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Abstract

Wave Energy as been presented as a reliable clean energy source alternative to fossil fuels, since it
has a high energy density when compared to other renewable energy sources and it is widely available
throughout the globe. Due to its unique conditions, the process of developing a Wave Energy Converter
(WEC) is considerably complex and it involves many steps. One the most important step is model’s
validation as it is the first one and will influence the success of the device. Multiple numerical tools
exist to model the device and all the different forces involved. This thesis focuses on the assessment
of the Smoothed Particle Hydrodynamics (SPH) method to perform the numerical modelling of the
devices in this step. SPH is implemented in the DualSPHysics software and its spacial discretization
is done by defining an initial inter-particle distance, dp. In order to do this assessment, two WECs
were chosen and numerical studies were performed and compared to experimental data. SPH has the
potential of becoming a standard tool in modelling WEC, although it behaves better when the problem
modelled is characterized by large scales when compared to dp. At small scales, the results showed a
path towards the experimental values but at a much higher computational cost. Therefore, SPH was
found to be an adequate tool for a specific range of problems, large relative scales, but it still need
more research to be done regarding small relative scales.
Keywords: SPH, DualSPHysics, Numerical Modelling, Wave Power

1. Introduction

Interest for wave energy has grown in the past few
years with many WEC technologies being developed
and tested both in full scale and in laboratories [1].
With promising results a lot of commitment has
been put on this subject, and WECs have started to
put energy into the network. Wave energy density
per unit of area is 15 times higher than wind energy
and 50 times the solar energy density [2]. There-
fore it is of the best interest to use all this available
power in the benefit of the earth. Due to its unique
conditions, namely the need to work near resonance
conditions [3], the process of developing a WEC
is considered complex. One of the most impor-
tant step in this process is Model’s Validation [4].
This step contains the process of conception, per-
formance and optimization with the performing of
regular wave tests, natural periods, Power Take-Off
(PTO) damping and power extraction tests. There-
fore it is of extreme importance that the researchers
and developers have an numerical tool they can rely
on to perform their simulations. The present study
provides an answer to those needs as it assesses a
state-of-the-art software.

2. Background
2.1. Mathematical Formulation
According to the literature [5], the forces exerted
on a floating body can be separated in:

• Hydrostatic, fh,i - Buoyancy & Gravity. It is
the only one which has a restitution compo-
nent. These forces are proportional to the dis-
placement, ξj(t).

• Radiation, fr,i - Inertial forces due to both the
mass of displaced water and radiation waves
with the being proportional to the accelera-
tion, ξ̈j(t), and the velocity, ξ̇j(t) of the body,
respectively.

• Wave Excitation, fe,i - Forces due to pres-
sure fluctuations as a result of the incoming/re-
flected. This component is proportional to the
amplitude, Aw, of the wave.

With these forces defined, it is possible to define
the equation of motion as:

6∑
j=1

Mij ξ̈j(t) = fh,i + fr,i + fe,i + fk,i (1)
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where fk,i represents a given external force, for
example a PTO, ξ̈j(t) the acceleration in the i− th
mode and Mij is the inertia matrix.

If a body is oscillating at any of its six degrees of
freedom in an irrotational and incompressible flow,
Eq. (1) is given by [6]:

Miiξ̈i(t) +Biiξ̇i(t) + Ciiξi(t) = 0 (2)

where Bii is the diagonal of the damping coeffi-
cient matrix and Cii the diagonal of the hydro-
static coefficient matrix. If real viscous effects from
friction, vortices and flow separation are to be ne-
glected, Eq. (2):

ξ̈i(t) + 2kω0ξ̇i(t) + ω2
0ξi(t) = 0 (3)

where k is the dimensionless damping coefficient
and ω0 the natural frequency associated with the
system. This differential equation has a mathemat-
ical solution which is given by [7]:

ξi(t) = ξa,ie
−kω0t

(
cosωξt+ k

ω0

ωξ
sinωξt

)
(4)

where ξa,i is the initial displacement in still wa-
ter conditions and ξa,ie

−kω0Tξ is the decrease of the
crest after one period. Thus, the logarithmic decre-
ment of the motion over one period Tξ is given by:

kω0Tξ = ln

(
ξi(t)

ξi(t+ Tξ)

)
(5)

2.2. Models
For the study of the modelling of the different force
groups presented previously, two devices were cho-
sen to serve as case studies: a simple Prismatic
Floating Body (PFB) subjected to heave and pitch
decay tests and the multi-float line attenuator M4.
A schematic view of the PFB model is seen in Fig.
1:

