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Abstract. In the recent years an increasing interest has been devoted to the study of the
feasibility and relevance in combining wave energy converters with coastal structures. The
present work addresses the evaluation by numerical simulation of the extreme loads acting
on a flap-type energy converter. To this aim the SPH model can be an optimal candidate:
its Lagrangian character allows for an accurate description of the extreme breaking wave
acting on the structure while its meshless feature permits an easy interaction of the fluid
with moving rigid bodies such as the rotating flap converter. As a first approach, extreme
wave characteristics have been computed using statistical offshore wave elevation data.
Then, the wave has been generated in a 2D numerical wave tank through a piston wave-
maker. Loads on the flaps are computed and analysed considering a moving or fixed
flap. A sensitivity analysis of the results has been performed considering different impact
dynamics (e.g. wave impact occurring before or after wave breaking). The most critical
cases found in the 2D analysis have been reproduced with a fully 3D SPH model.

1 INTRODUCTION

The EMACOP (Marine Energies in coastal regions and harbours) project aims at
studying the feasibility and relevance of combining wave energy converters (WEC) with
coastal structures such as dikes. As part of the project, tools aiming at estimating the
energy production and survivability of different generic WECs with various working prin-
ciples including overtopping devices, pitching flaps, heaving buoys and oscillating water
columns coupled with a breakwater are currently being developed.
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In the present work the survivability of a bottom-mounted pitching device consisting
of a partly submerged flap placed in front of a breakwater is numerically studied. Sev-
eral numerical researches on bottom mounted pitching flap behaviour have recently been
reported (see, e.g. [1, 12]).

In the context of marine and coastal engineering SPH models have become quite pop-
ular in the last decades for their effectiveness in treating violent free-surface flows. Their
meshless nature coupled with the fully Lagrangian formulation allows for an accurate pre-
diction of the free-surface evolution, maintaining at the same time valuable global energy
conservation properties. In this context the interaction between flap-type WEC devices
and regular shallow water waves has been recently studied through SPH solvers in [11]
and [2]. Nonetheless, to the authors’ knowledge there are no studies in the literature
addressing the evaluation of extreme loads acting on such moving devices.

In the present work the maximum loads experienced by the flap under extreme wave
conditions in front of Tarnos dike, in Bayonne site (South west Atlantic coast, France) are
evaluated. Effects of parameters such as wave breaking inception, and tide level on impact
loads have been studied by 2D SPH simulations. 3D effects and associated repercussion
on characteristic efforts are highlighted by fully 3D SPH simulations only for the most
relevant impact case, when the impact occurs at the breaking inception.

The paper is organised as follows: after a brief description of the numerical model,
the methodology followed in the present study is discussed; a large test-case matrix is
then presented in order to address the influence of the wave shape on the impact, such
as the tide level and breaking occurrence; finally, the most critical test cases have been
reproduced in the 3D framework, providing an analysis of the 3D free-surface evolution
at the impact and a comparison between 2D and 3D results.

2 THE SPH MODEL

Both compressible and incompressible formulations of SPH can be encountered in the
literature. Here we focus on its compressible form, applied to weakly compressible fluids.
The theoretical scheme used by the SPH model is briefly summarised. Since the flow
Reynolds number studied in this work is quite high, viscous effects can be considered neg-
ligible. Therefore, the fluid being treated as weakly-compressible, the continuity equation
for compressible fluids is used together with the Euler equation:




Dρ

Dt
+ ρ∇ · u = 0

ρ
Du

Dt
= −∇p + ρg

Dr

Dt
= u

(1)
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where D/Dt represents the Lagrangian derivative, while r, u, p and ρ are, respectively,
the position of a generic material point, its velocity, pressure and density; g represents
the gravity acceleration. Moreover, the fluid is assumed to be barotropic and, therefore,
the following functional dependence between ρ and p is adopted:

p(ρ) =
c20ρ0
γ

[(
ρ

ρ0

)γ

− 1

]
+ p0, (2)

where ρ0 and p0 are constant, c0 is the sound speed and γ is a dimensionless parameter
greater than 1 (in all the following examples γ = 7 is used). The system is written in a
Lagrangian form, which stands for one of the main features of this particle method. The
sound speed c0 is chosen as small as possible to ensure Ma < 0.1, since the acoustic part
of the solution is not studied in the present context, even if locally compressible effects
can matter during violent impact events. Following Madsen & Schäffer [9], for wave
propagation problems we set c0 = 10 max |Ufluid|, where we consider max |Ufluid| =

√
gH

with H the still water depth. In all the simulations only the liquid phase is modelled since
two-phase simulations would involve too high computational costs, especially in 3D.

