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Abstract

Improved modeling of the response of offshore wind turbines (OWTs) is key to optimizing design and
reducing maintenance costs and downtime. Amajor challenge is the modeling of hydroelasticity, which
is not yet well understood for non-uniform structures such as OWTs. Previous research on hydroelas-
ticity during impact events focused on uniform systems, and the effect of non-uniformities on hydroe-
lasticity has not been properly studied yet. Two characteristic non-uniformities of OWTs are the end
mass (from the rotor-nacelle assembly) and the added mass around the base of the structure resulting
from its submersion depth. The main research question in this thesis was:
What is the effect of end mass and added mass on the hydroelasticity of non-uniform systems, such as
offshore wind turbines, under breaking wave impact?

This question was answered through an experimental campaign. Experiments were conducted using a
two-dimensional OWT model with varying end masses and submersion depths, which was impacted
by a focused breaking wave in the wave tank at the Ship Hydromechanics lab of TU Delft. The force
and structural response were measured and compared against a non-hydroelastic rigid model. Com-
putational fluid dynamics simulations were performed using ComFlow, and a Finite Element Method
model was created to get a quasi-static estimate of the model response used for comparison.

By increasing the end mass and added mass, the first natural period of the models approached the
loading duration of the impact. This resulted in a peak force reduction of up to 30% compared to rigid
models, indicating that the role of hydroelasticity increases as this ratio approaches 1.0. However, an
effect on peak force reduction due to submersion depth for structures with similar period ratios was also
seen, indicating the complexity of hydroelasticity for non-uniform structures. Comparing the structural
response in the experiments against the quasi-static estimate showed larger errors for models with a
period ratio close to 1.0, underestimating the response by up to 27% for the maximum deflection and 75%
for the maximum acceleration. The results in this thesis show that the characteristic non-uniformities
of offshore wind turbines significantly influence the hydroelastic behavior of such structures during
breaking wave impacts.
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1 Background

Themost common foundation used for the installation of offshore wind turbines (OWT) is the monopile
(MP), currently used for more than 60% of all OWTs. Even when accounting for the already announced
future (floating) projects, the monopile remains the most common foundation in the foreseeable future
[1]. Monopile foundations are usually installed in water depths up to 40 meters [2] although research
is being done to extend this depth to 60 meters. Maintenance costs contribute to more than 20% of the
Levelized Cost of Energy (LCoE) for a bottom-fixed OWT [3].

Without accurate modeling the forces on an OWT can be underestimated which can lead to unexpected
failure due to maximum loads. Additionally, wrong computation of OWT response can lead to anwrong
calculations on the lifetime of OWTs by underestimating the fatigue that will occur. These unexpected
failures will lead to increased maintenance costs which will increase the LCoE for offshore wind. There-
fore, accurate computation of loading and response is important to reduce the LCoE of offshore wind
by reducing unforeseen failure and maintenance.

One of the challenges in the modeling of loading and response is hydroelasticity. In hydroelastic events,
for example breaking wave impacts, the response of a structure influences the loading on the structure.
The computation of the load and response is therefore a strongly coupled problem. For these situations,
conventional quasi-static approaches are often not sufficient for accurate estimates [4]. This section
will provide an overview of the state-of-the-art of hydroelastic modelling and introduce the knowledge
gaps this thesis will contribute to.

1.1 Breaking wave impact

Monopile based OWTs are located in shallow water regions. As a wave enters shallow water it will
start to transform until it reaches a critical height, starts to overturn and eventually breaks [5]. When
a breaking wave meets an offshore structure this can lead to a breaking wave impact, also called slam-
ming. The force exerted on a structure by a breaking wave depends on the breaking location relative
to that structure. Wienke and Oumeraci concluded that the force is largest when the wave breaks just
in front of the cylinder [6]. Bos and Wellens [7] concluded from pendulum tests that the force was
largest for the wave breaking furthest away from the cylinder. The force also depends on the type of
breaking wave that hits the structure. Hofland et al. [8] concluded that flip-through impact creates the
largest force but noted that this event is rare in reality. According to Tu et al. [9] the plunging breaking
wave is the most relevant for slamming as it features a small dissipating area, local high pressure and
high impulsive load. According to Wienke and Oumeraci [6] plunging breakers can cause large impact
forces on a slender structure.

Slamming on monopiles has been studied experimentally using scale models in wave tanks. Paulsen
et al. [10] showed through large scale experiments on monopile foundations that the slamming forces
from breaking waves represent a significant part of the extreme loading and is therefore relevant for
the Ultimate Limit State of monopile based OWTs. With increasing diameters the slamming load will
become even more important as the loading scales with the square of the diameter [10]. Wienke and
Oumeraci [6] looked at the influence of impact angle (angle between wave crest and vertical front of
monopile) and found that a negative angle yielded the largest force. de Ridder et al. [11] did wave im-
pact studies with a flexible tower and reported large horizontal accelerations at RNA height as a result
of breaking wave impacts.
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Other studies have focused onComputational Fluid Dynamics (CFD) to studywave impacts onmonopile
structures. Wang et al. [12] computed slam loads on a truncated vertical cylinder while also studying
run-up effects. It was concluded that the non-linearity of the problem increases with an increase in
wave amplitude. Aggarwal et al. [13] validated a numerical model for wave impact using earlier exper-
iments. The model was used to study the effect of wave breaking type on the loads of the structure. It
was found that with an increase in spectral steepness there was an increase in the occurrence of plung-
ing breaking waves, as well as an increase in wave force.

Some studies have focused on developing (semi-)analytical models to quantify the slamming loads on
monopile OWTs, focusing on cylindrical structures. Studies on semi-analytical models have been per-
formed by [6], [10], [14], [15] and [16]. These studies have not converged to an accurate analytical
formulation. Lackner et al. [17] compared several of these models to CFD results and concluded that
these models do not capture the time history well after impact, possibly due to neglecting run-up ef-
fects. For plates, two often used analytical methods to quantify wave impact pressures are the theories
by Wagner [16] and Von Kármán [18].

1.2 Hydroelasticity in wave impact events

1.2.1 Hydroelasticity
A common approach to compute the response of offshore structures is a one-way coupled method. This
method first computes a load based on the properties of an incoming wave under the assumption that
the structure is rigid. This load is then used in a deformation model of the structure to compute the
response. For certain situations this method is not accurate, such as cases in which hydroelasticity is
relevant [4].

Hydroelasticity deals with the two-way coupling between fluid loading and structure response. This
coupling happens in two ways. Firstly, the fluid exerts a pressure on the structure which can cause
deformation on the structure. As a consequence of this deformation the loading from the fluid on the
structure changes as this depends on the shape and orientation of the surface on which the fluid acts.
Secondly, an excitation close to the natural frequency of a structure can cause vibrations in the structure
which also affects the hydrodynamic loading of the structure [19]. Temarel [20] discusses the impor-
tance of accounting for hydroelasticity in slamming events.

Hydroelastic effects affect the magnitude of computed loads on structures. Bereznitski [4] did numerical
impact tests with free falling beams and concluded that ignoring hydroelasticity increases computed
deflections. Mai et al. [21] did experiments with free-falling plates (called slamming in this study) with
varying flexibility as well as wave impacts on rigid and flexible walls (called wave impacts in this study).
It was concluded that for slamming events with high impact velocity, the elasticity of the structure can
lead to significant decrease in impact loads. The study reported that on flexible plates the total impact
force decreased. Horn et al. [22] studied the contribution of hydroelastic effects on the fatigue life of
structures. It was found that ringing responses increased fatigue damage.

1.2.2 Relevance for OWTs
Multiple studies have shown that hydroelastic effects are also relevant for monopile structures. Sagar
et al. [23] combined a Reynolds-averaged Navier-Stokes (RANS) with a Finite Element Model (FEM).
It was found that the second eigenfrequency of monopile foundations structures can increase dynamic
loads. This effects get more pronounced for larger foundation designs as the eigenfrequency is getting
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smaller. Thome et al. [24] concluded that in regular and irregular waves the loads computed when
accounting for hydroelasticity were larger then when neglecting hydroelasticity. Ti et al. [25] used a
BEM method together with an Euler-Bernoulli beam theory to study the wet dynamic characteristics
of a bottom-mounted structure.

1.3 Structural response of (non-)uniform systems

1.3.1 Response of uniform systems
Each structure has its own natural frequencies. The natural frequencies represent the frequencies at
which a structure will oscillate when released from a position other than its equilibrium position with-
out any external forces acting on it [26]. For an undamped simple mass-spring system with stiffness k
and massm the first (fundamental) natural frequency f1 in Hertz is given by:

f1 =
1

2π

√
k

m
(1.1)

Hydroelastic research often focuses on uniform two-dimensional (clamped) plates. When such a struc-
ture is loaded over the full width (two-dimensional loading) the system can be represented as a uniform
clamped beam. A uniform beam that is clamped on one side and free at the other side is known as a
cantilever beam. For a cantilever beam the first four natural frequencies can be computed using: [26].

fi =
λ2
i

2πL2

√
EI

ρA
λ1, λ2, λ3, λ4 = 1.875, 4.694, 7.855, 10.996 (1.2)

This natural frequency thus depends on the E-modulus (E), second moment of area (I), length (L),
density (ρ) and area (A). For a plate with thickness t, width W and length L, the second moment of
area is:

I =
W · t3
12

A = W · t

Equation 1.2 has a form similar to Equation 1.1. The terms in the numerator of the square root represent
the stiffness (EI) and the terms in the denominator represent the mass per unit length (ρA).

The response of the structure at is natural frequencies is known as its mode shape or eigenmode. Each
natural frequency has its own mode shape. The first four mode shapes of a simple uniform cantilever
beam are shown in Figure 1.1. For a cantilever beam these mode shapes can be described by Equation
1.3 [26]. Here, w(x) is the deflection along the length of the beam (x).

wi(x) = cosh
(λix

L

)
−cos

(λix

L

)
−σi

(
sinh

(λix

L

)
−sin

(λix

L

))
σi = 0.734, 1.018, 0.999, 1.000

(1.3)
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First three mode shapes of a cantilever beam
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Fig. 1.1 The first three mode shapes of a uniform cantilever beam.

When deflections and curvatures are small, modal analysis can be applied. The idea behind modal
analysis is that the response of a structure to an excitation can be computed by superposition of each
mode shape multiplied with a factor indicating its contribution (modal amplitude, qi(x)): [27]

w(x) =
∞∑
i=1

qi(x) · wi(x) (1.4)

In practice, not all modes are necessary to get an accurate enough approximation of the response since
the modes further away from the excitation frequency tend to have relatively small modal amplitudes.

The response of a structure to an excitation thus depends on which natural frequencies are excited and
on which mode shapes correspond to these excited natural frequencies.

1.3.2 Response of non-uniform systems
To represent an offshorewind turbine two-dimensionally, two changes aremade to the simple cantilever
beam. First, a large end-mass is added. This represent the rotor-nacelle assembly (RNA), and is seen
schematically in Figure 1.2a. The first natural frequency of such a system can be approximated using:
[26]

f1 =
1

2π

√
3EI

L3(Mtop + 0.24Mbeam)
(1.5)
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(a) Cantilever plate with end mass.
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𝑚௔(𝜔)

(b) The OWT as modeled in this thesis: a uniform
clamped plate with an end mass and added mass around
the base.

Fig. 1.2 Changes made to uniform beam model to match OWT characteristics.

The second addition is the added mass as a result of part of the structure being submerged. Taking the
added mass as dependent on (rotational) frequency (ω), the system can be represented as in Figure 1.2b.
Having structural properties that are dependent on the motion of the structure increases the complexity
of solving for the natural frequencies and mode shapes. Computing the natural frequencies and mode
shapes for a structure like this is best done numerically, for example using a Finite Element Model
(FEM). How this is done will be explained in Section 5 in which the FEM used in this thesis is explained.
In Figure 1.3 the first three mode shapes for two example configurations can be seen. In this figure d
represents the submersion depth (added mass).
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Fig. 1.3 Two example configurations with different submersion depths and different end masses. All amplitudes are
scaled to have the maximum amplitude at 1.0.

As seen in Figure 1.3, both structures have the same first natural frequency, but different higher or-
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der frequencies and different mode shapes (for example mode shape 2 (red line)). Since the structural
response depends on the natural frequencies and mode shapes, these effects could be important for hy-
droelasticity in non-uniform systems. The next section will explain how the structural response affects
hydroelasticity and what the main difference between uniform and non-uniform structures is in the
context of hydroelasticity.

1.4 Effect of structural response on hydroelasticity

1.4.1 Hydroelasticity of uniform systems
Hydroelasticity has been studied extensively on a fundamental level. Most fundamental studies are
focused on quantifying the importance of hydroelastic effects with respect to structural properties.
These studies are often performed on uniform plates or beams. Faltinsen [28] studied the importance
of hydroelasticity for a ship hull. The importance was expressed as a function of the ratio between the
non-dimensional wetting time of the plate and the non-dimensional first natural period of the plate. It
is concluded that when this ratio is small hydroelasticity is important. Bereznitski [4] did a numerical
study on uniform beams and expressed the importance as a function of the ratio between the slamming
duration and the first structural period of a beam. In this study it was concluded that when this ratio
is larger than 2, hydroelasticity is no longer relevant. Stenius et al. [29], Kaminski et al. [30] and Bos
et al. [31] all found a similar ratio and trend in their studies. Two of these ratios are shown in Figure 1.4.
All studies show that a small ratio of loading time over first natural period leads to larger hydroelastic
effects. Allen and Battley [32] points out the limited validation done on these ratios.

(a) Faltinsen [28], figure from Faltinsen [33]. The x-axis
shows the ratio between wetting time of of a rigid wedge
and natural period of a stiffener beam. The y-axis is di-
mensionless strain.

(b) Bereznitski [4].The ratio on the x-axis is the
duration of the impact over the first natural pe-
riod of the structure.

Fig. 1.4 Results from studies using the first natural frequency or period as a way to quantify the importance of
hydroelasticity of uniform plates.

For uniform cantilever plates, the mode shapes corresponding to e.g. the first mode shape are always
the same. This means that when comparing different structures like this, for example plates of vary-
ing thickness, the difference in response is caused just by the modal amplitude. In other words, only
the relation between natural frequencies and the excitation frequency influences how the compared
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structures respond. This means that using the (first) natural frequencies to determine the influence of
hydroelasticity is sufficient. This does not apply to non-uniform structures however, as will be illus-
trated in the next section.

