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Abstract 
Plastic pollution in the marine environment is an increasing problem with severe impacts on ecosystems and 

economies around the globe. The Ocean Cleanup (TOC) Foundation develops a floating barrier able to intercept, 

concentrate and extract plastic from the marine environment. TOC has conducted several experiments and 

numerical studies to determine the plastic capturing efficiency of its system. One of the phenomena leading to 

degradation of capturing efficiency is wave overtopping. During a wave overtopping event, the system is not able 

to properly follow the waves. This allows water to wash over the system and possibly lead to plastic, which was 

retained by the system, escape into the open ocean. This issue is amplified by the use of a stiffer barrier than the 

original concept that was developed by TOC.  

 To model and quantify plastic loss due to wave overtopping, the ideal approach would be to use a nonlinear 3D 

CFD method including hydro-elasticity of the barrier structure. Given the size of the problem and the number of 

conditions that need to be simulated to characterize the design space of the system, the use of such a method is 

computationally expensive and therefore unrealistic. Therefore, the objective of this work is to propose an 

alternative method. A method is presented which aims to quantify overtopping volumes by coupling a 

hydrodynamic solver to a 2D CFD solver. This thesis work will present the method in three parts.  

 Part I develops a hydrodynamic model to predict the first order (linear) motion response to wave excitation of a 

2D cylinder with a spring attached. It is proposed that this model approximates the motions of a 2D cross-section 

of a long flexible cylinder subject to random wave excitation. The model’s output is a time trace of the motion 

response, which allows for coupling to a 2D CFD solver. It is found that the spring constant is dependent on the 

wave characteristics of the ambient wave field. Also, the ability of the 2D cylinder to follow waves is sensitive to 

the spring stiffness introduced in the model.  

 Derivation of the spring constant is handled in part II. Here, A model to approximate bending effects into a linear 

spring is set up. The ambient 3D wave field surrounding the capturing system is modelled and wave statistics are 

derived. Based on these wave statistics, spring constants are derived for given physical and environmental 

configurations. From the results it is found that for the wave cases 1 to 4, values of the equivalent spring stiffness 

coefficient are significant enough to influence the motion response of the floater. For case 5 and 6, values for the 

equivalent spring stiffness are relatively low and its influence on the response is expected to be negligible.  

 Part III handles coupling of the hydrodynamic model to the CFD solver ComFLOW. In the cases with low wave 

steepness, derivation of overtopping statistics has been achieved and results show that overtopping performance 

can be assessed by performing the steps taken in this research project. In these cases, the wave field is generally 

behaving linear and the motion response obtained from the hydrodynamic model can be coupled to the CFD 

solver. Results show that wave height and the applied spring stiffness are governing parameters for overtopping 

performance. It was also found that in some cases, non-linearities are introduced in the wave field. In the cases 

where non-linearities occur, the motion response derived by the hydrodynamic model deviates from the motion 

response that one would expect. 
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Nomenclature 
Abbreviations:  

TOC The Ocean Cleanup 

PCS Plastic Capturing System 

GPGP Great Pacific Garbage Patch 

JONSWAP Joint North Sea Wave Project 

CFD Computational Fluid Dynamics 

EOM Equation of motion 

RAO Response Amplitude Operator 

VOF Volume of Fluid 

NWT Numerical Wave Tank 

 

symbols:     

𝑡 time  𝐻 Wave height 

𝑥 Position along x-axis / 
displacement in surge 

  Wave amplitude 

𝑦 Position along y-axis / 
displacement in sway 

  Wave length 
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𝑧 Position along z-axis / 
displacement in heave 

 𝑇 Wave period 

𝑢, �̇� Velocity in x-direction   Wave frequency 

𝑣, �̇� Velocity in y-direction  𝑘 Wave number 

𝑤, �̇� Velocity in z-direction  𝜑 Phase 

�̇�, �̈� Acceleration in x-direction   Wave direction 

�̇�, �̈� Acceleration in y-direction  𝑠 Depending on 
subscript: 

s: wave steepness 

𝑠𝑝: relative vertical 
motion 

 

�̇�, �̈� Acceleration in z-direction 

h Heave motion 

 Wave elevation  𝑔 Gravitational constant 

𝛾 gamma  𝑑, ℎ Depth 

𝑃 Position of point P   Wave potential 

𝒖 Velocity vector 𝒖= (𝑢, 𝑣, 𝑤)𝑇  𝑝 pressure 

𝐿 Length  𝐾𝐶 KC-number 

𝐷 Diameter  𝑅𝑒 Reynolds number 

𝑟 Radius  𝑎 Added mass coefficient 

𝑓 Geometrical freeboard  𝑏 Hydrodynamic damping 
coefficient 

𝑇 Draft  𝑐 Hydrostatic coefficient 

𝑀 Unit dry mass  𝐹 Force 

𝐸𝐼 Bending stiffness   Density 

𝑆 Depending on subscript:  

𝑆𝑠𝑤𝑙: Sea waterline area 

𝑆: Position free surface 

𝑆𝑧𝑎 : Response spectrum 

  Deflection 

𝑞 Distributed force 

𝜇 Dynamic viscosity 

𝜈 Kinematic viscosity 

𝛺 Domain  𝜎 Stress 

𝛤 Domain boundary  𝜅 Coefficient of bulk 
viscosity 

𝑑𝑡 Time step  𝑄 Volumetric flow rate 

A Axis  𝑉  Volume 

𝒙 Point x    

𝒚 Point y    

𝒒 Point q    
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Subscripts:     

0 Origin  ℎ𝑦𝑑𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐  Hydrodynamic 

𝑚𝑒𝑎𝑛  Mean of a variable  ℎ𝑦𝑑𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐  Hydrostatic 

𝑒 Effective  𝐹𝐾 Froude-Krylov 

𝑓 Floater  𝑖𝑛 Inlet 

𝑓 Skirt  𝑜𝑢𝑡  Outlet 

𝑝 Value in point P  𝑛 Normal direction 

𝑟 Relative  𝑡  Tangential direction 

𝑠 , 1 3⁄  Significant / highest  
1

3
  𝑚𝑎𝑥 Max value 

𝑖 , 𝑗 Index numbers  𝐹𝐸𝑀𝐴𝑃 value derived from 
FEMAP 

𝑜 Outer  𝑀𝑎𝑗𝑜𝑟  major 

𝑑𝑟𝑦 Dry  𝑀𝑖𝑛𝑜𝑟 minor 

𝑎 Amplitude  𝑢𝑝 up-crossing 

𝑜𝑟𝑏 Orbital  𝑑𝑜𝑤𝑛 down-crossing 

11 Surge (uncoupled)  𝑞 Point q 

33 Heave (uncoupled)  𝐾0 Zero stiffness 

𝐾𝑖𝑛𝑓 Infinite stiffness  𝐾𝑝_50 50th percentile stiffness 

𝐾𝑝_20 20th percentile stiffness  𝐾𝑝_05 5th percentile stiffness 
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MAIN MATTER 
 

1 Introduction 
1.1 PLASTIC POLLUTION IN OUR OCEANS  
As described by Susan Freinkel in her book ‘Plastic – A toxic 

love story’, life in ‘Plasticville’ has become a fact. Our present-

day lives are impossible to imagine without the use of plastics. It 

made possible today’s living standard and created ‘wealth for the 

masses’. Plastic provides unique properties at low cost and 

therefore plays a centralized role in satisfying our need for 

consumer goods. Since the 1950’s, global plastic production has 

shown an exponential growth reaching 322 million tonnes a year 

in 2015 [1]. Due to its availability and being inexpensive, plastics 

are becoming more and more of a short-term-use product. 

Modern days society may well be distinguished as a ‘throw-

away-society’. Unfortunately, this society only tends to forget 

that the world is not a disposable product.  

 Main inputs of plastic waste in the environment are due to waste 

mismanagement and improper human behavior (incorrect 

disposal) [2]. As a result, an averaged 8 million tonnes of plastic 

leaks into the marine environment annually [3]. After entering 

the ocean waters, plastic debris are influenced by ocean currents 

transporting them over large distances [4]. Eventually, it washes 

ashore or ends up in gyres that act as accumulation zones [4,5]. 

The largest zone, known as the Great Pacific Garbage Patch 

(GPGP), is located between Hawaii and California. Recently the 

GPGP has been estimated to cover an area of 1.6 million 𝑘𝑚2, 

containing 1.8 trillion pieces of plastic with a combined mass of 

79000 tonnes [6]. 

 One of the most desirable properties plastic possesses is 

durability. However, once having entered the marine 

environment, the fact that plastic deteriorates slowly, becomes a 

curse. It takes decades, up to centuries, for plastic to break down 

into basic elements harmless to nature. According to a study 

performed by The Ocean Cleanup, plastic debris form several 

hazards [7]: 

 

• Ecological hazards: Marine species may become 

entangled in large debris, while smaller debris is 

ingested when taken for food. Also, potentially 

invasive species are known to harm ecosystems when 

they travel with marine debris towards new areas. 

• Damage to economy: Plastic debris causes direct and 

indirect economical loss to a society. Direct costs are 

related to damage to an industry. Indirect cost 

manifests itself as loss of income due to degraded 

benefits from the oceans. 

