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Synopsis:

With an objective of determine hydrodynamic
forces on offshore structures in a more efficient and
accurate way than today’s methods, this report
studies the potential of smoothed particle hydro-
dynamics, SPH, in DualSPHysics. As of today, it
is often necessary to do laboratory tests on a scaled
model, to validate the design concept of an offshore
structure, before it can be installed in full scale.
This report examines if DualSPHysics can be a pre-
cise and time-saving substitute for laboratory test
or if it can be used as a supplement.
DualSPHysics is in the report validated against ex-
perimental test. First, wave propagation is
analysed, after which forces on a cylinder restricted
from movement, and forces and displacements of
a floating cylinder is studied, to examine if Dual-
SPHysics potentially can replace laboratory tests.
Numerous comparisons between laboratory tests
and numerical simulations proves, that in some
cases DualSPHysics can be a supplement to existing
experimental practises. It is found to be primarily
applicable when determining forces on structures in
extreme sea states, where existing calculation meth-
ods are currently inadequate and laboratory tests
are often necessary.
Since DualSPHysics is a software under develop-
ment it is not complete and has teething troubles,
which are to be solved in the future. This report
elucidates some of the challenges with the software
and some of the advantages of it as well.
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the authors.
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Abstract
With an objective of determine hydrodynamic forces on offshore structures in a more efficient and
accurate way than today’s methods, this report studies the potential of smoothed particle hydrody-
namics, SPH, in DualSPHysics. As of today, it is often necessary to do laboratory tests on a scaled
model, to validate the design concept of an offshore structure, before it can be installed in full scale.
This report examines if DualSPHysics can be a precise and time-saving substitute for laboratory test
or if it can be used as a supplement.
DualSPHysics is in the report validated against experimental tests. First, wave propagation is anal-
ysed, after which forces on a cylinder restricted from movement, and forces and displacements of a
floating cylinder is studied, to examine the capabilities of DualSPHysics.
Numerous comparisons between laboratory tests and numerical simulations proves, that in some cases
DualSPHysics can be a supplement to existing experimental practises. It is found to be primarily
applicable when determining forces on structures in extreme sea states, where existing calculation
methods are currently inadequate and laboratory tests are often necessary.
Since DualSPHysics is a code under development, it is not complete and has teething troubles, which
are to be solved in the future. This report elucidates some of the challenges with the software and
some of the advantages of it as well.

Resumé
Med et mål om at bestemme hydrodynamiske kræfter på offshore konstruktioner på en mere effektiv
og præcis måde sammenlignet med nuværende metoder, undersøges potentialet for "smoothed particle
hydrodynamics" (udjævnet partikel hydrodynamik), SPH, i DualSPHysics i nærværende rapport. I
dag er det ofte nødvendigt at lave laboratorieforsøg på en skalamodel for at validere koncept designet
af en offshore konstruktion, inden den kan installeres i fuld skala. Nærværende rapport undersøger om
DualSPHysics er en præcis og tidsbesparende erstatning til laboratorieforsøg eller om det kan anvendes
som supplement hertil.
DualSPHysics er i nærværende rapport valideret imod laboratorieforsøg. Først er bølgernes propagering
analyseret, hvorefter der bestemmes kræfter på en fastholdt cylinder, og til sidst bestemmes kræfter og
flytninger på en flydende cylinder, for at undersøge de beregningsmæssige muligheder i DualSPHysics.
Talrige sammenligninger mellem laboratorieforsøg og nummeriske simuleringer viser, at DualSPHysics i
nogle tilfælde kan være et supplement til eksisterende laboratorieforsøg. Det viser sig, at DualSPHysics
primært har sin anvendelighed til at bestemme kræfter i ekstreme søtilstande, hvor eksisterende
beregningsmetoder er utilstrækkelige og laboratorieforsøg ofte er nødvendige.
Da DualSPHysics er en kode, som stadig er under udvikling er det ikke fuldkomment og har nogle
børnesygdomme, som bliver forbedret i fremtiden. Nærværende rapport belyser nogle udfordringer
med koden, samt fordelene ved den.
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State of the art 1
This chapter covers state-of-the-art load determination on o�shore structures along with the
foundation. Both �xed and �oating foundation types will be covered in this chapter. Fixed foundation
covers the types which are consisting of a substructure installed into the seabed, where �oating
foundations are �xed with a mooring system installed in the seabed. The advantages and disadvantages
of today's methods of calculation will be covered along with an evaluation of where the di�erent
foundation types have its advantages and disadvantages.

1.1 Introduction

The demand for renewable energy is ever increasing, with the total capacity reaching2500 GW in
2020. Out of this, wind energy accounts for25 %. Furthermore, 1/3 of the added capacity in 2019
was wind based [International Renewable Energy Agency, 2020]. It is therefore clear that wind energy
have a major part to play in decreasing the worlds emission of greenhouse gases. In search of new wind
resources, the focus is turning towards o�shore wind turbines, OWT, with wind farms emerging along
the coastlines of Europe, Asia and USA. As of 2021, the total o�shore wind capacity is35:3 GW and
the installation of new OWTs are expected to accelerate even further in the coming years [Lee and
Zhao, 2021].

For normal sea states, several well known and developed mathematical models are available for
determining loads on o�shore structures. The utilised methods are examined later on in the chapter.
When a extreme sea state occurs, the waves increase in steepness, possibly causing the waves to break,
resulting in a large impact load on the structure. The water can further run-up along the structure and
give loads on installed platforms or other components. The currently used methods have accounted
for these e�ects using empirical equations, but are generally considered to be rough estimations. In
order to determine the load from these e�ects accurately, experimental studies are often needed.

In the search for new o�shore wind resources, installations are forced to move into deeper water where
the commonly used �xed-foundation methods are less feasible. This gives rise to a need for alternative
solutions, one of which could be �oating structures. Therefore a lot of di�erent designs are currently
being developed, so that deep water wind turbines could be feasible and in the development of these,
extensive experimental studies are needed to �nd solutions. As of June 2021, several �oating OWT
foundation concepts are well documented and tested. To commercialise these concepts, development
and veri�cation of modelling tools are needed, which in general is one of the key challenges for deep
o�shore designs [European Wind Energy Association et al., 2013]. In the following an exposition of
several foundation types for OWTs are presented, along with pro and cons for the di�erent designs.
Lastly, a closing recapitulation and comparison will be presented in section 1.1.4.

1



BAKK9/10-JJR 1. State of the art

1.1.1 Fixed o�shore wind turbines

A selection of todays �xed-foundation methods for o�shore wind turbines can be seen on �gure 1.1.

Figure 1.1: A simple sketch of several o�shore wind turbine foundation types.

The shown foundation types are outlined with a short description of the installation process and for
which water depths they are deemed as feasible. The feasibility will in this section be estimated from
both an economic, a production and an installation point of view.

Gravity base

Starting from the left on �gure 1.1 a gravity base foundation can be seen. It is usually made from
reinforced concrete and is primarily used on shallow water with water depths varying from0 m to 20 m.
It is placed directly on the sea bed and is transferring the force and the bending moment from the
environment, to the seabed and the subjacent soil. To place the gravity base foundation directly on
the seabed it usually require seabed preparation to some extend, depending on the basis of the seabed
at the site. When the seabed is prepared, there is no more major environmental disturbances for the
marine life and once the gravity base foundation is placed at the site it is very durable and do have
a long life span. One of the limitations with gravity base foundation is that it is limited to shallower
water at the current design state to have a feasible solution.

Monopile

The monopile foundation is widely used as foundation for o�shore wind turbines, where81% of
the installed o�shore wind turbines in European waters have monopile foundation, cf. WindEurope
[2020]. Most of the o�shore wind turbines are placed on water depths shallower than30 m. It has
recently moved into deeper water, with monopiles installed in up to40 m, e.g. at Rampion o�shore
wind farm [Rampion O�shore Wind, 2021; Ford, 2019]. It is worth noting that investigations are
under way to determine the viability of monopiles in water depths up to 60 m. 60 m. This will
however require an upgrade of the manufacturing facilities and installation equipment [Ford, 2019].
The monopile is straightforward to manufacture and the installation is simple, but requires heavy
installation equipment. Furthermore, there is no need to prepare the seabed before installation, which
is an advantage [Lavanya and Kumar, 2020]. During the installation of the monopile it is also di�cult
to ensure that it is installed perfectly vertical.

2
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Suction bucket

The suction bucket foundation is a hybrid between the gravity base foundation and the monopile,
combining the advantages of both. Suction buckets are already applied as point foundations for
jackets structures, but it is currently not a fully developed concept when applied as a mono-bucket. To
install a suction bucket it is towed to the installation site and lowered to the seabed, after which the
trapped water is pumped out of the cavity and the foundation lowers gradually into the seabed. This
installation process is however only possible in soft cohesive soil or �ne sand. After installation, the
soil volume inside the bucket will cause the suction bucket to behave as a gravity-based foundation.
For decommissioning, the installation process can be reversed, which allows for the foundation to be
recycled. Suction bucket foundation have not yet been used in larger project. However, it is claimed
to be feasible from near-shore waters and to water depth of50 m [Nichols, 2013].

Tripod

The tripod is a foundation type well known from the oil and gas industry. It is suitable for slightly
deeper water than e.g. the monopile foundation. This type of foundation have three legs installed
into the seabed, where these legs are connected to one central cylindrical column. The wind turbine
installation is thereby identical to that of a monopile. The tripod provides good stability due to several
�xed points in the seabed and can be installed both by the use of piles or suction buckets.

Jacket

The jacket foundation is suitable for water depths above40 m up until 60 m and consists of lattice-
truss structures. [Det Norske Veritas AS, 2012]. It is usually installed into the sea bed with four
piles or four suction buckets depending on the geotechnical condition at the speci�c site. The jacket
structure is widely used in the o�shore oil industry, but also for o�shore wind where it is the second
most frequent foundation method, with 8:9 % of the o�shore wind turbines in Europe having a jacket
foundation [WindEurope, 2020]. The structure is straight forward to manufacture, and the structure
can be removed from the site at the end of the wind turbines life span. It is however di�cult to remove
the lowest part of the substructure if the jacket is placed on monopile.