1.4.2 Hydroelasticity of non-uniform systems
As shown in Section 1.3.2, for the non-uniform model of an OWT the natural frequencies and the mode
shapes depend on the submersion depth (added mass) and end mass. This means there can be multiple
systems with the same first natural frequency but different mode shapes (as seen in Figure 1.3) at its
respective natural frequencies. As a result, these structures will respond differently when excited at the
same frequency. Since hydroelasticity is dependent on how a structure responds under loading, this
means that the structures will have a different hydroelastic response.

This effect is reinforced by the fact that the higher order frequencies are also different, as also seen
in Figure 1.3. Multiple studies have shown that the second structural mode also affects hydroelastic
response. Bunnik et al. [34] made a one-way coupled model to analyze structural response to breaking
waves. They found that first and second mode dominate the response. When the wave breaks closer to
the monopile, the second mode dominates more. de Ridder et al. [35] concludes that the first and second
mode dominate the dynamic response of a monopile OWT exposed to wave impacts. Suja-Thauvin et al.
[36] concludes that the second mode is triggered and can contribute to up to 20% of total response.

To conclude, the research done on uniform systems so far does not capture all relevant physics that
influence hydroelasticity on non-uniform structures such as OWTs. As a result, a knowledge gap exists
on the influence of structural configuration of more complex system on hydroelasticity.

1.5 Modeling of hydroelasticity

As seen in the previous sections, for hydroelastic situations the structural response and loading are
strongly coupled. This requires models that can compute the loading and response simultaneously,
while including this coupling in the computation. Due to the highly non-linear physics involved in
hydroelastic wave impact events, many studies have used high-fidelity models to study the physics of
hydroelasticity. Korobkin et al. [37] worked on a numerical model for hydroelastic impact of a wedge
using a coupled model. Two modelling methods are discussed in the paper. Xie et al. [38] constructed
a fully-coupled CFD-FEM model for hydroelastic impacts. It was concluded that more than one mode
shape dominates structural deformation. This phenomena was also found by [39] in a study on hydroe-
lastic water-entry problems using a fully coupled Smoothed Particle Hydrodynamics (SPH) and FEM
model.

Some Reduced-Order Models (ROM) for hydroelasticity on simple structures have been created. Faltin-
sen et al. [40] created a hydroelastic beam model to study wetdeck slamming. Bos and Wellens [7]
created a ROM for a simple pendulum exposed to breaking waves. This model could predict the re-
sponse of this simple 1DOF system quite well. Later, Bos et al. [31] constructed a ROM for hydroelastic
behaviour of the wall of an LNG tank. This model was able to accurately predict the added mass and
total impulse but underpredicts the force.
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2 Research question

2.1 Knowledge gaps

As shown in Section 1.4.1, current research focuses on uniform plates and does not capture all relevant
characteristics of structural response for non-uniform systems due to the differences in higher mode
responses. As a result, only considering the first natural frequency could be an incomplete description
of the importance of hydroelasticity. Currently, there is no clear indication in literature on how the
importance of hydroelasticity for a non-uniform system (such as a 2D representation of an OWT as a
cantilever plate with end-mass) can be quantified. This thesis will contribute to closing this knowledge
gap by investigating the hydroelasticity of non-uniform OWT models by varying the added mass and
end mass.

As shown in the studies in Section 1.2.2, accounting for hydroelasticity is important in monopile-based
OWT design. Accounting for hydroelasticity will lead to more accurate methods to compute loads,
responses and fatigue life. This can lead to improved designs which will help reduce the LCoE of off-
shore wind. Hydroelasticity is often expressed in terms of forces, but it is possible that the conclusions
are different when expressing hydroelasticity in terms of response. This thesis will therefore also in-
vestigate the difference between the responses computed by a one-way coupled model and the actual
hydroelastic response in the experiment. The insights from this comparison can contribute to solving
the challenges related to modeling the hydroelastic response of non-uniform structures such as OWTs.

2.2 Research question

The main goal of this thesis is contributing to closing the knowledge gaps identified in Section 2.1. The
main research question is as follows: What is the effect of added mass and end-mass on the hy-
droelastic behaviour of non-uniform systems, such as OffshoreWind Turbines, under breaking
wave impact? In order to answer this question several subquestions have been identified:

RQ 1: What is the effect of the end-mass on hydroelasticity?

RQ 2: What is the effect of added mass on hydroelasticity?

RQ 3: How do the first and higher natural frequencies of non-uniform systems influence hydroe-
lasticity?

RQ 4: How does the response in a hydroelastic impact event differ from the response computed
using a one-way coupled model?
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3 Analysed system and approach

3.1 Approach

To answer the research question an experiment was conducted on a simplified model of an offshore
wind turbine (OWT). This experiment has been set up using estimates provided by Computational Fluid
Dynamics (CFD) simulations performed using ComFlow (Section 4) in combination with estimates from
a self-made Finite Element Method (FEM) model (Section 5). These estimates lead to an experiment that
is explained in Section 6.

3.2 Analysed system

Normally, a bottom-fixedmonopile-based offshorewind turbine stands on a steel foundation, themonopile
(MP), which is embedded in the seafloor. A transition piece (TP) is placed on top of this monopile, which
serves as a connection between the MP and the turbine tower. This means that vertically speaking the
structure consists of three separate structures, all with different characteristics in terms of size and ma-
terials and therefore different stiffness and mass distributions. The structure in this thesis is greatly
simplified by taking the monopile, transition piece and turbine tower as one structure. Additionally,
this structure is assumed to be homogeneously shaped from top to bottom, instead of changing in size
along the height (such as the tapered turbine tower or the complex shape of the TP in an actual OWT).

The next important assumption is that the system is modeled as being two-dimensional instead of three-
dimensional. This means the structure is considered to be a beam instead of a 3D cylinder. Since zero
width is impossible in an experiment, the model is taken as being wide instead. A structure with large
width is less affected by the boundary conditions on the side edges, and therefore approaches the be-
havior of a 2D structure. By being much wider than thick and loading it symmetrically in this direction,
a (close to) two-dimensional representation is achieved.

There are three main reasons for making the structure two-dimensional. The first and most important
reason is that almost all studies previously done on hydroelastic wave impacts were performed on two-
dimensional plates or beams (as shown in Section 1). Tomake relevant comparisonswith these studies, it
is useful to study a structure that is still comparable to the ones analyzed there. Secondly, any numerical
computation (such as CFD or FEM) is much faster in two dimensions than in three since fewer degrees
of freedom need to be solved. Lastly, three-dimensional effects are much harder to account for than two-
dimensional effects. Keeping the structure 2D reduces complexity and therefore simplifies modeling.
Combining all these simplifications results in a representation of the OWT as shown in Figure 3.1.
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

(a) Visualization of transforming 3D reality to 2D repre-
sentation in thesis.

Submersion depth

End mass

Breaking wave

(b) Schematic of experiment. Variations are done on or-
ange parts.

Fig. 3.1 Two-dimensional representation OWTs during the experiment.

During the experiment variations with the end-mass and with the submersion depth (added mass) will
be performed. The end mass will be selected from a range of end mass to plate mass between 0 and 1.5
and the submersion depth will be varied between 0.125 and 0.5 of the plate length. This is discussed in
more detail in the section on the experimental methodology (Section 6). This submersion depth might
slightly affect the loading too, but it was assumed that this effect will be small compared to the slamming
load.
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4 Computational Fluid Dynamics Simulations

The planned experiment was numerically simulated using ComFlow, which is a type of computational
fluid dynamics (CFD) software. The purpose of these simulations was to determine an appropriate
breakingwave profile and obtain the corresponding loading condition for the experiment and to produce
input signals in terms of distributed force for the finite element method (FEM) model (Section 5). This
section will introduce the concept of CFD, explain how the numerical simulations were set up and
discuss limitations of the performed simulations. Lastly, it will present the results that are used as input
in the FEM model.

4.1 Computational Fluid Dynamics

CFD software is used to numerically solve the Navier-Stokes (NS) equations for a fluid problem. A pro-
gram called ComFlow is used, which was developed by MARIN, TU Delft and Rijksuniversiteit Gronin-
gen. ComFlow is specifically designed to efficiently simulate violent free-surface flows, such as the
expected flow in the breaking wave impacts [41]. ComFlow solves the Navier-Stokes equations using a
solver with a Volume-of-Fluid (VOF) based free-surface displacement. This method is briefly explained
below, this explanation is based on [42] and [43].

The Navier-Stokes equations describe fluid motion in a given domain. The situation in the experiment is
a one-phase flow. The water is assumed to be a homogeneous, incompressible and viscous fluid. The NS
equations can be simplified to the conservation of mass equation and the conservation of momentum
equation:

∂ρ

∂t
+∇(ρu⃗) = 0 (4.1)

∂(ρu⃗)

∂t
+∇ · (ρu⃗u⃗) = −∇p+∇ · (µ∇u⃗) + F⃗ = 0 (4.2)

In these equations u⃗ is the velocity vector with the velocities in all 3 directions (u, v, w), ρ is the density
of the fluid, p is pressure, µ is dynamic viscosity and F⃗ are all the external forces acting on the fluid.
The mass conservation equation states that for a closed domain (in this case the simulated domain) the
mass must remain constant at all times, since no mass can be lost or generated.

At solid boundaries or the boundary of objects no fluid can go through the boundary. This is prescribed
by u⃗ = 0. For the liquid-gas interface ComFlow uses cell-weighted averaging. More details on this can
be found in the ComFlow documentation [43].

In ComFlow the force on a structure consists only of the normal tension, since the shear force is ne-
glected [43]. The force on the object surface (called S here) is therefore calculated as the integrated
pressure over the boundary of the object. This is given by:

F⃗p =

∫
S
p n⃗ dS (4.3)

This equation is used to compute the pressure and force on the model as a result of the breaking wave
impact.

Discretization of the NS equations is done in time and space. The time discretization is done using the
Adams-Bashforth (AB) method, which is second-order accurate. Spatial discretization is done using a
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finite volume method. The time steps are adjusted using the CFL-condition, which is given by:

CFL =
|u|∆t

∆x
≤ 0.25 (4.4)

This conditionwill make sure that when the velocities increase, the timestepwill decrease. Additionally,
for smaller cell sizes (finer grid) a smaller timestep is required. The following sections will discuss how
the simulations performed in this thesis were set up.

4.2 ComFlow simulations used for experimental design

ComFlow simulations were performed to determine the expected outputs from the experiment. Espe-
cially important were the expected pressures (for pressure sensor selection and location) and forces
(magnitude and frequency distribution). The simulations performed before the experiment are dis-
cussed in this section. During the experiment the wave was changed and some additional simulations
were ran. These are explained in Sections 4.3 and 4.4.

4.2.1 Simulation domain, boundary conditions and discretization
The structure in the experiment will be loaded using a breaking wave. This wave is created using wave
focusing which is explained in Section 4.2.3 and Appendix E. In the experiment the wave is generated
29.8 m away from the structure, with the focus point at 28.3 m (when taking the paddle at x = 0 m).
Doing a CFD study of a propagating wave over this distance is too costly since this would require a sig-
nificant amount of cells. Therefore, in the ComFlow study, only the last 7 meters of wave propagation
is simulated. The experiment has been designed to be as two-dimensional as possible so the numerical
study is performed in 2D. This gives a domain of 7 meters long, 1.25 m high (allowing for up to 0.5m of
waveheight above the still water line) and 0 m wide. This can be seen in Figure 4.1.

Using a rectangular domain, 6 boundary conditions have to be defined, one for each end surface. The
boundary condition at the interface with the structure is as explained in Section 4.1. Taking the x-
direction as the wave propagation direction (travelling from x = 0 upwards) this requires an inlet
boundary condition at x = 0 m and an outflow boundary condition at x = 7 m. At the inlet this is a
Dirichlet boundary condition for the velocities and surface elevation, which are taken from an input
generated from linear analytical components (Section 4.2.3). The outflow boundary condition is a gen-
erating and absorbing boundary condition, which is tuned following the ComFlow documentation to
limit the amount of reflection at this boundary [43]. At the other boundaries a no-slip condition is used.

x: 7 m, 350 cells

z: 1.25 m, 62 cells

y: 0/∞ m, 1 
cell

h: 0.75 m

d: 0.1 – 0.4 m
xs = 6.8 m

Fig. 4.1 Domain used in the CFD simulations including dimensions. The position of the structure (grey block) is also
shown.
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The CFD study is performed two-dimensionally. To achieve this, the domain is made 1 cell wide (in
y-direction). The grid is divided into 350 cells in x-direction and 62 cells in z-direction. This means the
cells have length of 0.02 m in both directions.

4.2.2 Geometry definition
The structure in the experiment is modeled as a rectangular structure filling the entire width of the
domain (which is 1 cell wide due to the two-dimensional representation). In the experiment the sub-
mersion depth is varied between 0.1 and 0.4 m, so simulations were performed with the bottom of the
structure at 0.1 to 0.4 m below the waterline. Since ComFlow does not work with deformable structures
and there is no flow around the side of the structure, the influence of the thickness of the plate was as-
sumed small. During these simulations the thickness was taken as 0.05 meters. The structure is placed
at x = 6.8 m (xs) and thus extends to x = 6.85 m. Placing the structure at this location was found to
yield the largest impact force when the wave was focused at x = 5 m. The location of the structure is
also shown in Figure 4.1.

4.2.3 Focused breaking wave
The concept of wave focusing is explained in more detail in Appendix E. In short: waves with longer
wavelengths travel faster than waves with a shorter wavelength. The group speed (cg) of a packet of
waves is related to the wavenumber (k), angular frequency (ω) and waterdepth (h) according to:

cg =
ω

2k

(
1 +

2kh

sinh(2kh)

)
(4.5)

By first generating shorter waves and then generating longer waves after a delay, the components can
be "focused" to all be in phase at the same point in space and time and create a wave that is much larger
than the maximum wave component the wavemaker could generate. Additionally, in this way it is
possible to generate an unstable wave that breaks at a desired location. Table 4.1 shows the components
used for the focused wave with which the simulations prior to the experiment were performed. The
amplitude for each wave component in the experiment is limited by a certain steepness limit. This
steepness can be expressed asH/λ, whereH is the wave height, so twice the wave amplitude (A). For
wave components with a steepness lower than 1/50 linear theory is a good approximation. Additionally,
wave components with a steepness higher than 1/50 are generated with too much variability in the used
tank due to nonlinear interactions. The same goes for wavelengths shorter than λ = 1 m. Wavelengths
longer than λ = 5 m are limited in amplitude due to the stroke of the wave board [7]. All components
in the focused wave thus have a wavelength between 1 to 5 meters and the steepest component has a
steepness of 1/64.