• Eco-toxic hazards: Organisms could absorb toxic 

additives sometimes found in plastic into their cell 

tissue. This particularly forms a hazard for organisms 

high in the food chain, due to accumulation of these 

additives. 

 Despite raising awareness by several institutions [8-12], the 

problem of marine pollution is expected to increase in the future. 

By 2050, projections show that the oceans could contain more 

plastic than fish (in weight ratio) [11]. 

 

1.2 THE OCEAN CLEANUP FOUNDATION  
The Ocean Cleanup (TOC) was founded in 2013 by Boyan Slat 

in order to realize his goal to rid the oceans of plastic pollution. 

Based in Delft, TOC is developing a plastic capturing system 

(PCS) to make possible the biggest cleanup in history. Their 

ocean engineering team is currently working on the structural 

design and hydrodynamics of this system.  

 

1.3 A PASSIVE PLASTIC CAPTURING SYSTEM  
The largest fraction of buoyant plastics is found on or near the 

ocean’s surface [13]. As stated earlier, it is known that plastic 

debris drifts with the governing ocean surface currents. These 

findings imply that a floating barrier system could be efficient in 

capturing plastics when it is able to follow the surface currents 

(and thus the plastic debris). Now, if a relative velocity of the 

barrier system with respect to the ocean surface current is 

introduced, it is possible to capture and retain plastic debris 

inside the barrier. Figure 1 depicts the workings of the current 

concept. The PCS consists of a floater with a screen attached 

underneath. The PCS will passively float with the current, just 

like the plastics. Governing winds induce a drag load on the 

system. This results in a difference in velocity of the barrier with 

respect to the surrounding debris. Also, the system is designed to 

be wind-vaning: it orients itself with the predominant direction 

of the wind. Assuming the deployment of a fleet of cleanup 

systems with a combined span of 100 kilometers, internal 

developed models show it is possible to reduce the plastic 

content of the GPGP by 50% within five years. 

 
Figure 1 – Schematic drawings of the PCS workings. (a) 
Cross-sectional view of the barrier showing plastic 
collecting in front of the floating barrier system. (b) Top view 
of the barrier showing the barrier catching plastic under 
several environmental wind and current directions [Image 
courtesy of The Ocean Cleanup] 
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2 Problem analysis & research plan  
2.1 FUNCTIONAL DESCRIPTION 
The Ocean Cleanup states its mission as [14]:  

 

“The Ocean Cleanup’s mission is to develop advanced 

technologies to rid the oceans of plastic” 

 

The main function of the PCS is thus to catch plastic debris from 

the ocean and preventing it from escaping again. The functional 

description of the PCS can therefore be defined as: 

 

“The capability of catching and retaining plastic debris at the 

floating barrier” 

 

2.2 PLASTIC ESCAPING PHENOMENA 
Wave-, wind- and current action might lead to functional 

degradation of the barrier. Figure 2, on the right, shows an 

overview of the failure mechanisms identified: 

1. Plastic loss due to leakage under boom: Occurs due 

to wave action, current action and/or accumulation 

failures 

a. Boom bridging: Floater rests on the wave 

crest, creating a reduced draft in the troughs. 

The reduced draft allows plastics to escape 

underneath the screen. 

b. Boom planing: Wave and/or current action 

reduces draft due to an induced pitch motion. 

The reduced draft allows plastics to escape 

underneath the screen. 

c. Entrainment: The fluid flow under passing 

the barrier is sufficient to counteract plastic 

rising velocity.  

d. Accumulation failures: The volume of 

debris exceeds the capacity of the barrier. 

Plastic accumulates and (partly) leaks away 

underneath the barrier. 

2. Plastic loss due to leakage over boom: Occurs due to 

wind and/or wave action. 

a. Wave overtopping 

i. Boom submergence: Insufficiently 

following of vertical free surface 

elevation and waves run over the 

barrier system. Causing debris to 

wash over. 

ii. Splash over: High relative 

horizontal fluid velocities with 

respect to the barrier cause water 

and thus plastics to splash over the 

barrier. 

b. Spray over: Wind action may cause plastics 

to spray over the barrier. 

3. Plastic loss due to difference in directional velocity: 

Action by reflected/radiation waves and/or current 

cause debris to drift away from the barrier system. 
 

Figure 2 - Identified mechanisms of failure leading to 
functional degradation of the PCS. 
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2.3 PROBLEM STATEMENT 
In order to design an efficient cleanup system, plastic escaping 

phenomena should be reduced to a minimum. Concerning this 

goal, The Ocean Cleanup is interested in developing a tool able 

to identify plastic loss due to wave overtopping. The research 

focus of this thesis project is the development of a method which 

is able to quantify wave overtopping over the structure. 

 Wave overtopping is a local wave-structure interaction 

occurring along the barrier causing water to run over the 

structure. This phenomenon can be subdivided into 2 parts. 

During boom submergence, the floater is pulled under water in a 

wave crest and water runs over the barrier. In the case of boom 

splash over, high relative horizontal fluid velocities cause water 

to splash over. This means that in order to reach effective 

containment, the barrier should follow the vertical surface 

elevation in waves and high relative horizontal velocities must 

be avoided. This is one of the conclusions drawn from previous 

research on the performance of pollution containment barriers 

[15].  

 The dynamic response of a floating barrier system to the 

prevailing environmental conditions is a complex phenomenon. 

It involves large relative accelerations, hydro-elasticity, fluid-

structure interaction, and large relative vertical motions with 

respect to the floaters diameter.  

  

2.4 PREVIOUS RESEARCH CONDUCTED BY TOC 
During the concept design phase, several tests and studies 

concerning barrier hydrodynamics have been conducted. In 

2015, Deltares measured wave forcing on a 2D scale model [16]. 

Based on these measurements, Mocean conducted a comparison 

study [17] with 2D hydrodynamic numerical models developed 

at The Ocean Cleanup. Outcome of the study showed that the 2D 

numerical models, at the time, matched the test results 

insufficiently. Later in 2015, another test was conducted by 

Mocean (using MARIN test facilities) to gain a better 

understanding of the flexible barrier hydrodynamics [18]. This 

test considered a 3D floating barrier scale model subject to waves 

and currents from different directions. Although it gave a better 

understanding of barrier hydrodynamics, it was not possible to 

quantify overtopping using these tests. Overtopping was only 

visually observed, pictures taken of a few events. Conclusions 

drawn from test results where that some cases yielded 

overtopping, in particular for short-crested wave conditions.  

 No further quantification was made. Figure 3 shows an 

overtopping event observed during the scale model tests 

conducted by Mocean at MARIN test facilities.  

 In addition to the limited information on overtopping that can 

be drawn from previous research, it should be noted that, there 

has been a concept change. In the updated design, the material of 

the floater part is changed to a stiffer material when compared to 

the old design. Previous results might be only partially useful for 

the understanding of overtopping phenomena. 

 

2.5 DISCUSSION ON METHODOLOGY 
To model and quantify plastic loss due to wave overtopping, the 

ideal approach would be to use a nonlinear 3D CFD method 

including hydro-elasticity of the barrier structure. Given the size 

of the problem and the number of conditions that need to be 

simulated to characterize the design space of the system, the use 

of such a method is computationally very expensive and  

 

 
Figure 3 – Visually observed overtopping event during scale 
model tests conducted by Mocean at MARIN test facilities in 
2015. (Image courtesy of The Ocean Cleanup) 

therefore unrealistic. This work proposes an alternative method: 

that overtopping results can be drawn by coupling a 

hydrodynamic solver to a 2D CFD solver.  

 

2.6 RESEARCH OBJECTIVE 
The aim is to develop a method able to quantify overtopping 

volumes due to boom overtopping of the floating barrier system. 

This method is then used to conduct a performance analysis with 

respect to the functional efficiency of the barrier. 

In order to develop this methodology, the following topics are of 

interest: 

• 2D dynamic behavior of floating barrier system 

• 3D dynamic behavior of floating barrier system 

• Influencing parameters on overtopping 

• Environmental conditions 

 

 The actual loss of plastic not only depends on the dynamic 

behavior of the floater, but also on the behavior of the plastics 

itself. The near-barrier behavior of plastic debris is important to 

assess functional performance of the PCS. Near-barrier behavior 

of plastic is not within the scope of this thesis. Overtopping 

volumes will be quantified, which can be used in a future plastic 

loss assessment. 

 

2.7 OVERVIEW OF THE APPROACH 
The thesis work will be divided into three parts: 

 

PART I – 2D (HYDRO-) DYNAMIC BEHAVIOR 
OF A 2D CYLINDER WITH A SPRING 
ATTACHED 

Part one considers a 2D cross-section of the barrier in an ideal 

fluid. It is assumed that its hydrodynamic response to wave 

forcing is linear or can be linearized. These assumptions allow 

the 2D barrier response to be described using linearized 2D 

potential theory. The software package OCTOPUS-Office 

(commercial successor of SEAWAY) is used to determine the 2D 

hydrodynamic coefficients. A 2D equivalent spring stiffness is 

calculated with the use of a beam element model. In this way, the 

effect of barriers bending stiffness is accounted for. Matlab is 
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then used to determine the frequency domain and time domain 

response of a 2D cross-section of the floater.  

