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a b s t r a c t

During extreme sea states so called impact events can be observed on the wave energy converter Oyster.
In small scale experimental tests these impact events cause high frequency signals in the measured load
which decrease confidence in the data obtained. These loads depend on the structural dynamics of the
model. Amplification of the loads can occur and is transferred through the structure from the point of
impact to the load cell located in the foundation. Since the determination of design data and load cases
for Wave Energy Converters originate from scale experiments, this lack of confidence has a direct effect
on the development.

Numerical vibration analysis is a valuable tool in the research of the structural load response of Oyster
to impact events, but must take into account the effect of the surrounding water. This can be done
efficiently by adding an addedmass distribution, computed with a linearised potential boundary element
method. This paper presents the development and validation of a numerical procedure, which couples the
OpenSource boundary element code NEMOHwith the Finite Element Analysis tool CodeAster. Numerical
results of the natural frequencies and mode shapes of the structure under the influence of added mass
due to specific structural modes are compared with experimental results.

© 2016 The Authors. Published by Elsevier Masson SAS.
This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Wave Energy remains one of the largest unexploited renewable
energy resources and has led to many conceptual developments
of Wave Energy Converters (WECs) [1]. One such type and
most advanced concept is the Oscillating Wave Energy Converter
(OWSC) Oyster [2], developed by Aquamarine Power Limited (cf.
Fig. 1). The Oyster OWSC consists of a buoyant hinged flap, which
pitches back and forth in the near shore environment pumping
water onshore to generate electricity in a conventional hydro
power station [3]. It can be shown that diffraction governs the
motion of Oyster, leading to a difference in water level on the
seaward and landward faces of the flap. The resulting differential
in hydrostatic pressure (cf. Fig. 2) creates an exciting torque around
the hinge axis [4].

The operating location of the near shore offers several
advantages; it is closer to land where the energy is generated and
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needed; there is amplification of the horizontal particlemotion and
thus surge and pitch loads can be exploited; and there is a natural
reduction in the extremewave heights and thus extreme loads due
to sea bed dissipation and depth limited wave breaking [5].

2. Loading

Survivability is a key driver in the development of WECs, they
must be designed to be available, reliable and robust. Although
the Oyster is able to duck underneath the incident waves and its
position in the near shore environment lends itself to the natural
filtering of extreme waves, the extreme significant wave height is
still predicted to be 3 to 4 times the average [6]. The principal loads
on an OWSC are described in six degrees of freedom (DOF), three
forces Surge, Sway, Heave and three moments Roll, Pitch and Yaw
as shown in Fig. 3. Pitch and Surge are the principal driving forces
and the remaining seen as parasitic to the design. An accurate
description of the loading is crucial. The loading can be split into
two distinct categories:

Fatigue loads: These are experienced under statistically most
common sea states and are known as the performance pulsating
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Fig. 1. CAD rendering of Oyster 800 WEC which is installed at EMEC, Orkney.
Fig. 2. Difference in water level on the sea and land ward flap faces due to
diffraction. Note mean water level at the dashed line.

loads, lower in magnitude but high in cycle count, approximately
100 million over a 25 year lifecycle of a WEC. These governing
structural loads are due to the hydrodynamic pressure differential
on the flap due to water surface elevation and can be described us-
ing experimental and numerical techniqueswith an understanding
of the long term wave climate.

Extreme loads: These are the infrequent impulsive loads,
nonlinear in nature and difficult to describe statistically and using
experimental or numerical techniques. They are less understood
in WECs compared to other marine structures which are typically
designed to dissipate such loads.

An experimental programme by [7] to understand extreme
loads observed the phenomenon of slamming as depicted in Fig. 4.
Under certain conditions the flap can be seen to pitch landward
under an approaching wave crest. Due to its buoyancy it then
pitches back, the seaward face dries out in the wave trough and
it accelerates towards the oncoming wave crest.

This fluid–body interaction then causes a local, short period
high frequency impact. Structural dynamics cause the global
foundation loads, which are measured by a six DOF strain gauged
load cell, to be amplified and contaminated (cf. Fig. 5) [8].

Methodologies and techniques to describe and understand the
load cases for design have been developed and many still rely on
small scale experimental tank testing andnumerical analysis. Since
this experimental data is used for full scale design, high frequency
loads and structural dynamics are of considerable importance to
the structural integrity, durability and costs of a WEC. Design
of scale models and the analysis methods have similitude to
techniques of full scale design. The slamming phenomena has also
been observed on the full scale prototype device of Oyster installed
in EMEC Orkney. Thus understanding and describing the local flap
loads, global foundation loads and the structural response of the
system to loads is vital.