Figure 1: PFB in Sketchup (left) and used in the
laboratory tests. Source: [8]

The concept of the line absorber M4 has been
studied in the recent years[9]. Its design consists of
3 layers of floats in line with the direction of the

waves, with bow, mid and sterns floats being the
first, second and third layers. Studies have been
made in order to assess the optimal value of float
per layer [10] and it was found that the configura-
tion with one float on each layer has the best be-
haviour under extreme wave conditions. The M4 is
still in the step of model’s validation and it has been
tested at a scale of (1:60) [11]. The dimensions of
the scaled model is shown in Fig. 2 with the mass
and coordinates of the geometric center presented
in Table 1:

Figure 2: Dimensions of the three-float M4. Source:
[9]

Part Mass(kg) xG zG

Float 1 1.85 -0.8 -0.2
Beam 1 to 2 0.65 -0.4 -0.083
Float 2 2.63 0.0 -0.21
Beam 2 to 3 0.48 0.4 -0.0
Float 3 5.49 0.8 -0.268
Actuator 0.19 0.16 0.16
Ballast Float 2 6.35 0.0 -0.3
Ballast Float 3 19.0 0.8 -0.37
Combined 1 & 2 11.48 -0.15 -0.265
Combined 3 1.85 24.49 -0.335
Inertia 1 & 2 2.28 kgm2

Inertia 3 18.81 kgm2

Table 1: Mass distribution and inertias for the
rounded base configuration, where the origin is at
the hinge point. Source: [9]

3. Smoothed Particle Hydrodynamics (SPH)
method

The concept of what is known as Smoothed Par-
ticle Hydrodynamics (SPH) was first published in
1977 [12, 13]. It is a Lagrangian method, which
means it discretises the domain using points also
known as particles. When used for the simulation of
fluid dynamics, the discretised Navier–Stokes equa-
tions are locally integrated at the location of each of
these particles, according to the physical properties
of surrounding particles [14]. Thus the fundamental
basis of the SPH is that any given function, F , can
be approximated with an interpolation kernel given
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by:
F (r) =

∫
F (r′)W (r − r′, h)d~r (6)

where W represents the kernel function, r is the po-
sition of the reference particle and r′ is the position
where the function F is defined. The parameter h
represents what is known in literature as smooth-
ing length and it is directly connected to the size
of the interpolation kernel [15, 14, 16]. Therefore,
if a particle a distancing ra from a given origin is
taken, the function F is computed weighting all par-
ticles within a circle (if 2D) or sphere (if 3D) centred
around particle a and with a radius of 2h.

F (~ra) ≈
nb∑
b=1

F (~rb)W (~ra − ~rb, h)∆Vb (7)

where the subscript a represents the individual par-
ticle, nb the number of particles within the interpo-
lation domain, the subscript b represents each one
of these neighbouring particles and ∆Vb the vol-
ume of each particle b. Taking into account that
the ∆Vb = mb

ρb
, where m and ρ are the mass and

density associated with particle b, it is possible to
obtain:

F (~ra) ≈
nb∑
b=1

F (~rb)
mb

ρb
W (~ra − ~rb, h) (8)

3.1. The smoothing kernel
The performance of a SPH model deeply relies
on the choice of the smoothing kernel [14]. The
smoothing kernel is expressed as a function of the
non-dimensional distance between particles, q =
rab/h, where r is the distance between any given
two particles, a and b, and h is the smoothing length
which is usually much smaller than the scale of the
problem. In DualSPHysics the user has the possi-
bility to use two different kernels:

• Cubic Spline [17]

W (r, h) = αD


1− 3

2q
2 + 3

4q
3 0 ≤ q < 1

1
4 (2− q)3 1 ≤ q < 2

0 q ≥ 2

(9)
where αD is equal to 10/7πh2 in 2D or 1πh3

in 3D. When the first derivative goes to zero
with particle distance q, the tensile correction
method [18] is activated. Beside this case, this
correction is not applied.

• Quintic [14]

W (r, h) ≈ αD(1−q

2
)4(2q+1) with 0 ≤ q ≤ 2

(10)
where αD is equal to 7/4πh2 in 2D or 21/16πh3

in 3D.

In this thesis only kernels with a domain of influence
of 2q (q ≤ 2) are used.