The SPH model is based on the interpolation of a generic flow field f through a con-
volution integral with a kernel function W over its compact support Ω:

〈f〉(r) =

∫

Ω

f(r′)W (r′ − r;h) dV ′ (3)

Then the fluid domain is discretized in a finite number of particles representing elemen-
tary fluid volumes, each one with its own local mass m and other physical properties.
Thus a generic field f evaluated at the position ri of the i-th particle with volume ωi is
approximated through a convolution sum:

〈f〉(ri) =
∑
j

f(rj)W (ri − rj ;h)ωj (4)

Hence any function or its gradient can be interpolated in total absence of connectivity.
System 1 is discretized following the scheme firstly proposed by Vila [13], resulting in
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the following equations:

Dri

Dt
= vi, (5)

Dωi

Dt
= ωi

∑
j

ωj(vj − vi)∇W (ri − rj), (6)

D (ωiρi)

Dt
= −ωi

∑
j

ωj2ρE(vE − v(rij))∇W (ri − rj), (7)

D (ωiρivi)

Dt
= −ωi

∑
j

ωj2 (ρEvE ⊗ (vE − v(rij)) + PEI)∇W (ri − rj)+

+ ωiρig, (8)

where ρE, PE and vE are the solutions of the Riemann problem at the interface rij =
ri+rj

2

between particles i and j. The use of this Riemann-based solver leads to an increased sta-
bility and robustness of the scheme with respect to standard SPH schemes. Extension to
second order with MUSCL algorithm is performed with linear reconstruction on pressure
and velocity. This method uses a slope limiter that ensures a Total Variation Diminishing
(TVD) property of the scheme. For further details on the specific implementation here
adopted see, e.g., [10, 6].

Since the problem is characterised by high Reynolds numbers, free-slip solid boundary
conditions are enforced on body surfaces by the normal flux method [3].

The above mentioned model are implemented in the “SPH-Flow” code, a numerical
solver co-developed by Ecole Centrale de Nantes and HydrOcean company, through a
distributed-memory parallelization framework allowing running massive simulations in-
volving several millions of particles on thousands of cores [6].

3 METHODOLOGY

Very few works are present in the literature addressing the numerical study of extreme
sea loads on coastal moving flaps. In order to tackle the problem of the deterministic
assessment of the extreme loads on the flap-type energy converter the most critical wave
condition has to be firstly defined. Two unknowns combine in the definition of this
scenario: on one side the actual shape of the extreme wave at the impact stage; on the
other side the configuration of the flap (i.e. rotation angle and angular velocity) at the
same instant, resulting from its previous time history.

In a first approximation the wave is generated directly by the SPH solver through
a numerical wavemaker. The characteristics of the extreme wave are defined through
semi-empirical formulae as described in the following. The wavemaker velocity law is
thus derived in order to reproduce such event in a numerical tank. The present analysis
can, therefore, give useful indications for the design of the structure but, due to large
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approximations underlying the wave generation, represents only a qualitative evaluation
of the loads acting on the structure.

All the simulations are firstly run in a 2D framework. The wave is generated firstly in
a large numerical basin without the presence of the flap and breakwater in order to make
its generation easier. Then the fluid domain of the fully developed wave is used as initial
condition for wave impact simulations. The numerical tank is cut by adding the flap and
the breakwater.