Vibrational analysis at both prototype and experimental scales
can be used to increase the understanding of the structural
dynamics of Oyster and thus the definition of extreme loads.
Once natural frequencies are understood it enables the scaled
data to be either filtered, to remove the contamination, or, if
deemed a full scale phenomenon, considered in the design of
the structure or eliminated. From the images in Fig. 4 it can be
seen that the main challenge is the fluid–structure interaction
and the dynamic influence of the surrounding water. It is possible
Fig. 3. Principle loads and degrees of freedom.
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Fig. 4. Impact event of a 40th scale Oyster model (from top left to bottom right): Wave crest approaches flap, flap pitches away and wave crest passes, due to buoyancy flap
pitches back, seaward flap face dries out, flap hits incident wave, Images courtesy of Prof. F. Dias.
Fig. 5. Measured load signal from 6-DOF loadcell in the Roll DOF.

to couple structural finite element simulations with fully non-
linear viscous computational fluid dynamics solvers [9], but
the computational burden is still extremely high for practical
engineering applications, like the design process of a WEC. [10]
presented a simpler method for lattice structures like off-shore
platforms, where the effect of the water was included in a
modal analysis by using Morrison’s equation to compute an added
mass for each beam element. Unfortunately, the OWC cannot
be described well using Morrison’s Equation since its mode of
operation is dominated by diffraction, as described in detail in [4].
Many finite element codes allow to solve the Euler equation for
closed domains, like pipes filled with a fluid or beams in a filled
tank [11]. These methods usually require the discretisation of the
entire fluid domain [12] and sometimes cannot take into account
free surface conditions. Boundary element codes that efficiently
solve a linearised, potential flow problem have been used in
marine engineering for decades, but are still a useful tool [13] and
actively developed [14]. These tools allow to derive added mass
and damping with very little computational burden. Especially for
vibration related problems, with typically relatively small motion
amplitudes, the linearisations employed are mostly valid and this
class of tools is thus well suited for coupling with structural finite
element simulations.

At the time of writing nomethod is known to the authorswhich
couples the added mass due to the fluid and wave interaction of
a OWSC with standard finite element analysis (FEA) to perform a
modal analysis of a OWSC structure.

3. Objectives

This paper describes the development and validation of a
numerical tool that couples two OpenSource software tools,
Code_Aster, an industry developed FEA tool and NEMOH, a
Boundary Element Method (BEM) code. As a first test we will
calculate the (water level dependent) added mass for the device
for different rates of immersion and secondly carry out a numerical
vibration analysis to understand natural frequencies and mode
shapes. A simplified version of an Oyster scale model (cf. Fig. 6) is
used to obtain experimental data for comparison, as described in
Section 6. Thismodel is unable to pitch about the pivot axis in order
to keep the experimental and numerical implementation simple
and limit sources of errors.

4. Theoretical background

4.1. Added mass

Any moving or deforming body in contact with fluids experi-
ences loads caused by these [15]. Intensive research to understand
and determine these loads is found in marine engineering under
the term of Added Mass. Added mass occurs as soon as an acceler-
ation a is imposed to a fluid and the kinetic energy Ekin related to
the fluid motion changes [16].
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Fig. 6. Simplified 40th scalemodel of Oyster OWSCwith the hinge fixed in the pitch
axis. 0.65 × 0.418 × 0.088 m (W × H × T ).

Physically the added mass can either be visualised as the nec-
essary work which has to be done to achieve this change of Ekin
or as an additional mass attached to the body in contact with the
fluid [16]. Assuming a body with a fluid–structure interface (wet-
ted surface) Ω moves through the surrounding fluid with a con-
stant velocity v Eq. (1) describes the kinetic energy related to the
fluid motion with ρ being the constant density of an incompress-
ible fluid [15].

Ekin =
1
2

· ρ


Ω

v2 dΩ. (1)

Due to the constance of the fluid–structure interface the integral
Ω
dΩ can be approximated with an invariant value N [16] so that

Eq. (1) can be simplified to

Ekin =
1
2

· ρ · N · v2. (2)

Assuming an accelerated body with a time variant velocity de-
scribed as d v/d t, the kinetic energy also becomes time variant
(d Ekin/d t) which leads to an additional drag force Fdrag experienced
by the moving body specified by

Fdrag = −ρ · N ·
dv
dt

. (3)

As ρ ·N describes a mass, the characterisation of added mass as an
additional mass accelerated with the body is straightforward [15].
It should be noted that the term added mass does not necessar-
ily include only mass (madded) values but also embraces moments
of inertia (Iadded) and masses multiplied by lengths [17]. Therefore
the term Added Mass Coefficients

CM =


m11 · · · · · · · · · · · · · · ·

· · · m22 · · · · · · · · · · · ·

· · · · · · m33 · · · · · · · · ·

· · · · · · · · · I11 · · · · · ·

· · · · · · · · · · · · I22 · · ·

· · · · · · · · · · · · · · · I33

 (4)

is used in the following to describe a tensor, made up of the added
mass, inertia and cross coupling terms (omitted here) acting in the
three translational and rotational degrees of freedom.