1.1.2 Potential in deeper water

As is apparanted from the presented �xed-foundation types, most of these are only feasible in relatively
shallow water. Following calculated estimates by WindEurope [2017], commonly used �xed-foundation
OWT will not be a economically attractive solution in deeper waters, where the water depths exceeds
60 m. It might however still be feasible to move into deep water, if alternative solutions to the presented
�xed-foundations are developed. One of the main reasons for this can be found in table 1.1. The
presented percentile is signifying the amount of potential o�shore wind resource capacity, which is
present at locations with waters depths deeper than60 m. Further, the correlated capacity for each
percentile is shown. The maximum potentials capacity can be compared to todays total renewable
energy capacity of2500 GW. It is not likely that the entire capacity of deep water wind energy will
be achieved, but it de�nitely represent the large potential available.

3
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Country / Region
Share of o�shore wind Potential in deeper waters

resource in+60 m depth Capacity [GW]

Europe 80% 4000
USA 60% 2450
Japan 80% 500

Table 1.1: An overview of the total potential and the percentile placed in +60 m water depths [Det
Norske Veritas AS, 2012; WindEurope, 2017] .

Taking a closer look at Europe, the main part of the currently installed OWTs is placed in the North
sea. Looking at the wind map in �gure 1.3 and the bathymetry on �gure 1.2, it is clear why the
potential at the water depths above 60 m is vast. The bathymetry shows that the majority of the
North Sea has water depths above60 m and in addition to that, it is visible from �gure 1.3, that the
average wind speed is also larger at the deep water areas of the North Sea, compared to wind speed
along the coastlines. As a result, a wind turbine at deep water would have both a larger and more
stable power production, compared to a similar wind turbine placed in shallower water.

Figure 1.2: A bathymetry of the
North Sea with color scale
[Marine Regions and EMODnet, 2016]

Figure 1.3: Long-term average wind speeds (m/s) at a
height of 100 m for the period of 1958�2012, determined
from hindcasting. Abbreviations are either planned or
erected wind park [Geyer et al., 2014]

Even though it is clear that a wind turbine in the deeper parts of the North Sea would yield a better
power production, the area has still not been utilised. From �gure 1.4 it is shown which wind farms
that are operational or under construction and based on �xed-foundation. Comparing it with the
bathymetry in �gure 1.2, it is evident that the �xed-foundation methods are only feasible in the
shallower water depths. In addition to that, a large part of the coastline have already been used as
installation sites, which makes it more di�cult to add wind energy capacity in the future.

4
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Figure 1.4: Fixed-foundation wind farms in the North Sea, that are online (blue) or under
construction (red) [WindEurope, 2021]

As presented, the �xed-foundation methods are not a viable option at their current development stage,
if the wind resources available at deep water are to be utilised. In order to exploit this potential at
deeper waters, new foundation types needs to be considered. And here, the development is dominated
by �oating designs, where a lot of di�erent solutions are being considered and tested, in order to �nd
feasible solutions.

1.1.3 Floating o�shore wind turbines

In this section some chosen foundation types for �oating OWT are described, comprising an elaboration
of the characteristics and qualities of each of them. It will also be clari�ed why �oating OWTs are are
of interest when considereing alternatives to the �xed foundations. On �gure 1.5, three chosen �oating
foundation types can be seen; the Spar, the TetraSpar and the Semi-Submersible are sketched. An
elaboration on these three foundation types will follow below �gure 1.5.

Figure 1.5: A simple sketch of several �oating o�shore wind turbine foundation types.

5



BAKK9/10-JJR 1. State of the art

A lot of di�erent designs are currently being developed, but so far only one commercial wind farm has
been installed. It is positioned outside the coast of Scotland and used a Spar design. The park consists
of 5 turbines of 6 MW and is placed at a water depth of105 m. [Equinor, 2017].

Spar

From the left on �gure 1.5 the �rst is a Spar, which is the simplest of the three types sketched on the
�gure. Due to the simple structure, it uses a minimum of welds. The upper part of the structure is
light and the lower part is very dense and heavy, in order to move the centre of gravity below the centre
of buoyancy, resulting in a very stable structure. To move the centre of gravity, the dimensions of the
Spar has to be large, making it only applicable at100 m+ water depths. This makes the installation
di�cult, as the Spar has to be towed horisontally when moved to the installation site. If a sheltered
deep water harbour is available, it is possible to assemble the Spar and the wind turbine, before towing
it to the installation site [Det Norske Veritas AS, 2012].

TetraSpar

The second foundation type on �gure 1.5 is a TetraSpar, which is a concept developed by Stiesdahl. It
consists of a buoyancy structure, which is the upper part of the structure and a keel which is the lower
part of the structure and is working as stabilisation. The TetraSpar can be assembled by factorymade
modules in harbour, where the wind turbine tower also are craned on top of the foundation. Afterwards
the complete structure can be towed upright to the site by a tug, which is a big advantages of this
foundation type. The TetraSpar needs a water depth of8 m to 10 m in harbour and are suited for
water depths of 100 m+.Stiesdal [2021]

Semi-Submersible

The third and last �oating foundation type on �gure 1.5 is a Semi-Submersible. The big advantage
of this foundation type is that it can be installed at water depths of 40 m+ [Det Norske Veritas AS,
2012]. There are various design suggestions, but most uses three connected �oating columns. The
turbine is then placed on top of one of these. This makes for a more complex structure than the Spar
and Tetraspar and more welds are thus needed. The assembly and installation of the wind turbine can
be carried out on-shore, after which the construction can be towed to the installation site. Here it is
utilised that the draft of the construction can be reduced during transportation, making it possible to
deploy from shallow water [Det Norske Veritas AS, 2012].

1.1.4 Evaluation of foundation types

In this section a comparison of the 3 most used �xed foundations: gravity base, monopile, and
jacket structure and the 3 �oating foundation types: Spar, TetraSpar, and Semi-Submersible, will
be presented. They will be compared on the basis of 7 selected categories and given a grade from 1 -
3 in each, where 3 is the best. The grades for the 6 di�erent foundations types can be seen in table
1.2. In the following the categories are presented along with the basis on which the grades are given.
The grades will be rough estimates and mostly covers the possibilities of the chosen foundation types.

Feasible water depths

The �rst parameter to assess each foundation type on is the feasible water depth. This item in the
table covers at which water depths each of the 6 solutions are the most a�ordable and at which depths
it makes sense to choose one over another. The feasibility of each foundation type is however based
on estimates and is much dependant on the metocean conditions at the investigated site, available
industrial facilities etc. In general it can be seen from table 1.2, that the �xed OWTs are feasible at
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shallower water depth whereas the �oating OWTs are feasible at deeper waters. [Det Norske Veritas
AS, 2012; Ford, 2019; Stiesdal, 2021]

Technology maturity

The technology maturity covers how well developed the technology currently is. As �xed-foundation
solutions have been used for every wind farm except one, the design methods are well known, along
with the challenges that needs to be overcome. Looking at the �oating foundation solutions, only the
Spar has so far been used for a commercial o�shore project. This generally allows the �xed OWTs to
get a higher score compared to the �oating OWTs.

Seabed preparation

Some of the foundation types are placed directly on the seabed whereas others are driven into the seabed
with heavy duty equipment. This bullet covers how much seabed preparation is needed e.g. �atten
the seabed or remove big boulders before placing the foundation. Here the gravity base foundation has
scored lower that the other types, due to the thorough preparation and �atten of the seabed needed
before placing the foundation.

Soil conditions

The soil conditions at the investigated site, is often be a large factor in determining which foundation
type is most feasible. It is e.g. not possible to use a suction pile system in hard or rocky soil.
In addition, it is di�cult to accurately estimate all soil parameters and composition of the layers
in advance. Therefore, when pile driving a monopile into the seabed, there is a chance of hitting
unexpected soil layers or large rocks, which can cause damage to the monopile or equipment.

Assembly/manufacturing

This category covers the manufacturing of the foundation and how complicated the assembly process
is. Most of the foundation types presented are made of steel, with only the gravity base consisting
mostly of concrete. The foundations are rated on the complexity of the structure, where monopile and
spar are estimated as the easiest, as the assembly is not divided into smaller components. The jacket
and the Semi-Submersible foundations are given a lower grade as they consists of several component,
giving a larger preparation time for assembling and welding. The amount of material used are not
taken into account in the following. To account for this, the foundation would have to be assessed at
the same water depth, to make a fair estimate.

Installation

Installation of the foundations is assessed based on the needed equipment and di�culty of installation.
Further, the installation of the wind turbine is also taken into account. In the installation process it is
an advantage to avoid heavy and expensive equipment, such as the monopile installation vessel, where
a large pile driving system is needed. In addition it is bene�cial if the wind turbine can be installed in
harbour, which is possible for TetraSpar and Semi-Submersible in most conditions.

Decommissioning

With a expected life span around 20-25 years for an o�shore wind turbines, decommissioning of the
turbine and foundation is also an important parameter to take into account. With a generally increased
focus in the environment and resource consumption, it is an advantages to be able to recycle the
materials. When dealing with �oating foundations it is possible to tug the platform and turbine back
to shore and remove the anchors for the mooring system, thus leaving no footprint at the site. For a
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monopile, it is currently not possible to remove it completely. Instead, it is cut at seabed, after which
the upper part can be recycled.

Each of the 6 foundation types are assessed on the 7 parameters, with a grade from 1-3. The grades
are shown in table 1.2.

