12* 2019
e +€ Proceedings of the 13th European Wave and Tidal Energy Conference 1-6 Sept 2019, Naples, Italy

Multi-directional waves and time domain

perturbed field visualization of the WaveSub

device
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Abstract— Wave Energy Converters (WECs) are very
often simulated in bi-dimensional waves but a more
accurate simulation that represents a more realistic sea state
should account for multi-directional waves. In a first
approximation directional distribution can be expressed as
a Gaussian spreading model. Here we show a simulation of
the WaveSub device in multi-directional waves and a
visualization of the perturbed field generated. Linear
potential flow has been used for this purpose as compared
to a CFD method used previously. Nemoh has been used for
the hydrodynamic computation and for the calculation of
the frequency domain field coefficients. The diffracted and
radiated field calculation has been based also on the wave
elevation and velocities result of a time domain simulation
in WEC-Sim. Then the total perturbed field has been
obtained as the sum of the incident, diffracted and radiated
fields. Directional spreading has been modelled as a
Gaussian spreading model. This result can give a reduced
computational cost compared to CFD. The paper also
presents a method for perturbed field visualization to show
more confidence in the results obtained and this
visualization could be used for future benchmarking
purposes. Implementation of the multi-directional
simulation has been completed in WEC-Sim and this
modification to the software has been adopted in the official
version. The authors recommend further cross-validation of
the model should be carried out as further work.

Keywords— Directional distribution; wave energy; wave
fields; wave potential theory.

L INTRODUCTION

Wave energy has been for many years a potential
method of generation of renewable energy [1]. There are
different problems that wave energy development needs
to overcome for economic energy production. In fact, the
wave energy resource is very difficult to predict accurately
because of the temporal characteristic of the wave climate
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[2]. Variations are associated with modifications of the
height, energy period
characteristics. Generally, WECs have a reduction of their

significant and directional
performance when the wave directional spread is larger.
Consequently, the estimation of the influence of the wave
direction on a particular WEC should be considered
carefully.

There are different concepts of wave energy extraction

[3]. The WaveSub is a device under development by
Marine Power Systems Ltd [4]. It is a point absorber
device where the energy comes from the relative motion
between a reactor and the float. An orbital motion is
tracked by the float and the power is mainly captured in
surge and heave in a similar way to the Bristol Cylinder
[5]. Fig. 1 shows the working principle while more
description is found in [6].

Float follows
wave energy

REACTOR

Fig. 1: lllustration of WaveSub device function in operational
mode.

Power is captured by 4 float tethers, each one connected
to a power take-off in each corner of the reactor. Fig. 2
shows the 4 scale prototype WaveSub device. This paper
aims to model the WaveSub under multi-directional
waves. Diffracted, radiated and perturbed wave fields are
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also calculated to show more confidence in the results
obtained.

Fig. 2: Slngle ﬂoat WaveSub on tow, showmg the reaction
barge in surface configuration with float docked in centre.

1L THEORY

Linear potential flow theory is the foundation of the
numerical model [7]. Viscous forces are neglected. There
are assumptions related to small motion of the device
compared to its characteristic dimension and small wave
amplitudes compared to the wavelength.

The Bernoulli equation is used in this theory but second
order terms are neglected as shown in

%+ (V¢)2+Z+gz—0

ot 1)

where ¢ is the fluid potential.
The radiation and the diffraction problem are then solved
using the Boundary Element Method (BEM).

The dynamic system modelling, WEC-Sim [8] (Wave
Energy Converter Simulator) is developed in
MATLAB/SIMULINK. Multibody systems can be included
in the simulation and hydrodynamic forces computed
from Nemoh [9-10]. Power take-off and mooring systems
can be also simulated in a realistic way.