 

PART II – ASSESMENT OF THE AMBIENT 
WAVE FIELD AND DETERMINATION OF THE 
EQUIVALENT STIFFNESS COEFFICIENT 

Part II analyses the wave environment surrounding the PCS. A 

method to derive the crest length of incoming waves is developed 

and statistics are derived. Based on the spatial size of the ambient 

waves, equivalent spring stiffness coefficients are derived to 

incorporate the approximate bending behavior of the structure.  

 

PART III – WAVE OVERTOPPING ASSESMENT 
BASED ON A COUPLED HYDRODYNAMIC-
CFD ANALYSIS  

An overtopping assessment based on a coupled hydrodynamic-

CFD analysis is performed along the barrier system. A motion 

time trace is derived from a hydrodynamic model and imposed 

into a 2D CFD model set-up in the CFD code ComFLOW. Via 

this method, 2D overtopping statistics are related to the wave and 

motion of the barrier. The overtopping statistics derived from this 

model are then related to overtopping events occurring along the 

barrier.  

 

3 System & surroundings 
3.1 COORDINATE SYSTEMS 
The coordinate systems used are defined in Figure 4. An earth 

fixed coordinate system (𝑋𝑌𝑍) and a steadily translating 

coordinate system (𝑥𝑦𝑧) are defined. The translating axis system 

is defined such, that it moves with the steady state speed of the 

barrier 𝑉𝑚𝑒𝑎𝑛 induced by current and wind action. Motions due 

to wave action is then depicted as oscillations around this 

steadily translating coordinate system. The origin of the steady 

translating system is located at the center point of the floater, 

halfway the length of the barrier.  

 

3.2 SYSTEMS MAIN CHARACTERISTICS AND 
PROPERTIES 

The plastic capturing system essentially is a barrier consisting of 

three parts: a floater, a skirt and a ballast weight. The floater’s 

functions are to maintain the system’s structural integrity, follow 

the sea surface elevation and (of course) to keep the system 

afloat. The skirt’s function is to retain plastic behind the barrier 

and the ballast weight is attached to the screen to counteract its 

buoyancy and ensure enough draft under oceanic conditions.  

 Figure 7 shows a top view of the floating barrier in the X-Y 

plane. L is the total length of the floater. Due to tensioning, 

current, wave and wind action the floater takes the shape of an 

arc. During this research project, the arc and therefore the length 

between the end points of the floater, effective length 𝐿𝑒, is 

assumed to be fixed. 

 Figure 6 shows a cross-section of the barrier in the Z-X plane. 

The geometrical freeboard 𝑓 of the floater is the above water 

clearance when resting in still water. The geometrical draft of the 

floater 𝑇𝑓 defines how far the floater is immersed when resting 

in still water. Summation of the floater geometrical draft 𝑇𝑓 and 

the skirt length 𝐿𝑠 gives the geometrical draft of the system 𝑇𝑠 
(system immersion at rest). Table 1 shows an overview of the 

systems main characteristics and properties. 

 
Figure 4 Isometric view of the barrier defining coordinate 
system used. (Image courtesy of The Ocean Cleanup) 

 
Figure 5 Top view of the barrier defining its main dimensions 
in the X-Y plane. (Image courtesy of The Ocean Cleanup) 

 
Figure 6 Cross-section of the barrier defining its main 
dimensions [mm] in the Z-X plane. (Image courtesy of The 
Ocean Cleanup) 
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3.3 SYSTEM CONVENTIONS 
Figure 7 shows a cross-sectional view of the barrier in the Z-X 

Plane. Relative freeboard is defined as the sum of the 

geometrical free board and the relative vertical motion of the 

structure: 

 
𝑓𝑟(𝑡) = 𝑓 + 𝑠𝑝(𝑡) (1) 

 

 Interactions of the system with waves induce a heave motion of 

the floating barrier. The relative vertical motion 𝑠𝑝 with respect 

to the undisturbed wave surface at point P is defined as the 

difference between local heave motion and the local wave 

elevation [19]: 

 
𝑠𝑝(𝑡) = ℎ𝑝(𝑡) − 𝑝(𝑡) (2) 

 

3.4  ENVIRONMENTAL CONDITIONS 
It is important to know the environmental conditions 

encountered by the PCS to assess its operational performance. 

The system is located in the ‘splash-zone’ and will be subject to 

current, wind and wave action. This thesis study only takes the 

effect of (surface gravity) waves on overtopping into account, 

any coupled effects of wind and current action are neglected. The 

PCS’s will first be deployed in the GPGP. Figure 8 maps the 10-

year-averaged distribution of plastic particles within the GPGP 

which was calculated from a model developed during an 

intensive three-year research project performed by TOC [6]. 

Bright yellow indicates the denser center region. A Met-ocean 

study [20] performed by Metocean Solution Ltd by order of TOC 

provides data of the wave conditions encountered for the location 

30N, 138W, about 1000 nautical miles east of Los Angeles. 

This data will be used for the definition of environmental 

parameters. For each of the defined environmental parameter 

configurations, wave overtopping is then evaluated. 

 A wave rose plot indicating the dominant direction of waves is 

shown in Figure 9. This figure shows that mean annual wave 

direction is from the North-West. Scatter plots are found in 

Appendix A. Wave scatter plots are given for the full wave 

energy spectrum and for the wind wave energy spectrum 

respectively. In these scatter plots 𝑇𝑝 is defined as the peak 

period, or the wave period with the highest energy in the wave 

spectrum. 𝐻𝑠 is known as the significant wave height, or the 

mean of the highest one-third of waves in the wave record [21]: 

 

𝐻𝑠 = 𝐻1 3⁄ =
1

𝑁 3⁄
∑𝐻𝑗

𝑁 3⁄

𝑗=1

(3) 

 

I n which 𝑁 is the number of wave occurrences and 𝐻𝑗 the rank 

number of the wave based its wave height (e.g. 𝐽 = 1 

corresponding with the highest wave). 

Table 2 shows extreme value wave conditions for the 10-year 

return period.  

 

3.4.1 Wave theories 
Several theories have been developed to describe the 

propagation of surface gravity waves over time and space. 

Theories handled here are based on the assumption of waves 

 

Property Symbol Value Unit 

Floater length 𝐿 600 [m] 

Floater 

effective length 

𝐿𝑒 325 [m] 

Floater outer 

diameter 

𝐷𝑜 1200 [mm] 

Floater 

geometrical 

freeboard 

𝑓 800 [mm] 

Floater 

geometrical 

draft 

𝑇𝑓 343 [mm] 

Skirt length 𝐿𝑠 4000 [mm] 

Total 

geometrical 

draft system 

𝑇 4343 [mm] 

Total unit dry 

weight system 

𝑀𝑑𝑟𝑦 262 [kg/m] 

Bending 

stiffness floater 

EI 39000 [KNm^2] 

Table 1 Systems main characteristics and properties 

 
Figure 7 – Schematic convention drawings of the system. 
Cross sectional view: defining its main conventions. (Image 
courtesy of The Ocean Cleanup) 

 
Figure 8 Distribution of plastic density in garbage patch 
averaged over 10 years. Based on data from models 
developed within TOC. Bright yellow corresponds to a high 
density of plastic particles. Dark purple corresponds to a low 
density of plastic particles. Map generated using QGIS. 
(Image courtesy of The Ocean Cleanup) 
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being periodic and uniform. This enables the application of 

harmonic functions in describing surface gravity waves. The 

validity range of a wave theory depends upon environmental 

parameters such as depth, wave height and period [22]. For 

shallow depth, as well as the combination of wave height and 

period (or wavelength), non-linearity’s may be introduced and 

an adequate wave theory should be applied. Figure 10 

summarizes the validity range of wave theories based on the 

shallow water parameter and wave steepness parameter. The 

shallow water parameter determines whether presence of the 

seabed affects water particle motion. It is defined as [23]: 

 

𝜇 = 2𝜋 ∗
𝑑

𝑔𝑇2
=
𝑑

𝜆
(4) 

 

 In the vicinity of the garbage patch, the oceans are so deep,  ≪
𝑑, that the wave-induced orbital motion of the water particles is 

unaffected by the seabed. As a result, deep water conditions may 

be considered [21]. Such waters are also known as ‘oceanic 

waters’. Waves in oceanic waters may be assumed to behave 

linearly when they meet the small amplitude approximation: 

wave amplitudes are small compared to their wave lengths. 

When wave amplitudes grow too large compared to their wave 

lengths, the surface slope of the wave becomes too large and non-

linearity’s are introduced. In this case, the small amplitude 

approximation does not hold anymore and one should resort to a 

wave theory which takes non-linear effects into account. The 

surface slope of a wave is classified in terms of wave steepness, 

defined by [23]: 

 

𝑆 = 2𝜋 ∗
𝐻

𝑔𝑇2
=
𝐻

𝜆
(5) 

 

 When waves grow too steep, they break according to the 

breaking criterion (for deep water) [21]:  

 
𝐻

𝜆
= 0.142 (6) 

 

 In the previous functions (eq. 4-6), 𝐻 is the wave height, 𝑇 the 

wave period, 𝑑 the depth,  the wavelength and 𝑔 the 

gravitational acceleration. 