Gravity base Monopile Jacket Spar TetraSpar Semi-Submersible

Feasible water depths [m] 0 - 20 0 - 40 40 - 60 100+ 100+ 40+
Technology maturity 3 3 3 2 1 1
Seabed preparation 1 3 3 3 3 3
Soil conditions 3 1 2 3 3 3
Assembly/manufacturing 2 3 1 3 2 1
Installation 2 1 2 2 3 3
Decommissioning 3 1 2 3 3 3

Table 1.2: Assessment of 6 di�erent OWT foundation types rated with a score from 1 to 3 on 7
di�erent parameters, where 3 is the best score

No total score to each of the foundation types are included in table 1.2, since there is no unequivocal
answer to what foundation type to choose for every wind farm. The table does, despite of no total
score, show that in the future, �oating solutions can be competitive with the �xed-foundation solutions,
if the development of new wind farms continues towards deeper waters. To accelerate the technology
maturity and make �oating structures a viable option when considered new wind farm sites, design
methods needs to be tested and veri�ed. The �rst step is therefore to evaluate the compatibility of
methods, which are already used in the design for �xed-foundations.

1.2 Current methods for hydrodynamic loads

Today mainly two methods are used to determine the hydrodynamic loads on an o�shore structure;
Morison equation and Boundary Element Method (BEM). Both have been used for many years in the
design of o�-shore structures of varying size. These methods have also been included e.g. as part of
Det Norske Veritas (DNV) recommended practice. The two methods are widely used, as they well
known and at the same time gives reasonable results in many design situations. The design methods
are however struggling to determine the loads in certain extreme situations, where waves are causing
large impact forces and possibly breaking. In order to design �oating foundations for o�shore wind
turbines, it is logical to investigate if these methods are still viable options or if other solutions are
necessary.

In the following, an introduction to Morison equation and BEM is presented.

1.2.1 Morison equation

This section outlines the principle of Morison equation and a further explanation is given in appendix A.
Morison equation is a semi-empirical equation, to determine hydrodynamic forces on slender structures,
widely used in the oil and gas industry and in the wind power industry as well. The Morison equation
estimates the hydrodynamic forces along the wave propagation direction from two contributions and
the equation is presented in equation (1.1). The �rst term in equation (1.1) is the inertia contribution,
FI , which is accounting for the added mass around the cylinder, and the second term is accounting for
the viscous drag,FD . Morison has the advantage of being rather simple to calculate, where only the
drag and inertia coe�cient needs to be determined through experimental results. There has however
been established expressions, which are estimating the parameters based on the Keulegan-Carpenter
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number and Reynolds number. With the drag and inertia parameters determined, the calculations are
trivial. For o�shore structures, and thus in the current project, Morison is applied using the procedure
described in DNV GL AS [2017].

F = f M + f D =

FIz }| {

�C M A
du
dt

+

FDz }| {
1
2

�C D Dujuj (1.1)

Where

f M Inertia force per unit length [N=m]
f D Drag force per unit length [N=m]
� Density for seawater - 1020 [kg=m3]
CM Inertia coe�cient [� ]
A Cross sectional area [m2]
D Diameter of the cylinder [m]
du
dt

Horisontal particle acceleration [m=s2]

CD Drag coe�cient [� ]
u Horisontal particle velocity [m=s]

The method to determine the drag and inertia coe�cients can be seen in appendix A.

1.2.2 Boundary Element Method (BEM)

BEM is a strong method to determine forces on o�shore structures with complex geometries and when
the dimensions is large compared to the wave length. BEM is further capable of handling moving
structures and moorings, thus making it the most used numerical tool in the design of �oating o�shore
structures. Since BEM is very fast, it is also a good method for preliminary design phase, where the
geometry and forces are changed frequently to �nd the optimal shape. Contrary to Morison equation,
it takes wave di�raction force into account [Chakrabarti, 2005] and is describing the wave as potential
�ow. The waves can be described by potential �ow because they remains attached to the surface of
the structure, when di�racting around it.

To describe the �ow around an o�shore structure the Laplace equation is used. For this equation it
is assumed, that the �ow is irrotational and the �uid is incompressible. There is thus potential �ow,
which satis�es the Laplace equation (1.2) [Teng and Gou, 2017].

r 2�( x;t ) = 0 (1.2)

Where

r Di�erential operator
� Velocity potential
x Spatial coordinate
t Time

The simple sketch on �gure 1.6 can be used to describe how the Laplace equation is used within BEM.
The sketch is showing a �oating structure in a �uid.
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Figure 1.6: De�nition sketch for Laplace equation [Teng and Gou, 2017]

The velocity potential for incident waves can be determined from equation (1.3)

�( x;t ) = Re[� (x)e� i!t ] (1.3)

where � (x) is the complex spatial potential function. This function satis�es the Laplace equation and
it satis�es 3 boundary conditions as well. The three boundary conditions are listed below in equation
(1.4), equation (1.5) and equation (1.6), and the lines where the boundary conditions are valid can
be seen on �gure 1.6. The incident waves are in BEM assumed to be regular waves of �rst order,
and therefore the response will be harmonic. This means that the time factor in the complex spacial
potential function can be neglected in the following.

1 - Free surface condition,SF

@�(x)
@z

=
! 2

g
� (x) on z = 0 on �gure 1:6 (1.4)

2 - Sea-bed condition,SD

@�(x)
@z

= 0 on z = � d on �gure 1:6 (1.5)

3 - Body surface condition

@�(x)
@z

= Vn on SB on �gure 1:6 (1.6)

whereVn is describing the normal velocity at a given point on the surface of the body on �gure 1.6. To
describe �ow around a given structure, this system of equations are to be solved. To solve the system
of equations the surface of the given structure is dicretized into boundary elements and the principle
of discretization is sketched on �gure 1.7.
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Figure 1.7: Cylinder discretized into boundary elements

1.3 Limitations of current design methods

1.3.1 Limitations of Morison

Morison equation has some limitations, with regard to the incoming waves and the geometry of the
structure.

As described in section 1.2.1, the determination of drag and inertia coe�cients are a large part of the
force calculation when using Morison equation. The estimation of the coe�cients is, when looking at
a simple cylinder in a �ow, based on well-known experimental data. For more complex structures, an
accurate estimate often requires the use of separate experiments on the investigated geometry.

In addition, the procedure for estimating the drag- and inertia coe�cients in e.g. DNV
recommendations uses the particle velocity relative to the structure and it is further used directly
in Morison equation as seen in equation (1.1). As the velocity is constantly varying during one wave
period, the most accurate method would be to vary the drag and inertia coe�cient with every time
step. To simplify the calculations, the maximum orbital particle velocity is often used during the entire
wave period, which as a consequence makes the calculations a conservative estimate. The inaccuracy is
increased further if the structure is allowed to have displacements, e.g. a bending monopile or a �oating
structure. As this changes the relative velocity between the structure and the �ow, the equation of
motion would have to be solved each time step.

In the current standards it is often stated that Morison is valid when L > 5 � D, with wave length and
cylinder diameter respectively. This ensured that the �ow is separating from the structures surface
and the forces will thus come from a drag contribution and an inertia contribution, giving that the
di�raction forces are neglected. Given a large structure compared to the wave length, the dominant
force will instead be di�raction and it will not be possible to apply Morison equation with accurate
results.

A third limitation of Morison equation is the determination of impact load from a wave, which can
cause a signi�cant force in addition to the drag and inertia force contributions. It will therefore often
be relevant when looking at design of marine structure, both in ultimate limit state and in fatigue.
Thus, approximations has been made in order to try and include slamming e�ects, as part of Morison
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equation. This is often done by including a 3rd term, which is added to the already calculated Morison
force. In DNV GL AS [2017] it is suggested to use equation (1.7). The equation is based mainly on
the relative water velocity and a slamming coe�cient Cs, which has been determined experimentally.
The slamming coe�cient, Cs, can be set toCs = 5 :15 for a smooth circular cylinder. Although the
above-mentioned estimations has been made, there are still large uncertainties in the calculations. This
is mainly due to the very non-linear nature of a steep or breaking wave, which makes the interaction
between structure and wave, along with the particle velocity, very di�cult to describe purely with
mathematics [Liu and Frigaard, 2001].

Fs =
1
2

�C sDv 2 (1.7)

where

Fs Slamming force per unit length in the direction of the velocity [N=m]
� Density of the �uid [ kg=m3]
Cs Slamming coe�cient [ � ]
D Diameter of cylinder [m]
v Relative water velocity [m=s]

Lastly, Morison equation have a limitation which is mostly relevant to consider when looking at �oating
foundations for OWT. According to Chaplin [1984], Morison equation will underestimate the forces,
when applied to a submerged horisontal cylinders in an orbital �ow. As some of the �oating designs
has horisontal bracing, the structural forces would be hard to estimate on these sections, further
complicating the design process.

1.3.2 Limitations of BEM

For the velocity potential function, equation (1.3), to stay valid for the problem it is assumed that the
wave amplitude is very small and the steepness of the waves are very small. To solve the problem
accurately, the structure should also be restricted for movement. This means that if the waves
are getting steeper or the structure starts moving, then BEM inaccurate and can have problems
determining the forces on the structure.

As BEM uses potential �ow, it requires that the �ow can be approximated as irrotational. As long
as ratio the of L > 5 � D is ful�lled, drag forces can be neglected, as the �ow will not separate. If the
ratio decreases, drag forces will become more and more in�uential, decreasing the accuracy of BEM.
Furthermore, BEM is not strong on determining slamming loads, because the model is linear and
therefore it becomes inaccurate for steeper waves.

The matrix to solve a problem with BEM is asymmetric and fully populated with non-zero coe�cients,
and the matrix must be saved on the computers memory to be solved, which is taking up a lot of
memory. On the other hand, because of the great reduction in number of nodes by going from 3D to
2D, the matrix is signi�cantly smaller compared to a pure 3D problem. So even though BEM used
a more complicated matrix than what is the case in a common 2D-problem, it still has a reduced
calculation time as the size of the matrix is smaller, compared to a 3D-problem.