3.2. Momentum equation
The momentum equation in a given continuum is:

dv

dt
= −1

ρ
∇p+ g + Γ (11)

where Γ represents the dissipative terms and g the
acceleration of gravity.

Artificial Viscosity
The artificial viscosity model was first proposed by
[15] and it is the most used one when it comes to de-
scribe the viscous terms of the momentum equation
[14]. Using this model, Eq. (11) can be rewritten
as:

dva
dt

= −
∑
b

mb

(
pb + pa
ρaρb

+Πab

)
∇aW (rab, h) + g

(12)
where va, pa and ρa are the velocity vector, pres-
sure and density of particle a, t is the time, pb, ρb
and mb represent the pressure, density and mass of
the neighbouring particles b. The artificial viscosity
term is represented by Πab and it is given by:

Πab =

{
−αcabµab

ρab
vab · rab < 0

0 vab · rab > 0
(13)

where cab = (ca + cb)/2 is the average speed of
sound, ρab = (ρa + ρb)/2 is the average density be-
tween particle a and b and α is the viscous dissipa-
tion coefficient. According to the literature [19, 14],
α = 0.01 has been used for with very accurate re-
sults for problems wave propagation in channels.
The term µab is the viscosity and it is computed
according to:

µab =
hvabrab
r2ab + ς2

(14)

with ς2 = 0.01h2. This coefficient is used to avoid
numerical divergence when the distance between
particles goes to 0. It needs to be tuned in order
assure proper dissipation.

3.3. Continuity equation
In SPH the fluid is handle as weakly-compressible
[20], designated in the literature as WCSPH. This
means that throughout the duration of the simula-
tion while the density fluctuates, the particle’s mass
remains constant. The scheme allows Eq. (3.2) to
be solved easily These density fluctuations are com-
puted by solving the continuity equation, which in
SPH formulation is written as:

dρa
dt

=
∑
b

mbvab · ∇aW (rab, h) (15)
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where vab = (va − vb) and rab = (ra − rb). The
particle’s mass relates with the pressure according
to:

pa =
c2ρ0
γ

[(
ρa
ρb

)γ

− 1

]
(16)

where the isotropic constant is γ = 7, the water
density is ρ0 = 1000kg/m3 and the speed of sound,
c, is given by [15]:

c(ρ0) =

√
dp

dρ

∣∣∣∣
ρ=ρ0

(17)

3.4. Boundary Treatment
Boundary conditions are constituted by solid par-
ticles. These particles quantities are also solved by
the momentum equation, but they differ from the
fluid particles because the do not get a position up-
date. This scheme is the most common one and
it is called Dynamic Boundary Condition. A pre-
assigned movement can also be imposed. In this
study both of them are used.

3.5. Fluid-Body Interaction
Each of the boundary particles k experiences a force
per unit of mass given by:

fk =
∑

a∈FP

fka (18)

where FP are Fluid Particles and fka is the force
vector exerted by the fluid particle a. This force is
computed according to the Action-Reaction Law:

mkfka = −mafak (19)

For that reason, it is possible to compute the motion
of the body using Newton’s second Law of Motion:

dV

dt
=
∑

k∈BP

mkfk (20)

I
dΩ

dt
=
∑

k∈BP

mk(rk −R0)× fk (21)

where BP are the object’s Boundary Particles, M
is the object’s mass, I its moment of Inertia, V its
velocity, Ω its rotational velocity and R0 its centre
of mass. Afterwards, Eqs. (20) and (21) are inte-
grated in time in order to predict the values of V
and Ω, respectively, for the next time step. Then
the velocity experienced by each particle, k, is com-
puted according to:

uk = V +Ω× (rk −R0) (22)

Then it is possible to compute the body’s movement
by integrating Eq. (22) in time. This technique
conserves both linear and angular momentum [21,
22].

3.6. Time Step
If simplified, the momentum (12), continuity (15)
and position equations can be written as:

dva
dt

= Fa;
dρa
dt

= Da;
dra
dt

= va (23)

These equations can be integrated using either the
computationally simple Verlet based scheme or the
more numerically stable but computationally heav-
ier two-stage Symplectic algorithm.

Verlet Scheme
In the first part the algorithm computes the physi-
cal quantities according to the following equations:

vn+1
a = vn−1

a + 2∆tFn
a

ρn+1
a = ρn−1

a + 2∆tDn
a

rn+1
a = rna +∆tvna

∆t2

2 Fn
a

(24)

where n is the time step. Therefore the time is
given by t = n∆t. The quantities Fn

a and Dn
a are

computed according to Eq. (12) and Eq. (15), re-
spectively. In the second part, which occurs every
Ns time steps (Ns = 50 is suggested), the physical
quantities vn+1

a and ρn+1
a are computed according

to: {
vn+1
a = vna + 2∆tFn

a

ρn+1
a = ρna + 2∆tDn

a

(25)

The second part of the scheme was conceived to halt
the divergence of integrated values.