For some three dimensional geometries such as ship hulls ana-
lytical solutions for the added mass coefficients are available [16].
With a stepwise calculation considering linear potential flow firstly
CM is determined for the two dimensional cross section of the in-
vestigated geometry and secondly the third dimension is consid-
ered by the so called J factor (three dimensional correction factor)
which is assumed to be constant along the hull [16].
The calculation of added mass for complex three dimensional
geometries requires numerical methods. The so called surface
panel method determines added mass from fluid forces on the
structure [16]. Again considering potential flow theory, the veloc-
ity potential ϕ can be defined for each panel of the fluid–structure
interfaceΩ so thatwith the help of the Bernoulli equation pressure
p is defined as

p = ρ ·
dϕ
dt

. (5)

Integration over all surface panels then leads to the fluid related
force F stated in Eq. (6) [12].

F =


Ω

p dΩ =


Ω

ρ ·
dϕ
dt

dΩ. (6)

With a known panel acceleration the derivation of CM is straight-
forward. If the free surface of the investigated system includes the
appearance of fluid waves those have to be considered in the free
surface boundary condition [12]. Defining the wave amplitude A,
the fluid depth h and the surface elevation η = h + A the free sur-
face equation of motion dη/dt = −dA/dt leads to the surface bound-
ary condition for the potential flow

dA
dt

=
∂ϕ

∂η
(7)

which directly affects the derivation of CM [12].

Natural frequency

The natural frequency describes the free vibration frequency of
a mechanical system imposed by an initial excitation impulse [18].
Applying Newton’s second law of motion one obtains the
governing equation of motion for the derivation of the natural
frequency of a system

[M] {Ẍ} + [C] {Ẋ} + [K ] {X} = {0} (8)

where [M], [C] and [K ] describe the mass, damping and stiffness
matrix of the system including values for each DOF. The vector {X}

describes the displacement of each DOF with its first and second
derivation with regard to time {Ẋ} and {Ẍ}. The natural frequency
of the multi DOF system can be determined [18] by solving the
Eigenvalue problem. With the assumption of a harmonic free
vibration, {X} is described as a function of the vibration amplitude
{Ψ } and a circular frequency ω.

{X} = {Ψ } sin(ωt). (9)

This formulation can be substituted into Eq. (8) and, by neglecting
damping, leads to the Eigenvalue problem
[K ] − ω2 [M]


{Ψ } = {0} (10)

with the characteristic equation

| [K ] − ω2 [M] | = 0. (11)

4.2. Eigenmodes of a body in a dense fluid

In Eq. (10) the square of the natural frequency ω represents the
Eigenvalue with the corresponding Eigenvector {Ψ } which repre-
sents themode shape of the system [19]. Neglecting additional hy-
drostatic stiffness the structural properties of a mechanical system
have to be modified when considering the surrounding fluid of a
structure by adding the added mass coefficient matrix to Eq. (10).
Hence a direct influence on the natural frequency by CM can be
observed (cf. Eq. (12)).
[K ] − ω2 ([M] + [CM])


{X} = 0. (12)
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Fig. 7. Time trace of pitch moment after impact with hammer.

4.3. Modal analysis

The term Modal Analysis embraces the derivation of the three
characteristics: natural frequency, mode shapes and structural
damping factors [19]. The modal analysis can either be performed
theoretically or experimentally.

The aim of the experimental modal analysis is the determina-
tion of the frequency response function (FRF) describing the rela-
tionship between the vibration response of the investigated system
(X(ω)) and the excitation (P(ω)) by defining a function dependent
on the exciting frequency (H(ω)) [19].