The response of the device is obtained solving the
equations of motion of the WEC in 6 degrees of freedom
[11] as shown in

t
(m+A4,)X" = - f K(t — DX (D)dt + Fop,
0

. - - - 2
+Fvis+Fres+FPT0+Fmo

where m is the mass matrix, A,, is the added mass matrix,
X is the displacement and rotational vector of the body,

is the matrix of impulse response function, Fext/ Fms, Fres,
FPTO and Fmo are the vector of wave-excitation force,
quadratic viscous drag force, net buoyancy restoring force,

PTO force and the mooring force.

A wave directional spreading is accounted in the time
domain simulation regarding the calculation of the
excitation force.

The directional distribution has been assumed to model
with enough accuracy the temporal wave direction
characteristic. More specifically, it is proposed that the
frequency-directional spectrum (S(f, 8)) is the product of
the frequency spectrum (S(f)) and the directional
distribution:

S(f,6) = S(/)D(6)

Where f is the wave frequency and 8 is the angle relative
to the mean wave direction.

The directional distribution (D(6)) is assumed to be
independent of frequency. This result will give just an
approximation. In-fact a more accurate directional
distribution should be a function also of the frequency.
Examples of directional spreading dependent also on the
frequency are Mitsuyasu [12], Hasselmann [13], Donelan
[14] and Donelan-Banner [15]. A general approach is
shown in [16]. In particular, each climate location will have
a different directional distribution.

The Gaussian directional distribution model has been
chosen but a “cosine2s” form could be also used [17]. The
Gaussian form is expressed as

1 6?
ovzm T ‘(ﬂ) ®3)

where o is the standard deviation and @ is the incident
wave direction.
The directional distribution fulfils the requirement

D(6) =

JD(H, w)dd =1 (4)

The sea surface elevation dependent also on the wave
directions can be expressed as

N Ng

n(x,y,t) = Z Z Ay cos(an t—

n=1 m=

) 5
- (x-cos(8,,) +y-sin(8,,))

+ ¢[,nm)

where A}, for Ky @pam are respectively the amplitude,
frequency, wave number and phase for each incident
directional wave evaluated for a specific point of the wave
field (x,y). Ny and Ny are the number of wave directions
and frequencies.

The directional spread and the excitation force for multi-
directional waves have been the main updates applied to
the WEC-Sim code.

Sea surface elevation can be then expressed as a function
of the wave frequency spectrum thanks to the relation
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between the wave amplitudes and the wave spectrum. The
relation is expressed for a discretized frequency step (Af)

as [18]
Appm = /zs(fn)DmAf (6)

Consideration of the wave directional spread also
requires an update of the calculation of the excitation force.
The extended formulation of the excitation force in the
time domain is expressed as

N Ny

Fu® = Y [25(7, )0, df

n=1 m=1

. Re(_ﬁem

-exp(i2nf t + @)

Nf Ng

=3 [s¢opar o

i=1 j=1

- (Re(Foy.)

. cos(27'[fnt + CD,’nm)
— Im(fex_n)

. sin(2nfnt + qb,'nm) )

where the excitation force is a complex number described
by an amplitude and phase.

The perturbed wave field is helpful to create more

confidence and observe the interaction between the WEC
and the wave field. Results have been elaborated from
material obtained from Cruz Atcheson Consulting
Engineering [19]. Wave fields are summarized in the
incident, diffracted, radiated and perturbed fields. The
visualization involved 2 main software: Nemoh and WEC-
Sim.
Nemoh and WEC-Sim have an opposite notation of the
incoming incident wave direction and the following
formulae have been adapted to the Nemoh notation.
Nemoh needs to be simulated using the free surface
elevation option. In particular, the size of the domain and
the number of points in x and y dimensions are defined.
This option increases significantly the computational time
of Nemoh. A free surface elevation file is created for each
frequency, wave direction and degree of freedom
considered. Wave direction is related with the diffracted
field while the number of degrees of freedom with the
radiated field. The number of files generated follows

Ntotal = NDiffracted + NRadiated (8)
=Ng-(Ng+ Npop)

The incident wave elevation and the bodies velocities from
WEC-Sim have been converted into the frequency domain

using the Fourier transform. The same hydrodynamic
Nemoh frequencies have been used in this conversion to
match the free surface generation files generated by
Nemoh. The hydrodynamic frequency step and the WEC-
Sim simulation time step have been related using the
reciprocity relations to approximate in the best way the
bodies velocities and the incident wave elevation. This
relation can be expressed as [20]

A A—l
A=y ©)

Where Af is the hydrodynamic frequency step, At is the
WEC-Sim simulation time step and L is the length of the
signal.