1.3.3 Chakrabarti diagram

The current design methods have its limitations when estimating forces on o�shore structures, as
outlined in the previous section. Some of the limitations can be described by a diagram created by
Chakrabarti [2005], which shows where di�erent forces are dominant, depending on the dimensions of
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the structure, the wave height and wave length. The diagram can be seen on �gure 1.8. On the x-axis
is a member dimension and wave length relation,� D

L , and on the y-axis is a wave height and member
dimension relation, H

D . By knowing whether drag, inertia or di�raction forces will dominate in the
design of a structure, it is possible to choose between Morison or BEM. As presented in 1.2.1 Morison
equation have both a drag and inertia term. It is therefore reasonable to use in regions where either
both terms have a contribution and where one of them can be neglected. This is region VI where drag
is dominant, region I where inertia is dominant and region III and V, where both have a contribution.
For the di�raction region (II) in the lower right region of the diagram, BEM should be used, as is it
capable of performing a di�raction analysis to determine hydrodynamic forces. In region IV, both drag
and di�raction e�ects might be important and it is therefore necessary to combine the two methods.

Figure 1.8: Chakrabarti diagram [Chakrabarti, 2005]

In the upper right area of the diagram where the geometry of the waves are so steep, that they breaks,
the Morison equation and BEM struggles to estimate the forces. Here experimental tests has until
now given a more accurate estimate on what the forces are. However, this report investigates the
potential of a growing numerical model using Smoothed Particle Hydrodynamics (SPH) to try and
cover the entire diagram, including the upper right area of the Chakrabarti diagram, in a more simple
and bene�cial way than doing laboratory tests.

1.4 Smoothed Particle Hydrodynamics

Smoothed Particle Hydrodynamics, is a numerical method which uses a Lagrangian meshless method to
describe the movement of particles. Every particle have prede�ned properties according to its function
in the simulation, where it is possible to create water, structures, �oating bodies etc. To illustrate
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the general setup for SPH an example can be seen on �gure 1.9a. Here, a �ume is shown, which is
designed with a piston (red), �at bottom and a dissipative beach. When modelling this case with SPH
the whole domain is described with particles, as shown on �gure 1.9b.

The red particles forms the piston and are placed in a �xed grid, but are able to move together in one
block, in order to generate waves. The grey particles forms the �ume and are �xed in positions. The
blue particles then creates the �uid and can therefore move freely.

(a)

(b)

Figure 1.9: Illustration of a �ume in DualSPHysics.

In this project the code DualSPHysics is the used application for SPH simulations, and therefore
the following explanations of the calculation methods and parameters are based on DualSPHysics
approach. A further description of the wave kinematics in DualSPHysics can be seen in appendix G.

When SPH is used for simulations of �uid dynamics, the governing equations to solve is Navier-
Stokes equations for �uid �ow, which are the conservation of mass and the conservation of momentum
respectively equation (1.8) and equation (1.9).

r u = 0 (1.8)

du
dt

= �
1
�

r P + � r 2u + g (1.9)

Where

u Velocity [m=s]
t Time [s]
P Pressure [Pa]
� Density [kg=m3]
� Kinematic viscosity [m2=s]
g Gravity [m=s2]

They are locally integrated in each particle, with respect to the neighbouring particles. These
neighbouring particles is described by a distance function called smoothing length, which is illustrated
on �gure 1.10, where it is represented by a circle with the particle investigated as center. For each time
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step, the circles is drawn and all the particles inside it will thus a�ect the movement of the particle
which is being looked at. The impact each particle have is then determined by the weight function,
which also can be seen on �gure 1.10. This is required for every single particle in the simulation and
therefore numerous equations have to be solved for every single time step.

Figure 1.10: A visual representation of the smoothing length,SL
and the weight function for a single particle.

To numerically solve these equations a lot of parameters have to be de�ned in the codes. Most of the
parameters are used to numerically integrate the governing equations, which have to be transformed
from their di�erential form, so they �t a particle based simulation, where integral equations are used
based on an interpolation function, and thereby estimates values at speci�c points in the simulation.

Looking at the parameters de�ning the simulation an important parameter is the resolution, which
is one of the few visual parameters. In SPH the resolution is determined by the initial interparticle
distance, dp, which describe the distance between the particles, and thereby the total number of
particles in the simulation. This parameter therefore have a big in�uence on the accuracy of the
numerical model. On �gure 1.11 a visualisation ofdp is shown. In this example the �rst model have
a dp = 1 , and will have a total of 16 particles, but by halving the dp the domain contains 64 particles
and are thereby quadrupled. Further if the same example is performed in 3D, the �rst case would
contain 64 particles, but second one would have 512 particles, which is an eightfold.

(a) dp = 1 (b) dp = 0.5

Figure 1.11: The number of particles for a given domain, when the value ofdp is set to 1 and 0.5
respectively.
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After describing the particles movements, it is possible to obtain hydrodynamic forces on structures.
In DualSPHysics a post-processing tool computes the force from the �uid on an object based Newton's
second law of motion:

F = m � a (1.10)

To calculate the force, the acceleration values of each boundary particles are calculated by solving the
governing momentum equation, where the kernel is used to detect the neighbouring particles a�ecting
the boundary particle. A summation of the acceleration values is then applied and multiplied by the
mass of the boundary particles. The di�erence between Morison equation and SPH is thus, that SPH
does not require drag and inertia coe�cient, which are hard to determine accurately for �oating and
complex structures. In addition, large structures will usually be dominated by di�raction forces, which
should also be possible in SPH without predetermined coe�cients.

As a consequence of the meshless Lagrangian methods used by SPH, movements of the particles is
only restrained by the governing equation. This allows for the simulation of waves, which are currently
beyond the limits of the wave theories. One of the areas where this is relevant is, when waves reach
the breaking limit. Here, the shape of the wave and the resulting forces can not be predicted using the
previously mentioned method. This could however be possible using SPH. To evaluate the generation
of breaking waves using SPH, a simulation of a plunging breaker has been made in DualSPHysics. Five
images from the simulation can be seen on �gure 1.12, with colour corresponding to the magnitude of
the velocity. More images from the simulation and further explanation can be found in appendix F.
The shape of the breaking wave and the development of the water body after breaking is generally as
expected, which further substantiate that SPH can possibly be applied in extreme cases, where current
state-of-the-art methods are not accurate.

(a) t = 12:50 s (b) t = 13:00 s (c) t = 13:25 s

(d) t = 13:5 s (e) t = 14:25 s (f ) Velocity scale

Figure 1.12: 5 images of a breaking wave during a DualSPHysics simulation of max test 16.

This introduction to DualSPHysics covered the basic equations and some parameters for the
simulations. In chapter 3 an additional explanation of the code and the parameters will be given,
together with a parameter study of the most important parameters.
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1.4.1 Limitations of SPH

SPH is able to model a variety of di�erent hydrodynamic cases, but it is not well documented yet and
the code is still under on-going development to improve accuracy, stability and reliability, in order to
reach an acceptable accuracy level for practical engineering problems.

In theory, SPH should be able to model very complex models and scenarios with accurate results. But
currently, computational power is the most profound limitation. As it is mentioned in DualSPHysics
[2018], "...the main problem for its application to real engineering problems is the excessively long
computational run times, meaning that SPHysics is rarely applied to large domains.". To decrease
the run-time, either a reduction in resolution or a scaling of the problem can be applied. Running
full-scale models of e.g. a simple monopile with a su�cient water domain requires a very high level
of performance in term of memory and computational power, which is rarely available for companies
working with the design of o�shore structures.

Several studies of DualSPHysics optimisation have been made in order to test the computational time
and memory use for simulations. On �gure 1.13 the computational results of a dambreak case from a
study by Alonso [2015] is shown. It is simulated with1:5 second of physical time and with di�erent
GPU´ s. It is clear that the computational time rapidly increases with the number of particles, before
reaching a maximum number of particles, depending on the memory size of the GPU.

Figure 1.13: Number of maximum particles and correlated simulation time for di�erent GPU's
[Alonso, 2015].

Simulations of real scale o�shore wind turbines on monopile or �oating foundation can therefore be
di�cult to make with enough particles, to obtain reasonable results. Thereby the use of DualSPHysics
as a design tool is depending on further development of computational power and GPUs, to make it a
cost e�cient solution.

Because of the demanding computational power it is relevant to �nd the optimal working areas for
SPH, where it could be possible to only use SPH in some load cases or extreme situations. But it is
necessary to investigate DualSPHysics, to actually �nd out if it is a usable method and which problems
it can solve.

1.5 Problem statement

In the previous sections in this chapter, some of today's challenges and solutions to coastal and o�shore
engineering problems are outlined. The development of SPH can however potentially change the design
process for both well-known and newly designed o�shore solutions.

An overview of the capabilities and limitations can be seen in table 1.3. "X" means that the method
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is capable, "-" that the method is not capable and "\" that it can be approximated. "?" means that
it is going to be examined and documented in this report.

Case Morison equation BEM SPH

Linear waves X X ?
Non-linear waves X - ?
Slamming force \ - ?

Floating structures \ \ ?
Large & complex structures - X ?

Table 1.3: Capabilities and limitations of state of the art methods

DualSPHysics is primarily designed for free surface �ow, and with a purpose of solving real engineering
problems. The developers describe the purpose of the code as:

"The code is developed to study free-surface �ow phenomena where Eulerian methods can be
di�cult to apply. DualSPHysics is a set of codes designed to deal with real-life engineering
problems."[DualSPHysics, 2018]

With this statement DualSPHysics should be seen as a possible design tool for coastal and o�shore
structures, and thereby could be a replacement or a supplement to the earlier mentioned methods,
which are some of the most widely used methods today. Both pros and cons have been mentioned earlier
in the report for Morison equation and BEM and what the limitations are for those methods. Especially
the limitations of steep waves are relevant to solve and will therefore be tested with DualSPHysics.
As the surface elevation in SPH is not limited by the kinematics in wave theories, it is able to model
steep waves, that could result in slamming forces and run-up on a structure. Further, waves that are
spilling or breaking in front of or on the structure, can be modelled too.