A test case matrix is defined (see table 1) by varying the depth and the distance of
the flap from the wave in order to investigate the dependence of the impact loads on the
tide level and the wave shape at the impact respectively. In fact, during its propagation
the wave evolves and breaks due to the large steepness and the loads on the structure
are strictly related to the flap configuration with respect to the breaking process (see,
e.g., [7, 6, 8]). Moreover, additional non-linear effects are present due to interaction of
the flap with the flow before the actual impact, being free to rotate according to the
hydrodynamics forces.

The simulations where the most critical loads take place have been selected to be
reproduced in the 3D framework. In the latter case, since large computational resources
are required, a multi-resolution approach is adopted.

4 RESULTS

4.1 Numerical Setup

For the generation of the wave the adopted numerical setup is composed by a piston
wavemaker inside a tank long enough to avoid reflections or influences of the boundaries.
Neither the flap energy converter nor the breakwater are present in this preliminary
simulation. The characteristics of the design wave, in terms of period and wave height,
were computed starting from the data recorded at the buoy closest to the Bayonne site.
Given a certain couple of period and wave height (T;H), through the Goda’s formula [5]
the corresponding values of the highest breaking wave close to the shore can be inferred.
In this way several couples of periods and wave heights were tested in the numerical wave
tank in order to find the steepest wave. To this aim a sinusoidal motion law has been
prescribed to the piston wavemaker following the formulae described in [4]. Finally, the
couple (T;H) = (15.0 s; 10.39 m) has been found to be the most critical. Given its large
steepness, the wave breaks in a large plunging jet. However, the simulation is stopped
before the breaking and the obtained particle configuration is used inside a shorter tank
limited by the flap in front of the dike (see sketch in top plot of figure 1). In bottom
plot of figure 1 the adopted geometrical configuration is shown (note that the distance
of the flap from the wavemaker, xflap, and the water depth are not the same in all the
simulations). For the sake of completeness, a view of the numerical domain adopted for
the 3D simulation is provided in figure 2. In the latter case the tank width has been
chosen equal to 60 m in order to avoid possible reflections from the lateral walls. Note
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Figure 1: Top: Sketch of the numerical domain adopted and definition of the main parameters . Bottom:
Geometrical configuration adopted for the 2D and 3D simulations.

Figure 2: Numerical setup adopted for the 3D simulations.

that in the 2D case the hinge is detached from the bottom in order to allow the fluid
flowing under the flap.

The presence of the flap and/or the variation of the depth will induce a different
evolution of the flow compared to the simulation of the wave alone travelling in the empty
tank. However, the propagation time before the impacts are quite small and, therefore,
no remarkable modifications occur on the wave height and length. On the other hand,
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Label HT60 HT80 HT100 MT50 MT60 MT80 MT100 BT50 BT60 BT80 BT100

Water Depth (m) 13.8 13.8 13.8 11.3 11.3 11.3 11.3 8.8 8.8 8.8 8.8

xflap (m) 60 80 100 50 60 80 100 50 60 80 100

Table 1: Test case matrix of the 2D simulations performed

because of the large steepness of the incoming wave the breaking occurrence is more
sensible to these changes (the wave being close to its stability limit).

4.2 2D Simulations

Quite different impact dynamics are obtained depending on the wave shape at the
impact instant. In most of the test cases the maximum values of the force and torque are
around 0.5 MN and 1 MNm respectively. However, in some cases much larger values are
recorded. For the sake of conciseness only the plots related to water depths equal to 11.3
m (MT series) are shown. In figure 3 the global loads recorded on the flap in terms of
horizontal force and torque around the hinge are reported. For values of the parameter
xflap 80 m the load histories are similar, though delayed.

Conversely, for xflap = 100 m, and also for the cases BT80 and BT100, a quite different
evolution is recorded. This is due to the fact that the impact dynamics is rather different
in the latter case. When the distance between the wave and the flap is not large enough
the impact occurs before the breaking inception and, therefore, the resulting load is rather
weak. This is the case for the vast majority of the considered simulations. For instance
in figure 4 two instants of the impact stage are shown for the case MT80. In this case,
since the wave approaches the flap with a gentle slope, the pressure remains generally of
the same order of the hydrostatic one.

