, such as dykes and breakwaters
[3]. This has been successively adapted to the case of
WD through the experimental testing of small scale
models using two different approaches, which led to
two main formulations:
1.

2.

2.1 Tank testing of the scaled model
In 1998 a floating 1:50 scale model of the WD was
built at the Danish Maritime Institute and tested in the
wave basin at the Hydraulic and Coastal Engineering
Laboratory at the Department of Civil Engineering,
Aalborg University. The purpose of this first phase of
tests was to investigate the response of the device to
waves of different heights, its survivability, the
magnitude of the forces on the structure and on the
mooring lines, and to have a first estimate of the energy
efficiency. Subsequent modifications on the design of
the WD led to a second generation 1:51.8 scale model
(Fig. 2). This represented the reference geometry for
the 1:4.5 scale prototype to be constructed and tested in
the following years, which was directly up-scaled from
it. In 2001 a second phase of tests on such a modified
scale model established a well documented basis for the
development of the prototype and provided a first
adaption of the overtopping model to the WD case [4].

Testing of the real WD geometry, at 1:51.8 scale
of a device to be deployed in the North Sea. The
adaption of the original formulation was carried
out mainly through the modification of the
model’s coefficients [4].
Testing of a general geometry, representative of
a low crest single level overtopping device with
limited draft. The original formulation was
adapted through the introduction of parameters
describing the effects of alterations on the
original set-up [5].

The paper reviews the development history of the
overtopping model for the WD and assesses the two
formulations. Finally, it proposes a strategy to update
the model in order to reduce the limitations of the
previous formulations and to broaden its applicability.

2. Experimental
overtopping flow

modelling

of

Figure 2: The 1:51.8 scale model of WD [4]

The coefficients of the model were modified to fit
the test's results and an additional parameter was
introduced to describe the observed dependency of the
overtopping flow on the wave period, T (s). The
formulation obtained was the following:

the

The overtopping model considered for the WD is
based on a formulation originally established for high
crest freeboards and non-breaking waves [3]. It
expresses the relationship between the ramp crest
height, Rc (m), and the average overtopping flow
discharge per meter of crest width, q (m3/s · m). The
formulation, in its non-dimensional form, is:
QND =

q
g · H3S

= 0.2 · e

-2.6 · RND ·

QND =0.025 ·

· e(-40 · RND · σS)

(2)

S
where σS =  op2π (-) and Sop = Hs/L (-) is the

wave steepness. As the wavelength L (m) is related to
the wave period through the relationship L = gT2/2π ·
tanh (kd), where k = 2π/L (m-1) is the wave number and
d (m) the water depth, Sop was used to account for the
dependency of the overtopping flow on T.

1
γr γb γk γβ

1

σS

(1)

where
2.2 Reference Single Level (RSL) equation
In 2002, a different formulation was proposed by
Kofoed [5] after measurements of the overtopping flow
over several 2D ramp layouts. The aim was to quantify
the effects of factors such as the slope and shape of the
overtopping ramp, the draft of the device and the shape
of guiding walls on the overtopping discharge. It has to
be underlined that although the set-up used resembled
the WD it was not a scale model of it, and the results
achieved are applicable to any single-level overtopping
device, either floating or fixed, with a limited draft
(Fig. 3). The approach used was to keep the same

• QND (-) is the non-dimensional overtopping
discharge per meter of crest width;
• RND = Rc/Hs (-) is the non-dimensional ramp crest
height;
• Hs (m) is the significant wave height;
• The γ coefficients (-) are reduction factors
describing respectively the effects of a berm, a
shallow foreshore, the roughness and the angle of
wave attack; they are all equal to the unit in the
case of WD.
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coefficients as in (1) and to investigate separately the
effects of the geometrical features of interest on the
overtopping flow discharge. These effects were
described in the model through the introduction of new
parameters.