Symplectic Scheme
This algorithm is time reversible in the absence of
friction or viscous effects [23]. The scheme used
here is an explicit second-order Symplectic with an
accuracy in time of O(∆t2) and it involves a pre-
dictor and corrector phase.
In the predictor phase the acceleration and density
are predicted at half time step as it is shown below:{

ρ
n+ 1

2
a = ρna + ∆t

2 Dn
a

r
n+ 1

2
a = rna + ∆t

2 vna
(26)

During the corrector phase, (dv
n+1/2
a /dt) is used

to compute the values of the corrected velocity and
afterwards the position at the end of each time step.
This is done according to:{

rn+1
a = r

n+ 1
2

a + ∆t
2 vn+1

a

vn+1
a = v

n+ 1
2

a + ∆t
2 F

n+ 1
2

a

(27)

At last, the corrected value of density (dρn+1
a /dt) =

Dn+1
a is computed with the updated values of posi-

tion r
n+1/2
a and velocity v

n+1/2
a .
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Variable Time Step
The variable time step is computed according to
[24]:

∆t = 0.3 ·min(∆tf ,∆tcv)

∆tf = min(
√
h/|fa|)

∆tcv = mina

( √
h/|fa|

cs+maxb

∣∣h(va−vb)(ra−rb)

(ra−rb)
2+ς2

∣∣
) (28)

where ∆tf is the time step based on the force vector
per unit mass |fa|, ∆tcv combines the CFL and the
viscous time step controls and cs is a constant which
can range between 0.1 and 0.3 [14].

3.7. δ-SPH
The δ-SPH formulation came from the need to han-
dle the high frequency low oscillations which result
from the very stiff Eq. (15). Thus, the new conti-
nuity equation is given by:{

dρa

dt =
∑

b mbvab · ∇aWab + δ-SPH
δ-SPH = 2δSPHhc0

∑
b(ρb − ρa)

rab·∇aWab

r2ab

mb

ρb

(29)
where δSPH is defined by the user and it depends
on the problem. A value of 0.1 is suitable fr most
cases [19]. The consequences that the chosen value
have on the results are of interest to this paper and
will be presented further in the paper.

3.8. Project Chrono
Project Chrono is an independent platform of multi-
physics which was implemented in C++. With its
library it is possible to simulate mechanics with al-
most every kind of geometries, contacts and me-
chanical constrains. It can simulate collisions, ar-
ticulations, couplings and mechanisms composed by
multiple rigid and/or flexible bodies [25, 26].

3.9. Coupling DualSPHysics and Chrono
The coupling of DualSPHysics software and the li-
braries of Project Chrono is done according to Fig.
3:

Figure 3: Coupling of DualSPHysics and Project
Chrono. Source: [25]

4. Experimental Work
The experimental work was performed in Labo-
ratorio di Ingegneria Maritima of Firenze Univer-
sity in Italia (LABIMA) within the context of the
MaRINET2 EsfLOWC project. In order to measure
the PFB’s decay to types of instrumentation were
used: Ultrasonic Wave Gauges (WG) and a Video
Tracking system (VT)

4.1. WG
The WG are place above the point which is to be
measured and its calibration is done by measuring
the distance to an horizontal plate. The instalation
can be seen in Fig. 4:

Figure 4: Ultrasonic wave gauges installed at
LABIMA - WCF . Source: [8].

4.2. VT
The VT system measures all the six degrees of free-
dom using three camera with detectors being place
on the model, Fig. 1. The setup of the system is
seen on Fig. 4.2:

Figure 5: Ultrasonic wave gauges installed at
LABIMA - WCF . Source: [8].