Table 4.1 Wave properties of the components used in the focused breaking wave.

Component 1 2 3 4 5 6 7 8 9 10 11 12 13
λ [m] 1 1.1 1.2 1.3 1.4 1.7 1.8 2 2.5 3 3.5 4 5
Amplitude [m] 0.0125 0.0138 0.0150 0.0163 0.0175 0.0213 0.0225 0.0250 0.0313 0.0375 0.0438 0.0500 0.0625
k [1/m] 6.283 5.712 5.236 4.833 4.488 3.696 3.491 3.142 2.513 2.094 1.795 1.571 1.257
ω [rad/s] 7.850 7.484 7.164 6.881 6.627 5.998 5.821 5.502 4.852 4.341 3.921 3.570 3.013
T [s] 0.80 0.84 0.88 0.91 0.95 1.05 1.08 1.14 1.29 1.45 1.60 1.76 2.09
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4.2.4 Simulation results used for design
The following results were used for the design of the experiment. The most important outputs of the
ComFlow simulations are the resultant force over time, the corresponding frequency distribution and
the pressure distributions on the structure over time. These were used for sensor and model selection
for the experiment. The output of force and pressure for the four different submersion depths in the
experiment are discussed in this section.

Force
The force output was used to obtain an estimate of the force during the experiment, which was used
for the force sensor selection. The time series of the force on the structure can be seen in Figure 4.2.
The first sinusoidal peaks are from the waves that are propagating ahead of the focused wave. These
peaks are low enough in amplitude to not excite the structure, which will therefore remain close to its
equilibrium position when the impact happens. The impact from the breaking wave can be seen in the
peak at around t = 11.7 seconds. The force is larger for the deeper submersion tests, this is expected
since a larger area of the plate is loaded. The single time step force spikes in the signal after the impact
are common for ComFlow and can be seen in other studies as well [42]. Since the spikes mainly occur
after the impact it is expected that the computed force values during the impact are not affected too
much.
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Fig. 4.2 Time trace of the resultant force on the structure as a result of the breaking wave impact for the different
submersion depths used during the experiment. The force resulting from the impact can be seen as the peak around
t = 11.7 s.

Since hydroelasticity depends on thematch between first structural mode and loading duration, another
relevant output from the simulations was the power spectrum of the force. The spectrum shows at
which frequencies most power of the impact is located. A power spectrum from a simulated force can
be seen in Figure 4.3a. As seen in the figure, the majority of the power is concentrated in frequencies
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below 2.5 Hz. This information was used to determine the desired structural frequencies of the models
used in the experiment as explained in Section 5.
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(a) Power spectrum of force computed in ComFlow simulations.
It can be seen that most energy is contained in frequency com-
ponents below 2.5 Hz.
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(b) Force distribution obtained from ComFlow
simulation for multiple timesteps in simulation
for submersion ratio 0.25.

Fig. 4.3 ComFlow simulation outputs: power spectrum of impact force and force distribution along the plate.

The force output from the preliminary simulations was also used to obtain the expectedmodel response.
Besides the total force on the plate, the force was also recorded for each section of 0.02 m along the
height of the plate. The time traces of the forces obtained in this way are used as input in the finite
element method model (further discussed in Section 5). This model was then used to get an estimate of
the expected deflections and accelerations during the experiment. In turn, that information was then
used for the selection of the laser sensors (for position) and the accelerometer for the experiment. An
example of such a force distribution is given in Figure 4.3b. The force is given as function of position
along the length of the plate and has been normalized using the maximum force at each timestep.

Pressure
Similar to the force output, the main purpose of the pressure output was to get an estimate of the
required pressure range of the sensors in the experiment. Additionally, the simulations were used to
determine the location of maximum pressure, which is the best location to place the pressure sensors.
During the ComFlow simulations the pressures were recorded at intervals of 0.02 m along the height.
From the simulations it was found that the maximum pressures occur in the area between 0.1 and 0.14
m above the still water line. In the experiment the pressures sensors are placed at 0.6, 0.1 and 0.14 m
above the still waterline (this is further discussed in Section 6). Figure 4.4 shows the resulting pressure
plots for a submersion depth of 0.2 m. Since the pressure sensors are above the water level for most of
the simulation their output is 0 for most of the time. It can be seen that the risetime of the pressure is
brief, about 0.03 seconds.
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Fig. 4.4 Time trace of the pressure measurements during the ComFlow simulation. Submersion is 0.25 of length,
measured at 0.06, 0.1 and 0.16 m above waterline.

4.3 Simulations of performed experiment

The simulations discussed before were done prior to the experiment. These used an expected wave
profile as input. The wave used during the experiment was different due to poor focusing performance
of the previously described wave. This section discusses the wave used for the experiment and the
changes that were made to the simulation setup to simulate the updated experiment.

4.3.1 Changes to simulation setup
The wave eventually used in the experiment consists of the components shown in Table 4.2. These are
the same components as used in [7] except the steepness is increased to H/λ = 1/40. The wavelengths
are still between 1 and 5 m.

Table 4.2Wave properties of the components actually used to generate the focused breaking wave in the experiment.

Component 1 2 3 4 5 6 7 8 9 10
λ [m] 1 1.1 1.25 1.45 1.7 2 2.4 2.9 3.6 5
Amplitude [m] 0.0125 0.0138 0.0156 0.0181 0.0213 0.0250 0.0300 0.0363 0.0450 0.0625
k [1/m] 6.283 5.712 5.027 4.333 3.696 3.142 2.618 2.167 1.745 1.257
ω [rad/s] 7.850 7.484 7.018 6.510 5.998 5.502 4.969 4.435 3.846 3.013
T [s] 0.80 0.84 0.90 0.97 1.05 1.14 1.26 1.42 1.63 2.09

During the experiment this wave was generated and then measured using a wave gauge located 4.8
meters in front of themodel (this is discussed inmore detail in Section 6). This wave gaugemeasurement
was then used as an input for the ComFlow simulations. Since the input is closer to the model than in
the preliminary simulations, the domain is shortened to 5 meters. For the simulations a discretization
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of 500 cells in x-direction and 150 cells in z-direction was used, this corresponds to square cells with a
side length of 0.01 m. A schematic overview of the setup can be seen in Figure 4.5.

x: 5 m, 500 cells

z: 1.5 m, 150 cells

y: 0/∞ m, 1 
cell

h: 0.74 m

d: 0.1 – 0.4 m
xs = 4.8 m

Fig. 4.5 Domain used in the final two-dimensional CFD simulations including dimensions. The position of the
structure (grey block) is also shown.

4.3.2 Simulation results
Using the ComFlow simulations of the new wave, a new ideal distance between focus location and
model was determined. It was found that this distance should be 1.5 meters. Additionally, the results
showed that the force and pressures were expected to be slightly lower and therefore this wave could be
used without changing the model and support structure. More detailed outputs from these simulations
are shown in the results section (Section 7).

The pressure distribution from these ComFlow simulations (and the 3D simulations) was comparedwith
the pressure distribution in the experiment, to assess the accuracy of the force distribution obtained
from the ComFlow simulation. This force distribution was used for the FEMmodel described in Section
5 to obtain the final results of the one-way coupled model presented in Section 7.

4.4 3D simulations

After the experiments, it was found that the two-dimensional simulations did not capture the phenom-
ena in all tests accurately. Three-dimensional simulations were ran to see if this improved the match
between the results. A more detailed analysis of this is shown in the results section (Section 7). This
section discusses the simulation setup for these 3D simulations.

In x- and z-direction the domain remains the same compared to the 2D simulations. The y-direction
is extended to have a length of 1 m. It is assumed that the experiment is symmetric, so by making the
domain wall at y = 0 m a symmetry plane, only half the actual domain has to be solved for. The plate
extends from y = 0 m to y = 0.5 m. This leaves an open gap of 0.5 m next to the plate. This matches
with the distance between the plate and the tank wall in the experiment. A schematic of the test setup
can be seen in Figure 4.6.
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x: 5 m, 500 cells

z: 1.5 m, 150 cells

y: 1 m, 100 cells

h: 0.74 m

d: 0.1 – 0.4 m
xs = 4.8 m

Width of structure: 0.5 m

y: 1 m, 100 cells

Water gap: 0.5 m

Width of structure: 0.5 m

xs = 4.8 m

x: 5 m, 500 cellsTop view

3D view

Fig. 4.6 Domain used in the final three-dimensional CFD simulations including dimensions. The position of the
structure (grey block) is also shown.



19

5 Finite Element Method Model

The structural model used in this thesis is based on the Finite Element Method (FEM). This section
explains the methodology behind the FEM model. First, a short explanation on FEM will be given.
Next, it is explained how the FEM model was set up for this thesis. Lastly, the relevant results are
presented.

5.1 Finite Element Method

FEM has a couple of strengths that make it suitable for the problem at hand, such as implementing
specific boundary conditions at the bottom of the plate and the mass at the end. The load on the
structure can be varied in space (along the plate) and in time. FEM can capture rapid changes in time
accurately, which is relevant for an impact event such as in this problem. Only the parts of FEM specific
to the problem are explained. For a more detailed explanation of FEM other sources are available such
as [44]. For brevity, some details have been described in Appendix D, reference will be made to this
appendix when relevant.

5.1.1 Domain Discretization
In a FEM model the domain, in this case the plate, is discretized into elements. The plate is clamped at
the bottom and has a discrete mass along the top. It is expected that all (major) deformation will happen
in the x-z-plane (so along the wave propagation direction). Since the plate and load are uniform along
the y-axis, the response is assumed independent of width (which is the idea behind the two-dimensional
approach). Plate effects such as bending in y-z-plane are assumed to be negligible and the plate can thus
be modeled as a beam. For an Euler-Bernoulli (EB) beam the discretization is straightforward; the beam
is split up along its length into many smaller beam elements. The discretization is schematized in Figure
5.1. For the results in this thesis the beam is discretized using 40 elements. This value has followed from
a convergence study on the number of elements. This is further elaborated on in Appendix D.

5.1.2 Governing equations
The system modeled is an EB beam clamped at the bottom and with a mass at the free end. The char-
acteristic equation of an Euler-Bernoulli beam is given by:

ρAü(z) + EIu′′′′(z) = q(z) for u(z, t) ∀ z ∈ (0, L) (5.1)

Deflection is represented using u, z denotes the length along the beam starting at the bottom (clamped)
edge, ρ andE are the density and E-modulus of the material and I andA are the area moment of inertia
and cross-sectional area of the beam. q(z) represents a load distribution along the length of the beam.
Using a finite element approach, the equation of motion of an individual element (k) is given by:

Mk ¨⃗u(t) +Bk ˙⃗u(t) +Kku⃗(t) = q⃗ k(t) + s⃗ k(t) (5.2)

with: M = Mstruc +Ma(ω) and B = Bstruc +Bhydro(ω)

M is the mass matrix, which depends on ρA and the length of an element, Ma is the added mass ma-
trix (explained in Section 5.2.2). Bstruc is the damping matrix as a result of structural damping, and
Bhydro is the damping matrix resulting from hydro-dynamic damping (explained in Section 5.2.3). Both
Ma and Bhydro are zero for all non-submerged elements. K represents the stiffness matrix which de-
pends on the structural properties E and I . q⃗ is the loading vector on the element, which will contain
the hydro-dynamic force as explained in section 5.2.1. s⃗ contains the internal forces between elements
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which will cancel in global assembly and are therefore not discussed further here. Each element has 4
degrees of freedom: deflection (u) at both ends, and rotation (u′, derivative of u in space) at both ends,
so the u⃗ vectors have dimension 4x1, each matrix in this equation has dimensions 4x4 and the q⃗ vector
has dimension 4x1.

For each element in the discretized domain these matrices have to be computed and then assembled
together to create the global equation of motion as seen in Equation 5.3. Each element shares a node
with the previous element on one side and the next element on the other side, so the first two DOFs
are shared with the previous element and the last two DOFs are shared with the next element (this
is visualized in Appendix D). As a result, the sizes of the matrices are equal to 2nx2n (n = number
of elements). The u⃗ vectors are 2nx1, since there are 2n degrees of freedom (u and u′). After global
assembly this results in the global equation of motion:(

Mstruc +Ma(ω)
)
¨⃗u(t) +

(
Bstruc +Bhydro(ω)

)
˙⃗u(t) +Ku⃗(t) = q⃗(t) (5.3)

Increasing the number of elements will further increase accuracy, but will also increase computational
times due to the increased number of DOF, which means more equations have to be solved at each
timestep. Convergence studies on the number of elements for this model have shown that using 40
elements gives errors smaller than 0.1% on the first 3 natural frequencies (see Appendix D). As a result,
all matrices are 80x80 and all vectors 80x1, and the system has to be solved for 80 DOFs. Section 5.2
will explain how the values used to fill the matrices in Equation 5.3 have been obtained.

5.1.3 Boundary conditions
The plate in the model is clamped at the bottom and has a discrete mass along the top. The clamped
bottom node cannot move, which means its deflection (u) and rotation (u′) are equal to 0 at all times.
The boundary conditions for the first node can thus be defined as:

u(t) = 0 and u′(t) = 0 (5.4)

In the finite element model, this means that the first two entries in u⃗ and its derivatives are known to
be zero at all times: ü1,2 = u̇1,2 = u1,2 = 0. This reduces the number of DOFs to 78.

The top of the plate is free to move so the number of DOFs cannot be reduced here. To deal with the
mass along the top edge the last entries of the mass matrix need to be changed. The mass is added to
the part of the mass matrix corresponding to the translation of the last node (end of the plate). Figure
5.1 shows the structure as it is discretized in the FEM model, including the boundary conditions.

m

𝑢(𝑡)  =  0,
𝑢’(𝑡)  =  0

𝑛 = 1

𝑛 = 40

𝑴(2𝑛 − 1, 2𝑛 − 1)  =  𝑚௘௡ௗ

𝑨௛௬ௗ௥௢ & 𝑩௛௬ௗ௥௢  ≠ 0

Fig. 5.1 Schematic of the analysed system in FEM including the discretization of the system and the boundary
conditions. The model is shown in a horizontal instead of vertical orientation.
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5.2 Inputs for model

5.2.1 Force model from CFD (q⃗ )
The force in the model is obtained from CFD in a one-way coupled manner. This means the model is
not hydroelastic since no coupling between the structural response and the load exist. The pressure
gives a distributed force and this distribution is used to fill the force vector q⃗(t). The FEM model can
also take moments as input, but these are kept at 0, as it is assumed the horizontal force and translation
are the dominating loading and response.