Conversely, in the cases MT100, BT80 and BT100 the impact occurs at the breaking
inception. As shown in figure 5, the wave front approaches the flap with a rather steep
front and the occurrence of a flip-through behavior is well visible. In this case the impact
is characterized by very small time and space scales. This behavior can be better observed
in figure 6 where the pressure measured along the flap is plotted on the time-space plane.

A pressure peak close to 500 kPa is observed around t=9.25 s. This pressure increase
expires in few tenths of seconds and involves a space scale of about 0.1 m. The sudden
increase in the pressure is also due to the fact that, differently from the case in figure
4 , at the impact instant the flap is only just starting to move, because of the steeper
shape of the wave. Therefore, the momentum transfer from the wave to the flap takes
place in a much shorter time interval, resulting in a further contribution to the load on
the structure.
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Figure 3: Global loads acting on the flap in terms of horizontal force (top) and torque around the hinge
(bottom) for mean water depth equal to 11.3 m.

Figure 4: Flow evolution around the impact instant for the case MT80 (Depth=11.3 and xFlap = 80).

4.3 3D Simulations

On the basis of the 2D results the test cases MT100 and BT80 have been selected to
be replicated in the 3D model. The same procedure of the 2D case has been followed: the
wave has been firstly generated in an empty tank and then the flap and the breakwater
have been added. However, in order to reduce the CPU costs, this time a varying particle
resolution model has been employed. The minimum particle size ∆x = 0.1 m is maintained
only in the neighbourhood of the flap position. The particle size is then gradually enlarged
both on the x and y directions. Note that the barycenter of the fine resolution region
is around x = 70 m (see top plot of figure 7) in order to have a higher resolution in
the whole wave at impact instant. Both the 3D simulations MT100 and BT80 involved
about 10 millions of particles and ran on 200 cores for about 48 hours. In figure 8
the free-surface evolution is depicted with two different angle of view before and after
the impact. Differently from the 2D cases, here the breaking starts before the impact.
Notwithstanding that, the wave front impacts the flap with a quite large steepness causing
a complex 3D splashing with several jet ejections and fragmentations. Similarly to figure
5, at the impact stage the flap rotation is still very small. As for the global loads the time
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Figure 5: Flow evolution around the impact instant for the case BT80 (Depth=8.8 and xFlap = 80).

Figure 6: Evolution of the measured pressure on the flap in the time-space plane for the case BT80
(Depth=8.8 and xFlap = 80).

histories of the horizontal force and torque around the hinge are reported in figure 9 along
with the evolution predicted by the 2D model (multiplied by the flap width). The latter
overestimates the torque peak by a factor close to 1.5. This can be justified by the fact
that the flap has a shape close to a square and, therefore, 3D effects can be non-negligible.
Similar conclusions are drawn also for the case BT80.

5 CONCLUSIONS

An in-depth analysis of the extreme loads acting on a flap energy converter in both 2D
and 3D frameworks has been performed using a SPH numerical solver. A large simulation
matrix has been run in order to address the influence of several parameters on the impact
loads such as the wave breaking inception, the water depth, the possible blockage of
the flap and the arrangement in survival configuration. The simulations have shown a
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Figure 7: Top view of the 3D initial particle configuration: the highest resolution (∆x = 0.1 m) is
adopted only in the region close to the flap.

Figure 8: Free-surface evolution of the 3D case MT100 before and after the impact from two different
views. Left column t = 10.025 s, right column 11.175 s.

strong dependency on the wave shape at the impact instant, thus suggesting that for
the deterministic evaluation of the extreme loads a more accurate approach should also
involve the simulation of the wave propagation from open sea up to the shore. Nonetheless,
the simulations gave valuable indications for a qualitative assessment of the loads on the
structure and allowed pointing out some physical mechanisms driving the impact intensity.

Anyhow, the solver proved to be extremely effective for solving the problem at hand
in both the 2D and 3D cases. The application of the present SPH solver could be also
extended for simulations involving other geometrical set-up and/or other kind of marine
energy converters.
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Figure 9: Comparison of the horizontal force (left) and torque (right) around the hinge evaluated by
the 2D and 3D models for the case MT100.
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