P(ω)H(ω) = X(ω). (13)

The FRF measures the response rate in terms of displacement,
velocity, or acceleration of a structure to an excitation force [20].
To determine frequency response functions, data for the excitation
and the vibration response are required. The two most common
experimental setups are either shaker or impact hammer tests [19,
20]. During shaker tests a fixed excitation location has to be chosen
and vibration responses are measured at varying positions. From
the response function the natural frequencies of the structure can
be derived. For impact hammer tests fixed response measuring
locations (e.g. fixed accelerometer positions) are used to capture
the vibration response to spatially distributed excitations [19]. To
perform impact hammer tests, the structure being investigated
is hit with a hammer and allowed to vibrate freely in its natural
frequency. Fig. 7 shows an acceleration time trace obtained from
an impact hammer test, as recorded in the experiments described
later in Section 6.

By choosing specific impact locations one can excite the
structure in a desired degree of freedom and mode shape. From
the measured response the damped natural frequency is obtained.
The damped natural frequency is a function of undamped natural
frequency and damping, though often assumed to be identical.

5. Numerical setup

5.1. The structural model

Fig. 8 shows the mesh used for the numerical model of the
flap shown in Fig. 6. It should be noted, that the grey PVC
plates on the front were not considered in the simulations, since
their effect is negligible. Different parts, represented by element
colours,weremeshed separately as secondorder volumeelements.
Almost all connection sets are based on forcing surfaces on a slave
face to deform identical to the touching nodes of the coupled
3D elements. Earlier numerical investigations showed, that the
dynamic properties are dominated by the weight of the flap
structure and the flexibility of the load-cell and baseplate. The
Table 1
Material properties used in the simulations.

Item Density (kg/m3) Elasticity module (Pa) Poisson’s ratio

Baseplate 8027 2100E08 0.265
Loadcell 7147 1970E08 0.272
Tube adapter 2700 690E08 0.33
Bottom tube 3192 690E08 0.33
Bracket 2700 690E08 0.33
Foam core 195 5E08 0.33

Fig. 8. Mesh of the structural model used in the simulations, coloured by mesh
groups. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

baseplate and load-cell were thus modelled in significant detail.
The baseplate is fixed at the positions where the physical model
is screwed to the tank floor. The material properties used in this
simulation are given in Table 1. The accuracy of the structural
model is later assessed in Section 7.1 by comparing results for the
numerical and experimental modal analysis without the effect of
surrounding water.

5.2. Nemoh BEM

The OpenSource BEM solver NEMOH performs calculations on
a two dimensional mesh describing the shell of the structure
being investigated. An example of a boundary mesh describing
a simple OWSC model is shown in Fig. 9. With user defined
boundary conditions such as water depth, motion frequency and
position of rotation axis hydrodynamic coefficients are calculated.
Among others (e.g. wave induced excitation forces) the added
mass coefficients are calculated and provided in matrix form
(cf. (14)). This calculation of the coefficients is based on the
pressure distribution of the investigated structure (cf. Section 4.1).
Assuming a rigid body, one gets added mass coefficients matrices
for the six different degrees of freedom surge, sway, heave,
roll, pitch and yaw. The rigid body assumption enables one
to calculate relevant added mass coefficients for the vibration
analysis considering the first modes for the rotational DOF’s.
However, to get reasonable results for modes of higher order,
complex mode shapes need to be considered for the added mass
calculation with the BEM code. The current work focuses on these
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Fig. 9. Fully submerged flap shell: Water Level at Point of Origin.

Table 2
Boundary conditions for NEMOH simulations.

Half submerged Fully submerged

Surface area 0.35 m2 0.58 m2

Panels per surface area 1.2 · 104 1/m2 9.7 · 103 1/m2

Wave frequency 190 rad/s 190 rad/s

Water depth 0.261 m 0.413 m

basic modes, but the method will be extended to arbitrary mode
shapes in the future.

When calculating added mass coefficients for the 40th scale
static OWSC FEA model it is assumed that the flap has the biggest
effect on the added mass. Hence added mass coefficients are only
calculated for the flap shell to keep computational effort low.
Added mass coefficients plotted over a frequency bandwidth
in-between 0 and 16 Hz are shown in Figs. 10 and 11 for a half
and a fully submerged flap, respectively. The typical form of the
added mass over frequency can be observed in all figures. For
very low frequencies, the added mass is extremely high, decreases
sharply to a minimum for slightly increased frequencies before
slowly increasing towards a constant value at high frequencies.
Some simulations show physically unreasonable results at low
frequencies, but for the current application the region below 8 Hz
is not of interest.

For the application of an added mass matrix to the structural
simulation it has to be verified that the natural frequencies are high
enough to be almost constant for the frequency range of interest.
The addedmassmatrices calculated by the BEMwith the boundary
conditions listed in Table 2 for a half respectively fully submerged
flap shell are shown in matrix (14) and (15).