5.2.2 Added mass model (Ma)
Ma represents the added mass matrix. The added mass of the plate used in the experiment was com-
puted using OrcaWave. OrcaWave is a diffraction analysis program that can be used to compute the
added mass and damping coefficients of structures [45]. The plate was meshed using GMSH, which is
an open source 3D finite element mesh generator [46]. The plate was discretized into smaller horizontal
strips to determine the addedmass separately for each of these strips. OrcaWave can only do analysis on
rigidly moving structures so this introduces an error in the computation of the added mass and damping
values. The added mass and damping values were determined for all submersion depths with the water
depth in the tank to represent the situation in the experiment as closely as possible. With this analysis
the frequency dependent added mass was computed for each strip. This was then used to determine
the added mass of each element in the FEM model. Each strip had the same size as the elements in
the FEM model, so the added mass for each strip is considered representative of the added mass at the
corresponding element. This frequency dependent added mass was used directly in FEM to determine
the natural frequencies and mode shapes of the models used in the experiment. This is explained in
more detail in Section 5.3. The added mass of an example element following from this analysis can be
found in Figure 5.2. The added mass is given for various depths z, normalized by submersion depth d.
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Frequency dependent added mass for various depth
ratios for submersion ratio d/L = 0.5
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Fig. 5.2 Example output of frequency dependent added mass from
OrcaWave. It is clearly visible that the added mass only varies signif-
icantly over a small section of the frequency range.

A caveat of this method is that it implicitly assumes constant water height. The elements below the still
waterline are assumed to always be affected by added mass (and damping), even when there is a wave
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trough. Similarly, the elements above the still waterline are not affected by added mass or damping
even when the water crest is above the still water line. Depending on the water height at a certain time
instant, this will lead to over- or underestimation of the added mass and damping.

5.2.3 Damping models (Bstruc and Bhydro)
Structural damping matrix
Structural damping is the result of the dissipation of energy within a structure when it vibrates caused
by internal friction [47]. Different values have been reported in literature for an accurate estimate. In
this thesis the structural damping is determined experimentally using dry decay tests. The method
behind these is explained in more detail in Section 6.4. Tuning the structural damping in the model
to match the decay tests improves the accuracy of the structural model. This minimizes errors in the
resulting arising from structural behaviour. This is important because the focus of this thesis is on hy-
droelasticity not on structural modeling. The structural damping matrix will be tuned in such a way
that the FEM model will accurately predict the response of the structures in these decay tests.

Hydrodynamic damping matrix
The entries for the damping (B) matrix were computed in the same OrcaWave analysis used for the
added mass matrices (Section 5.2.2). The damping for an example element in the FEM model following
from this analysis can be seen in Figure 5.3. The damping is given for various depths z, normalized by
submersion depth d.
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Fig. 5.3 Example output of frequency dependent damping from Or-
caWave.

Neglected damping effects
In reality an OWT is also subjected to aerodynamic damping. However, during a parked condition
(which is assumed in this thesis) this damping is almost negligible [47]. In this thesis the damping
due to air friction is ignored. It is assumed that in the experiment the air effect is small enough to
make this assumption reasonable. Additionally, since the structural matrix is tuned to the decay tests
(which includes air damping) some of these air damping effects will be captured already when tuning
the structural matrix.
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5.3 FEM model results

5.3.1 Natural frequencies
The FEM modal was used to estimate the natural frequencies and mode shapes of the models used in
the experiment. This way, the models could be chosen in such a way that hydroelastic effects were to
be expected. The method to determine these frequencies is described below.

The natural frequencies and mode shapes of the structure depend on the mass matrix (M + Ma(f))
and stiffness matrix (K). Since Ma also depends on frequency an iterative approach is required. This
iterative approach is defined as:

Start at fold = 0 then: fnew =
1

2π

√
K

M+Ma(fold)
repeat until: fnew = fold (5.5)

This iteration was done for the first two natural frequencies separately. Modes above the second are
determined using theMa value corresponding to f2, since for these modes the high frequency limit of
the added mass has been reached and further iteration does not change the value of Ma, since these
are all equal toMa(∞). For example, the third natural frequency is around 60 Hz. This high frequency
limit can also be seen in Figure 5.2.

From the ComFlow studies (Section 4) it was found that the impact has a risetime of approximately 0.4
seconds. Using the Bereznitski ratio [4], this leads to a desired natural frequency of the model around
2.5 Hz. Additionally, the power spectrum showed that most of the energy is located at frequencies below
2.5 Hz. Using the method above it was found that a 4 mm aluminium plate with different end-masses
gives a set of models with frequencies in this range. The mass ratio of the system is defined as the ratio
of the end-mass over the plate mass. According to the FEM model, taking mass ratio’s between 0 and
1.5 and submersion ratios between 0.125 and 0.5, the plate length gives natural frequencies between
5.33 and 1.90 Hz. Using this information the varations in the experiment were chosen to be:

• Mass ratios, end mass over plate mass: 0.0, 0.2, 0.5, 1.0, 1.5

• Submersion ratios, depth (d) over plate length (L): 0.125, 0.250, 0.375, 0.500

5.3.2 Structural response
Maximum deflection and acceleration
The FEMmodel was created to model the quasi-static response of the structures to compare against the
experimental outcome. It was also used to determine the expected order of magnitude of the response
in the experiment. This way the FEM model was used in the design of the experimental setup and for
sensor selection (as further described in Section 6.3). The important outputs are the expected deflection
(for the laser sensors) and the expected accelerations (for the accelerometer). These outputs were also
used for more practical design choices such as the space needed in the setup to accommodate for the
expected deflections. The most critical case for these two variables is the test case with submersion ratio
0.5, since the force on this structure is largest (as seen in Section 4.2.4) and acts furthest away from the
base of the plate. The timetrace of this response can be seen in Figure 5.4. This response is calculated
using the force outputs from the CFD simulations that were ran prior to the experiment. According to
the model, the maximum deflection will be around 136 mm and the maximum acceleration around 44
m/s2.
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Fig. 5.4Output of themodel for the testcase with themost critical (expected) response. As seen
in the graphs the maximum deflection is expected to be around 136 mm and the maximum
acceleration is expected to be around 44 m/s2.

Since the structural damping coefficient was determined using the decay tests in the experiment, it is
still absent in these simulations. Therefore, the actual response is expected to be lower and the esti-
mates were assumed conservative. Especially the high accelerations are expected to be lower with more
structural damping.

Bending stress check
Another important checkwas to determinewhether the plate would undergo plastic deformation. Using
the computed responses it is quite straightforward to determine the maximum occuring bending stress
in the plate using Equation 5.6 and Equation 5.7. Equation 5.6 is used to determine the bending moment
in the beam using the fourth derivative of the deflection, the E-modulus and area moment of inertia (I).
Equation 5.7 uses this bending moment to determine the bending stress at the outer fibre of the beam
using the distance from the centerline (x).

M(z) = EIy
d4u(z)

dz4
(5.6)

σz =
Myx

Iy
(5.7)

The most critical case is again the plate with submersion ratio 0.5 since this plate has the largest deflec-
tions. The stress distribution in the plate at the moment in time corresponding to the highest stress can
be seen in Figure 5.5. As seen in this figure, the maximum stress is 120 MPa, close to the yield stress
of aluminium, which is 145 MPa . As explained before, the response is expected to be conservative, so
this was deemed to conform to the ambitions of the experiment. However, to anticipate the potential
failure of the plate, this test was done last so that plate failure would not be a problem for the rest of
the experiment.



25

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Position along beam [m]

−120

−100

−80

−60

−40

−20

0

S
tr

es
s
σ

[M
P

a]

Bending stress

Fig. 5.5 Output of the model for the testcase with the most critical (expected)
stress. As seen in the graphs the maximum stress is expected to be 120 MPa.
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6 Experiments

To answer the research questions, an experiment was conducted which is described in this section. The
section starts with a general description of the experiment. Next, the design of the experiment and the
recorded data will be explained. The section ends by explaining and motivating the test matrix.

6.1 Description of the experiment

Themodel used in the experiment is a plate with a variable mass along its top edge. The plate is clamped
at the bottom edge and free along the two side edges. During the experiment, the end-mass and sub-
mersion depth at the base of the plate were varied to study the effect of these structural properties on
hydroelasticity. The structures are loaded by a breaking wave impact created by focusing multiple wave
components. The wave was generated using the wave maker in the towing tank in the Ship Hydrome-
chanics lab at TU Delft.

For each submersion depth, a rigid plate (which has minimal hydroelastic effects) is loaded to determine
a reference force. The forces measured on the flexible (hydroelastic) models, for which the end-mass
and submersion depth is varied, are compared against this force to determine the extent to which hy-
droelasticity played a role in the event. Since all structures are loaded by the same wave on the same
surface area, the force should be the same when no hydroelastic effects occur. The response of the struc-
ture is recorded using multiple lasers (measuring the position) and an accelerometer located at the top
of the plate. The sensors are explained in more detail in Section 6.3. The data from these sensors is used
to compare against the one-way coupled FEM model, to make a comparison between the quasi-static
response and the hydroelastic response in the experiment.

An experiment is the most effective way of capturing the highly non-linear effects present in a breaking
wave impact event in which hydroelasticity plays a role. Numerical models would require complex fully
coupled models. For these models validation would be needed, still leading to an experiment to obtain
validation case. As a result, for this study, an experiment is a more effective method to answer the
research questions in this thesis. The dataset created in the experiment will be compared with the FEM
model explained in Section 5. Additionally, the dataset can be used to validate other (future) numerical
models so that numerical studies of these events will be more accurate in the future.

6.2 Test setup

This section explains the test setup used in the experiments. It starts by explaining the main design con-
siderations and the general experimental setup. Next, it explains the separate parts of the experimental
setup in detail.

6.2.1 Overview of design
The wave tank in which the experiment was conducted is 2.75 m wide, 85 m long and has a water depth
that can be varied between 0.5 and 1.25 meters. In reality a bottom-fixed wind turbine is connected to
the seafloor and usually has about 1/3 to 1/4 of its total height (monopile + transition piece + turbine
tower) submerged in the water. With the available water depths in the tank, such ratios would require
test models too large to be feasible for this study. Additionally, placing sensors underwater adds extra
complexity to the setup. To solve these challenges, a setup was designed in which the model is clamped
to a support structure hanging from the towing carriage (the substructure). This allows for a smaller
model since the structure can be submerged for less than the actual tank water depth. This substructure
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is connected to the fixedworld (towing carriage and base structure) through the force sensorsmeasuring
the total force on the model. The setup can be seen schematically in Figure 6.1. The following sections
will explain the parts of this setup in more detail.

Towing carriage

Base structure

SubstructureModel

Force sensors

Fig. 6.1 Schematic overview of experimental test setup. The green and orange sections
are connected to the base structure (blue) through the force sensors (purple).

The model is located 29.8±0.1 meters away from the wavemaker. Wave gauges are located at 25.0±0.1
and 28±0.1 meters from the wave maker, with the wave focused at 28.3 meters. The tank setup is shown
schematically in Figure 6.2.

Wave Gauge 1
𝑥 = 25 𝑚

Wave Gauge 2
𝑥 = 28 𝑚

Model
𝑥 = 29.8 𝑚

Focus point
𝑥 = 28.3 𝑚

Beach 
𝑥 = 85 𝑚

Wave maker
paddle

𝑥 = 0 𝑚

𝒙

𝒛

Depth = 0.75 m

Fig. 6.2 Schematic overview of wave gauges placement in the experiment.

6.2.2 OWT models
Two different OWTmodels are used. The first is designed to be rigid in order to obtain a reference force
for a situation without hydroelasticity. The second model is a flexible structure to study the effect of
end mass and added mass on hydroelasticity. Both models are explained in this section.

Flexible OWT model
The flexible model consists of a 1 m wide, 4 mm thick, 0.8 m (0.5 mm tolerance) high aluminum plate
with a changeable end-mass along the free top edge. The bottom of the plate is clamped to represent
the bottom-fixed nature of the OWT. Since the plate mass, end mass and moment of inertia of the plate
all depend linearly on the width of the plate, the width does not influence the natural frequencies of
the plate. As explained in Section 3, the experiment is designed to be as two-dimensional as possible
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which means that the plate is uniform and wide in y-direction, so end-of-plate effects on the load are
negligible. From restrictions due to the width of the towing carriage and weight considerations, the
final width chosen for the plate was 1 meter. This yields a plate mass of 8.64 kilograms.

The end-masses used in the experiment are 0, 1.8, 4.3, 8.4 and 12.8 kg (measured with a tolerance of ±
1 gram), corresponding to mass ratios of approximately 0, 0.2, 0.5, 1 and 1.5. These masses are obtained
by using steel blocks of 1 meter long (width of the plate) and 0.02 m high with various thicknesses to
achieve the different masses. Half of the mass is located at the front, and half at the back of the plate, to
prevent an asymmetric dynamic response. The masses connected to the plate can be seen in Figure 6.3.

(a) Full view of masses connected to the plate. (b) Side view of the masses connected to the plate.

Fig. 6.3 Pictures of the masses used in the experiment.

Rigid OWT model
The rigid OWT model is used to obtain a non-hydroelastic reference force. Its impact area should be
equal to that of the flexible plate. The rigid plate has to be stiff with a high natural frequency tominimize
hydroelastic effects. This plate is also 4 mm thick, 1 m wide and 0.65 m high. The plate is clamped at the
bottom like the flexible plate. To achieve the required high stiffness and natural frequency, the plate is
also clamped at the top and has stiffeners in the vertical direction (as seen in Figure 6.4b). The result is
a stiffened fixed-fixed structure which has a much higher natural frequency than the flexible systems.
This plate does not have an end-mass along its top. Another difference with respect to the flexible plate
is the presence of pressure sensors. Details on the pressure sensors are given in Section 6.3.
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(a) Front view of rigid plate. (b) Rear view of rigid plate, with the stiffeners and two
rows of pressure sensors visible.

Fig. 6.4 Pictures of the rigid plate used in the experiment.

6.2.3 Substructure
The main purpose of the substructure is to create an artificial seafloor onto which the OWT model can
be attached. The plate is clamped to a crossbeam which hangs from two thin surface-piercing plates
(3 mm thick steel). These surface piercing plates are attached to a frame, which is attached to two
force sensors. These force sensors measure the total resultant force on the plate. The submersion depth
can be varied by changing the point at which the side plates are connected to the top frame. Cross-
wires between the top frame and the crossbeam make sure the structure is stiff in sway direction to
keep the whole hanging frame square. Since the side plates and crossbeam are also in contact with the
impact wave, the force measured will be slightly higher than the force on the model alone. During the
experiment it was found that this error was below 5% as shown in Appendix A.