4.3. Decay Tests
The decay tests were performed for both Heave and
Pitch directions. They given an initial displacement
with a thin rope. With the help of a lighter the rope
was burnt and the PFB would decay til equilibrium
is reached. The initial position of both can bee seen
in Fig. 6:

(a) Heave (b) Pitch

Figure 6: Decay tests. Source: [8].
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5. Results
5.1. PFB
For the PFB simulations were made to assess both
the influence of δSPH parameter and initial distance
between particles, dp. For the study of δSPH’s in-
fluence the following simulations were taken:

δSPH Simulation time (min) Nparticles

0 2330 1 186 713
0.1 2071 1 186 713
0.15 2093 1 186 713

Table 2: Different simulations for dp = 0.01m

The heave decay correspondent to each simula-
tion can be seen in Fig. 7:

Figure 7: Influence of the δSPH in the heave decay
response, with dp = 0.01m

With a careful observation of Fig. 7, it is pos-
sible to affirm that in the PFB case the value of
δSPH does not affect the obtained solution for most
of the initial time domain. They remain in phase
until t = 2s, with small differences happening after-
wards both in phase and in amplitude. It is worth
noting that the difference starts to get bigger once
the oscillation’s amplitude goes below 0.01m which
is the initial dp. The velocity profile at t = 0.55s
for each of the simulations seen in Table 2 can be
seen on Figs. 8, 9 and 10:

Figure 8: Velocity profile for δSPH = 0 at t = 0.55s,
with dp = 0.01m

Figure 9: Velocity profile for δSPH = 0.1 at t =
0.55s, with dp = 0.01m

Figure 10: Velocity profile for δSPH = 0.15 at t =
0.55s, with dp = 0.01m

As result of the boundary treatment scheme, fluid
particles get high velocity fluctuations. Therefore,
boundary particles do not get any position update
as a result of Eq. (eq:momentumequation). Thus,
in order to have equilibrium of momentum within
the kernel’s domain, the fluid particles have to com-
pensate. This effect is clearly happening on the bot-
tom surface of the PFB in Fig. 8 and minimized in
Fig. 10. The δSPH acts as a dissipation coefficient.
Taking into account the results obtain and litera-
ture [19] a value of δSPH = 0.1.

With this parameter defined, simulations were
done to assess the influence dp. The parameters
of the simulations are seen in Table 3:

dp Simulation time (min) Nparticles

0.02 116 146 431
0.01 2071 1 186 713
0.00875 2750 1 409 672
0.0075 5000 2 146 347
0.005 22 874 6 407 916

Table 3: Different heave decay simulations for
δSPH = 0.1

It is worth noting that time needed to perform
the simulation with the smallest value of dp (high-
est resolution) is correspondent to approximately 16
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days. The results regarding the simulations from
Table 3, can be seen on Fig. 11.

Figure 11: Influence of the δSPH in the heave decay
response, with dp = 0.01m

From Fig. 11 it is possible to say that for
dp = 0.02m the results do not decay to the physi-
cal equilibrium position. This implies that resolu-
tion was too gross and thus, a high geometric error
was introduced. The parameter dp has a key effect
in converging the solution towards the experimen-
tal data. If the results are assumed to resemble a
free-oscillatory damped system, (4), it is possible
to estimate the damping coefficient, k. As the so-
lution does not converge evenly in the time scale,
three damping coefficients were computed, one tak-
ing into account the decay in one wavelength, an-
other one taking into account the first two and an-
other using the first three. All of these are plotted
in Fig. 12.

Figure 12: Damping coefficients of the heave exper-
imental testing (lines) and the simulations (dots),
taking into account the first wavelength (blue), the
first two wavelengths (grey) and the first three
wavelengths(orange). The parameter dp/dpi repre-
sent the dimensionless particle distance where dpi
is the reference particle distance, dp = 0.02

From Fig. 12, it is possible to see that while
for the first wavelength the solution is converging,
for the other two cases it isn’t. As the other wave
lengths have smaller amplitude scales, the same
value of dp that fits for the first wavelength, it is
not fine enough to produce a good agreement for
the others. Therefore, smaller scales of amplitude
need smaller values for dp.

The velocity profiles for the cases, dp = .01, dp =
0.0075 and dp = 0.005 are shown in Figs. 13, 14
and 15, respectively:

Figure 13: Velocity profile for dp = 0.01m at t =
0.55s, with δSPH = 0.1

Figure 14: Velocity profile for dp = 0.0075m at
t = 0.55s, with δSPH = 0.1

Figure 15: Velocity profile for dp = 0.005m at t =
0.55s, with δSPH = 0.1

It is possible to the gap, created as a result of the
boundary treatment, in Figs. 13, 14 and 15. As
a result of the increase in resolution the gap effect
gets closer to the boundary, producing more accu-
rate results. Of the types of forces described pre-
viously, the free decay tests only contain two: the
Radiation and Hydrostatic force groups. As radia-
tion is proportional to the volume the device needs
to displace due to motion, it is deeply affected by
the gap effect. When the amplitude of oscillation is
of the same scale of the gap, the excessive damping
due to radiation will became dominant. The gap
also decreases the number of particles within the
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boundary’s kernel. Therefore the affect the compu-
tation of the hydrostatic forces. These phenomena
prompt the solution to have a higher damping that
what is observed experimentally. Though, results
get better with the decrease of dp.