CMhalf =


10.2 0 0 0 1.5 0
0 0.72 0 −0.15 0 0
0 0 3.6 0 0 0
0 −0.15 0 0.13 0 0
1.5 0 0 0 0.24 0
0 0 0 0 0 0.3

 (14)

CM full =


35.6 0 0 0 7.9 0
0 2.1 0 −0.56 0 0
0 0 3.8 0 0 0
0 −0.56 0 0.24 0 0
7.9 0 0 0 1.9 0
0 0 0 0 0 0.9

 . (15)
Fig. 10. Added inertia coefficients over wave frequency for Pitch and Yaw modes: Half Submerged Flap.
Fig. 11. Added inertia coefficients over wave frequency for Pitch and Yaw modes: Fully Submerged Flap.
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Fig. 12. Example of a simple rectangular box: pressure points at panel centres with
spatial vector c⃗ marked red.

5.3. Coupling methodology

Derivation of added mass from radiation pressures
The radiation pressure distribution given by NEMOH for each

DOF is used to derive a discrete mass element distribution.
NEMOH internally defines surface elevation η as

η = −A · sin(ωt) (16)

where A represents the unit wave amplitude and ω the wave
frequency [14]. The coupling between surface elevation and
pressure on the body surface p leads to Eq. (17).

p = −1 · P̂ · sin(Θ). (17)

With P̂ as absolute pressure (per unit velocity andwave frequency)
and phase angle Θ . Due to the fact that the unit velocity differs
for translational and rotational motions added mass has to be
calculated in two different ways for translational and rotational
modes. For translational motion the use of the NEMOH output
pressures is straightforward (cf. Eq. (18)) since a unit velocity of
1 m/s is considered to normalise pressure. For rotationalmotion the
unit velocity of 1 rad/s is used for the normalisation, hence the given
pressure P̂ has to be divided by the distance to the rotation axis r
(cf. Eq. (19)).

ptrans = −1 · P̂ · sin(Θ) (18)

prot = −1 · P̂ · sin(Θ) ·
1
r
. (19)

These two pressures can then be used to calculate a pressure
related force vector F⃗ (cf. Eq. (20)) and the local added mass vector
m⃗added (cf. Eq. (21)) by multiplying with the surface normal vector
n⃗ (∥n⃗∥ = Φ with Φ as surface area) and dividing by the incident
wave frequency ω, respectively.

F⃗ = p · n⃗ (20)

m⃗added = F⃗ ·
1
ω

. (21)
From the local added mass vector the local added inertia I⃗added can
then be determined bymultiplying with the square of the distance
to the rotation axis (cf. Eq. (22)).

I⃗added = m⃗added · r2. (22)

To do so a convention for the distances to the rotation axis r has to
be declared. Values for r are defined as

rroll =| c⃗heave | (23)

rpitch = c⃗heave (24)

ryaw = −1 · c⃗sway. (25)

With c⃗ as vector of the centre node coordinatewith its components
in surge (c⃗surge), sway (c⃗sway) and heave (c⃗heave) as shown in Fig. 12.

Automated mass derivation

In order to implement a reasonably high resolved added
mass distribution to the FEA model a methodology is needed
which uses the NEMOH output data as an input and gives out
added mass vectors which can be defined as discrete (mass)
elements by Code_Aster. Such a methodology has been developed
by using several python functions coupled with the Code_Aster
environment. In the first place the NEMOH output file containing
the coordinates of each pressure point namely the centre of each
panel c⃗surge, c⃗sway, c⃗heave (cf. Fig. 12), the absolute pressure per unit
velocity P̂ and the phase angleΘ has to be converted into a python
compatible array. To derive m⃗added the normal vector of each mesh
panel n⃗ and its surface area Φp is needed (cf. Eq. (20)). Reading
the 2D mesh of the flap shell into the Code_Aster environment,
allows information like node coordinates and connections to be
accessed. Using this information, the centre node coordinates c⃗
and according normal vectors n⃗ with ∥n⃗∥ = Φp can be derived
both for triangular and quadrangular elements. Together with the
NEMOH data (pressure point, P̂ and Θ) information about panel
index, centre coordinates and normal vector for each panel of the
2D shell mesh can then be used to allocate NEMOH data to the
according panel with its normal direction and surface area. With
the wave frequency ω the desired added mass vectors can then be
calculated.

Code_Aster interface

Code_Aster provides an added mass element type. This element
type implements directionally dependent mass properties and is
assigned to mesh nodes. A distribution of these discrete mass
elements, are passed to Code_Aster as python lists. The projection
of this data onto the 3D ‘‘modal mesh’’ is performed in python.
The ‘‘modal mesh’’ here means the three dimensional mesh of the
structure onwhich themodal analysis (or any other Finite Element
Analysis) is performed.