 

3.4.2 Linear wave theory 
Linear wave theory, also known as the Airy wave theory, is the 

most basic one in the known wave theories. It is a first order 

regular wave theory, describing waves as a harmonic (co)-sine 

function with amplitude, frequency, wavenumber and phase. 

For a regular wave, the free surface elevation is described in the 

form of a propagating wave: 

 
(𝑥, 𝑡) = 𝑎 cos(𝑡 − 𝑘𝑥 + ) (7) 

 

 The fluid motions are then described by the following velocity 

potential function: 

 

 =  ̂sin(𝑡 − 𝑘𝑥 + ) (8) 
 

 

 
Figure 9 Wave rose plot showing annual wave direction for 

the location 30N, 138W (image taken from [20]) 

 

10 year return 

period 

Symbol Value Unit 

Significant 

wave height 

𝐻𝑠 11.03 [m] 

Peak period 𝑇𝑝 19.41 [s] 

Table 2 extreme value wave conditions for the 10-year return 
period [20] 

 

 
Figure 10 Applicability range of several wave theories. 
(Figure taken from [21]) 
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With: 

 

̂ =
𝑎𝑔



cosh[𝑘(𝑑 + 𝑧)]

sinh(𝑘𝑑)
(9) 

 

 These harmonic wave functions are derived from the Laplace 

equation and kinematic boundary conditions. The derivation 

leading to these solutions can be found in [21].  

  

The linearized Bernoulli equation is defined as [21]: 

 
𝜕

𝜕𝑡
+
𝑝

𝜌
+ 𝑔𝑧 = 0 (10) 

 

 Substitution of the velocity potential gives: 

 

𝑝 =  −𝜌𝑔𝑧 + 𝜌𝑔𝑎
cosh[𝑘(𝑑 + 𝑧)]

sinh(𝑘𝑑)
sin(𝑡 − 𝑘𝑥 + ) (11) 

 

 The second term of equation 11 is the wave-induced pressure: 

 

𝑝𝑤𝑎𝑣𝑒 = 𝜌𝑔𝑎
cosh[𝑘(𝑑 + 𝑧)]

sinh(𝑘𝑑)
sin(𝑡 − 𝑘𝑥 + ) (12) 

 

 The velocity field is derived by taking the gradient of the 

velocity potential function described in equation 8. The water 

particle velocities and accelerations read: 

 

𝑢 =  𝑎
cosh[𝑘(𝑑 + 𝑧)]

sinh(𝑘𝑑)
 cos(𝑡 − 𝑘𝑥 + ) (13) 

 

𝑤 =  𝑎
sinh[𝑘(𝑑 + 𝑧)]

sinh(𝑘𝑑)
sin(𝑡 − 𝑘𝑥 + ) (14) 

 

�̇�  =  𝑎
cosh[𝑘(𝑑 + 𝑧)]

sinh(𝑘𝑑)
 sin(𝑡 − 𝑘𝑥 + ) (15) 

 

�̇�  = −2𝑎
sinh[𝑘(𝑑 + 𝑧)]

sinh(𝑘𝑑)
cos(𝑡 − 𝑘𝑥 + ) (16) 

 

 The dispersion relationship for surface gravity waves reads [20]: 

 

2 = 𝑔𝑘 tanh(𝑘𝑑) (17)     
     

 =
𝑔

2
𝑇2 tanh

2𝜋𝑑


(18) 

 

 For deep water (tanh(𝑘𝑑) ≈ 1) the dispersion relationship 

approaches: 

2 ≈ 𝑔𝑘 (19) 
 

 ≈
𝑔

2
𝑇2 (20) 

 

 The relationship between wave period and frequency is: 

 

𝑇 =
2


(21) 

 

Using the dispersion relationship, the wave celerity 𝑐 =


𝑇
=



𝑘
 is 

derived: 

𝑐 = √
𝑔

𝑘
tanh(𝑘𝑑) (22) 

 

In the previous functions (eq. 7-22), 𝑎 is the wave amplitude, 𝑘 

the wave number,   the phase,  the wave frequency, 𝑑 the 

depth, 𝑝 the pressure, 𝜌 the density,   the wavelength, 𝑇 the 

wave period and 𝑔 the gravitational acceleration. 

 

3.4.3 Description of an irregular wave system  
Under the assumption of linearity, it is possible to reconstruct an 

irregular wave from the summation of individual small linear 

wave components with different amplitudes [24]. This method is 

practiced in the random/phase amplitude model for random 

waves. The random phase/amplitude model is the simplest and 

most applied model in simulation of irregular sea states [21,23]. 

It describes the sea surface elevation as a zero-mean Gaussian 

stochastic process, representing the free surface elevation as a 

summation of independent harmonic wave components. 

Amplitudes are Rayleigh distributed and phases uniformly 

distributed. The one-dimensional random phase/amplitude 

model is defined as: 

(𝑡) =∑𝑎𝑖 cos (𝑖𝑡 + 
𝑖
)

𝑁

𝑖=1

(23) 

 

 By extending the random phase/amplitude model to the x and y-

space, while accounting for wave directionality, a wave field is 

defined as follows: 

(𝑥, 𝑦, 𝑡) = 

∑∑𝑎𝑖,𝑗 cos (𝑖𝑡 − 𝑘𝑖𝑥 cos 𝑖 − 𝑘𝑗𝑦 cos𝑗 + 𝑖,𝑗)   (24)

𝑀

𝑗=1

𝑁

𝑖=1

 

 

 A random sea surface can now be constructed with the use of a 

given frequency-direction spectrum.  

 

3.4.4 Wave spectrum 
For a given sea state, a wave spectrum gives the spectral 

distribution of the wave energy. As the system is wind vaning 

[25], wind waves will often travel perpendicular to the barrier 

and are of special interest. This is explained further in part I. The 

spectra will be composed from the wind wave scatter plots given 

in Appendix A. The environmental variables 𝐻𝑠 and 𝑇𝑝 will be 

used to express the wave spectrum. This will be done by using 

the Jonswap [26] spectrum, while taking 𝛾𝐴 = 1.522:  

 

𝑆() =
320𝐻𝑠

2 

𝑇𝑝4
𝜔−5𝑒

−1950

𝑇𝑝
4 𝜔−4

𝛾𝐴 (25) 

 

 The wave amplitude 𝑎𝑖  used in the random phase/amplitude 

model is determined from the spectrum as follows: 

 

𝑎𝑖 = √2𝑆(𝑖)∆𝑖 (26) 
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 Geometric progression is applied to prevent repetition of the 

incoming wave pattern [26]. Accounting for wave directionality, 

the directional spectrum is defined as: 

 
𝑆(, 𝜃) = 𝑆()𝐷(𝜃 ) (27) 

 

 Using a 𝑐𝑜𝑠2𝑠 model [21] for the directional distribution 𝐷(𝜃 ). 
By definition, the following must hold:  

 

∫ 𝐷(𝜃 )
2

𝜃=0

𝑑𝜃 = 1 (28) 

 

4 Reading Guide 
The main matter section provides an introduction to this thesis 

work. Here, the research problem is analyzed and a research plan 

presented. Also, the properties and characteristics of the system 

and its surroundings are analyzed. 

 Part I, II and III of this thesis are written (roughly) according to 

the article format.  The purpose of this is that these parts can be 

read on an individual basis. These parts include their own 

abstract, introduction, main part, discussion and conclusion. Part 

I describes the local dynamic behavior of the PCS. Part II covers 

an assessment of the ambient wave field and provides a 

coefficient to include an equivalent spring stiffness into the 

model from Part I. Part III concerns the coupling of the 

hydrodynamic model to the CFD solver ComFLOW. Finally, 

wave overtopping statistics are derived from simulations in a 2D 

numerical wave tank with imposed motion. 

 A shared nomenclature is found in front of the main matter 

section. A shared reference list is found after Part III, followed 

by the appendix section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PART I – (HYDRO-)DYNAMIC BEHAVIOR OF A 2D 
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Part I (Hydro-)Dynamic behaviour of a 2D cylinder with springs attached 
 

Keywords 
2D hydrodynamics, 2D equivalent spring stiffness, Wave 

Induced Response, Frequency Response Characteristics, Time 

Domain Motion Response 

Abstract 
In order to understand the development of wave overtopping, the 

hydrodynamic behavior of the system needs to be studied first. 

A hydrodynamic model is designed to model the first order 

motion response to wave excitation of a 2D cylinder with springs 

attached. Derivation of the spring constants is based on the 

ambient three-dimensional wave field. It is proposed that this 

model approximates the motions of a 2D cross-section of a long 

flexible cylinder subject to random wave excitation. Individual 

components of the model, as well as the model itself, are 

evaluated through verification, validation and/or comparison 

with existing models. The hydrodynamic model is the first part 

in a proposed method for the investigation of wave overtopping 

over a floating barrier system. The model allows for coupling to 

a 2D CFD solver. The 2D CFD model with imposed motion can 

then be used to analyze local effects of wave overtopping. It has 

been shown that the ability of the 2D cylinder to follow waves is 

extremely sensitive to the equivalent spring stiffness introduced 

in the model. 

1 Introduction 
In the understanding of wave overtopping phenomena, it is 

crucial to determine the dynamic response of the considered 

system. The relative motion of the structure to the water particles 

determines the severity of an overtopping event. In order to focus 

on overtopping phenomena, only the floater part is modelled.  