The Fourier transform has been used to find the amplitude
and phases of the incident wave and of the bodies
velocities as shown in

Ny
Fo) = — f > (0 - ey (10)

Tsim

where Ty, is the duration of the signal and f(t) is the
value of the signal at the time ¢.

After that the time domain wave fields are determined
considering the real part for each point P(xp, yp) of the
wave field as shown in

N Ny

n,,(£) = Re z Z A[’ijei(Knmp_znfnt'le,nm) (11)

n=1 m=1

Knmp = knp - (xp - c05(0,,) + yp - sin(6,,)) (12)

Npp ()
Ny Ng
= Re Z Z A,nmADanei(—Znnt+q>,,nm+¢Dan) (13)
n=1m=1
Mep ()
Npor Ny
= Re Z Z VnmAanmei(_Z”anq’Vnm*‘l’Ran) (14)
n=1 m=1

where Apppy and ®ppy,, are the amplitude and phase of
the diffracted field, Agpny and Ppppy, are the amplitude
and phase of the radiated field, V,,, and ®y,, are the
amplitude and phase of the bodies velocities. 1;p, pp, Nrp
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are respectively the incident, diffracted and radiated wave
fields.

A summary of the amplitude and phase obtained from
Nemoh and WEC-Sim is shown in the following Table 1:

Table 1: Summary of the Wave field parameters

Nemoh WEC-Sim
Incident Field 0, f A,k 0, f, &
Diffracted Field | Ap, ®p A}, w;, D,
Radiated Field | Ag, ®p V, dy,

Finally, the total perturbed wave field can be calculated:

Npp (£) = 11p () + Npp(t) + Ngp(t) (15)

Wave fields in the frequency domain are obtained using
(11-15) but without accounting the time term —2mf;t of the
exponential term. The frequency wave field considers the
complex results and not the real one because it gives
information both of the amplitude and of the phase. The
significant height can be used to describe the frequency
wave fields and, following the method of [6], can be
expressed for each point P(xp, yp) of the wave field:

(16)

Ny 5
H, =4 ZabS(n;n(f))

The significant height for multi-directional waves can be
obtained from the surface elevation in the frequency
domain through the summation for all the wave
directions.

1) = D 1e(£,0) @

II1. METHODOLOGY

The core of the numerical simulation is the combination
of two open-source software: Nemoh and WEC-Sim. The
first computes hydrodynamic coefficients and the second
the time domain simulation of the device and shown in
Fig. 3. WEC-Sim source code has been modified
accounting the influence of the wave directional
distribution on the excitation force. This modification has
been applied to the WEC-Sim linear model but could be
theoretically extended to the weak non-linear model
considering the non-linear Froude-Krylov force based on
the dynamic pressure over each panel of the wetted body
surface.

Conversion of
bodies
velocities and
incident wave
surface
elevation from
time domain to

Calculation
of the
different
wave fields

on time
frequency

domai domain
L comam o and

frequency
domain

Time domain

simulation in
WEC-Sim
e

Free surface
generation files
from Nemoh

Fig. 3: The overview of the calculation of the wave fields

The wave directional distribution has been based on the
average wave directional standard deviation (28.95
degrees) of the Berth A wave buoy in the Belmullet site
[21]. Wave directions between the main direction and 2
times the wave direction spread can be simulated to give a
probability of 95.45% of the real incoming directional wave
(See Fig. 4). The normal distribution has been discretized
in 7 wave directions with a related probability.