(a) Front view of the substructure with flexible plate at-
tached.

(b) Back view of the substructure.

Fig. 6.5 Pictures of the substructure in the experiment.

The substructure is connected to the base structure using four vertical 6 mm diameter steel bending
rods, one horizontal 6 mm diameter steel bending rods constraining the horizontal direction perpendic-
ular to the wave direction and finally the two force sensors, which measure the force in wave direction.
These bending rods constrain the substructure in all degrees-of-freedom except surge, which is the di-
rection in which the force is measured. In surge, the bending rods do not constrain the motion but they
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do add a small amount of stiffness to the system. Since the force sensors use the measured deflection
and the known sensor stiffness to compute the force on the structure, adding too much stiffness will
lead to a large error on the measured force. This error is equal to the ratio of the (total) sensor stiffness
over the (total) bending rod stiffness. The two force sensors used (see Section 6.3) have a combined
stiffness of 1.1E7 N/m. Using these dimensions for the bending rods this ratio is roughly 100 which
means the bending rods cause a 1% error in the force measurements, which is acceptable.

Themeasuring system itself has a natural frequency in surge. To prevent this frequency from interfering
with the measurements, the setup is designed in such a way that its natural frequency is much higher
than the frequencies of the measured physics. The surge natural frequency of the measuring system
has been designed to be above 90 Hz, which is much higher than the natural frequencies of the models
and the frequencies present in the wave impact. Unfortunately, during the measurements a disturbance
frequency was seen, this is discussed in more detail in the results (Section 7).

6.2.4 Base structure
The main purpose of the base structure is to extend the towing carriage to serve as a connection point
for the substructure. This component is in effect part of the fixed world and should therefore be as
stiff as possible. Since the mass of this part of the structure does not matter (within installation limits)
stiff profiles were used for this part of the setup. The connection between the base structure and the
substructure is formed using the bending rods and force sensors. The laser sensors are also connected
to this base structure.

6.3 Collected data and sensors

6.3.1 Force
During each impact event the total force on the structure is measured. All tests are done using the same
wave, resulting in the same loading condition (when neglecting hydroelasticity). Since all structures (at
a specific submersion depth) have the same impact area, the measured total force is expected to be the
same unless there is hydroelasticity present. Comparing the force on the flexible and rigid structures can
thus be used as an indication of the extent to which hydroelasticity is present in an impact event. This
approach is similar to the approach in other studies [4][28]. Two Zemic H3 100kg force sensors are used
to measure the force exerted on the structure. The performed calibration showed an average normalized
residual of 0.1% and 0.15% (normalized to calibration range). The force sensors were calibrated in tension
and compression (Appendix C).

Fig. 6.6 Force sensor placement in experiment.
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6.3.2 Position and acceleration
Since hydroelasticity is strongly coupled to structural response, this response is measured in detail. The
deflection of the plate is measured at three locations; at the height of the impact, at the height of the
end mass and at a location between these two points. The positions are given in Table 6.1 Assuming
that the deformation is dominated by the first two modes the structure’s deflection can be accurately
measured this way. The used laser sensors are of the type Panasonic HG-C1400. From the calibration
it was found that these have normalized residuals of 0.07, 0.08 and 0.08% (Appendix C).

The accelerometer is attached to the end-mass, which is the point where the largest accelerations occur.
The acceleration sensor used is a Murata sensor with a normalized residual of 0.3% (Appendix C).
The top laser is aimed at the accelerometer. By measuring the position and acceleration at the same
location, the velocity can also be determined by integration of the acceleration and/or by differentiating
the position over time. The position, velocity and acceleration of the structure will be compared to the
quasi-static response computed using the FEM model. The placement of the lasers and accelerometers
can be seen in Figure 6.7 and Table 6.1.

(a) Laser sensors placement in the experi-
ment.

(b) Accelerometer placement in the experiment, in the front
the top laser is visible, which measures the position of the ac-
celerometer.

Fig. 6.7 Placement of lasers and accelerometer in the experiment.

Table 6.1 Location of laser sensors during experiments. Positive means above top of plate, negative below top of
plate.

Distance from top of plate [mm]
d/L 0.125 0.250 0.375 0.500

Laser 1 +2 +3 +2 +2
Laser 2 -193 -106 -174 -
Laser 3 -446 -279 -251 -

6.3.3 Pressure
For the tests on the rigid plate, the pressure is also recorded. This is not possible in the flexible plates
since the presence of the pressure sensors would likely affect the structural properties of the plate. The
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measurements of these pressure sensors are compared with the ComFlow simulations to determine the
accuracy of the force distribution from the simulations. The pressure sensors are added to the plate at
3 different heights. These heights correspond to the height above the waterline at which the pressures
were highest according to the ComFlow simulations in the 200 mm submersion test scenario. From
the bottom of the plate, the laser sensors are positioned at 260 mm (P1), 300 mm (P2) and 340 mm (P3)
height. The sensors are mounted using connection pieces that are flush with the plate to make sure the
plate surface is as flat as possible.

Two rows of pressure sensors have been used. One row contains Druck PDCR 42 pressure sensors with
a range of 350 mbar and 175 mbar. These have a normalized residual of 0.22 and 0.1% respectively. The
other row contains PCB 113B24 pressure sensors with a range of 3.5 bar and normalized residuals of
0.55%. The calibrations are shown in Appendix C. The pressure sensors and installation method can be
seen in Figure 6.4.

6.3.4 Wave height
The wave height is measured at two locations using wave gauges. The wave gauges are fabricated by
the technicians at the lab. They were calibrated each morning of testing. These calibrations are shown
in Appendix C. The front wave gauge was located 4.8 m in front of the structure. The second wave
gauge was located 1.8 m in front of the structure and 0.3 m before the focus point of the wave. These
locations are also shown in Figure 6.2.

The signal from the front wave gauge is used as input for the CFD simulations of the experiment. The
measurements from the second wave gauge can than be used to compare the wave propagation in the
experiment with the wave propagation computed by ComFlow (see Section 7). Additionally, they can be
used to compare the runs to check the repeatability between the generated waves during runs. Lastly,
they can be used to assess the signal for any reflection occurring on the front side of the model.

6.4 Test matrix

The test matrix consists of four sections. First, the support structure without plate attached is loaded at
all four submersion depths (d); 100, 200, 300 and 400 mm, corresponding to submersion ratios (d/L) of:
0.125, 0.250, 0.375, 0.500. This is done to determine the magnitude of the force that is measured on the
support structure instead of on the plate. Next, the rigid plate is tested at the four submersion depths.
This is done to determine the reference force for a situation without hydroelasticity. This reference test
is done for all depths since the loading changes slightly with wetted area, which is larger for larger
submersion depths, and therefore a separate reference force is needed for each depth.

The flexible plate is loaded for all five mass ratios (0, 0.2, 0.5, 1.0, 1.5) at d/L 0.125 and 0.250. At d/L
0.375 and 0.500 the plate is only loaded with mass ratios 0 and 1.0. The test matrix can be seen in Table
6.2. Each test in the test matrix was repeated 5 times.
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Table 6.2 Test matrix for the experiment.

Test goal Mass ratio Submersion ratio (d/L) Plate
Wet first nat.
freq. [Hz]

Wet second nat.
freq. [Hz]

End-mass
effect

0 0.125 / 0.250

Flexible

5.066 / 5.049 31.634 / 29.340
0.2 0.125 / 0.250 3.711 / 3.708 26.026 / 24.670
0.5 0.125 / 0.250 2.901 / 2.899 24.294 / 23.142
1 0.125 / 0.250 2.268 / 2.267 23.396 / 22.338
1.5 0.125 / 0.250 1.907 / 1.906 23.016 / 21.995

Added mass
effect

1 0.375 / 0.500
Flexible

4.940 / 4.612 23.552 / 19.567
1 0.375 / 0.500 2.262 / 2.240 18.704 / 14.888

Reference force - All ratios Rigid

Support structure
effect

- All ratios No plate

Decay tests
Besides the test matrix explained above, free vibration decay tests were conducted. During these tests
the plate is given an initial displacement and then released. The response of the plate is measured using
the lasers and accelerometers. Taking an FFT of this response shows the natural frequencies of the
model. The performed type of decay tests are:

• Dry decay tests: structure out of the water. Performed for all mass ratios. Goal: validate FEM
model and determine structural damping. Repeated three times.

• Wet decay tests: structure in water. Performed for all flexible tests in Table 6.2. Goal: determine
effect added mass and validate added mass computation FEM model. Repeated three times.

• Impact tests rigid plate. Structure is hit to excite response in experimental setup. Goal: determine
natural frequencies of measuring system and to test whether there are interfering modes in test
setup. Eight impact tests were done.

Using the dry decay test, the structural damping can be determined, which is needed to tune the FEM
model (see Section 5.2.3). This can be done by measuring the decay during the free vibration phase
and translating this to a structural damping coefficient. The dry decay tests can be used to validate the
purely structural part of the FEM model. The wet decay tests include added mass and damping and can
be used to validate the added mass computation of the FEM model.
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7 Results

In this section, the results from the experiment and numerical models are presented. First, the natural
frequencies of the models in the experiment are analyzed. Next, the experiment and CFD simulations
are compared. Following this, the effect of end mass and added mass and the influence of the struc-
tural modes is discussed. The section ends with a comparison between quasi-static response and the
experimental, hydroelastic response.

7.1 Natural Frequencies

Before the plate was installed in the experimental setup, a separate setupwas constructed to perform dry
decay tests on the plate using various endmasses. The purpose of this test was to assess the performance
of the FEM model. The results from this test can be seen in Table 7.1. The measured results are given
as an average of the three decay tests per configuration including the standard deviation between these
three tests. For comparison, the first natural frequencies calculated using the analytical expression
(Equation 1.5) are also given.

Mass ratio 0.0 0.5 1.0 1.5
f1 measured [Hz] 5.04 ± 0.044 2.89 ± 0.018 2.23 ± 0.015 1.87 ± 0.001
f1 FEM [Hz] 5.067 2.901 2.268 1.907
Error [%] -0.54 -0.38 -1.70 -1.98

f1 analytical [Hz] 5.066 2.892 2.263 1.903
Error (w.r.t. experiment) [%] -0.53 -0.06 -1.47 -1.79

Table 7.1 Results from decay tests performed using the OWT models in a different setup prior to experiment. The
results are compared with the results from the FEM model.

As seen in the table, the FEM model performs well and only slightly overestimates the natural frequen-
cies. This could be caused by a small differences between the assumed and actual structural values
of the plate, such as the E-modulus. Additionally, the test setup is not perfectly stiff, which can also
slightly lower the natural frequencies of the plate.

Next, with the model installed in the experimental setup, the natural frequencies were determined for
each configuration (added mass and end mass) of the test matrix. The results of these tests are presented
in Table 7.2. The results are given as an average of the three decay tests per configuration including the
standard deviation between these three tests.
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Mass ratio end mass/plate mass

0 0.2 0.5 1 1.50
Depth Exp. FEM Exp. FEM Exp. FEM Exp. FEM Exp. FEM
100 4.37 ±0.019 4.36 3.25 ± 0.023 3.244 2.58 ± 0.033 2.555 2 ± 0.00 2.006 1.67 ± 0.035 1.69
200 4.17 ± 0.00 4.32 3.31 ± 0.018 3.23 2.5 ± 0.00 2.548 2.02 ± 0.004 2.002 1.61 ±0.013 1.688
300 4.07 ± 0.05 4.19 - - 2 ± 0.00 1.986 -
400 3.44 ± 0.045 3.65 - - - -
Dry 4.45 ± 0.033 4.365 3.28 ± 0.039 3.245 2.65 ± 0.017 2.555 2.00 ± 0.00 2.006 1.65 ± 0.019 1.69

Table 7.2 Results from decay tests performed during experiments compared against results from FEM model with
the unwanted mode in test setup included.

Comparing the results of the dry decay tests against those in Table 7.1 shows that there is a significant
decrease in natural frequencies when the model is placed in the experimental setup. This was probably
caused by the test setup being more flexible than the test setup used outside the tank, which causes the
natural frequencies to drop. The flexibility is thought to be caused by an unexpected mode in the test
setup, discussed in more detail in Section 7.3. This mode was included in the FEM model by adding a
spring connection to the bottom of the plate instead of a fully fixed connection. The stiffness of this
spring was found by using the frequency of the unexpected mode (Figure 7.4) and the mass of the test
setup. This method computes the dry natural frequencies better than the FEM model with the clamped
base. It can also be seen that the effect of the end mass and added mass on the natural frequencies is
approximated well by the FEM model as the reduction in frequencies for different depths is similar for
the FEM model and the experiment.

Table 7.2 shows that the frequencies are significantly influenced by the end mass, and to a lesser extent
by the submersion depth. An increase in submersion depth leads to an increase in added mass, which
in turn leads to a decrease in natural frequency. This will be discussed further in Section 7.4.2.

To check whether the length of the side plates influenced the measured natural frequencies, after drain-
ing the tank, dry tests were done for all positions of the side plates. Since there was no added mass
present, the natural frequencies should be the same in all positions. The results from these tests are
shown in Appendix A. The standard deviation between the results for different depths were in the
same range as the standard deviations between the three measurements used for the decay tests at
each depth. This means that the side plate length did not have a significant influence on the natural
frequencies at each depth.

7.2 Comparison experiment and ComFlow

In this section the results from the experiment are compared with the results from ComFlow. First, a
comparison of the wave propagation is made. Next, the computed forces from the two-dimensional and
three-dimensional simulations are compared. Lastly, the computed pressures are compared with the
pressures from the experiment, to get an impression on the accuracy of the force distribution from the
ComFlow studies.

7.2.1 Wave propagation
In the experiment the plates are loaded by an impact from a focused wave. During the experiment the
wave is measured at two points; 4.8 and 1.8 meters in front of the structure. The signal measured at 4.8
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meters is used as input in ComFlow to numerically simulate the rest of the experiment. This wave signal
is taken from an unobstructed run, so without the experimental setup present. Figure 7.1a shows the
wave height measured by the front wave gauge, and the resulting wave height computed by ComFlow
when using the front wave gauge input.
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(b) Rear wave gauge

Fig. 7.1 Comparison of wave propagation between experiment and numerical ComFlow simulations for the undis-
turbed propagating wave.