This part looks into the response of a circular flexible floater to 

waves. For a flexible system, the response is not only dependent 

on hydrodynamic behavior, the structural response should also 

be taken into account. The floater is modelled as a flexible semi-

submerged cylinder. The floater is assumed to be long with 

respect to its diameter. The 2D hydrodynamic effects in the 

cross-sectional plane are expected to be governing for the 

hydrodynamic behavior of the barrier. Therefore, the 

hydrodynamic problem is reduced to a moving cylinder in the 

cross-sectional plane. The structural response is captured using a 

2D equivalent spring stiffness model. Only the (uncoupled) 

effect of heave and surge motions is looked into. 

 

2 Outline 
Theory of wave forcing on structures will be handled first. Then 

a model for wave-induced motions of a flexible cylinder is 

derived. Model implementation and case-specific input data are 

presented. After this, model outputs are discussed. Results in the 

form of wave induced motions are presented. Next, the model 

will be evaluated. Thereafter, the approach taken and results are 

discussed. Finally, part I is concluded. 

 

3 Formulation of hydrodynamic model 
3.1 FORMULATION OF HYDRODYNAMIC WAVE 

FORCING ON A 2D CYLINDER 
Wave forcing on cylindrical structures has been a topic under 

extensive research over the past century. In literature, two types 

of approaches are found. The first one is a theoretical derivation 

based on potential flow theory. The second one is an empirical 

derivation based on experimental results, also known as the 

Morison approach. The basis and grounds of these theories are 

limited to the physical geometry of the structure compared to the 

dimensions of the wave field. 

 

3.1.1 Choice of hydrodynamic theory 
The region of applicability of wave forcing theories depends on 

the encountered wave field and the geometry of the structure. 

The dimensions of the wave field are characterized by the 

wavelength and wave height. The structure, a cylinder, is 

characterized by its geometry and surface roughness. When 

performing hydrodynamic research, the choice of approach is 

often based on a dimensionless analysis. Using dimensionless 

analysis, parameters are derived that determine what phenomena 

have to be taken in to account and which theory should be 

considered [22].  Figure 11 shows a graph taken from DNV 

recommended practice [24] and determined by Chakrabarti [22]. 

The applicability regions of wave force theories can be 

determined based on this graph using the diffraction parameter 

and the KC-number related H/D ratio. 

 The diffraction parameter gives an indication whether the 

presence of a structure in waves may alter the surrounding 

pressure field due to diffraction of waves. The severity of 

diffraction effects depend on the characteristic dimension D of 

the structure versus wave length . The diffraction parameter is 

defined as: 

𝐷𝑖𝑓𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 =
𝐷


(29) 

 

 When a cylinder is placed in a fluid flow, the importance of drag 

effects should be considered. For cylinders in an oscillatory flow, 

the Keulegan-Carpenter number is defined. This parameter gives 

the importance of drag effects compared to inertia effects. For 

small KC-numbers (~ <5), the inertia forces are dominant over 

drag forces, when the KC-number is large (~ >40), drag forces 

are found to be dominant [27]. When considering linear deep-

water theory: 

𝐾𝐶 = 
𝐻

𝐷
(30) 

 

 Considering Figure 11 and the wave environment determined in 

chapter 3.4 and Appendix A, it can be concluded that the system 

will mainly operate in region III and partly in V during day-to-

day conditions. Under extreme wave conditions, the system will 

operate in region V only. From the equation for the KC-number 

it is seen that drag forces have increasing importance for higher 

waves. In low/moderate conditions, inertia forces are governing. 

In high seas, drag effects become more and more important. 

Extreme seas are not taken into account as the system will be in 

survivability mode, rather than operational mode.  

 From Figure 11, it may be concluded that the usage of potential 

theory is stretching the limits of its applicability in some of the 

handled environmental cases. However, as a first approach to the 

motion behavior of the boom, this thesis research does apply 

potential theory to develop a model approximating the motion 

response of the structure to wave excitation.  
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 Note that, as an extra, a derivation of Morison’s theory applied 

on a horizontal cylinder is handled in appendix B. It will not be 

applied in this thesis research however. 

 

3.1.2 Potential flow theory 
Potential flow theory is used to describe the velocity field for 

irrotational flow of an idealized fluid.  In 1949, Ursell [28] made 

a first contribution to the solution of fluid motion around a 

cylinder using linear potential theory. He proposed that the fluid 

flow around a heaving cylinder in still water can be described by 

a superposition of potential functions. Now, by conforming to 

the boundary conditions stated in Appendix C, it is possible to 

derive an analytical solution of the velocity potential for a 

partially submerged circular cross-section heaving in the 2-

dimensional plane: 

  (𝑥, 𝑧, 𝑡) = (𝑥, 𝑧)𝑒−𝑖𝜔𝑡 (31) 
 

 The hydrodynamic pressure acting on a certain point in the fluid 

is given by the linearized Bernoulli equation (see also eq. 10-12): 

 

𝑝 = −


𝑡
(32) 

 
 Where  represents the mass density of the surrounding fluid. 

The hydrodynamic force acting on the cylinder is found by 

integrating the pressure over the wetted cylinder surface. The 

resulting hydrodynamic force can be decomposed in a term in-

phase with the acceleration and a term in-phase with the velocity 

of the cylinder. After evaluation of the terms, the hydrodynamic 

reaction force is rewritten in the following form: 

 
𝐹ℎ𝑦𝑑𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 = −𝑎33()�̈� − 𝑏33()�̇� (33)

       (for heave) 

 

 �̈�  is defined as the heave acceleration, �̇� the heave velocity. The 

acceleration component 𝑎33()�̈� is the result of acceleration of 

surrounding fluid and does not dissipate energy. When a body 

surrounded by a fluid is accelerated, a particular volume of fluid 

surrounding the body is (in some degree) accelerated with the 

body. This results in a hydro-mechanic force and the frequency-

dependent mass 𝑎33() of this volume can be seen as an ‘added 

mass’ accelerated with the body. The velocity component 

𝑏33()�̇� does dissipate energy. When a body surrounded by a 

fluid is moving, it generates radiating waves. The radiation of 

these waves dissipate energy, resulting in a damping force. This 

term is known as the hydrodynamic damping term with 

frequency-dependent damping coefficient 𝑏33(). When the 

cylinder is displaced in heave, its buoyancy is changed. This 

introduces a reaction force due to hydrostatics: 

 
𝐹ℎ𝑦𝑑𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 =  −𝑐33𝑧 (34) 

       (for heave) 

 

 The hydrostatic force 𝑐33𝑧 can be seen as a restoring spring term 

with heave displacement 𝑧 and hydrostatic spring coefficient: 

 

𝑐33 = 𝑔𝑆𝑤𝑙 (35) 
 

 With gravity acceleration constant 𝑔 and water plane area of the 

body 𝑆𝑤𝑙 .  

 
Figure 11 applicability regions of wave theories, (graph taken 
from [22] and [24]).   

To calculate wave exciting forces, Froude-Krylov assumed that 

the presence of the geometry did not influence the pressure field 

of the wave. Integration of the pressure field over the wetted 

cylinder surface gives the undisturbed wave exciting force, 

known as the Froude-Krylov force. The total wave exciting force 

is calculated by adding a corrective diffraction term: 

 
𝐹𝑤𝑎𝑣𝑒 𝑒𝑥𝑐𝑡𝑖𝑛𝑔 =  𝐹𝐹𝐾 + 𝐹𝐷 (36) 

       (for heave) 

 Now, the linearized and uncoupled equation of motion (EOM) 

for a 2D cylinder in heave direction is determined from newton’s 

second law: 

𝑚�̈� =∑𝐹 (37) 

       (for heave) 

 Substitution of equation 33, 34 and 36 results in: 

 

(𝑚 + 𝑎33())�̈� + 𝑏33()�̇� + 𝑐33𝑧 = 𝐹𝐹𝐾 + 𝐹𝐷 (38) 

                  (for heave) 

 

 The motion of the barrier cross-section in heave is now 

modelled as a linear mass-spring-dashpot system. Taking 

coordinate x is zero at the location of the barrier; displacement, 

velocity and acceleration due to excitation by a regular wave, see 

eq. 7, are then written as: 

 

𝑧(𝑡) = 𝑧𝑎 cos (𝑡 − 𝑧,) (39) 

�̇�(𝑡) = 𝑧𝑎 sin (𝑡 − 𝑧,) (40) 

�̈�(𝑡) = −2𝑧𝑎 cos (𝑡 − 𝑧,) (41) 

                                         (for heave) 
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 Where 𝑧𝑎 the heave amplitude and 𝑧, the phase shift between 

the free surface elevation and the response of the cylinder. 

Rewriting equations 7, 39, 40 and 41 in complex notation and 

substitution into equation 38 gives the EOM in complex form. 