The results regarding the pitch decay test have
produced similar results, with the only difference
being that instead of linear motion, it has rotational
motion.

5.2. M4
The data used, to compare the numerical results,
comes from the simulation of M4 subjected to a
focus wave group with Ac = 0.08m [11] to As for
the PFB device, It will be evaluated the effect of
both the δSPH and dp parameters. For the case of
the δSPH, the parameters can be seen in Table 4:

δSPH Simulation time (min) Nparticles

0 5705 1 327 736
0.1 5705 1 327 736
0.3 5705 1 327 736

Table 4: Different simulations for dp = 0.02m

The impact δSPH has on the free-surface elevation
is see on Fig. 16:

Figure 16: Measured free-surface elevation for mul-
tiple values of δSPH. With dp = 0.04m

Figure 17: Corrected free-surface elevation for mul-
tiple values of δSPH. With dp = 0.04m

It is possible to see that the surface has been el-
evated. This comes from the fact that the top par-
ticles only have neighbours in half of the domain,
which induces a movement upwards.The final dis-
placement is of the order of magnitude of dp and de-
pends on the chosen value for δSPH. Fig. 17 shows
the corrected values of Fig 16 assumes the surface
movement upwards is linear in time. A good agree-
ment is shown.

Figure 18: Influence of the δSPH in M4’s response.
With dp = 0.04m

Despite the differences observed in the free sur-
face, there are no significant differences when it
comes to the pitch angle response. Therefore, as
for the PFB the δSPH was set at 0.1. In Fig. 19,
20 and 21, it is showed the velocity profiles of the
simulations of Table 4:

Figure 19: Velocity profile for δSPH = 0 at t =
10.48s, with dp = 0.02m

Figure 20: Velocity profile for δSPH = 0.1 at t =
10.48s, with dp = 0.02m
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Figure 21: Velocity profile for δSPH = 0.3 at t =
10.48s, with dp = 0.02m

To study the influence of dp in M4’s response the
values of Table 5 were taken, with the results being
shown in Figs. 22 and 23:

dp(m) Simulation time (min) Nparticles

0.04 315 165 909
0.02 5705 1 327 736
0.01 64313 7 268 609

Table 5: Different simulations with constant
δSPH=0.1, Ac=0.08m

Figure 22: Free-surface elevation for multiple values
of dp. With δSPH = 0.1 - Corrected

Figure 23: Influence of the dp in M4’s response.
With δSPH = 0.1

In Fig. 22, a good agreement is shown for the

incoming wave, with even the higher value of dp
being able reproduce the focus wave. Although,
waves are detected between t = 12s and 14, with a
higher amplitude that the experimental data. The
difference is due to excessive radiation. However
the response in Fig. 23, shows the SPH method
is not being able to reproduce the pitch angle re-
sponse with this value of dp. Although it behaves
better on the excitation phase than on the decay-
ing phase. In the excitation phase the software is
able to reproduce the right crest’s curvature but
not its amplitude. With this, is possible to say that
the resolution used is not being able to transfer the
energy from the waves with low amplitude to the
body, i.e. it is not precisely modelling the Excita-
tion wave forces when the amplitude of the wave
is of the same scale as dp. Despite this, once the
amplitude increases, the modelling gets much more
precisely, being able to reproduce the crest, but at
a smaller scale. In the decaying phase, the forces
due to wave excitation are decreasing with the am-
plitude of the incoming wave. As they decreases
their precision declines, which conjugated with the
excessive radiation, Fig 22, damp the pitch angle
crest curve at a much higher rate than what was
determined experimentally

6. Conclusions
With this study it is possible to say that dp param-
eters play a key role in the way the different forces
involved are modelled. Since they are proportional
to different parameters, it is of extreme importance
to precisely assess what are the main force(s) in-
volved in a problem. By doing this, it is possible to
choose the value of dp accordingly in order to nei-
ther have an unnecessary computational cost with a
higher value of dp than needed, or not being able to
model the intended forces because dp was to small.
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