3. Validation of the model
In 2003, the 1:4.5 scale prototype of the WD was
deployed in Nissum Bredning (NB), a benign site in
Northern Denmark. The considerable amount of data
acquired has been used to validate the proposed
overtopping formulations. The main issues that were
put in evidence during the process are discussed in the
following.
3.1 Representation of the dependency on T and
choice of the reference formulation
The criterion based on Sop to represent the T
dependency of the overtopping flow was commonly
used in high crest freeboard applications in the case of
breaking conditions [3], where the majority of the
overtopping is caused by occasional storms
characterized by waves with high steepness. WD
instead extracts energy mainly from waves surging up
the ramp which are far below the breaking steepness.
Therefore this does not seem a proper criterion to be
used in its case as σS represents an opposite tendency
respect to the real behavoir of WD, which is indeed
well represented by λdr. Considering σS long waves
originate higher QND, while using λdr the opposite is
true as the longer the waves the more energy gets lost
passing below the ramp.
Moreover both model formulations have been
experimentally established using the wave states that
characterize the Danish part of the North Sea, which
was the initial design location for the deployment of the
full scale WD. Nevertheless it was observed that in NB,
where the data had been acquired for the validation of
the model, the waves are usually steeper than in the
North Sea (Fig. 5). As a consequence the up-scaled
values of the overtopping flow are underestimated
when Sop is used to represent its dependency on T [7].

Figure 3: The fixed 2D set-up used by Kofoed [5]

The resulting formulation, known as Reference
Single Level (RSL) equation, was
QND = λdr · λs · λα · λm · 0.2 e- 2.6 · RND

(3)

where
• λdr (-) expresses the effect of the limited draft of
the device;
• λs (-) is a correcting factor adapting the
formulation to the case of low crest freeboards, when
RND < 0.75;
• λα (-) depends on the slope of the ramp;
• λm (-) is function of the shape of the ramp and the
guiding walls.
λdr represents the proportion of the total energy
available in the sea state that the device is capable to
intercept due to its limited draft (dr). It is proportional
to the ratio between the energy flux form the surface to
device draft and the total incident wave energy,
Ef,dr/Ef,d. According to the linear wave theory high
frequency waves have their energy concentrated in the
upper part of the water column [5], so that WD can
proportionately intercept more energy from these. Fig.
4 shows how the proportion of interceptable energy
varies with the relative draft of the machine (dr/d) and
the non-dimensional parameter k · d, which is
proportional to the wave frequency f.
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Figure 5: Wave states in NB and in the North Sea
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For the above mentioned reasons (2) was considered
inadequate for the situation, so that in the following the
RSL equation has been assumed as the reference
formulation and is the only one considered as
overtopping model for the WD.
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Figure 4: Variation of the relative interceptable energy,
quantified by λdr, to the relative draft of the device for
different sea states [5]
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important feature influencing the overtopping is still
not taken into account in the model. The future work
will focus on filling this gap, isolating the effects of the
factors which can influence the overtopping flow and
describing them separately with the introduction in the
model of new dedicated parameters.This will cause the
two curves in Fig. 6 to converge and will reduce the
scatter of the data points.
To do so, the first step is to analyse the different
conditions existing between the set-up used at the
establishment of the RSL formulation and the one
where it has to be validated, the NB prototype. In the
following chapter the two set-ups are compared and the
main differences between them are listed. In the future
each of these will need to be investigated and its effect
described in order to update the overtopping model.

3.2 Validation of the RSL formulation
The RSL formulation has been validated using the
data acquired at the NB prototype. The results of the
validation process are shown in Fig. 6, where the blue
dots are the predictions made by (3) based the nondimensional crest levels recorded in NB, while the red
dots represent the actual overtopping flow measured at
the prototype. Both are expressed in terms of nondimensional overtopping discharge, QND.
NB measured

0.06

RSL predictions
0.05

Expon. (NB measured)
Expon. (RSL predictions)

QND

0.04
0.03

4.