With some reshuffling and rewriting of terms: 

 

[−2(𝑚 + 𝑎33()) + 𝑖𝑏33 + 𝑐33]�̂�𝑎 = 𝐹𝐹𝐾 +𝐹𝐷 (42) 
 

 By rewriting the terms, the heave amplitude �̂�𝑎 is related to the 

wave exciting force 𝐹𝐹𝐾() and the free surface elevation profile 

: 

 

𝑅𝐴𝑂𝑧, =
�̂�𝑎
̂
=

𝐹𝐹𝐾 + 𝐹𝐷

−2(𝑚 + 𝑎33()) + 𝑖𝑏33() + 𝑐33
(43) 

 

 This transfer function is known as the motion response operator 

(RAO). 

The phase shift of the response with respect to the exciting wave 

force is written as: 

 

𝑧, = tan
−1

−𝑚3𝑏33()

𝑐33 − 2(𝑚 + 𝑎33())
(44) 

 

 With equations 43 and 44, the frequency characteristics of the 

cylinder in heave are determined. The energy response spectrum 

can now be determined as: 

 

𝑆𝑧𝑎() = 𝑆() ∗ 𝑅𝐴𝑂𝑧,
2 (45) 

 

 Calculation of the response in time-domain is based on the 

assumption of linearity. Considering the exciting wave as a 

superposition of independent harmonic wave components, the 

time domain response is the superposition of responses to these 

individual components: 

 

𝑧(𝑡) =∑a𝑖|𝑅𝐴𝑂𝑧,(𝑖)| 𝑐𝑜𝑠 [𝑖𝑡 + 𝑖 + 𝑎𝑟𝑔 (𝑅𝐴𝑂𝑧,(𝑖))]

𝑁

𝑖=1

                                                                                              (46)

 

 

 Considering equation 46, it is seen that the frequency dependent 

RAO and frequency dependent phase are used for calculation of 

the time domain response. Note that implementing this equation 

in a hydrodynamic model does not make it a true time-domain 

model, but it may be used to describe responses to sinusoidal 

excitations in the time domain, given that the hydrodynamic 

coefficients are evaluated at the frequencies of wave excitations 

and given that these coefficients are functions of wave frequency 

only [29-32]. 

 A similar derivation can be made for the EOM in surge direction 

resulting in: 

 
(𝑚 + 𝑎11)�̈� + 𝑏11�̇� = 𝐹𝐹𝐾 + 𝐹𝐷 (47)    

                              (for surge) 

 

 With the following frequency characteristics: 

 

𝑅𝐴𝑂𝑥, =
�̂�𝑎
̂
=

𝐹𝐹𝐾 +𝐹𝐷

−2(𝑚 + 𝑎11()) + 𝑖𝑏11()
(48) 

 

𝑥, = tan
−1

−𝑚3𝑏11()

−2(𝑚 + 𝑎11())
(49) 

 

 And the energy response spectrum defined as: 

 

𝑆𝑥𝑎() = 𝑆() ∗ 𝑅𝐴𝑂𝑥,
2 (50) 

 

 Finally, the time domain response is written as:  

 

𝑥(𝑡) =∑a𝑖|𝑅𝐴𝑂𝑥,(𝑖)| 𝑐𝑜𝑠 [𝑖𝑡 + 𝑖 + 𝑎𝑟𝑔 (𝑅𝐴𝑂𝑥,(𝑖))]

𝑁

𝑖=1

                                                                                              (51)

 

 

3.2 EXTENSION TO A FLEXIBLE FLOATER 
The 2D linear potential flow problem previously described, can 

be used to approximately model the wave excitation response of 

a 2D cross section of the considered floater. Because the floater 

is flexible, any bending effects should be incorporated.  

 As seen in Figure 12, in a realistic sea-state, waves are not 

infinitely long crested. Wave components with different 

directions cause seas to have crests with limited lengths 𝐿𝑐.  Load 

distribution along the barrier is not uniform and resistance 

against bending is expected to play a significant role in the 

motion behavior of the cylinder. A method is proposed to account 

for bending stiffness effects in a 2D hydrodynamic model. To 

make use of the two-dimensional model derived in section 3.2.1, 

the model should be extended with a term accounting for these 

bending effects. First, a few assumptions have to be made 

however: 

• The system is wind vaning, therefore the wind waves are the 

most interesting, as they always travel perpendicular to the 

barrier 

• Only the middle section of the floater is considered. In this 

region, the curvature of the barrier is small and assumed 

neglectable. This middle section is then simplified into a 

long flexible straight pipe. In heave, the problem of a 

flexible floater subject to non-uniform wave forcing is 

reduced into a simply supported beam subject to a 

distributed loading 𝑞, see Figure 13. The max deflection of 

the beam is [33]: 

 

𝑚𝑎𝑥 =
5𝑞𝐿𝑠𝑝𝑒𝑐

4

384𝐸𝐼
(52)  

 

with 𝑞 the distributed load applied on the beam, 𝐿𝑠𝑝𝑒𝑐 the 

specific length of the beam and EI the bending stiffness. 

Note that both 𝐿𝑐 and 𝐿𝑠𝑝𝑒𝑐  depend on the encountered 

wave field. 

• Assuming the non-uniform load distribution along the 

barrier to be sinusoidal, the specific length of the beam can 

be expressed in terms of the crest length 𝐿𝑐: 
 

𝐿𝑠𝑝𝑒𝑐 = 2𝐿𝑐 (53) 
 Now, a slice in the middle of the beam, indicated with red in 
Figure 13, is now modelled as a partially submerged cylinder 
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with a spring attached. Figure 14 depicts the 2D model used to 

approximate the motion response of the flexible floater to wave 

excitation. Effects of bending stiffness (in heave) in the 2D 

problem are now modeled by proposing an equivalent spring 

stiffness. Recalling Hooke’s law [34], ‘ut tensio, sic vis’, applied 

to a linear spring: 

 
𝐹 = 𝑘𝑠𝑝𝑟𝑖𝑛𝑔𝑥 (54) 

 Giving: 

𝑘𝑠𝑝𝑟𝑖𝑛𝑔 =
𝐹

𝑥
≈
𝑞 ∗ 𝐿𝑐


=
384𝐸𝐼 ∗ 𝐿𝑐

5𝐿𝑠𝑝𝑒𝑐
4 (55) 

 

 Expressing 𝐿𝑠𝑝𝑒𝑐 in terms of 𝐿𝑐, results in the following 

expression for the equivalent spring stiffness in heave: 

 

𝑘𝑒𝑞 =
24𝐸𝐼

5𝐿𝑐
3 (56) 

 

 See Figure 14, the two-dimensional hydrodynamic model is 

now extended with an equivalent spring stiffness in heave 

direction. The previously derived equations of motion now 

become: 

 

(𝑚 + 𝑎33())�̈� + 𝑏33()�̇� + (𝑐33 + 𝑘𝑠𝑝𝑟𝑖𝑛𝑔)𝑧 = 𝐹𝑒𝑥𝑐𝑖𝑡𝑖𝑛𝑔 (57) 

                  (for heave) 

 

(𝑚 + 𝑎11())�̈� + 𝑏11()�̇� = 𝐹𝑒𝑥𝑐𝑖𝑡𝑖𝑛𝑔 (58)    
                              (for surge) 

 

 The RAO’s for these EOM’s are determined in the similar way 

as discussed in section 3.1.2. The equivalent stiffness 

incorporates effects due to three-dimensional bending in the two-

dimensional model. The stiffness of this spring is based on the 

crest length 𝐿𝑐. This variable will be determined during the wave 

field assessment, which can be found in Part II of this thesis 

work. 

 

3.3 NATURAL FREQUENCY AND DAMPING RATIO 
The natural frequency 𝜔𝑛 is an important parameter in the 

assessment of motion behavior of a dynamic system. When a 

system is excited at its natural frequency, resonance phenomena 

occur, which may be driving the system to oscillate at large 

amplitudes of motions due to accumulation of energy. The 

undamped natural frequency is calculated as:  

 

𝜔𝑛 = √
𝑘

𝑚
(59) 

 In the case of the hydrodynamic model including equivalent 

spring stiffness, the formula is rewritten to: 

 

𝜔𝑛 = √
𝑐𝑖𝑖 + 𝑘𝑠𝑝𝑟𝑖𝑛𝑔
𝑚+ 𝑎𝑖𝑖(𝜔𝑛)

(60) 

 Natural frequency 𝜔𝑛 is found trough a process of iteration as 

added mass 𝑎 is frequency dependent. 

 
Figure 12 Contours of middle section barrier on sea surface 
elevation plot, grey areas are below SWL, white areas above 
SWL. 

 
Figure 13 simplification of middle section floater to beam 
model 

 
Figure 14 Two-dimensional model including equivalent 
spring stiffness 
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3.4 ENVIRONMENTAL MODEL 
The free surface elevation is described using airy wave theory. A 

single regular wave traveling along the x-axis is defined as in 

equation 7: 

 
(𝑥, 𝑡) = 𝑎 𝑐𝑜𝑠(𝑡 − 𝑘𝑥 + )  

 Using equation 23, It is assumed that irregular waves can be 

represented as a summation of independent harmonic wave 

components: 

(𝑡) =∑𝑖 𝑐𝑜𝑠(𝑖𝑡 + 𝑖)

𝑁

𝑖=1

 

 Now, an irregular wave of interest is composed. Or, in the case 

of a random sea, the phase and amplitude are picked randomly, 

following the random phase/amplitude model. 