6. Experimental tank tests

The natural frequencies for the three DOF’s roll, pitch and yaw
of a static OWSC are obtained experimentally by choosing three
different impact locations. Acceleration and strain gauge data are
recordedwith two accelerometers and a six degree of freedom load
cell, respectively (cf. Fig. 13). As a test case the flap has been tested
at different water levels. Water level W1 in Fig. 13 represents a
submerged load cell, W2 in Fig. 13 represents a half submerged
upright flap and W3 a fully submerged upright flap model.

Table 3 shows the natural frequencies for vibrations in roll,
pitch and yaw for the differentwater levels. The considerable effect
added mass has on the structural dynamics can be observed by
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Fig. 13. Schematic drawing of the experimental setup for modal analysis: Impact Locations marked red.
Table 3
Resulting natural frequencies normalised with frequencies in a dry environment.

Roll Pitch Yaw

Dry 1 1 1
Load cell submerged 1 1 1
Half submerged 0.87 0.71 0.59
Fully submerged 0.78 0.33 0.39

Table 4
Relative deviation between numerical and experimental
natural frequencies of the dry structural model.

Roll Pitch Yaw

0.03 0.02 0.05

comparing the obtained Eigenfrequencies at varying water levels.
The fully submerged flap has an Eigenfrequency of only 33% of the
dry structure. It should also be noted, that the decrease of natural
frequency of the system is not simply proportional to the increase
in water level. Raising the water level from half to fully submerged
does not lead to a change in frequency of 100% but varies for each
mode.

7. Verification study

7.1. Initial structural model

To test the numerical model on physical reliability it is
common practice to compare numerical and physical natural
frequencies [19,20]. Since the natural frequency is affected by
the structural dynamic properties this measurement can show
discrepancies between the two (cf. Section 4.1). The structural
behaviour of a physical as well as numerical model is mainly
affected by the material properties and connections sets between
different parts. In the numerical model the results are also affected
by the discretisation of the structure thus the mesh properties
(number of mesh nodes, number of mesh elements, etc.). To obtain
the natural frequency of the numerical model a FEAmodal analysis
has been carried out.With the help of experimentalmodal analysis
of the dry model the FEA model of Oyster was validated. Results
for the natural frequency in a dry environment are presented in
Table 4. Themaximumerror is 5% for the yawmode, which ismuch
less than the effect of the added mass. The model is thus deemed
Fig. 14. Mode shape of a pitching flap model.

Fig. 15. Mode shape of a rolling flap model.

sufficiently accurate for the purpose of validating an added mass
method.

7.2. Preliminary investigations

The mass of the surrounding water which has to be accelerated
when the structure moves can simply be described as a body
attached to the actual structure having certain mass and inertia
properties for the six different modes surge, sway, heave, roll,
pitch and yaw. Since the first Eigenmodes of this specific model
consist of rotation of the quasi undeformed flap structure around
the loadcell, it might be believed, that the implementation of a
single lumped mass with the mass and inertia properties of the
surroundingwater into the FEA structurewould yield good results.
Tests were performed using the added mass coefficients from
matrix (14) and (15). The resulting frequencies for a fully and half
submerged flap are shown in Table 5.
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Fig. 16. Normalised natural frequencies for the three DOF’s Roll, Pitch and Yaw for
different water levels.

Results show that the simple assumption of single lumpedmass
does not capture the effect of the surrounding fluid. Deviation
between experimental and numerical results is very high. Possibly
the coupling of a significant mass and inertia in a single node of
the flap structure is not suitable. Since the model should be used
Table 5
Relative deviation between experimental and numerical results for the eigenfre-
quency obtained from simulations with a single lumped mass and varying water
levels.

Roll Pitch Yaw

Half submerged 0.21 0.29 0.63
Fully submerged 0.29 1.41 1.47

in the future for arbitrary structures and arbitrary modeshapes,
where the entire distribution is required, this simplification was
not investigated further.