0.02

The main differences between the two set-ups are
linked to geometrical features and stability, local
conditions and the difference in scale. As these factors
were not explicitly described in the model formulation,
any variation of them could be taken into account only
by modifying the coefficients of the model. Table 1
summarizes the main differences between the two setups.
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Figure 6: RSL equation validation with NB data

The results showed that predictions and
measurements do not perfectly agree, so that the
formulation is not accurate enough. The coefficients of
the model need to be modified in order to fit the
acquired data. Considering the generic formulation
QND = ni=1  ·A· exp (B· RND ), the best correspondence
was found indeed for A = 0.12, B = -2.1.
The largest difference noticed between the predicted
and measured data is at low RND. This is probably due
to the water spill occurring at low crest levels, which
has been quantified in a coarse way during the
prototype trials. In this situation a non-optimal control
of the device determined that the incoming water
volumes overcame the capacity of the turbines to
evacuate it, so that it was partly spilled out of the
reservoir. This was also a consequence of the
movements of the platform, which was not perfectly
horizontal all the time. At high crest levels instead the
measured overtopping is actually slightly higher than
predicted. Water spill represents an important loss for
the power production and it is the main uncertainty on
the data acquired at the prototype. This occurrence can
be limited if not avoided with a more efficient control
of the device.
The scatter of the red dots indicates the accuracy of
the model in representing real conditions, where the
overtopping might have suffered from the non ideal
stability of the prototype and control of the water level
in the reservoir.

Scale
related

Local Conditions

Geometric features

Feature
Scale
Platform
geometry

RSL eq. [5]
± 1:50
General, 2D

Reflectors

Not
considered

Reflector’s
set-up

-

Stability

Fixed set-up

Control

None

Spill

Avoided

Wave climate

Danish North
Sea wave
states

Wave
spectrum
Reflection
Stiffness of
reflectors’
connection
Floatability of
the platform

JONSWAP,
γ = 3.3
Negligible
effect

NB prototype
1:4.5
Definitive for
WD, 3D
Definitive
geometry
Fixed draft,
optimal
opening
Free floating,
moored set-up
Rc adapted to
HS, efficiency
to improve
Occurring at
low RND
NB wave
states, higher
Sop than in the
North Sea
JONSWAP,
γ = 6.5
Open sea

-

Low stiffness

Fixed
structure

High damp
effect

Table 1: Characteristics of the two set-ups of interest

3.3 Future development of the model
The RSL equation has been assumed as reference
formulation but it has proven to be not accurate enough
in predicting the overtopping flow on the WD
prototype. The reason is seen in the fact that some

4.1 Geometric features and stability
The experimental tests resulting in the establishment
of the RSL equation were not aimed at representing the
overall behaviour of WD, but at isolating the effects of
some geometrical features of a generic set-up on the
4
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overtopping flow. As a consequence there are
significant differences in geometry between the tested
set-up and the WD prototype.
The geometry considered in NB was directly upscaled from the 1:51.8 scale model used in the
determination of (2) and is considered to be the
definitive geometry for the WD, both regarding the
platform and the reflectors – often called the wings of
WD. The model used in the determination of the RSL
equation, hereafter referred to as the “tank tests” set-up,
was instead a simplified geometry representative of the
WD. The main differences between the two set-ups are:

4.3 Scale related parameters
Even if considerations on scale effects cannot be
drawn directly from comparing the two mentioned setups, as the differences in geometry are significant, they
can be derived from the experience gathered during the
tests using the 1:51.8 scale model.
The stiffness of the reflectors’ connection influences
the stability of the reflectors and of the main platform,
having a significant impact on the performance of the
device. An increase in scale makes it more difficult to
ensure a correct stiffness in the connection as it
becomes harder to reach the same pre-tensioning levels
when the weights of the components increase, but also
due to the more difficult operational conditions in an
offshore environment compared to the wave basin.
Therefore at larger scale the relative stiffness of the
joint connection is generally lower, the reflectors move
more and might become less efficient.
Another factor to consider is the damping effect of
the air cushion below the platform, which helps to
stabilize the device. At different scales such damping
effect varies, as the compressibility of the air is not
scaled. Therefore, at reduced scale the damping effect
is smaller than at the prototype scale.