Probability of a wave Direction spread of 28.95 degrees

0.014

0.012

0.01

0.008

0.006

0.004

0.002 -

0
-60 -40 -20 0 20 40 60

Angle relative to the main direction
Fig. 4: The discretization of the directional distribution

IV. COMPUTATIONAL MODEL SET-UP

An irregular wave described by a Pierson-Moskowitz
Spectrum with a significant height of 3m and a peak period
of 10s is considered.

Pierson-Moskowitz is expressed as a function of the peak
period and the significant height following [8] and [22].
More details about the equations used for the wave
Spectrum are given in the source code of WEC-Sim [8]. The
simulation of this wave Spectrum through these formulae
is obtained in WEC-Sim using a specific simulation option
of the “Waveclass” [8].
configurations have been used: a single wave direction

Two different main wave

and a multi-wave direction.
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A reasonable number of frequencies (952) have been
used for the hydrodynamic simulation between 0.02 and 5
rad/s. The number of field points used is 50 points in x and
y while the field area covers 100m in each dimension. So
each point covers an area of 4m? If local effects are
targeted, this could require an increase in the resolution.

Equation (9) shows a relation between the frequency
step and the time step. The simulation time for WEC-Sim
is determined from the frequency step of the Nemoh
frequencies. In particular a simulation time of 1202s has
shown a good approximation of the time domain incident
wave field and of the bodies velocities through the Fourier
transform.

A single float WaveSub configuration have been used
for the simulations. The inertia properties and the
hydrodynamic coefficients are based on the simplified
version of the WaveSub. (a cuboid shape for the reactor
and a cylinder and 2 hemispheres for the float). Size and
measurements come from the full scale representation of
the tank testing conducted at the University of Plymouth
Ocean basin in 2016 [23]. The reactor is simplified as a
cuboid shape with length, width and height respectively
of 51.55, 50 and 10.5m. The float is described by a central
cylinder with a length of 4.75m and 2 hemispheres in the
sides with a diameter of 12m. The float depth is of 10.55m
while the reactor depth is arbitrary chosen and in this
configuration a value of 33m has been used as an example.

A mesh independence study has been undertaken to
make sure that the hydrodynamic results were not
dependent on the mesh resolution. The main direction (0
degrees relative to the x axis) has been chosen in this
analysis.

The mesh of the bodies has been created in Salome-Meca
[24]. Panels can be created mainly triangular or
quadrangular.

Three types of mesh have been considered: a coarse (201
panels for the float and 200 for the reactor), a moderate
(547 panels for the float and 877 for the reactor) and a fine
mesh (868 panels for the float and 1501 for the reactor.
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Fig. 5: Surge, heave, roll and yaw excitation coefficients of float
(ab,c,d), surge, heave excitation coefficients of reactor (ef), surge,
heave, roll and yaw added mass coefficients of float for surge, heave,
roll and yaw motion of the float (g h,i,j), surge, heave, roll and yaw
added mass coefficients of reactor for surge, heave, roll and yaw
motion of the reactor (k,1,m,n), surge, heave, roll and yaw radiation
damping coefficients of float for surge, heave, roll and yaw motion of
the float (o,p,qr), surge, heave, roll and yaw radiation damping
coefficients of reactor for surge, heave, roll and yaw motion of the
reactor (s,t,u,v).

A good mesh convergence can be observed from Fig. 5.
Main motion for a main single wave direction is expected
to be in surge, heave and pitch due to the symmetry of the
device relative to the wave direction. It is expected that the
excitation coefficients in the others degrees of freedom are
negligible. In fact, it is found that excitation force in roll
and yaw is around 100 times smaller than in surge and
heave (See Fig. 5a-5b-5c-5d). It is converging to zero with
an increasingly fine mesh.