7.3. Verification of the added mass distribution

Due to the failure of a single lumped mass implementation
to mimic added mass effects of an OWSC the methodology
presented in Section 4.1 is used. Simulations for a half and a
fully submerged static 40th scale flap model are performed. The
pressure distribution over the flap shell for the three DOF’s roll,
pitch and yaw are calculated with NEMOH. Although not directly
used in the FE Analysis, added mass is also calculated for the three
translational motions surge, sway, heave as well as added inertia
for the three translational motions roll, pitch and yaw. To gain
confidence in the mapping algorithm and implementation in the
software, these values are compared to the NEMOH outputs (cf.
Tables 6 and 7). The visualised pressure distribution can be seen
on the left hand side in Figs. 17 and 18. This data is mapped
onto the ‘‘modal mesh’’, as visualised on the right hand side in
Figs. 17 and 18. These are again fed into the FEA modal analysis
procedure and natural frequencies and mode shapes are post
processed. Figs. 14 and 15 show the structural model deformed
Fig. 17. Visualised pressure and mass distribution for a half submerged flap.
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Fig. 18. Visualised pressure and mass distribution for a fully submerged flap.
and coloured according to computed pitch and roll modes. The
normalised frequencies can be seen in Fig. 16.

8. Discussion

The mass and inertia values for the DOF’s surge, sway, heave,
pitch and yaw show good agreement between the original
NEMOH data and the transformed added mass/inertia applied to
the structure. The maximum deviation is only 6% (cf. Tables 6
and 7). Natural frequencies obtained for these modes with the
numerical modal analysis agree very well to experimental data,
with maximum deviations of about 7%.

Discrepancies of 15% and 50% for the added inertia in
NEMOH and on the structural model are found for the half and
fully submerged roll mode, respectively. The resulting natural
frequencies for a rolling flap show differences of 8% and 22%
for the half and the fully submerged flap (cf. Fig. 16). Since the
considerable error in the application of added mass does not
lead to an error of the same magnitude in the prediction of the
Eigenfrequency, it could be argued that in this particular mode
structural stiffness and mass dominate the vibration. Hydrostatic
stiffness, which is zero for the yaw mode and also small in pitch,
could be considerable for roll motion. At the same time the added
mass is alsomuch larger for pitch (1.9 kg m2) and yaw (0.92 kg m2)
modes than for roll (0.24 kg m2), when the flap only accelerates
water through the displacement of the relatively small bottom face
of the flap. The natural frequencies from the numerical simulation
is also expected to be slightly higher than the damped natural
frequency obtained from the experiments.
Table 6
Results for added mass and added inertia for a half submerged flap from NEMOH
and Python/Code_Aster: Dominating Added Mass Vector Components highlighted
Bold.

NEMOH Python/Code_Aster

Half submerged flap

m11 10.21 kg

 10.21
1.6 · 10−4

−4.4 · 10−4

 kg

m22 0.72 kg

1.1 · 10−4

0.72
4.7 · 10−4

 kg

m33 3.6 kg

 2.4 · 10−4

−4.3 · 10−4

3.57

 kg

I11 0.13 kg m2

 1.0 · 10−5

−4.0 · 10−5

0.11

 kg m2

I22 0.24 kg m2

 0.25
1.4 · 10−6

−4.4 · 10−6

 kg m2

I33 0.3 kg m2

 0.31
1.6 · 10−5

−2.8 · 10−5

 kg m2

9. Conclusion

This paper presented an experimental and numerical investiga-
tion into the effect a surrounding fluid has on a vibrating OWSC
structure. A method to couple an efficient BEM potential flow
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Table 7
Results for added mass and added inertia for a fully submerged flap from NEMOH
and Python/Code_Aster: Dominating Added Mass Vector Components highlighted
Bold.

NEMOH Python/Code_Aster

Fully submerged flap

m11 35.6 kg

 35.6
−8.9 · 10−6

−4.6 · 10−4

 kg

m22 2.1 kg

 2.8 · 10−4

2.1
−7.9 · 10−4

 kg

m33 3.8 kg

 1.9 · 10−4

−5.2 · 10−4

3.8

 kg

I11 0.24 kg m2

 1.2 · 10−5

−6.2 · 10−4

0.12

 kg m2

I22 1.9 kg m2

 1.9
−2.1 · 10−6

−5.5 · 10−6

 kg m2

I33 0.9 kg m2

 0.92
−2.6 · 10−6

−2.6 · 10−5

 kg m2

solver with a structural finite element solver was presented and
validated with experimental data.

Theperformedverification study shows good results andproves
the functionality of the developed methodology.

The main conclusions are:

• The surrounding fluid must be considered in any dynamic
structural analysis of an OWSC.

• A single lumped added mass is not able to mimic the physical
reality.

• Coupling linearised, potential BEM solvers with FEA tools is an
efficient way to accurately model the effect of added mass.

For the presented verification study only data for an upright static
flapmodel at two differentwater levels has been used. Themethod
should be extended in the future to take into account hydrostatic
stiffness,whichwould also enable the investigation ofmoving flaps
and probably improve accuracy for the roll mode.