It can be seen that the signal is not perfectly represented by ComFlow. This has multiple reasons.
Firstly, the signal measured is turned into an FFT of which the components are then turned back into a
signal by ComFlow. Since the FFT assumes linear waves, some information is lost in this transforma-
tion. Then as ComFlow translates these linear components back into a nonlinear wave signal another
error is introduced. Additionally, it was found that the ComFlow simulation became unstable for wave
components with frequencies above 2.5 Hz, which put a limit to the number of components that could
be used as input to ComFlow. This mainly influences the peaks of the waveheight. Figure 7.1b shows
the comparison between the signal at the rear wave gauge (at 3 m distance of the front wave gauge). It
can be seen that there is a good match between the wave height computed by ComFlow and the wave
height in the experiment. Since this wave gauge is close to the plate, a good match here is more relevant
than a good match at the input.

7.2.2 Comparison force on rigid structures
For all plate submersion ratios ComFlow simulations were done using the input described above. The
computed force on the plate from these simulations are compared with the results of the rigid plate
experiments. Figure 7.2 shows the force measured in the experiments in blue and the force as computed
by ComFlow in orange (2D) and black (3D).
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Fig. 7.2 Comparison between the force measured on the rigid plates in the experiment and the force as computed by
ComFlow.

As seen in Figure 7.2, how well the simulations and experiments agree varies a lot between the different
depths. These errors are due to an inaccurate computation of the wave action behind the structure. In
the experiment there is wave flow around the sides of the plate, which will then also flow sideways to
fill the space behind the plate. This water at the back of the plate creates a counter-force, affecting the
force measured on the plate. Since the simulation is two-dimensional, with the plate covering the full
width, the only possible flow around the structure is underneath. For deeper plate submersion this flow
is obstructed more which causes the error to increase. The black line in Figure 7.2 shows that the 3D
simulations are a great improvement to the 2D simulations, which confirms the error is (partly) caused
by an incorrect flow at the back of the plate.

7.2.3 Comparison pressure on rigid structures
Figure 7.3 shows the comparison between pressures measured in the experiment and the pressures
computed by ComFlow. The measurements and simulations show good agreement at all locations. The
largest error with the experiments was 0.3 kPa, for the other 2 locations it was less than 0.1 kPa. The
force distribution from ComFlow is used to compute the numerical results in Section 7.5. The deviation
in the PCB measurements at location P1 is likely due to a misplacement of the sensor, since this sensor
gave large differences compared to the PDCR in all runs, while at the other locations the sensors give
the same output.
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Fig. 7.3 Pressure comparison between ComFlow and experiment.

7.3 Filtering of results

As seen in Figure 7.2 in the previous section, there is an oscillation in the force signal from the experi-
ment. These results are for the rigid plate, which means that the natural frequencies of the plate are too
high to explain this oscillation. For a fixed-fixed plate with these dimensions the natural frequency is
expected around 82 Hz [26], when ignoring the vertical stiffeners which raise the natural frequency fur-
ther. Impact tests were performed on the rigid plate setup (without water) to determine the frequency
of this interfering mode. The frequencies of this mode can be seen around 22-23 Hz and at double this
frequency in Figure 7.4.
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Fig. 7.4 FFT of the dry impact test on rigid plate setup. The interfering mode can
be seen around 22-23 Hz, as well as at double this frequency around 45 Hz.

Figure 7.5 show FFTs of the rigid plate impact at all submersion ratios. The frequencies related to the
interferingmode are shown using the greymask. As seen in this figure, the frequencies decrease with an
increase in submersion ratio, this is the result of the increase in added mass. As a larger part of the test
setup is submerged, more water surrounds the test setup, increasing the added mass and decreasing the
natural frequencies of all modes, including this interfering mode. It is also visible that the contribution
of this mode decreases as the amplitude relative to the amplitudes of the peak frequencies is lower. It is
expected that this is the result of the mode being damped more strongly by the water surrounding the
test setup at larger submersion ratios.
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Fig. 7.5 FFTs showing the frequencies of the disrupting mode in the rigid plate tests. This frequency is lower for the
more submerged plates due to the increased added mass around the structure.

To minimize the effect of this interfering mode several filtering techniques were tried. The best results
were achieved by setting the magnitudes of all components in the FFT above 5 Hz to 0 and then re-
constructing the signal. As seen in Table 7.3, the total impulse changes by only about 1% as a result of
this filtering. This impulse value has been computed by integrating the force over time between the
zero-crossing at the start of the impact and the first zero-crossing after the peak force. From here on
the results will be presented as resulting from both the unfiltered dataset and the results which have
been filtered using this method.

Table 7.3 The influence of filtering on total impulse for different tests at 0.250 submersion ratio.

Mass ratio Impulse unfiltered [Ns] Impulse filtered [Ns] Difference [%]
0 142.01 142.30 -0.20
0.2 142.31 140.78 1.08
0.5 143.89 142.75 0.79
1 146.43 145.22 0.83
1.5 147.55 146.12 0.97

In Figure 7.6 an example of an unfiltered and filtered signal is given. The corresponding FFTs of both
signals is also shown. As seen in the FFT of the filtered signal, all components above 5 Hz have been
set to 0 which removes influence of the interfering mode.
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Fig. 7.6 The effect of the filtering. The removal of the disrupting frequencies can clearly be seen in both the force
time series and the FFTs.

7.4 Effect structural properties on hydroelasticity

In this section, the experimental results for the tests with the flexible plate are presented. First, the
influence of the end mass is analysed, followed by the effect of the added mass. Lastly, the influence of
the first and higher modes on hydroelasticity is discussed. This section shows the results filtered using
the explained strategy, the unfiltered results can be found in Appendix A.

7.4.1 Effect of end mass
Increasing the end mass reduces the natural frequency of the system and increases the inertia of the end
of the plate. Hydroelasticity is expressed as the ratio between the peak force measured on the flexible
plate and the peak force measured on the rigid plate. The effect of the end mass is shown in Figure
7.7. The coloured lines show different submersion depths, which are given as the submersion depth (d)
divided by the length of the plate (L).

The data shows a decrease of the force ratio for an increase in mass ratio, which corresponds to a
decrease in natural frequency. The results for the systems with the heaviest end-masses (lowest fre-
quency) do not follow this trend. It is possible that for lower frequencies the effect of hydroelasticity
decreases again. However, it is also likely that this deviation from the trend is caused by the filtering.
For these systems, the frequency of the interfering mode is close to the cutoff frequency of 5 Hz, which
means some disruption might still be left in the signal which increases the maximum force values. A
lower cutoff would interfere with the first natural frequencies of the flexible plates without end-mass
and could therefore not be used.



41

0.0 0.3 0.6 0.9 1.2 1.5
massend/massplate

0.6

0.7

0.8

0.9

1.0

F
/F

ri
g
id

Normalized force against mass ratio (filtered)

d/L = 0.125

d/L = 0.250

d/L = 0.375

d/L = 0.500

(a) End mass effect as function of mass ratio.

1.5 1.8 2.1 2.4 2.7 3.0 3.3 3.6 3.9 4.2 4.5
f1[Hz]

0.6

0.7

0.8

0.9

1.0

F
/F

ri
g
id

Normalized force against first natural frequency (filtered)

d/L = 0.125

d/L = 0.250

d/L = 0.375

d/L = 0.500

(b) End mass effect as function of frequency.

Fig. 7.7 The effect of end mass on hydroelasticity from the filtered results for different submersion depths.

As seen in Figure 7.5, the main information of the impact is concentrated between 0 and 2.5 Hz. As
the natural frequency of the structure gets closer to these frequencies the first mode is activated more
strongly, and the role of hydroelasticity increases, which is visible in the reduction of the force ratio.
The trends seen in the data corresponds to previous studies on hydroelasticity of uniform structures
such as studies by Bereznitski [4] and Faltinsen [28], which also found an increase in hydroelasticity
for situations where the loading period and first natural period are closer.

Figure 7.8 shows the results plotted against the normalized first natural period of each structure. The
period is normalized by dividing the impact duration (zero-crossing to zero-crossing of the force) on
the rigid plate by the first natural frequency of the flexible model. This is the same approach as used by
Bereznitski [4]. A clear difference can be seen between the smallest submersion ratio and the rest. As
seen in Figure 7.2 the impact for this case is much shorter which shifts all the points to the left in this
graph. It was also observed in the experiment that the front of the plate is almost completely dry just
before impact opposed to the other depths for which a part of the plate always remains in the water.
It is expected that these differences in loading conditions cause the shift to the left for the data points
corresponding to d/L = 0.125.
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Fig. 7.8 End mass effect expressed as normalized force against nor-
malized period for different submersion depths.

As seen in Table 7.3, the total impulse in this period is almost the same for all structures. When analyzing
the loading period, it is found that the period of loading increases for the structures with lower natural
frequencies. This means that the load gets distributed over a larger loading period, which reduces the
peak force.

7.4.2 Effect of added mass
Increasing the submersion depth increases the added mass acting on the system, which brings the natu-
ral period closer to the loading period. The load also slightly changes, this is corrected for by measuring
the rigid force for each submersion depth. The effect of the increase in added mass is seen in Figure
7.9. When plotted against the submersion depth, as shown in Figure 7.9a, an increase in hydroelasticity
for larger submersion depths can be seen. However, when plotted against the first natural frequency
(Figure 7.9b) no clear trend is visible for most data points.

The results show that, except for the smallest submersion depth, the variation in depth does not lead
to a significant change in natural frequency (which is also seen in the computations of the natural fre-
quencies by the FEM model in Section 7.1). This indicates that there is only a small increase in added
mass for larger submersion depths. For the smallest submersion, the data shows that an increase in
added mass leads to a decrease in natural period in turn resulting in an increase in hydroelastic effects,
visible in the reduction of the force ratio.

The data shows that although the submersion depth has a significant influence on hydroelasticity, it is
not caused by added mass. It is possible that it is caused by the point of application of the force. For
larger depths, the force acts higher on the plate, which causes a larger response. Since hydroelasticity is
strongly coupled to structural response, it is expected that a stronger structural response leads to larger
hydroelastic effects.
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Fig. 7.9 The effect of added mass on hydroelasticity.

For larger submersion depths, a larger part of the plate is in the water, which leads to more reflection.
Part of this is accounted for by the reference force on the rigid plate, which has been determined for
each depth separately. Additionally, the mean wave profiles for the rigid tests show that except for d/L
= 0.5, the wave profile is not affected significantly by this reflection. This can be seen in Appendix A.

7.4.3 Effect of structural modes
First natural frequency
Most research on the effect of structural properties on hydroelasticity focuses on the first natural fre-
quency, such as Bereznitski [4] and Faltinsen [28]. As illustrated in Section 1, it was expected that for
non-uniform systems this trend could be different. Figure 7.7 shows that based on the results from the
experiments in this thesis, the first natural frequency is still a clear indicator for the occurrence of hy-
droelasticity in non-uniform systems if the loading conditions are the same.

Nevertheless, the added mass results show that when the loading conditions change, for example a
higher point of contact of the force on the plate, systems with almost the same natural frequencies can
have a different force ratio, for example at the points around f1 = 2 Hz in Figure 7.9b. This shows
that for more complex systems, solely relying on first natural frequency to express the importance of
hydroelasticity will be inaccurate.

Effect of higher modes
A structural response in the second mode was only seen for a limited number of test configurations.
Third modes or higher were not seen for any test. Figure 7.10 shows the power spectra taken for all
mass ratios at d/L 0.25 with the range of first and second natural frequencies highlighted.
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Fig. 7.10 Power spectra of force measurements for all models at d/L = 0.25. No peaks in the expected range of second
natural frequencies are visible.

As visible in Figure 7.10, for none of these configurations a peak is visible in the range where the second
natural frequency is expected, indicating that the contribution of the second mode to the response was
small.

For some configurations, a second mode response was seen, such as for d/L 0.125, mass ratio 0.5. Using
the FEMmodel, the second mode was computed to be at 24.3 Hz. In the FFT of the force measurement, a
peak is seen around 22 Hz. Since all frequencies in the experiment were lower than those computed by
FEM (as seen in Table 7.2), this was assumed to be the second mode. This area is highlighted in yellow
in Figure 7.11a.
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Fig. 7.11 Effect of frequency around second mode on force as seen in experimental results. It is uncertain whether
these frequencies are indeed the second mode or harmonics of the interfering mode.

To study the influence of higher modes, the filtering approach explained before was followed, but the
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frequencies around the expected second mode are not set to 0. Next, the effect on the force time trace is
assessed, to get an estimate of the contribution of the second mode. As seen in Figure 7.11b, the effect
of these frequencies is small.

Additionally, a downside of this method is that the harmonics of the interfering mode in the test setup
(which acts between 9 and 13 Hz in this configuration) also have an effect in this area. This makes it
impossible to determine whether any effect is caused by the second mode or by the interfering mode in
the test setup. This overlap in frequencies is illustrated with the highlighted area in Figure 7.11a.

7.5 Comparison quasi-static predictions and experiment

So far, hydroelasticity has been expressed as the reduction of the peak forces. It is also possible to ex-
press hydroelasticity as the reduction in response compared to a quasi-static approach. In the absence
of hydroelasticity, a quasi-static approach should give accurate results for the response. An example
of previous research addressing hydroelasticity in this way is the study by Bereznitski [4]. The same
approach will be followed here.

The quasi-static response has been computed by using the force distribution from the ComFlow sim-
ulations (this is the force on a rigid plate) as input for the FEM model. The FEM model includes the
spring boundary condition at the bottom as explained in Section 7.1. The values from the experiments
and the values calculated using the FEM model are shown in Figure 7.12.
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Fig. 7.12 Experimental values compared with results from FEM model.

The difference between the quasi-static solution (w for deflection, a for acceleration) and the experiment
is expressed by:

∆w,exp/FEM = 100% · wFEM − wexperiment

wFEM
∆a,exp/FEM = 100% · aFEM − aexperiment

aFEM
(7.1)

These errors are plotted against Timpact/Tnat,1, which is the ratio of the impact duration for the rigid
plate over the first natural period of each structure. This is shown in Figure 7.13.
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The results show that the response of systems with a natural period closer to the loading period of
the wave, is predicted less accurately than the response of structures with a larger ratio between the
periods. This matches the findings in a previous study by Bereznitski [4]. However, while Bereznitski
found that the quasi-static method overestimated the results, the results presented here show an un-
derestimation of response.

In the experiment, at d/L = 0.25, there was no clear trend between maximum deflection and mass ratio.
In the FEM model, the heavier models have lower deflection than the lighter models. This results in an
increase in error towards lower period ratios (these are the models with heavier end mass). At d/L =
0.125 in the experiment, there was a downward trend for maximum deflection as the mass increased.
As seen in the results, the error with FEM is much smaller for this situation. For acceleration, at both
submersion ratios, the experiment and FEM show a downward trend in maximum acceleration with
increased end mass. Here, the absolute error decreases with heavier end mass, as FEM overestimates
the maximum acceleration at low mass ratios, possibly due to an underestimation of damping. The
relative error increases for d/L = 0.125 and decreases for 0.25.
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Fig. 7.13 Comparison between quasi-static one-way coupled results and experimental results.