By contrast, radiation coefficients are significant in all the
degrees of freedom but the force is only present in some
directions because it is dependent on the velocity and
acceleration of the device in each degree of freedom
(radiation damping and added mass force respectively).
Added mass force and radiation damping force will be
more significant in the degrees of freedom where the
excitation force is determining a more significant velocity
and acceleration of the body.

Added mass and radiation damping of the reactor show
the problem of Nemoh related to thin elements (See Fig. 5j-
5k-5r-5s-5t). The behaviour of these coefficients are
irregular for some frequencies and it is a known limitation
of Nemoh. Nemoh is based on a source distribution and
the computation of thin elements could have created this
irregularity. In-fact the shape of the reactor has the height
5 times smaller than the other 2 dimensions.

Finally, the fine mesh has been used because of the higher
accuracy.

The PTO and the mooring system are characterized by 5
and 4 lines. Each line of the PTO, that connects each float
and the reactor, is described by a linear spring and damper
with a constant stiffness and damping. Each line of the
mooring, that connects each corner of the reactor and the
seabed, is instead described by only a constant stiffness
spring.

The drag force on each float was difficult to determine
accurately [25]. A previous research of Marine Power
Systems has been used for an estimation of the drag
coefficient of 1.5 [26]. A comparison with the drag

coefficient of spheres and cylinders have been used for the
estimation of the drag coefficient of the float [27].

A drag force has been considered only for the float but not
for the reactor because it becomes more significant relative
to the inertia force when the characteristic dimension is
less than 1/5 of the shortest wavelength [28]. Drag
coefficient depends on different a-dimensional numbers
such as the Keulegan-Carpenter number, Reynolds
number and the surface roughness. However the data
available are limited and due to the shape of the float (a
mix between cylinders and hemispheres) an accurate
result cannot be achieved. A recent paper investigates this
effect further [25].

The relation between drag coefficient and drag force used
in the model is the following:

- 1 -
D= ECdpAvlvl (26)

Where A is the characteristic area of the body, v is the
body velocity, C, is the drag coefficient, D is the drag
force and p is the density.

V. RESULTS

Results are presented in terms of a single wave direction
and a multi-wave direction. A multi-wave direction
simulation is more computationally demanding because it
requires the hydrodynamic simulation for all the wave
directions used for the approximation of the directional
distribution. Then the time domain simulation is also
longer because the excitation force is computed
considering all the wave directions.

Fig. 6 shows the significant motions for the float and the
reactor in all the degrees of freedom. Main motion for the
1 incident wave direction case is in surge, heave and pitch.
This conclusion was already observed in the mesh
convergence due to the largest excitation coefficients in
these degrees of freedom.

Overall, the motion in these degrees modes decreases
for the float considering the directional wave distribution
while sway, roll and yaw become more important. The
reactor shows also a similar motion behaviour. However,
the wave directional distribution case shows a slight
increase in the heave motion.

A.  Single wave direction

Frequency and time domain results are presented for the
different wave fields (See Fig. 7 and Fig. 8). The significant
height of the incident field is not shown because this is
constant and equal to 2.91 m. A better accuracy of the
significant height equal to 3 m can be reached with a longer
simulation time that however, corresponds to a larger
number of hydrodynamic frequencies considered in the
simulation. The diffracted field generates an increase of the
significant height behind the device while the radiated
field shows an increase in the front and in the back of the
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device. The relative difference between the total significant
height and the incident wave height is shown in Fig. 7 to
observe more clearly the influence of the radiation and
diffraction wave fields on the total significant height and
the positive increases. The total significant height has
mainly an increase in the front while behind the device
there is an increase further from the float. This different
behaviour of the total wave field compared to the
diffracted and radiated wave fields is due to the total wave
field considering the phases of each wave field. So, the
perturbed wave field shows generally a smaller significant
height behind the device compared to the incident wave
height. A larger value of the significant height follows
more or less a parabolic curve centered on the float.