Acknowledgement

Christian Windt and Pál Schmitt were kindly supported by
Aquamarine Power Ltd. and EPSRC grant number EP/J01097?1.

References

[1] D. Magagna, A. Uihlein, 2014 JRC ocean energy status report. Technical Report,
European Union, 2015, http://dx.doi.org/10.2790/866387.
[2] T.Whittaker, D. Collier,M. Folley, The development of Oyster—a shallowwater
surgingwave energy converter, in: Proceedings of the 7th EuropeanWave and
Tidal Energy Conference, Porto, Portugal, 2007, pp. 11–14.

[3] A. Henry, The hydrodynamics of small seabed mounted bottom hinged
wave energy converters in shallow water (Ph.D. thesis), School of Planning,
Architecture and Civil Engineering Queens University, Belfast, 2008.

[4] E. Renzi, K. Doherty, A. Henry, F. Dias, How does Oyster work? The simple
interpretation of Oyster mathematics, Eur. J. Mech. B/Fluids 47 (2014)
124–131. http://dx.doi.org/10.1016/j.euromechflu.2014.03.007.
URL: http://www.sciencedirect.com/science/article/pii/S0997754614000429,
Enok Palm Memorial Volume.

[5] M. Folley, T. Whittaker, Analysis of the nearshore wave energy resource,
Renew. Energy 34 (2009) 1709–1715.
http://dx.doi.org/10.1016/j.renene.2009.01.003.
URL: http://www.sciencedirect.com/science/article/pii/S0960148109000160.

[6] K. Doherty, M. Folley, R. Doherty, T.Whittaker, Extreme value analysis of wave
energy converters, in: Proceedings of the 21st International Offshore and Polar
Engineering Conference, International Society of Offshore and Polar Engineers,
2011, pp. 557–565.

[7] A. Henry, A. Rafiee, P. Schmitt, F. Dias, T. Whittaker, The characteristics of
wave impacts on an oscillating wave surge converter, in: Proceedings of the
International Offshore and Polar Engineering Conference, 2013, pp. 566–573.
Cited By 2.

[8] A. Henry, O. Kimmoun, J. Nicholson, G. Dupont, Y. Wei, F. Dias, A two
dimensional experimental investigation of slamming of an oscillating wave
surge converter, in: Proceedings of the 24th International Offshore and Polar
Engineering Conference, International Society of Offshore and Polar Engineers,
2014, pp. 296–306.

[9] A.M. Belostosky, P.A. Akimov, T.B. Kaytukov, I.N. Afanasyeva, A.R. Usmanov,
S.V. Scherbina, V.V. Vershinin, About finite element analysis of fluid–structure
interaction problems, Procedia Eng. 91 (2014) 37–42. http://dx.doi.org/
10.1016/j.proeng.2014.12.008. URL: http://www.sciencedirect.com/science/
article/pii/S1877705814030264, {XXIII} R-S-P Seminar, Theoretical Founda-
tion of Civil Engineering (23RSP) (TFoCE 2014).

[10] M. Hartnett, T. Mullarkey, G. Keane, Modal analysis of an existing offshore
platform, Eng. Struct. 19 (1997) 487–498
http://dx.doi.org/10.1016/S0141-0296(96)00102-2. URL:
http://www.sciencedirect.com/science/article/pii/S0141029696001022.

[11] N. Greffet, ADLV101—Modes de ballottement d’une cuve remplie. Technical
Report V8.21.101, 2011, http://www.code-aster.org.

[12] T. Vernon, B. Bara, D. Hally, A surface panelmethod for the calculation of added
mass matrices for finite element models. Technical Report, Canadian National
Defence Research and Developement Branch, 1988, URL: http://oai.dtic.mil/
oai/oai?verb=getRecord&metadataPrefix=html&identifier=ADA196221.

[13] S. Krueger, Evaluation of Cargo loss of a large container carrier due to
parametric roll, in: International Marine Design Conference, IMDC, Michigan,
2006.

[14] A. Babarit, NEMOH BEM documentation. Technical Report, Ecole Centrale de
Nantes, 2014, URL: http://lheea.ec-nantes.fr/doku.php/emo/nemoh/start.

[15] C. Brennen, A review of added mass and fluid inertial forces. Technical
Report 233, Department of the Navy, Port Hueneme, CA, 1982, URL:
http://resolver.caltech.edu/CaltechAUTHORS:BREncel82 report Number CR
82.010. Contract Number N62583-81-MR-554.

[16] J. Bašić, J. Parunov, Analytical and numerical computation of added
mass in ship vibration analysis [analitǐcki i numerički proračun do-
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