Another possible area where SPH can be used is with regard to moving structures, as e.g. �oating
wind turbine foundations. The possibilities lie in that complex structures can be modelled and it is
therefore possible to investigate how the �ow and waves interact with the structure. Displacements of
the �oating structure and mooring forces can then be determined, along with forces on the structure
itself, which could be relevant in the design of e.g. the steel support structure in one of the previously
mentioned �oating foundations.

There is however also the aspect of computational time. As a design process often involves long
wave series and several sea states, it might not be feasible to use SPH for the entire design process.
Currently, it is chosen to use simpler modelling tools instead, such as Morison or BEM, which ideally
are �ne-tuned to the speci�c case using an experimental replication of the design case. Experiments
are however expensive to perform and require facilities, which are only occasionally available. As
an alternative, it could be possible to use SPH as a method for gathering the data, that is used in
the �ne-tuning of simpler modelling tools. This does of course require, that SPH can estimate wave
propagation, kinematics and forces with an acceptable degree of accuracy, compared to an experimental
test.

All the presented possibilities for SPH are theses only, and therefore this report will examine the
use of SPH, with the purpose of �nding areas where SPH is a viable option for replacing traditional
methods or assist in the design process. In addition, it could also possibly be used in conjunction
with experimental work during the development of new foundation type, both �xed and �oating, for
o�shore wind turbines.
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This project will thus revolve around the following problem statement

Can SPH be used to accurately determine hydrodynamic loads on �xed and �oating o�shore
structures compared to current state-of-the-art load calculation methods and is it a feasible

tool in the design process?

To answer the presented problem statement, the procedure shown below will be used, which is also
the composition of the report. The �rst steps is thus to obtain experimental results to be used
as a benchmark and to prepare the numerical model. It will then be examined whether SPH in
DualSPHysics can model waves with enough accuracy to justify moving forward with the simulation
of a �xed and a �oating cylinder. The experimental results will here be compared with simulations
in DualSPHysics and theoretical calculations based on Morison equation. Last, a conclusion will be
made on the feasibility of SPH, in regards to the investigated usage areas.
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General experimental setup 2
In this chapter the general setup in the experimental test will be presented. This experimental setup
is used to collect data about how the waves are behaving when propagating in the �ume. It will in the
following chapters be used as a frame of reference when working with a numerical model later in the
report.

Below, the topics of the studies carried out in the following chapters are presented.

Chapter 4 Wave propagation
Chapter 5 Forces acting on a �xed cylinder
Chapter 6 Forces acting on a �oating cylinder

In the present chapter, the general setup for the experiments performed in the wave �ume will be
described, with a presentation of the �ume, the wave gauges and the absorbers. Detailed setup for
each of the tests are described in the respective chapters.

2.1 Experimental setup in wave �ume

The experiments will be performed in the wave �ume at Aalborg University, which is illustrated on
�gure 2.1.

Figure 2.1: A 3D sketch of the wave �ume at Aalborg University

The dimensions of the wave �ume can be found in �gure 2.2. The wave �ume is approximately19 m
long and has a width of 1:5 m. The bathymetry pro�le consists of a small �at part in front of the
wave maker, followed by a long incline part and a �at plateau before the absorption zone at the end.
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The absorption zone is placed at the same level as the wave maker, creating a vertical drop in front of
the absorber. The incline part of the wave �umes bottom is added, in order to induce shoaling of the
waves. This makes it possible to create breaking and slamming waves on the plateau. The coordinate
system and origo position showed on �gure 2.2 is consistent throughout the report.

Figure 2.2: Test setup for experiments in �ume at Aalborg University.

The surface elevation is measured during all tests, using 8 wave gauges (WG) which are placed in the
�ume. The �rst one is in front of the wave generator to measure the generated wave heights and the
last 7 gauges are placed at the �at plateau to measure the waves after they have propagated along the
inclined bottom. These will also be used in a re�ection analysis of the wave series. The experimental
models, both �xed and �oating, will be placed along side wave gauge 5. There is thus 3 gauges before
and after the point of interest (POI) on the plateau. The placement of the gauges can be seen in �gure
2.3, with the x-coordinate and the distance between the gauges. As visible on �gure 2.2, the gauges
was placed halfway between the centre and the wall of the wave �ume, aty = 375 mm. The placement
of the gauges was the same for all experiments carried out .

Figure 2.3: Placement of the wave gauges, used during all test executions. All dimensions in [mm].

On �gure 2.4, 7 of the 8 WGs used in the wave �ume can be seen. The WGs are measuring the voltage
di�erence between two points in the water with a vertical distance of 100 mm and then a calibration
function is �tted to these two points, which is used to calculate the surface elevation from the measured
signal.
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Figure 2.4: 7 wave gauges at the plateau of the wave �ume

2.2 Test plan

Before going to the laboratory to perform experiments in the wave �ume, two test plans are created,
a non-breaking and a breaking test plan. The wave parameters are varying in: Wave period,T , wave
height, H , and water depth, h. By varying these parameters it is possible to cover multiple wave
functions, from deep water waves to shallow water waves. These wave parameters are the design
parameters at the POI, and this wave height is described as the target wave height in the report.
The wave parameters at POI is used to backcalculate the generated wave height at the piston, using
shoaling theory which is implemented in the program WaveLab [Aalborg University, Coastal and
o�shore engineering, 2002-2021b]. Shoaling is a phenomenon where as the wave is propagating on an
incline slope, the wave starts increasing in height and the wave length gets shorter whereas the wave
period is constant. Since the wave is increasing in height while the velocity of the wave is decreasing
the energy in the wave is constant. If the wave increased enough in wave height it will get unstable and
breaks, causing some of the energy to dissipate and the shoaling theory are not applicable anymore. It
is possible to use either linear shoaling theory, which uses a 1st order wave theory or non-linear shoaling
theory, which uses a higher-order wave theory. In the report non linear shoaling theory is applied, with
a 30th order stream function wave theory by Rienecker and Fenton (1981). It was however not possible
to use nonlinear shoaling theory for all waves. It can be seen in appendix C for which tests it was
necessary to use linear shoaling theory in the backcalculation can be found in appendix C.

2.2.1 Non-breaking waves

A test plan with 36 di�erent non-breaking waves is created. This can be seen in the Le Mehaute
diagram shown on �gure 2.5. The Le Mehaute diagram shows the validity of di�erent wave theories.
By covering the entire diagram when creating the test plan, it is possible to validate the performance
of DualSPHysics against a large spectrum of wave theories. The chosen wave height, period and water
depth in the test plan can be seen in appendix C.

23



BAKK9/10-JJR 2. General experimental setup

Figure 2.5: Le Mehaute diagram, plotted using wave height and period from the test plan.
Background image from Kraaiennest [2012].

On �gure 2.5 it can be seen, that there is no waves located in the area which covers the linear theory.
This among others due to the limited water depth in the wave �ume, where the wave height according
to �gure 2.5 have to be around 1/100 of the water depth. This wave height is so small, that the surface
elevation potentially will be hidden behind uncertainties of measurements. The smallest waves for
this study is 20 mm, and if the waves should have been even smaller, the hydrodynamic forces will be
negligible, and uninteresting to study.

As the target wave height is not achieved exactly during the test execution, a second Le Mehaute
diagram is plotted, with the measured wave height and period, see appendix C. The diagram with
measured parameters shows little deviation from �gure 2.5 and the entire spectrum is thus still covered.

2.2.2 Breaking waves

In addition to the test plan with purely non-breaking waves, a test plan including both non-breaking
and breaking waves are devised. The wave parameters for the breaking tests can be found in C.2. By
introducing breaking waves, it will not be possible to �t a stream function to the surface elevation.
Due to this, the Morison equation will not give accurate results. The breaking of the waves is mainly
due to the shallow water criteria, but a few steepness limited waves are created as well. The breaking
criteria for deep and shallow water can be seen below. These are equal to the approximate criteria on
the Le Mehaute diagram.

H
L

= 0 :142 (Deep water) (2.1)

H
h

= 0 :89 (Shallow water) (2.2)
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Where

H Wave height [m]
L Wave length [m]
h Water depth [m]

The test plan is created, such that waves are breaking both at the POI and before the POI. As it
is however hard to predict the exact location of the wave breaking, the test plan will contain some
non-breaking waves, as a trial-and-error approach is used to obtain the wanted breaking point.

2.3 Wave paddle

The waves are generated with the wavemaker in the wave �ume at Aalborg University, which
creates waves by movements in the x-direction, according to a prede�ned movement. AwaSys from
Aalborg University, Coastal and o�shore engineering [2003-2021a] is used to calculate these prede�ned
movements for each test in the test plan. It uses water depth,h, wave height, H , and wave period,
T, as de�ned from the test plan, to calculate the movements of the wavemaker, by trying to create
waves according to a selected order of stream function theory. It was chosen to apply a 20th order
stream function theory where it was possible, however some waves required a lower order to achieve
convergence. Changes made to the stream function theory before wave generation are listed in appendix
H.2.1.

2.4 Damping system

In order to model an entire time series of waves accurately, the total damping of the system needs
to be taken into account. As a wave reaches the end wall of the wave �ume, it will re�ect and thus
interfere with the incoming waves, a�ecting the wave height. The size of the re�ected wave can be
quanti�ed by a re�ection coe�cient. There is generally two types of damping, which can be applied;
passive and active wave absorption.