 

4 Model implementation 
A flow chart of the hydrodynamic model is depicted in Figure 

15. Wave characteristics, geometry, and equivalent spring 

stiffness’s are all defined using models designed in Matlab, these 

models are based on the previously handled theory. The 

geometry of the structure is drawn using the properties from 

Table 1 and formatted in a .hul-extension. Wave characteristics 

are calculated according to the environmental model described 

in section 3.4. The equivalent spring stiffness coefficients are 

calculated as described in section 3.2.  

 The geometry and equivalent spring stiffness’s are used as an 

input for the software package OCTOPUS-Office. This program 

is used to perform a hydrodynamic analysis using potential flow 

theory, as described in section 3.1.2. Using the structures 

geometry as an input, the hydrostatic, added mass and 

hydrodynamic damping coefficients are obtained. After 

including the equivalent spring stiffness coefficients in the 

model, the frequency characteristics of the floater are calculated. 

Namely the frequency-dependent RAO and frequency dependent 

phase of the response.  

 The frequency characteristics are then implemented into the 

hydrodynamic model, which is designed in Matlab. This model 

calculates the response spectrum and time domain response 

according to equation 45, 46, 50 and 51 (with inclusion of the 

equivalent spring stiffness coefficient) as described in section 

3.1.2 and 3.2. 

 

5 Model output and visualization 
OCTOPUS-Office calculates RAO’s for frequencies from  =
0 to  = 6 rad/s. These are used by the hydrodynamic model to 

determine the frequency domain response and the time domain 

response.  

 In the frequency domain, the wave spectrum and corresponding 

response spectra are output and visualized. Figure 16 shows an 

example of the visualization of the wave and response spectra. 

 In the time domain, for every time step, the hydrodynamic 

model returns the free surface elevation and motions of the two-

dimensional floater within the computational domain. The model 

also generates a (zoomed-in) movie of the floaters motion and 

the free surface elevation. Visualization of the floater motion in 

time domain is done to aid in the understanding of wave  

 

 
Figure 15 Flow chart hydrodynamic model 

 
Figure 16 Example of wave and response spectra 
visualization 

 

Figure 17 Example of floater motion visualization, shown are 
snapshots taken from the simulation. 
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overtopping. Figure 17 shows an example of the visualized 

floater motion and the free surface elevation in time domain. 

 

6 Input data 
6.1 PHYSICAL PROPERTIES OF FLOATER 
The floater is modelled as a two-dimensional cylinder (circle) 

with physical properties found in Table 3. 

 

6.1.1 Hydrostatic coefficient 
The hydrostatic coefficient in heave c33 is calculated using 

OCTOPUS-Office and is found to be:  

c33 = 10700 
𝑁

𝑚
 

 

6.1.2 Added mass and damping 
Added mass and hydrodynamic damping coefficients are 

calculated using the OCTOPUS-Office software package. The 

values of the obtained coefficients are found in Appendix D for 

heave and surge respectively. 

 

6.1.3 Equivalent spring coefficient 
The equivalent spring coefficient follows from equation 56, its 

value is dependent on the value of  𝐿𝑐, whose statistics are 

derived from the ambient wave field. This will be handled later 

on in this work (part II). Here, the equivalent stiffness coefficient 

will initially be chosen zero: A pure hydrodynamic model is 

assessed (𝑘𝑒𝑞 = 0). Then, the sensitivity of the models’ response 

to the equivalent spring stiffness is determined.  

 

6.2 ENVIRONMENTAL TEST CASES 
To maintain consistency, the same test conditions are chosen for 

all three parts. Although this part does not have an equivalent 

spring stiffness coefficient derived for a sea state yet, this 

coefficient is expected to be a governing parameter. From 

equation 56, it is seen that the equivalent spring stiffness will be 

inversely proportional to the encountered crest length to the third 

power. It is thus expected that, in short crested sea states, the 

floater will experience resistance in motion response due to 

bending stiffness effects. Therefore, the wind sea conditions 

given in Appendix A are looked into, as these conditions will 

result in short crested conditions. From the wind sea scatter plot 

a median, p90 and p99 𝐻𝑠 are chosen with a corresponding low  

 

Property Symbol Value Unit 

Outer 

diameter 

floater 

𝐷𝑜 1200 [mm] 

Geometrical 

freeboard 

floater 

𝑓 800 [mm] 

Geometrical 

draft floater 

𝑇𝑓 343 [mm] 

Unit dry 

weight 

system 

𝑀𝑡 262 [kg/m] 

Bending 

stiffness 

floater 

EI 39000 [KNm^2] 

Table 3 Properties of floater 

Irregular  

wave cases 

Significant 

wave 

height 𝑯𝒔 

Peak  

period 

𝑻𝒑 

Frequency 

cut-off 

Characteristics 

Case 1 1.5 4.5 5 Median 𝐻𝑠, 
low 𝑇𝑝 

Case 2 1.5 6 5 Median 𝐻𝑠, 
most 

probable 𝑇𝑝 

Case 3 3 6.5 4 P90 𝐻𝑠, low 

𝑇𝑝 

Case 4 3 8 4 P90 𝐻𝑠, most 

probable 𝑇𝑝 

Case 5 6 9.5 3 P99 𝐻𝑠, low 

𝑇𝑝 

Case 6 6 13 3 P99 𝐻𝑠, most 

probable 𝑇𝑝 

Table 4 Irregular wave cases 

𝑇𝑝 and most probable 𝑇𝑝. The low 𝑇𝑝 will result in steeper 

conditions when compared to the most probable 𝑇𝑝  with the 

same 𝐻𝑠. Table 4 gives the test cases chosen from the 

environmental conditions in Appendix A. The frequency cut-off 

value is the upper limit at which the considered wave spectrum 

will be truncated. The reason of this truncation will be explained 

further in part III, as it has to do with the boundary conditions of 

the applied model. 

 

7 Results 
7.1 FREQUENCY RESPONSE CHARACTERISTICS 

MODEL WITOUTH SPRING 
RAO’s and phase lags are calculated using OCTOPUS-Office, 

Figure 18 gives the frequency characteristics in the case of 𝑘𝑒𝑞  

equal to zero. This is considered to be the ‘pure hydrodynamic’ 

model, no spring is attached. It is seen that for excitation 

frequencies 

 <  5 rad/s 
𝑅𝐴𝑂ℎ𝑒𝑎𝑣𝑒 ≈ 1 [𝑚/𝑚] 

𝑅𝐴𝑂𝑠𝑢𝑟𝑔𝑒 ≈ 1 𝑡𝑜 1.2 [𝑚/𝑚] 

  

 Above 5 𝑟𝑎𝑑/𝑠,  𝑅𝐴𝑂ℎ𝑒𝑎𝑣𝑒  and 𝑅𝐴𝑂𝑠𝑢𝑟𝑔𝑒  decrease rapidly. 

Using equation 60, the natural frequency (heave) of the pure 

hydrodynamic model is calculated: 

 

𝜔𝑛 = 4.3853 𝑟𝑎𝑑/𝑠 
 

There is no significant amplification seen at natural frequency of 

the hydrodynamic model. 

 The wave spectra from Table 4 with corresponding response 

spectra, for a 𝑘𝑠𝑝𝑟𝑖𝑛𝑔-value of 0, are given in appendix E. It is 

first observed that most of the energy of the wave spectra is 

contained in the  < 2 𝑟𝑎𝑑/𝑠 frequency region. The response 

spectra show that in the case of 𝑘𝑠𝑝𝑟𝑖𝑛𝑔 = 0, the heave and surge 

response spectra are (almost) equal to the wave spectrum. This 

is as expected, because for frequencies below  < 2 𝑟𝑎𝑑/𝑠 the 

floater 𝑅𝐴𝑂ℎ𝑒𝑎𝑣𝑒 ≈ 𝑅𝐴𝑂𝑠𝑢𝑟𝑔𝑒 ≈ 1 [𝑚/𝑚]  as seen in Figure 18 
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7.2 SENSITIVITY TO EQUIVALENT STIFFNESS 
COEFFICIENT 

Figure 19 shows the degradation in heave RAO for increasing 

equivalent spring stiffness. It is observed that for values of 𝑘𝑒𝑞 >

10000 𝑁/𝑚, the amplitude of motion starts to be restricted 

significantly. 

 

8 Evaluation of the model 
8.1 VERIFICATION OF HYDROSTATIC COEFFICIENT 
The hydrostatic coefficient 𝑐33 is calculated according to eq. 35: 

 

𝑐33 = 𝑔𝑆𝑤𝑙  
 

 The water plane area 𝑆𝑤𝑙   defined in Figure 20, is calculated as 

follows: 

𝑆𝑤𝑙  = 2𝑟 𝑠𝑖𝑛


2
(61) 

 with: 

 = 2 𝑐𝑜𝑠−1 (1 −
𝑇

𝑟
) (62) 

 

 Filling in the floaters properties gives: 

 

𝑐33 = 10913 
𝑁

𝑚
 

 

8.2 VALIDATION OF ADDED MASS AND DAMPING 
COEFFICIENTS 

Added mass and damping coefficients are obtained from the 

OCTOPUS-Office software package. This package has been 

under extensive validation during its development. Referred to is 

the work of Journee [35]. However, to check whether the input 

procedure of parameters is done correctly, a brief validation is 

made for the added mass and damping coefficients in heave. In 

literature, no added mass and damping coefficients were found 

for a circular cross section with the exact draft as used in this 

thesis. Therefore, the added mass and damping coefficient of a 

half-submerged cylinder are validated against available data 

from literature.  