2 qual
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2 T T
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(b)
Fig. 6: Significant motions of the float (a) and of the reactor (b) in
all the degrees of freedom. A comparison between the 1 direction
and the directional distribution is shown.

Fig. 8 shows a screenshot of the time domain of the
incident and perturbed wave fields. In particular, it is
possible to observe an expected increase of the perturbed
wave field behind the float. The time domain visualization
is valuable in a commercial context, because it shows in a
very direct way if the results are reasonable or if they are
the results of numerical errors. It is a first step to

understand the numerical model that is to be used in
parallel to a more formal validation process.

50 HsDif (m
0.7
E
2 0
S
>
-50
-50 0 50
X grid (m)
(a)
50 HsRad (m
29
2
1.8
g 1.6
2 0 1.4
o
. 1.2
1
0.8
0.6
-50
-50 0 50
X grid (m)
(b)
50 HsTot-HsInc (m)
0.05
0
-0.05
-0.1
E -0.15
_'E 0 -0.2
o
> -0.25
0.3
-0.35
-0.4
-0.45
-50
-50 0 50
X grid (m)

Fig. 7: Significant heights created by the diffraction (a), radiation
(b) and perturbed (c) fields for a single wave direction case.
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(b)

Fig. 8: Screenshot of the time domain simulation created in Paraview
[29] showing the incident (a) and the perturbed (b) fields for a
single wave direction case. Only float and reactor are shown while
PTO lines and mooring lines are omitted.

B. Multi-directional waves

The significant height of the incident wave field shows
a different value in each point of the wave field due to the
dependence on the wave direction (See Fig. 9). The random
phase related to the wave direction and wave frequency
and the different location of the wave field are determining
this variation (Refer to (5)). However, it is expected that
there will be convergence of the incident significant height
for all the grid points to the incident wave height (3m) for
a very long simulation time. The significant wave height of
the diffracted field shows a similar behaviour of the single
wave direction but it is decreased. The radiated significant
wave height reaches larger values not anymore along the
main wave direction but along a certain relative angle to
the main wave direction due to the different motion of the
device (also in sway). The total significant height shows a
narrower shading behind the device compared to a single
wave direction.

Fig. 10 shows a snapshot of the time domain simulation.
In particular it is shown when the incident field has a wave
direction different from mean. It is possible to observe the
wave field with different local peaks dependent on both
the coordinates of the grid. The float is observed during a
yaw motion due to a wave directional component coming
from south-west.
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Fig. 9: Significant heights created by the incident (a), diffraction (b),
radiation (c) and perturbed (d) fields for a multi-wave direction
case.

(b)

Fig. 10: Screenshot of the time domain simulation created in Paraview
[29] showing the incident (a) and the perturbed (b) fields for a
multi-wave direction case. Only float and reactor are shown while
PTO lines and mooring lines are omitted.

VI CONCLUSION

Multi-directional waves and wave fields have been
modelled and analysed. The WaveSub device has been
considered as a reference for this purpose. The results
show the influence of the device on the significant height
of the wave fields. These are the incident, the diffracted,
the radiated and the perturbed wave fields. Then a time
domain visualization is also given. The time domain
visualization gives more confidence of the results
obtained.

A comparison between a single wave direction and
multi-directional waves is described. The WaveSub device
moves mainly in surge, heave and pitch for a single wave
direction due to the symmetry of the device relative to the
wave direction. As expected the device starts moving also
in the others degrees of freedom when subjected to multi-
directional waves.

Finally, the total significant wave height is mainly
reduced behind the device while an increase of it follows a
parabolic shape for a single wave direction. Diffracted
significant wave height has an increase behind the device
while the radiated significant wave height has an increase
in the front and behind the WaveSub device.

Further work will include a comparison and validation
with results coming from tank testing. Additionally, the
directional distribution could be still investigated for a
more realistic relationship with the frequency.
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