2.4.1 Passive wave absorption

A passive absorber is a static structure, which absorbs some of the energy in a passing wave. Right after
the wave maker, three transverse absorbers are placed equally spaced along the width of the �ume,
see �gure 2.6. These consists of perforated plates and are placed in order to dampen any movement
in the y-direction, which ensure that the waves are uniform along their width.
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Figure 2.6: Transverse absorbers in the experimental �ume

The passive absorber at the end of the wave �ume consists of perforated tubes which are stacked and
held into place. Behind the tubes are 6 metal plates which are also perforated with di�erent sized
holes. The distance between the plates are optimised, such that the re�ection from one plate cancels
out the waves that passed through the plate in front. A sketch of the setup can be seen on �gure 2.7.

Figure 2.7: Sketch of the passive absorber setup at the end of the wave �ume. Distances between
the perforated steel plates not correct.

The re�ection coe�cient has been calculated for each of the tests and plotted against the steepness of
the incoming wave in �gure 2.8. The steepness is calculated in WaveLab, using stream function theory.
A similar plot with re�ection coe�cient against the wave height can be seen in �gure D.10. As the
passive absorber has physical dimensions determining the re�ection coe�cient, it is expected to vary
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depending on the incoming wave height and the wave period. The numerical values of the re�ection
coe�cients can be seen in table D.3.

Figure 2.8: Steepness plotted against re�ection coe�cient. The steepness is calculated through
WaveLab. Further, the range of waves that will be simulated is marked.

On the �gure, two bounds at 0.04 and 0.15 has been marked, which is selected as the target re�ection
range for the numerical simulations. It thus also represents the range of re�ection coe�cient, that the
numerical model should give. Waves outside of this range are mostly waves with small wave height. The
re�ection coe�cient is therefore very high, as the passive absorber setup in the wave �ume allows for
a small wave to pass through to the end and re�ect more easily. A numerical simulation of these small
waves will require a small particle size and as a consequence, a large computational time. Combined
with small forces, which are already estimated well by existing methods, these small wave heights will
not be investigated further.

2.4.2 Active wave absorption

Active wave absorption (AWAS) can be implemented to dampen the e�ect of re-re�ected waves, by
controlling the movement of the wave maker. Re-re�ected waves occurs, when the re�ected waves from
the end of the �ume, propagates back and hits the piston again. During the test execution, it was not
possible to utilise the active wave absorption system due to technical issues. As the objective with the
experiments is to obtain replicable data and not necessarily model an realistic sea state, the results
are still usable without AWAS.

With the general experimental setup presented, it is now possible to setup the numerical model in
DualSPHysics.
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Setup of numerical model in DualSPHysics3
In this chapter the numerical setup in DualSPHysics will be presented, where a 1:1 model of the wave
�ume at Aalborg University is created, with some few adjustments, which will be described. Further
some of the most important parameters in the DualSPHysics code will be described and a parameter
study will be carried out as well.

3.1 Parameter study

The purpose of the numerical model in DualSPHysics is to examine wave modelling, hydrodynamic
forces and movements of structures in order to compare these results with experimental data. In
order to achieve the best �t to the experimental data, some variables included in the calculations have
to be �ne tuned. The choice of these adjustable parameter is a weighting between the accuracy of
the simulations and the correlated time of calculation. In the following the primary results from the
parameter study will be presented. The full parameter study can be seen in Appendix D.

3.1.1 Initial interparticle distance & Smoothing length coe�cient

In the following the in�uence of the initial interparticle distance, dp, and the smoothing length
coe�cient, CoefH, on the accuracy of the numerical model, are investigated.dp was introduced in
section 1.4, whereas theCoefH will be presented later in the present section. As it will also be presented
later, the two parameters have a correlation, asdp is used to de�ne the number of particles andCoefH
de�nes the number of particles a�ecting each other. They will therefore be tested simultaneously.

dp determines the resolution of the simulation and is the most important parameter in a SPH
simulation, both in relation to the accuracy of the model and computational time. By decreasing
the distance between the particle, the size of the particle is also decreased. Smaller particles increase
the accuracy of the calculation, but as more particles are needed to �ll the domain, the computational
time is also increased.

CoefH is also a factor e�ecting both accuracy and computational time. The coe�cient is needed in
order to calculate the smoothing length (SL) for each particle, using the expression in equation (3.1).

SL = CoefH�
p

3 � dp2 (3.1)

SL is a characteristic length in a circular (2D) or a spherical (3D) distance function. The function
de�nes a domain, in which all particles are considered as neighbouring particles to the particle at the
center and are therefore taken into account, when calculating changes of properties [DualSPHysics,
2018]. The in�uence from each neighbouring particle is then considered using a weight function. A
visualisation of SL and weight function can be seen in �gure 3.1.
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Figure 3.1: A visual representation ofSL and the weight function for
a single particle

The number of particles inside SL can be increased by loweringdp but also by increasing CoefH.
Thereby it is relevant to analyse these two parameters together, because they are heavily correlated.
The recommended value isCoefH= 1 :0 as a typical value, but CoefH = 1 :2; 1:5 is better for wave
propagation cf. DualSPHysics [2018]. This imply that a greater SL is necessary for wave propagation,
to increase the distance in which particles a�ect each other. But an increase in SL will also increase
the number of particles, that needs to be taken into account when looking at a single particle, thus
increasing the computational time. On this basis,CoefH will in the parameter study be tested with
values: 1:0; 1:2; 1:5; and 1:8.

dp does not have a recommended value, as the value which is low enough to give reasonable results, will
vary a lot depending on the dimensions of the speci�c case. Previous studies have however examined
dp in relation to the wave height, where they concluded thatH=dp should be higher than 10 to obtain
an accurate numerical model compared to a reasonable computational cost [Altomare et al., 2017].
The parameter study will use this rule of thumb as a basis for the investigation of dp, butH=dp will
be varied between 2 and 20.

The parameter study was carried out on a smaller model than the wave �ume used in the experimental
setup. A sketch of the model can be seen in �gure 3.2. The simple model is introduced in order to
reduce the computational time required to obtain results. The conclusions drawn from simulations
performed on the simpli�ed model, are expected to be valid for the full model of the wave �ume. The
model has a water depth of0:5 m and a dissipating beach at the end, in order to decrease re�ection.

Figure 3.2: Sketch of the model used for the DualSPHysics parameter study of water depth and wave
height. All dimensions in [mm]

A wave with a target wave height H = 0 :1 m and period T = 2 s is created using at piston wave maker
and the surface elevation is then obtained atx = 0.1, 3 and 5. An average of the �rst 5 fully developed
waves passing through the measurement points was then used, to obtain a single representative wave
height. The following is carried out for di�erent values of dp and CoefH-values of 1.0, 1.2, 1.5 and
1.8. The wave height at the piston, x = 0 :1, should converge towards the target wave height. Due
to re�ection, the wave heights at x = 3 and x = 5 will change during the �rst 5 waves. However,
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the calculated average wave height should still converge towards one value. In �gure 3.3, a number
of relative wave heights has been plotted against di�erent values ofdp. The relative wave height is
calculated as relation between the target wave height and the measured wave height in the numerical
model. The results on the plot are forx = 0.1. The parameter study is further described in appendix
D.2.

Figure 3.3: Relative wave height, plotted againstdp for di�erent values of CoefH at x = 0 :1

From �gure 3.3, along with the results from x = 3 and x = 5 in appendix D.2, it can be concluded that
the measured wave height converged towards the target wave height asdp decreases. It can further
be concluded that the suggestion ofH=dp = 10, is a reasonable convergence limit. It is however not
possible to draw conclusion on the value ofCoefH. Therefore, the standard deviation of the 5 waves
used for the average wave height in �gure 3.3 is calculated. The standard deviation is then plotted as
errorbars in �gure 3.4. Here, the results from waves measured inx = 0 :1, is shown. Results forx = 3
and x = 5 are available in appendix D.2.
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Figure 3.4: Errorbars showing the standard deviation of the waves, used to calculate the average
wave heights. x = 0 :1.

The �gure substantiates the validity of H=dp = 10 as a convergence limit. It is therefore concluded
that the value of dp should be chosen, so the relation ofH=dp is at least 10. For CoefH, values of
1.2 and 1.5 can be seen to display a faster convergence. The di�erence between settingCoefH to 1.2
and 1.5 is minimal and therefore,CoefH = 1 :2 will be used, as it decreases the computational time
compared toCoefH = 1 :5, without showing a decrease in accuracy.

3.1.2 Damping zone con�guration

During the experiment, the waves were damped using a passive absorber at the end of the wave �ume.
In DualSPHysics, the damping system is instead created as a zone at the end where the velocity of
the particles is reduced as they move through the zone. The damping of the numerical system has
to be adjusted, so it matches the damping occurring during the test execution. It is necessary, as
re�ected waves will have an in�uence on the surface elevation and the forces acting on a structure. As
it was not possible to utilise AWAS during the test execution, only passive absorption will be applied
in DualSPHysics. In the numerical setup the transverse absorbers are neglected, as it is expected that
DualSPHysics generates a uniform wave front.

The passive absorption in DualSPHysics can be adjusted by changing the length of the damping zone
or by changing the value of the damping coe�cient, Redumax. The mathematical formulation of
the reduction function, where Redumax is inserted, can be found in appendix D.4. To determine a
suitable damping zone con�guration, 4 di�erent setups were investigated, using one of the tests from
the test plan. Here, test 30 was chosen. The parameters of test 30 can be seen in table 3.1. The wave
length is calculated using stream function theory and the calculation of wave height is described in
appendix H.1. In appendix D.4, a comparison between the surface elevations in DualSPHysics and the
experiment is presented. It was concluded from this, that the accuracy was acceptable in the examined
test.
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Variable Value Unit

Wave period, T 2.6 s
Measured wave height,H , WG1 154.5 mm
Measured wave height,H , WG5 149.0 mm

Wave length, L 5.3 m
Re�ection coe�cient obtain in the experiment 0.076

Table 3.1: Characteristics of test 30

Figures for each of the 4 tested con�gurations can be seen in �gure 3.5. The part of the wave �ume
not visible is identical for all con�gurations and can be seen in �gure 2.2. The setup with no level
are investigated, due to observation presented in appendix D.4.2, where unwanted velocities was seen
during a simulation with the original geometry.