• The tank tests were conducted in a controlled 2D
environment, while NB is a real 3D situation.
• The shape of the ramp and of the platform
considered in the tank tests were not the same as
for the NB prototype. However, the shape of the
ramp has been varied during the study, obtaining a
λm coefficient of 1.18 for a curved ramp similar to
the WD’s one in cross section.
• No reflectors were considered in the tank tests, so
that their effect is not described in the RSL
formulation. In NB instead they were included in
the set-up. Their draft was fixed and their opening
angle was set at the optimal value previously
established after tests on the 1:51.8 scale model
[6]. Their connection to the main platform was not
restraining all the degrees of freedom, so that they
were partially free to move (only heave, yaw and
pitch were allowed in principle, see section 4.3)
• The NB prototype was free floating and moored,
while the tank test model was fixed. Therefore the
stability of the device was different in the two
cases. In NB this also affected the movement of
the water in the reservoir, which destabilized the
prototype further. In the tank tests the overtopped
water was immediately drained out from the
reservoir by some draft tubes, so that such effect
was avoided.

5. Proposed strategy for
development of the model

the

future

After having analyzed the history of the overtopping
model of the WD and the main features of the set-ups
tested under the different phases of its development,
some conclusions can be drawn.
The first attempt to adapt the original overtopping
formulation to the case of WD involved the
modification of the coefficients of the model’s
formulation to fit the experimental data [4]. In this way
the effects of the factors influencing the overtopping
were only implicitly described, and the adopted
formulation was not accurate in conditions different
from those in which the coefficients had been achieved.
The present study indicates the approach used by
Kofoed [5] as the most appropriate for the future
development of the model: every factor influencing the
overtopping should be individually investigated, and its
effect described by a dedicated parameter. Nevertheless
as the mentioned study was not addressed specifically
at the determination of an overtopping model for the
WD, but rather at developing a formulation valid for a
generic single level overtopping device, many
distinctive features typical of the WD have not been
properly represented in the RSL equation, e.g. the
reflectors. As a consequence the estimates made by (3)
were not accurate enough in predicting the behaviour of
the NB prototype. The logic conclusion is that the
future development of the model cannot leave aside the
individual investigation of each factor of interest, and
that it has to involve a test set-up as similar as possible
to the NB prototype, in order to adapt the formulation
to the specific case of WD and to obtain results directly
comparable to those achieved in NB. Therefore, the
1:51.8 scale model will be used in the future research,

4.2 Local conditions
The reflection pattern in the wave basin is an issue to
consider in the future tests, as it might influence the
movement of the platform and the reflectors. In general
the surroundings of the device are different from the
wave basin to the open sea. Nevertheless, during the
considered tank tests the model was fixed, so that the
effect of reflection is negligible on the stability of the
set-up.
The wave spectrum used in the tank tests has always
been a JONSWAP with peak enhancement factor of
3.3. This is the standard spectrum used for the wave
states characterizing the Danish North Sea [2], but this
might not be the most appropriate to describe the local
conditions found in NB. Kofoed proposed to use a
JONSWAP spectrum with a peak enhancement factor
of 6.5 [8].
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and a close relationship between the conditions found
in NB and the ones recreated in the wave basin will be
maintained throughout the study in order to ensure the
comparability between the sets of data.
Different phases of investigation will be required to
update the model, and all the features listed in Table 1
will have to be considered.

The updated model will be validated using the data
acquired at the NB prototype. Differences that might
still be observed can probably be diminished in the
future by avoiding spill through an improved control
strategy. Once the model formulation has proven to be
reliable, its applicability can be extended also to
different locations and scales, whenever the
deployment conditions are known.

5.1 Phase 1 – Establishment of a new reference
The tests will consider the platform of the scaled
model, fixed and without the reflectors, at different
floating levels. The original coefficients proposed by
Van der Meer and Janssen [3] will be kept in the
formulation, as well as the already established
parameters λs and λdr to describe respectively the effect
of the low crest freeboard and the limited draft of the
device. The formulation will finally be fitted to the
experimental results by determining a new parameter,
λ1, which will express the effect of the real geometry of
WD in a 3D environment. This phase will provide a
new reference formulation on which the following
phases will add new parameters.
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