The difference with the results from Bereznitski could be explained by the difference in testing condi-
tions. Firstly, Berenznitski looked at uniform beams which made impact with still water, where as in
this thesis non-uniform plates were impacted by a breaking wave. Additionally, in the results presented
here the deflection and acceleration are measured at the top of the beam (where no impact takes place)
whereas in Bereznitski’s study the deformation is measured at the point of impact.

It is important to note that the FEMmodel only has limited validation, whichmeans the differences could
also be caused by other effects. Since the FEM model is not validated for non-hydroelastic situations,
it is not possible to be sure what fraction of these errors is caused by hydroelasticity. For example, it
could be possible that the model underestimates the response for heavier systems (lower frequencies)
in general, and that this causes the difference. To be more certain about the accuracy of the FEMmodel,
more validation tests without hydroelasticity present should be performed. These tests would determine
whether the found differences are caused by hydroelasticity or by errors in the FEM model.
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8 Conclusions

This section summarizes the most important conclusions formed in this thesis. The section starts with
answers to the sub-research questions and ends with the main conclusion of the research in this thesis.

RQ 1: What is the effect of the end-mass on hydroelasticity?
Peak impact forces on models with varying end masses were compared against the peak impact force
on a rigid model under the same loading condition. This variation was done at multiple submersion
ratios for the base of the model. An increase in end mass lowers the natural frequency of the model,
which brings the natural period closer to the duration of the impact.

As the ratio between the periods approaches 1.0, the peak force on these models was reduced. At sub-
mersion ratio 0.25, a decrease in the ratio between periods from 3.6 to 1.7, resulted in the ratio between
the force measured on the flexible and rigid plates dropping by nearly 30%, with a similar drop seen for
submersion ratio d/L = 0.375. This effect was smaller at submersion ratio 0.125, with a drop of 15% with
a decrease from a ratio of 2.4 to 1.1.

RQ 2: What is the effect of added mass on hydroelasticity?
To study the effect of added mass on hydroelasticity, the model was submerged for ratios of its length
between 0.125 and 0.5. An increase in submersion depth leads to an increase in added mass. This addi-
tional added mass leads to a reduction in the natural frequency, although this effect was small for most
models in this experiment. Since the submersion depth also influences the load, a reference force using
the rigid model was determined at each depth.

It was found that for most models, the effect of the increase in added mass was small relative to the
mass of the model. As a result, the effect of added mass on the natural frequency was insignificant for
these models.

For the models with an end mass ratio of 0, a clear change in natural frequencies for different submer-
sion depths was seen. As the first natural period approached the loading period, the peak impact forces
were reduced. Between submersion ratio 0.125 and 0.5, the ratio between the force on the flexible and
rigid plate reduced by 16%. It was found that the effect of added mass is the same as the effect of end
mass; as the natural period gets closer to the loading period the reduction in peak forces relative to a
rigid system increases.

Additionally, although the natural frequency of the other configurations did not vary considerably for
different submersion depths, there was still a significant difference in peak force ratios. For all mass
ratios, a reduction in peak force ratio was seen between submersion ratio 0.125 and 0.25. Differences in
reduction ranged from 3% for mass ratio 0.2 to 12% for mass ratio 1.5. It is expected that this difference
was due to the higher point of application of the force, which results in a stronger response from the
model and therefore a larger reduction of peak forces.

RQ 3: How do the first and higher natural frequencies of non-uniform systems influence hy-
droelasticity?
All test configurations were characterized by the ratio of the first natural period and loading duration.
Then the ratio between the peak force on the rigid and flexible plate was compared, and analyzed against
this period ratio. It was seen that there is a strong correlation between the match of the periods, and
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the reduction in peak forces, with the peak force lowest for models where the ratio between the periods
was close to 1.0.

However, for models with almost the same ratio of periods, a large difference in peak force reduction
could be seen, especially in the added mass variations. This shows that for more complex systems, ex-
pressing the role of hydroelasticity in an impact event only as a function of the first natural frequency
is inaccurate.

In the experiment conducted in this thesis, the response of the models was dominated by the first mode.
A response around the second frequencywas only seen for a limited number of configurations. For these
configurations, it was not possible to determine whether this was a second mode response or harmon-
ics from an interfering mode in the test setup. It was therefore not possible to determine the effect of
higher structural modes on hydroelasticity in this study.

RQ 4: How does the response in a hydroelastic impact event differ from the response com-
puted using a one-way coupled model?
The force on the rigid structure was computed using computational fluid dynamics simulations in Com-
Flow. This simulated force had an error in peak force of 17% for 0.125 submersion ratio, and 1.12% for
submersion ratio of 0.25. The impact durations had errors of 0.73% and 2.8%. The force distribution was
used in a one-way coupled finite element method model to compute the expected quasi-static response.
This response was then compared against the response measured in the experiment to determine the
differences between the quasi-static approach and the hydroelastic impact situation.

The comparison showed that the FEM model underestimated the maximum deflection at the top of the
plate for most test cases. The error between the FEM model and the experiment was larger for models
with a period ratio closer to 1.0. For submersion ratio 0.125, the error increased from 1% to -9%, while
for ratio 0.25, the error increased from +2% to -27%. The FEM model overestimated the maximum ac-
celeration at the top of the plate for the models at submersion ratio d/L = 0.25, ranging from +65% to
+19%. At d/L = 0.125, the model error ranged from +50% for high period ratios to -75% for period ratios
below 1.0.

Main conclusion
The main research question in this thesis was: What is the effect of added mass and end-mass on the
hydroelastic behaviour of non-uniform systems, such as Offshore Wind Turbines, under breaking wave im-
pact? This study found that both increasing non-uniformity by an increase in end mass and added mass
increase hydroelasticity by bringing the ratio between the first natural period and the loading period
closer to 1.0. In this study, this effect was much larger for the end mass than for the added mass.

A reduction of 30% was seen in the peak force during impact for models with higher end mass. For the
models without end-mass, an increase in submersion ratio from 0.125 to 0.5 led to a relative reduction
of peak forces of approximately 16%. Additionally, it was found that for models where the natural fre-
quencies did not change significantly, an increase in submersion ratio from 0.125 to 0.5 led to a further
reduction of peak forces of 12%.

The results in this thesis show that the characteristic non-uniformities of offshorewind turbines, namely
the end-mass and submersion depth, significantly influence the hydroelastic behavior of such structures
during breaking wave impacts.
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9 Future Work

Based on the obtained conclusions and experiences gained during this thesis, some recommendations
for future work can be made. The most important ones are listed and explained below.

Firstly, it would be interesting to design a similar experiment with larger variations in added mass to
obtain a more definitive answer on the influence of this property on hydroelasticity. In the current
experiment, the variation of added mass was small, which meant limited data was available to draw
conclusions from. It was also seen that submersion depth influenced hydroelasticity without affecting
the first natural frequency much. This is an interesting effect to investigate further, as it can lead to
more insight into the influence of non-uniform loading on hydroelasticity.

The results from this thesis agree with hydroelastic theories for uniform systems when looking at peak
forces, but disagree when looking at structural response. It would be interesting to further look into
the effect of hydroelasticity on structural response. A start was made during this thesis, but the model
used to compute the quasi-static response lacks validation to be entirely certain of the conclusions.
This would require better validation using a loading situation without hydroelasticity. Knowing the
accuracy of the model in such a situation makes it possible to get a better estimate of the influence of
hydroelasticity on structural response.

The research in this thesis was focused on two-dimensional models. One of the steps to bring the re-
search closer to reality is through three-dimensional modeling and experiments. It is important to study
whether the conclusions for (uniform) hydroelastic theories also hold for three-dimensional situations.
Like the variation of added mass and end mass in this thesis, adding extra degrees of freedom will in-
troduce complexities that might not be captured properly in the current uniform hydroelastic theories.

The results in this thesis could not give a conclusive answer on the effect of higher modes on hydroe-
lasticity. It is possible that for situations in which the higher modes are excited more, the differences
between uniform and non-uniform systems are larger, since some non-uniformities have a large influ-
ence on these higher modes. Conducting experiments with systems for which these higher modes are
more relevant could create new insights into the coupling between structural response and loading,
which is central to hydroelasticity.

For future experimental setups used to investigate hydroelasticity in impact events, even more atten-
tion should be given to preventing a response of the experimental setup at undesired frequencies. Doing
impact tests or similar studies on the experimental setup beforehand could help identify such undesired
modes and prevent them before testing starts.

During this thesis, extensive use was made of CFD and FEM models. Finding more efficient ways to
couple these two types of models can play a large role in the improved modeling of hydroelasticity.
Both methods have shown to be successful at their respective goals, so combining them allows study-
ing hydroelasticity with less dependency on experimental setups.

Besides fully-coupled CFD-FEMmodels, it is also interesting to further study lower fidelity models. For
example, a FEM model as used in this thesis with a lower-fidelity method to compute the slamming
force which takes structural response into account. A model such as this would be much faster than a
fully coupled CFD-FEM model, and can therefore be useful in a preliminary design phase.
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A Additional results

Influence reflection on wave profile

Figure A.1 shows the mean wave profile measured for different submersion depths. This mean is taken
from all runs performed with the rigid plate at this depth. As seen in the figures, the wave is not affected
by the plate submersion depth, except for submersion ratio d/L = 0.500, where a reduction in the wave
height can be seen in Figure A.1b.
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Fig. A.1 Effect of reflection on wave profiles

Decay tests side plate influence

To determine the influence of the side plate length in the experimental setup, dry decay tests were
performed using all configurations from the experiment. As seen in Table A.1, changing the length of
the side plates does not significantly influence the natural frequencies measured.

Table A.1 Results from decay tests performed to assess influence of sideplates.

End mass / plate mass
d/L 0 0.2 0.5 1 1.5
0.125 4.19 3.16 2.44 1.94 1.65
0.250 4.2 3.15 2.46 1.93 1.6
0.375 4.22 1.93
0.500 4.2 1.89
Mean 4.2 3.16 2.45 1.92 1.63
STD 0.011 0.005 0.01 0.02 0.025
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Force on support structure

As seen in Figure A.2, the force on the support structure is only around 30 N. This is 5% of the total
force measured during the experiments.
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Fig. A.2 Example time series of force on support structure
without model connected.

Unfiltered Results
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Fig. A.3 The effect of end mass on hydroelasticity from the unfiltered results.
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Added mass effect
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B Convergence ComFlow simulations

Figure B.1 shows the time series of the 2D impact at submersion ratio 0.250, for different number of
cells used in the domain discretization. As seen in the figure, the results do not converge to a solution
for an increased number of cells. Figure B.1b shows that the peak force does not converge to a final
value.

(a) Force time series for different domain discretizations. (b) Convergence of maximum force for 2D simulations.

Fig. B.1 Convergence study on 2D ComFlow simulations.

Figure B.2 shows the time series of the force for different domain discretizations in the 3D simulations.
Although these results show better convergence than the 2D simulations, Figure B.2b shows that the
maximum value does not show clear convergence yet.
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C Sensor calibration

Force sensors

F1
The residuals from the calibration were normalized by the voltage range in the calibration. The found
calibration factor was: -494.43 N/V. The average normalized residual for force sensor 2 was: 0.18%.

(a) Force against voltage plot from calibration. (b) Normalized residual against voltage from calibra-
tion.

Fig. C.1 Calibration results of force sensor 1.

F2
The residuals from the calibration were normalized by the voltage range in the calibration. The found
calibration factor was: 492.44 N/V. The average normalized residual for force sensor 2 was: 0.101%

(a) Force against voltage plot from calibration. (b) Normalized residual against voltage from calibra-
tion.

Fig. C.2 Calibration results of force sensor 2.
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Pressure

PDCR 1, ID204
The residuals from the calibration were normalized by the mV/V range in the calibration. The calibra-
tion factor was: 5.16 kPa/(mV/V). The average normalized residual for pressure sensor 1 was: 0.10%

(a) Pressure against mV/V plot from calibration. (b) Normalized residual against mV/V from calibration.

Fig. C.3 Calibration results of PDCR 1.

PDCR 2, ID208
The residuals from the calibration were normalized by the mV/V range in the calibration. The calibra-
tion factor was: 10.13 kPa/(mV/V). The average normalized residual for pressure sensor 2 was: 0.22%

(a) Pressure against mV/V plot from calibration. (b) Normalized residual against mV/V from calibration.

Fig. C.4 Calibration results of PDCR 2.

PCB sensors

The calibration of the PCB pressure sensors was performed by a fellow student who used the sensors
in experiments the weeks before the experiments in this thesis. The found calibration factors and nor-
malized residuals were:

• PCB1: 1.418 kPa/mV, normalized residuals: 0.025%

• PCB2: 1.386 kPa/mV, normalized residuals: 0.052%

• PCB3: 1.384 kPa/mV, normalized residuals: 0.055%
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Laser sensors

Laser 1
The residuals from the calibration were normalized by the voltage range in the calibration. The found
calibration factor was: -79.03 mm/V. The average normalized residual for laser sensor 1 was: 0.07%

(a) Distance against voltage plot from calibration. (b) Normalized residual against voltage from calibra-
tion.

Fig. C.5 Calibration results of laser sensor 1.

Laser 2
The residuals from the calibration were normalized by the voltage range in the calibration. The found
calibration factor was: -79.14 mm/V. The average normalized residual for laser sensor 2 was: 0.08%

(a) Distance against voltage plot from calibration. (b) Normalized residual against voltage from calibra-
tion.

Fig. C.6 Calibration results of laser sensor 2.

Laser 3
The residuals from the calibration were normalized by the voltage range in the calibration. The found
calibration factor was: -80.97 mm/V. The average normalized residual for laser sensor 3 was: 0.08%
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(a) Distance against voltage plot from calibration. (b) Normalized residual against voltage from calibra-
tion.

Fig. C.7 Calibration results of laser sensor 3.

Wave gauges

The wave gauges were calibrated each morning of testing. Calibration consisted of changing the height
electronically over a range of 400 mm with steps of 40 mm and then recording the voltage. This lead
to slightly different calibration factors each day. The table below shows the calibration factor and
normalized residual found for both wave gauges during each calibration. At 21/3 and 24/3 the rear wave
gauge was broken, at 25/3 it was repaired but did not perform well, the important wave measurements
were already done before these days.