(a) Experimental setup (b) No level, short zone

(c) No level, mid-lengthed zone

(d) No level, long zone

Figure 3.5: Investigated geometries, in order to determine the optimal damping con�guration

In table 3.2, the length of the damping zones are also presented, along with a relative length compared
to the wave length present in test 30.

Zone geometry Figure Length of damping zone,L zone [m] Relative length, L zone=L

Experimental setup 3.5a 3.2 0.6

No level di�erence
3.5b 3.2 0.6
3.5c 5.3 0.99
3.5d 10.0 1.87

Table 3.2: Damping zone con�gurations investigated. Wave length of incoming wave,L , is 5:3 m
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The re�ection coe�cient was calculated for all 4 con�gurations, with di�erent values of the Redumax
coe�cient. All calculations was carried out with a dp = 10 mm and a CoefH of 1.2. The results for all
con�gurations can be found in appendix D.4.2. From these results, it was chosen to further investigate
the con�guration with a zone length of 5:3 m and a Redumax of 2, from �gure 3.5c. Here, test 18 and
34 from the test plan was elected and the re�ection coe�cients were calculated. The results from this
along with the initial results from test 30, are presented in table 3.3.

Wave period Wave height Wave length Re�ection coe�cient
Test

T [s] H [m] L [m]
Relative damping
zone length Experiment DualSPHysics

30 2.6 0.149 5.29 1:00 L 0.076 0.093
18 1.3 0.085 2.34 2:26 L 0.052 0.046
34 4.5 0.159 9.75 0:54 L 0.142 0.139

Table 3.3: Re�ection coe�cient for three waves, using a damping zone of5:3 m and a Redumax of 2.
For test 18, dp was reduced to8 mm to ful�l the requirement of H=dp > 10

It can be concluded that the re�ection coe�cient is replicated with a satisfying accuracy, in all three
tests. It is therefore chosen to use this damping system setup in the DualSPHysics simulations.

3.2 Numerical setup for wave �ume in DualSPHysics

From the di�erent parameter studies, it is possible to determine a �nal numerical setup, which is to
be used when simulating the experiments in DualSPHysics. The geometry of the numerical model can
be seen on �gure 3.6. The geometry of the bottom and the length of the damping zone is determined
from a parameter study, see section 3.1. Further, the dashed line shows the geometry of the wave
�ume used for the experiments at Aalborg University.

Figure 3.6: Numerical setup used in DualSPHysics simulations. The dashed line shows the original
dimensions of the wave �ume.

3.2.1 Boundary conditions

The boundary conditions in the �ume has an e�ect on the �uid behaviour, which makes it important in
the model. In DualSPHysics the boundaries are also modelled with particles, but these are restricted
from moving. The boundary particles are drawn with the freedraw mode, which gives a more realistic
drawing of the case, especially when dealing with the incline bottom, and also for the cylinders later
on. It should however be noted, that the �uid particles are still placed in a grid, which gives a small
gap between the �uid and the boundary (see �gure 1.9).

All boundaries are modelled with modi�ed Dynamic Boundary Condition, mDBC. The most important
improvements with mDBC is the physical pressure values in boundary particles, which will be used
later to calculate �uid forces on the �xed cylinder. Further, mDBC improves the �uids behaviour close
to boundaries, where it removes a gap between boundary and �uid particles, which is present with
the standard DBC. To use mDBC it is necessary to create normal vectors for all boundary particles
pointing towards the �uid. A detailed description of the mDBC has been covered in Appendix E.
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3.2.2 Piston movement

To generate waves in the �ume a piston wavemaker is used as in the experiment, and it is placed
at x = 0 in the numerical �ume. The piston is modelled as the end walls, which is then allowed to
move horisontally. The piston creates waves by movements in the x-direction which are pre-de�ned,
using the movements of the piston from the experiments. The movements was obtained by logging
the paddle movement during the test execution. Using the same movements of the piston makes it
possible to compare the waves in the real �ume and the numerical �ume, and also remove a possible
source of error. As an alternative the target wave height could be typed into the numerical model, and
let the code create a paddle �le itself. It is thus far only possible to generate a 1st or 2nd order stokes
wave in DualSPHysics, which is not expected to be accurate enough for all the tests. This option is
therefore not applied in any simulations.

3.2.3 Simulation parameters

The DualSPHysics simulation does require some input parameters and choice of calculation option.
Some of these options are listed in table 3.4. Two main simulation parameters isdp and CoefH
which have been discussed previously. These are determined in the parameter study in section 3.1
and appendix D.2. Here it was found that adp value ful�lling the ratio of H=dp > 10 and a CoefH
of 1.2 gave acceptable results. The value ofCoefH is therefore constant throughout all DualSPHysics
simulation, to improve comparability.

In addition to dp and CoefH, SPH introduces a third variable, called the arti�cial viscosity constant,
� . The arti�cial viscosity is used to simulate a viscosity in the simulation and to prevent particles
from penetrating each other. Further, for free surface �ows it helps to provide a numerical stable
scheme. It is important to understand that the arti�cial viscosity is not a physical property and can
not be compared with the viscosity of the �uid [Padova et al., 2014]. The constant� is set to 0.01,
as is recommended when studying wave propagation and wave load on a structure [DualSPHysics,
2018]. There is another viscosity formulation available in DualSPHysics, but the arti�cial viscosity is
the recommend option, mainly due to its simplicity. This will therefore be the standard value when
performing a simulation, but the in�uence of � will be evaluated later on. The gravitational constant
is chosen to the value, present at the latitude of the wave �ume at Aalborg University. The �uid
density is also chosen to match the water used in the wave �ume. The choice of smoothing kernel,
which describes the weight function from �gure 3.1, and density di�usion term, which reduced density
�uctuations, are set to the default values. A more detailed description of the parameters which have
not been mentioned in either section 1.4 or 3.1 can be found in appendix D.1.

Parameter Selection or value

Interparticle distance dp H=10
Smoothing coe�cient CoefH 1.2
Arti�cial viscosity constant � 0.01
Gravity 9:816 m=s
Fluid Density 1000 kg=m3

Smoothing kernel Quintic (Wendland)
Density di�usion term Fourtakas (full)

Table 3.4: Important values and options chosen in the numerical simulation

With the general numerical setup created, it is now possible to compare DualSPHysics with
experimental results. The �rst parameters to be compared is wave generation and wave propagation.
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This chapter will validate DualSPHysics ability of wave generation and wave propagation. To be able
to use DualSPHysics for design situations or other engineering problems, such as the �xed and �oating
cylinders in this report, it is necessary to model the wave dynamics correctly. This is needed, in order
to have the same frame of reference when comparing forces on the �xed cylinder, along with forces
and movements on the �oating cylinder.

The validation of generated waves in DualSPHysics will be investigated in relation to both waves from
the non-breaking and breaking test plan, which are described in section 2.2. The non-breaking test plan
covers "normal sea state waves", which is an area where stream function theory is valid. DualSPHysics
will in this part be compared with both the experiment and wave theory, which gives a good basis for
validating wave generation in DualSPHysics. The breaking test plan covers more extreme waves, such
as slamming and breaking waves. In these wave states stream function theory is not fully valid, and
thereby the DualSPHysics model will be compared to the experimental results. The purpose of this
comparison is to investigate if DualSPHysics is able to model these extreme wave situations.

4.1 Experiment

In this section the experiments will be described and a short analysis of the data is performed. The
results will be commented and the possible sources of error are presented.

4.1.1 Experimental setup

In this study the test plan is carried out with only the 8 WGs in the �ume, which measures the surface
elevation. The experimental setup, including placement of the used gauges, is identical to the general
test setup described in chapter 2. The entire test plan is conducted, including both non-breaking
and breaking waves. Since the water depth at the plateau in the test plan varies from200 mm to
500 mm with 100 mm steps it is ensured that the wave gauges are calibrated every time the water
depth changes, or after a break in the test execution.

4.1.2 Experimental results

The surface elevation was measured during the test execution. From the time series, a zero-down
crossing analysis was performed, in order to divide the time series into individual waves. If needed, an
average wave height is then calculated using either the 10 �rst fully-developed waves or until re�ection
starts in�uencing the surface elevation. The procedure, along with the numerical value of the measured
average wave height during the experiment are available in appendix H.

Ideally, the wave heights from the experiment would be equal to the target wave heights from the
test plan. However, the wave generated by the wave paddle had small deviations from the target
wave height. In addition to that, the waves did only in rare cases show the expected shoaling, when
comparing the measured wave height with the expected shoaling coe�cient. In �gure 4.1, the di�erence
between the target wave height from the test plan and wave height measured at WG1 is quanti�ed.
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The data are plotted against either the wave height or the wave period, with percentual deviation on
the y-axis. The procedure for determining the measured wave height is described in appendix H.1. The
entire non-breaking and breaking test plan, blue and orange respectively, has been plotted on �gure
4.1a and �gure 4.1b. It can be seen on �gure 4.1a that in general the measured wave height deviates
about 0 to -10% from the target wave height. But the percentual deviation does show a correlation,
as there generally is a larger deviation for smaller wave heights. Looking at the deviations in relation
to the wave period on �gure 4.1b, the same general pattern with deviations around 0 to -10% can
be seen. This could be due to a general uncertainty of measurements, which in�uences the relative
deviation more for smaller wave heights compared to the larger wave heights. The reasons for the
general loss are discussed in section 4.1.3. There is no clear correlation between deviation and wave
period, from which it can be concluded that the wave period does not have an in�uence on the error
in the generated waves.

(a) WG1 - Wave height (b) WG1 - Wave period

Figure 4.1: Two plots showing the deviation of the measured wave height, from the target wave
height in the test plan

In order to eliminate the aforementioned errors a�ecting the wave height at WG1, when analysing
the waves at WG5, a new expected wave height at WG5 is calculated by using non linear shoaling
theory on the measured wave height at WG1, instead of the target wave height at WG1. On �gure
4.2 the relative deviations from the measured wave heights compared to the expected wave heights
can be seen. Some of the waves had to be dismissed due to these breaking before reaching WG5. It
would thus not be comparable with the expected value due to the energy dissipation. The deviations
in relation to the expected wave height can be seen on �gure 4.2a. The deviation from the expected
wave height is 0 to -20%, which could indicate that there is an dissipation of energy between WG1
and WG5, in addition to the loss already present at WG1. Further, it can be concluded from the
deviations in wave height in relation to the wave period on �gure 4.2b , that the wave period does not
a�ect the error in the wave propagation.
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(a) WG5 - Wave height (b) WG5 - Wave period

Figure 4.2: Two plots showing the deviation of the measured wave height from the expected wave
height, calculated using nonlinear shoaling theory

4.1.3 Loss during experiment

As observed on �gure 4.1 and �gure 4.2 there was some loss of energy in the wave, causing a reduction
in the measured wave height. The deviations at WG1 can be due to a leakage in the wavemaker, if it
does not seal tightly enough to the �ume wall and bottom. In addition, the deviation was largest at
the smaller wave height. This could indicate that there was a small constant measuring error in the
gauges, which is especially in�uential when looking at the low wave height from the test plan.

The loss observed between WG1 and WG5 can also have several reasons. One of the possibilities is
the transverse absorbers placed just after WG1. As described in section 2.4.1 the transverse absorbers
ensure a uni-directional wave by damping any transverse �ow or disturbances. But as the waves
are propagating along the absorber it is possibly dissipating some energy in the propagating waves.
Another reason can be due to the general friction against the wall or �oor in the wave �ume when
the waves are propagating. If friction loss is present between WG1 and WG5, it will inevitably have
a small in�uence at WG1 as well.

4.2 Numerical model

In this study, the numerical model will be in 2D. When dealing with only waves in the �ume, the
impact of having three dimensions is negligible. With this assumption it is possible to run the waves
in a numerical 2D model, which signi�cantly reduces the number of particles in the simulation and
thus the computational time. The initial setup for the numerical model is made on the conclusions
from the parameter study of DualSPHysics presented in Chapter 3. The geometry of the numerical
model is described in section 3.2.

To minimise the di�erence between the measured surface elevations from the experiments and the
numerical simulations, it is chosen to use the wave paddle movements, which was logged during the
experiments. It should therefore be possible to eliminate the wave generation as a potential source of
error, when comparing experimental data with the numerical results.
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4.3 Validation of non-breaking waves

In this section some of the waves from the non-breaking test plan will be tested in the DualSPHysics
model, where it will be validated against experimental data and stream function theory.

Firstly, two tests are chosen from the test plan to be investigated, where the surface elevation will be
compared with . Afterwards, some of the observed numerical issues from the two tests will be further
investigated in multiple parameter studies, with the purpose of documenting the observed issues on
several tests from the test plan, and �nding possible relations.

The test and numerical model will generally be compared at WG1 and the POI at WG5. These points
are chosen as reference points due to their placement, where WG1 is placed in the beginning of the
�ume and WG5 is placed on the plateau at the location where the �xed and �oating cylinders will be
placed later on.

4.3.1 Test 29

Test 29 is selected as one of the waves to validate against. The parameters of test 29 can be seen in
table 4.1

Water depth Water depth Wave period Target wave Target wave
Test

at WG1 [m] at WG5 [m] [s] height at WG1 [m] height at WG5 [m]

29 0.789 0.4 2.6 0.087 0.1

Table 4.1: Wave parameters for test 29

The location of test 29 on a Le Mehaute diagram can be seen in �gure 4.3. The position is plotted
with the water depth and target wave height at WG5.

Figure 4.3: Test 29 plotted in a Le Mehaute diagram, based on target wave height
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In this study dp = 5 mm and from the test plan the target wave height at WG1 is known to be
H = 87 mm, which givesH=dp = 17:4. Thereby the rule of thumb H=dp > 10 in the numerical model
is ful�lled and it is thus expected, that the wave height is modelled accurately.

The surface elevation for test 29 is plotted on �gure 4.4. The two plots contains both the surface
elevation from the experiment and the numerical model, and are compared at WG1 and WG5.

(a) Wave gauge 1 (b) Wave gauge 5

Figure 4.4: Plot of the surface elevation from test 29, in order to compare the experimental results
with numerical results from DualSPHysics.

For WG1 the wave height in DualSPHysics is85:1 mm, which deviates 9:8 % from the wave height
measured in the experiment. For WG5 the wave height is92:4 mm and the deviation is here31:6 %
between the numerical model and the the experiment. It was described in section 4.1.2 that most of
the waves during the test execution had an unexpected development during the wave propagation.
The possible reasons for the error during the experiment was discussed in 4.1.3. All the mentioned
sources of error are however not expected to be present in the numerical model. Comparing the wave
height of 85:1 mm at WG1 in DualSPHysics with the target wave height of 87 mm, it shows that the
wave generated in DualSPHysics is close to the target wave height. Thereby the error between the
experiment and DualSPHysics is primarily due to losses in the experiment.

In order to further investigate the deviations between the experiments and the numerical model, the
surface elevation for one wave period and the velocity pro�les will be compared in the following. On
�gure 4.5 one wave period at the position of WG1 and WG5 is plotted, both for experimental and
numerical test. For WG1 the numerical and experimental results are close to each other in both shape
and height of the wave. When the wave propagates in the �ume it changes in shape and height due
to the incline bottom, which causes wave shoaling. The wave height deviates more at WG5 but the
shape of the wave is very similar.
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Figure 4.5: Surface elevation from test 29, during one wave period. The 3rd fully developed wave is
shown and the start and end of the wave is determined using zero-down crossing analysis.

Even though the wave shape appears identical at WG1, there could still be di�erences in the wave
kinematics. If the particle velocity is di�erent after wave generation, it can cause deviations in the
wave propagation and thereby the di�erences in wave heights at WG5. Further the wave kinematic
need to be correct in order to calculate the correct forces acting on the cylinders later on.

The horisontal velocity pro�les at WG1 are therefore investigated. As the velocity was not measured
in the experiments, it is instead chosen to compare the numerical model to theoretical velocity pro�les,
calculated using the measured wave height and a 20th order stream function, where the dischargeQ = 0
as the �ume was a closed environment. On �gure 4.6 the horisontal velocity is plotted on the x-axis
against the elevation from the bottom on the z-axis, for 5 time steps between two wave crests. The
solid blue line is the theoretical horisontal velocity and the solid red line is the velocity measured at
the same x-coordinate in the numerical model.

42



4.3. Validation of non-breaking waves Aalborg University

(a) T = 0 s (b) T = 0.65 s (c) T = 1.3 s

(d) T = 1.95 s (e) T = 2.6 s

Figure 4.6: Plot of 5 di�erent horisontal velocity pro�les from a numerical model and stream function
theory.

The velocity pro�les does generally show the same tendencies as the theoretical pro�les obtained
from the stream function theory. But, on �gure 4.6b and �gure 4.6c, it does appear to be slightly
overestimating the negative velocity. The �uctuations present on all 5 �gures can possibly be explained
by numerical instability as dp = 5 mm, but the velocity is calculated in 1 mm steps, providing the need
for a interpolation between the particles. To analyse both the �uctuations and the development of
the velocity pro�le during wave propagating, the velocity was extracted at di�erent x-coordinates in
DualSPHysics and presented in section I.1. From this, it can be concluded that the �uctuations also
occur with larger steps and after the wave have propagated through the wave �ume.

It is concluded from the investigated velocity pro�les, that the wave kinematics is estimated with an
acceptable accuracy in the numerical model. In addition, since the velocities from the experimental
tests are unknown, it is not possible to conclude that the velocity is the reason for the deviations. The
�uctuations could in�uence the calculation of forces on a structure and it will therefore be considered
as a possible source of error during the forthcoming evaluation of hydrodynamic forces.
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Another reason for the deviation in �gure 4.4 could be due to di�erences between the experiment and
the numerical model, when the wave propagates along the incline part of the wave �ume. It is therefore
relevant to compare the wave heights determined at WG5 with an expected value. From this, it can be
evaluated whether the waves follow the expected behaviour during wave propagation. The comparison
between an observed and expected wave height can be seen in table 4.2. The expected wave height
at WG5 is found by using nonlinear shoaling theory along with the wave height at WG1 for both the
numerical model and the experiment. This is chosen to do since it will eliminate the di�erences in
surface elevation measured at WG1, and thereby only focusing on the wave propagation between WG1
and WG5 where the error seems to occur. The calculated value is compared to the measured wave
height at WG5 and the di�erence is presented as a percentual deviation in the table.

Experiment Numerical

Wave height at WG1 [mm] 77.4 84.4
Wave height at WG5 [mm] 70.2 91.3

Expected wave height at WG5 using nonlinear shoaling [mm] 88.3 96.6
Deviation of measured and expected wave height at WG5 [%] -20.5 -5.5

Table 4.2: Comparison of measured and expected wave height for test 29, using the experimental
and numerical results.

From the comparison it is visible that the numerical model is closer to the expected value from shoaling
theory. This further implies, that there was some energy loss during the experiment, which lead to a
decrease in the wave height at the plateau.

4.3.2 Test 3

To substantiate the comparison of the shape and dimensions of the waves in test 29 in the previous
section, it is chosen to make a comparison between the numerical model and the experimental test for
test 3 as well.

Water depth Water depth Wave period Target wave Target wave
Test

at WG1 [m] at piston [m] [s] height at WG1 [m] height at WG5 [m]

3 0.889 0.5 1.0 0.104 0.1

Table 4.3: Wave parameters for test 3

The location of test 3 on a Le Mehaute diagram can be seen in �gure 4.7. The position is plotted with
the water depth and target wave height at WG5.
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