Table C.1 Performed calibrations for the wave gauges. At 21/3 and 21/4 the rear wave gauge was broken, it was
repaired on 25/3 but did not perform well.

Front wave gauge Rear wave gauge
Date Factor [mm/V] Normalized

residual [%]
Factor [mm/V] Normalized

residual [%]
14/3/25 33.56 0.24 20.38 1.47
17/3/25 33.61 0.25 19.94 1.06
18/3/25 33.56 0.24 20.10 1.74
19/3/25 33.44 0.23 20.28 1.70
20/3/25 33.45 0.26 20.05 1.44
21/3/25 33.10 0.35 - -
24/3/25 32.92 0.25 - -
25/3/25 32.90 0.25 23.84 9.36

Accelerometer

Calibration of the accelerometer was done by a student who used the accelerometer in the weeks before
the experiments described in this thesis. This resulted in a calibration factor of 0.0246 (m/s2)/mV with
a normalized residual of 0.3 %.
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D Finite Element Model

This appendix expands on the information about the Finite Element Model already given in Section 5.
It will explain the method used to assemble the added mass and damping matrix in the time domain
analysis of the FEM model. Next, it will shortly explain the modal analysis method. This method was
used to compute the end results in Section 7. Then it explains the numerical integration method used in
the FEM model. Finally, it will show convergence studies done to assess the accuracy of choices made
in the FEM model.

Convolution method for time domain analysis
To use the computed frequency depended added mass and damping in a time domain simulation a
translation to the time domain should be made. This done using a method proposed by Cummins [48]
and implemented following the method in [49]. The frequency dependent added mass and damping
are included in the time domain using Equation D.1. This term is a force that accounts for the memory
effects from the structure’s previous motion in the water. In Equation D.1 the force is given as how it
should be included in the right hand side of the global equation of motion, since the force opposes the
motion of the structure.

f⃗h(t) = −Ma(∞)¨⃗u(t)−
∫ ∞

τ=0
IRF(τ) ˙⃗u(t− τ) dτ (D.1)

Substitution of this term into the global EOM would lead to a global equation of motion as given in
Equation D.2.

Mstruc
¨⃗u(t) +Bstruc

˙⃗u(t) +Ku⃗(t) = q⃗(t) + f⃗h(t) (D.2)

In Equation D.1 IRF represents an impulse response function. This function can be determined using
the frequency dependent damping matrix using Equation D.3. τ is a time lag variable. This variables
denotes the difference in time between the current timestep and the timestep corresponding to a pre-
vious solution. Figure D.1 shows the relation between the IRF and the time lag variable for a specific
element in the FEMmodel. Since each element has a specific frequency-dependent damping value, each
element has its own IRF and therefore the dimensions of IRF are also 80x80. ˙⃗u(t − τ) is the velocity
vector that corresponds to the solution at the previous timesteps.

IRF(τ) = c(τ)

∫ ∞

f=0
4B(f)cos(2πfτ) df (D.3)

The term c(τ) is a cut-off scaling function used for numerical purposes and is given by EquationD.4. The
integral in Equation D.7 needs to be evaluated for all previous values, which leads to slow computation
times for long simulations. Impulse response functions decay to zero (as seen in Figure D.1) so larger
values for τ can be discarded (when τ > Tc). The cut-off scaling function prevents a sharp cut-off at
Tc to prevent negative damping (which would lead to extra energy being added to the system) [49]. In
this thesis a value of 7 seconds was used for Tc.

c(τ) = exp
[
−
(3τ
Tc

)2]
(D.4)

The IRF function for a specific element for the case of a submersion of 0.4m can be found in Figure
D.1. The decay to zero can clearly be seen.
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Fig. D.1 The IRF function for the 5th element in the FEM model for a submersion
depth of 0.2 m.

The integral in Equation D.3 needs to be solved up to infinite frequency. In practice this is not possible,
and also not necessary. Since the frequency dependent damping decays to zero for higher frequencies
(this can be seen in Section 5.3) only a limited number of frequencies is needed. In this thesis 50 fre-
quencies between 0 and 9 Hz are used, with smaller frequency steps in the region where there is more
variation in damping and added mass.

The other part of Equation D.1 is the added mass value at f = ∞. This value can be approached using
the assessed frequencies and Equation D.5.

Ma,i(∞) = Ma(fi) +
1

2πfi

∫ ∞

τ=0
IRF(τ)sin(2πfiτ)dτ (D.5)

In this equation Ma,i(∞) denotes the estimate for the infinite frequency added mass made using each
computed frequency fi. This value should theoretically be the same whichever used frequency, but due
to numerical errors this is often not true. The final estimate forMa(∞) is thus made by averaging over
all these values. This follows the approach in [49].

Ma(∞) =
1

n

n∑
i=1

Ma,i(∞) (D.6)

Both the computed impulse response functions and the computed infinite frequency added mass have
been verified by comparing with values computed using OrcaFlex.

Substituting the correction force from Equation D.1 in the equation of motion (Equation 5.3) andmoving
it to the left hand side gives the final equation of motion to be solved for in the time domain as seen in
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Equation D.7.(
Mstruc +Ma(∞)

)
¨⃗u(t) +Bstruc

˙⃗u(t) +

∫ ∞

τ=0
IRF(τ) ˙⃗u(t− τ) dτ +Ku⃗(t) = q⃗(t) (D.7)

The integral in this equation should be solved for all values of τ up to infinity. However, since the
impulse response functions tend to zero, this is not necessary. In this thesis integration was performed
up to τ = Tc seconds. This improves computational performance while keeping enough accuracy.

Modal analysis
Anothermethod to deal with the frequency dependent addedmass and damping is to usemodal analysis.
As shortly explained in Section 1.3.1 modal analysis computes the response using a superposition of a
chosen number of mode shapes (corresponding to the natural frequencies (modes) of the system). For
each mode the values for the damping and added mass matrix are the values corresponding to the
frequency of this mode. As a result, the equation of motion for modal analysis simplifies to Equation
D.8. (

Mstruc + Ma

)
ü(t) +

(
Bstruc + Bhydro

)
u̇(t) + Ku(t) = Q(t) (D.8)

Ma and Bhydro now are constant matrices containing the values at the used modes. This means the
convolution integral in Equation D.7 does not need to be computed at each timestep, which makes
modal analysis much faster. Additionally, each mode is represented by 1 value for the stiffness, mass
and damping "matrix". As shown in the Section D using only a couple modes is enough to get accurate
results. In this thesis results are computed using the first 5 modes. This greatly reduces the DOFs to
solve since the number of DOFs is now equal to the number of modes.

Integration method
The EOM in Equation D.7 is solved by numerical integration. The procedure for this numerical inte-
gration is explain in this section.

First a vector q containing the values for u and u̇ at the current timestep n is defined:

qn =

[
un
u̇n

]
(D.9)

In the model a Radau integration scheme is followed. This is an implicit fifth order Runge-Kutta method
[50]. The Radau method is suitable for stiff problems that have quickly varying values in the solution
(for example high accelerations). The Radau scheme defines the solution for the following timestep as
given in Equation D.10. This function is explained in more detail in Hairer and Wanner [50].

qn+1 = qn + h

s∑
i=1

bif(tn + cih, Yin) =

[
un+1

u̇n+1

]
(D.10)

Equation 5.3 can be rewritten to a function which defines ün as a function of u̇n and un. This is shown
in Equation D.11. Using the Radau scheme, the solutions for u̇n+1 and un+1 can be determined, after
which the solution for ün+1 can be determined using Equation D.11. The two mass matrices have been
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combined inM and the memory term is denoted FIRF for brevity.

ün =
1

M

(
Qn − FIRF,n −Bstrucu̇n −Kun

)
(D.11)

For each timestep n, FIRF has to be computed again using the past values for u̇n and τ .

For modal analysis the equation to be solved is much easier, as seen in Equation D.12. The two mass
matrices and damping matrices have been combined inM and B respectively for brevity.

ün =
1

M

(
Qn −Bu̇n −Kun

)
(D.12)

In the model the integrations are performed using the Initial Value Problem (IVP) solver from the Scipy
package in Python.

Convergence studies FEM

The results from the FEM model were computed using modal analysis with the first 5 structural modes.
Figure D.2 shows the convergence of the results for the number of modes used. It can be seen that when
using 5 modes the model has converged.

(a) Displacement (b) Acceleration

Fig. D.2 Convergence of FEM results for number of modes used in modal analysis.

The number of elements used in the FEM model also influences the results. Figure D.3 shows the
convergence of the first 3 natural frequencies for the number of elements used. For the results in this
thesis 40 elements were used, it can be seen that the results have converged for this number.
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(a) Convergence f1 (b) Convergence f2 (c) Convergence f3

Fig. D.3 Convergence of FEM results for number of elements used in modal analysis.
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E Wave Focusing

Wave Focusing
To generate the breaking wave needed in the experiment a technique called wave focusing is used. The
method applied in this thesis uses the principle of superposition to generate a wave at the focus loca-
tion that is much higher and steeper than the individual components generated by the tank paddle. The
wave components are focused at a specific location, which in the case of this experiment is just before
the OWT model. This section explains the general concept of wave focusing.

A useful property of regular linear waves is that they follow the principle of superposition. This means
that when combining multiple linear wave components, the resulting wave will simply be the sum of
these components. Figure E.1 shows the principle of wave superposition in time using three compo-
nents. The resulting superpositioned wave is shown using the black line in the bottom graph.
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Fig. E.1 Example of the superposition principle in time domain using three wave components. The bottom graph
shows the components and the resulting wave (black) after superposition. A peak equal to the sum of the amplitudes
of the components can be seen at t = 4 seconds.

Figure E.1 shows that at certain points in time the peaks of the components align, which creates a peak
equal to the sum of the component amplitudes. This can be seen around t = 4 seconds. Figure E.1 is
a time trace of the waves at a specific point in space, in this case a point where all three components
complete a full wavelength and therefore are in phase at certain points in time. The waves can also
align in the space domain. Plotting the waves in the space domain at the moment in time where the
waves aligned in Figure E.1 gives a figure like Figure E.2. As seen in this figure, at this specific time
instant the waves align perfectly at specific intervals in space too.
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Fig. E.2 Example of the superposition principle in space domain using three wave components. The bottom graph
shows the components and the resulting wave (black) after superposition. It can be seen that the components align at
x = 3 m for this specific point in time.

As illustrated above, it is important to make the wave components align in space and time to get the
maximum amplitude on the resulting wave. In the experiment the components will be tuned to be in
phase in space and time at a specific location, called the focus point. The figures above are for con-
tinuous waves which span the full space and time domain. In the experiment the components will be
generated using a paddle wave maker. Each component will be generated only for a couple of cycles,
and will then start to propagate through the wave tank to the focus point. How the focusing is done in
this case is explained next.

The components in the focused wave have different wavelengths. For a linear regular wave the speed
(cp) at which a wave travels is dependent on its wavenumber (k), the water depth (h) and gravitational
constant(g). The wavenumber is related to the wavelength through k = (2π)/λ. The wave speed is:

cp =

√
g

k
tanh(kh) (E.1)

The components are generated in packets, also known as a wave group. The group speed (cg) of a wave
group is half the velocity of a single component in the wave train, as seen in Equation E.2.

cg =
1

2
cp

(
1 +

2kh

sinh(2kh)

)
(E.2)

As the speed is dependent on thewavelength, the groups containing components with longwavelengths
travel faster than the groups containing components with shorter wavelengths. This is a useful property
for wave focusing in a wave tank because it can be used to align the wave components in time at the
focus point. The group speed is the velocity with which the wave train propagates through a medium
after being generated at a certain location. When taking the distance between the focus location and
the wavemaker as xf , the time it takes the wave train to arrive at the focus location is given by Equation
E.3.

tf =
xf
cg

(E.3)
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When two components need to be at the focus point simultaneously, the shorter component should
be generated first since this one has a longer travel time. Taking component 1 as the shorter (slower)
component and 2 as the longer (faster) component, the required delay for component 2 can be calculated
using Equation E.4.

tdelay,2 = tf,1 − tf,2 =
xf
cg,1

− xf
cg,2

(E.4)

Using the same method, the delay between the slowest component and all other components can be
computed. This wave generation delay is used to make sure that the wave groups of all components
arrive at the focus point at the same time. Next, it is explained how to align the wave components at
the focus point in the space and time domain. The easiest way to do this is to take the focus location as
x = 0 m and the focus time as t = 0 seconds, and then calculating the phase shift needed at the wave
generation point for each component. This will be explained below.

The wave components used in the experiment can be described as linear cosine waves. This means that
at x = 0 m and t = 0 s, the components are always all in phase in space and time. The standard form
for these waves is shown in Equation E.5.

ζ(x, t) = A · cos(kx+ ωt+ θ) (E.5)

In this equation A represent the amplitude of the wave component, k is the wavenumber, ω is the
angular frequency and θ is a phase shift. The wave number of a wave component is dependent on its
wavelength through Equation E.6.

k =
2π

λ
(E.6)

The angular frequency ω is dependent on the wave number through the dispersion relation, as shown
in Equation E.7. In this equation h is the water depth.

ω =
√
gktanh(kh) (E.7)

Taking the focus point at x = 0 m puts the paddle (wave generation point) at x = −xf . This means
that to align the component in space the phase shift at the paddle is equal to θ1 = −kxf . Since the
wave needs to travel to the focus point, an additional phase shift is needed for the wave component to
be in phase in time at the focus point. The second phase shift is caused by the delay in wave generation
(due to different travel times), this delay is equal to θ2 = −ωtdelay . This gives a total phase shift of
θ = θ1 + θ2. The final description for each component at the paddle can thus be described by Equation
E.8, in which subscript c denotes the component.

ζc(x, t) = Ac · cos(kcx+ ωct− ωctdelay − kcxf ) (E.8)

Figure E.3 gives time traces of a focused wave at various point in the domain. It can be seen that the
wave grows in amplitude as it progresses from x = 0 m to the focus location (at x = 5 m). Additionally,
the wave train becomes shorter as the faster waves, which are generated later, are catching up with
the slower, earlier generated wavs. According to linear wave theory the wave should have its highest
amplitude at the focus location but as seen in the graph the wave continues to grow until x = 6.8 m.
This is due to non-linear effects not captured by the linear wave theory. The wave breaks just after x =
6.8 m when it has become too steep.
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Fig. E.3 Time trace of resulting wave height at various points in the domain. The focusing of the wave can be seen
clearly from the increase in amplitude of the wave and the shortening of the wave train.
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