 Figure 21 and Figure 22 give the non-dimensionalized added 

mass and non-dimensionalized hydrodynamic damping 

coefficients in heave for a half-submerged 2D cylinder. The 

results are obtained from the OCTOPUS-Office software 

package and compared with the theoretical solutions given by 

Porter [36] and Vugts’ experimental values [37]. The values 

calculated by OCTOPUS-Office slightly overestimate the 

theoretical values, this might be explained by the numerical 

scheme used by OCTOPUS-Office. The differentiation of the 

experimental values with the theoretical values were explained 

by Vugts as experimental inaccuracies due to shallow water 

effects. The data from literature show good comparison with the 

results derived from OCTOPUS-Office. Together with the work 

done on validation by Journee, it is assumed that for a semi-

submerged cylinder with a draft of 0.343 meter, use can be made 

of OCTOPUS-office to derive the frequency characteristics of 

the system.  

 

 
Figure 18 Frequency characteristics in heave and surge 
respectively for an equivalent spring stiffness of k = 0 

 
Figure 19 Degradation of Heave RAO for increasing values 
of 𝒌𝒆𝒒 

 

 

Figure 20 Definition of seawater line 
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Figure 21 non-dimensionalized added mass in heave for a 
half-submerged circular cross-section. (Added mass 𝒂𝟑𝟑 is 
non-dimensionlized by dividing through (𝝆𝑨), in which A is 
the wetted surface area. Frequency 𝝎 is rescaled by 

multiplication of √𝑩 𝟐𝒈⁄  in which B is the beam of the floater) 

 
Figure 22 non-dimensionalized hydrodynamic damping in 
heave for a half-submerged circular cross-section. 
(Hydrodynamic damping 𝒃𝟑𝟑 is non-dimensionlized by 

dividing through [(𝝆𝑨)√𝑩/𝟐𝒈]. Frequency 𝝎 is rescaled by 

multiplication of √𝑩 𝟐𝒈⁄ . A is the wetted surface area and B 

is the beam of the floater). 

8.3 COMPARISON OF DEFLECTION OF BEAM 
MODEL WITH FEMAP MODEL 

Recall equation 52 which determines the deflection of the beam 

model depicted in Figure 13: 

 

𝑚𝑎𝑥 =
5𝑞𝐿𝑠𝑝𝑒𝑐

4

384𝐸𝐼
 

 

 This equation was used to derive the formula of the equivalent 

spring coefficient. To check if deflections determined by 

equation 52 are right, the beam model is compared to a model 

designed in FEMAP. The software package FEMAP is used for 

structural analysis purposes.  

 To be able to compare the two models, a few parameters have to 

be defined first. The distributed load applied on the beam is 

approximated by only taking into account the Froude-Krylov 

force. The Froude-Krylov force is assumed to be linear and 

determined by integrating the pressure over the mean wetted hull 

surface: 

𝐹𝐹𝐾 = 𝐴 ∗ 𝑝 (63) 
 

 The distributed load is then calculated according to: 

 

𝑞 =
1

2
𝜋𝐷 ∗ 𝑝 (64) 

 

 Assuming linear wave theory, the pressure is taken as the max 

of the wave induced pressure term in the Bernoulli equation, see 

eq. 10-12: 

 

𝑝 = 𝑚𝑎𝑥[𝜌𝑔𝑎
cosh[𝑘(𝑑 + 𝑧)]

sinh(𝑘𝑑)
sin(𝑡 − 𝑘𝑥 + )] = 𝜌𝑔𝑎 

 

 The distributed load is then determined as: 

 

𝑞 =
1

2
𝜋𝐷𝜌𝑔𝑎 (65) 

 

 Properties used in this comparison study are found in Table 5, 

the max deflection, according to equation 52, is then calculated 

as:  

𝑚𝑎𝑥 = 1.017 [𝑚] 
 

 Appendix F shows the model designed in FEMAP. The first 

figure shows the beam in its initial state, the second figure shows 

the beam in its deformed state. In the FEMAP model, the same 

constraints and distributed loading were applied. FEMAP 

determined the bending stiffness of the beam model about 15 
percent higher than the one used in this thesis. The max 

deflection of the beam derived from the FEMAP model was 

calculated as: 

 

𝐹𝐸𝑀𝐴𝑃 = 0.873 [𝑚] 
 

 The model in FEMAP shows a deviation of ~15% compared to 

results from equation 52. This explained by the higher bending 

stiffness applied in the FEMAP model. Taking this into account, 

it is found that both models show a satisfying comparison. 

 

Property Symbol Value Unit 

Crest length 𝐿𝑐 10 [m] 

 

Specific 

length 

𝐿𝑠𝑝𝑒𝑐 20 [m] 

Bending 

stiffness 

floater 

EI 39000 [𝐾𝑁 𝑚2⁄ ] 

Outer 

diameter 

floater 

𝐷𝑜 1200 [mm] 
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Inner 

diameter 

𝐷𝑖 1060 [mm] 

Density 𝜌 1030 [𝑘𝑔 𝑚3⁄ ] 

 

Distributed 

load 

q 19046 [N/m] 

Gravitational 

constant 

𝑔 9.81 [𝑚 𝑠2⁄ ] 

Table 5 Properties used for deflection comparison study 

8.4 COMPARISON OF HEAVE RESPONSE WITH 
ORCAFLEX 

The hydrodynamic model (𝑘𝑠𝑝𝑟𝑖𝑛𝑔 = 0) is compared with a 

model designed in OrcaFlex. OrcaFlex is a hydrodynamic 

modelling software package used by TOC to perform 

hydrodynamic calculations on the plastic capturing system. The 

properties used for this model are specified and verified by TOC. 

Figure 50 to Figure 55 in Appendix G show a comparison 

between the results calculated by the hydrodynamic model and 

the OrcaFlex comparison model for the considered test cases. 

The hydrodynamic model and OrcaFlex model compare very 

well for all of the environmental cases. 

 

9 Discussion 
9.1 REVIEW OF RESULTS 
For the pure hydrodynamic model, the floater’s heave and surge 

response spectra, found in Appendix E, are matching the wave 

spectrum very well. This was also expected as both the heave and 

surge RAO’s are ≈1 for frequencies contained within the 

spectrum. The floater is expected to move typically like a ‘sea 

gull’, floating on the waves.  

 It is shown that introduction of bending stiffness to the model 

has a large effect on the relative motions of the barrier. Increasing 

bending stiffness leads to a reduced excitation response as seen 

in Figure 19. 

 

9.2 REVIEW OF HYDRODYNAMIC THEORY 
It is important to realize that calculation of the frequency- as well 

as the time domain response is based on linearization of the 

problem. Although the first order response of the structure 

usually provides the largest contribution to the total solution, 

higher-order effects can have a nonzero contribution to the 

hydrodynamic response of a structure. It should thus be 

emphasized that the first order motion, calculated here, only 

serves as a first approximation to the real hydrodynamic 

response of the structure in waves. Using linear potential theory,  

it is assumed that each wave component linearly induces a 

harmonic pressure on the structure and that individual 

components do not change the effect of one another. In reality 

however, waves can have non-linear profiles due to steepness 

and also the structure’s response to a wave can be non-linear. 

Effects due to non-linear motion behavior on the total response 

is not looked into. It should be further noted that by applying 

potential theory, any effects due to drag forces are neglected. In 

section 3.1.1 it was already discussed that, serving as a first 

approach in developing a method, potential theory was applied 

to approximate the motion behavior of the considered structure. 

Any effects due to drag are thus not taken into account. From 

Figure 11 it was derived that, especially in high seas, drag may 

become of importance. The influence of these drag effects is not 

studied further and thus remain unknown. The OrcaFlex 

comparison model does apply the previously discussed Morison 

theory however. Morison’s theory does account for drag effects. 

For all of the environmental cases that were considered, the 

hydrodynamic model and the OrcaFlex model fit each other very 

well. As the results from both models are similar, this gives 

indication that for both models the system’s behavior is inertia 

dominated and any drag effects are small. 

 

9.3 REVIEW OF APPROACH 
 In the research of the response of a floating barrier system, this 

work only considers the floater section. The addition of a screen, 

changes the characteristic dimension of the floater in surge 

direction significantly, while it stays the same in heave direction. 

 When compared to the original model, the addition of a screen, 

should thus not give a large difference in heave frequency 

characteristics, while in surge a significant difference is 

expected. This statement could not be researched further as the 

OCTOPUS-Office software can’t handle the addition of a thin 

screen to the floater section. Any effects of screen behavior on 

wave overtopping thus remain unknown. 

 The PCS is designed to accumulate plastic debris at the center 

part of the barrier. Effects due to overtopping will have the 

largest impact there. It is thus valid to focus on the middle section 

of the barrier, justifying the consideration made in paragraph 3.2. 

 The model considers a zero-forward speed, in reality the barrier 

moves passively with the ocean surface currents. A forward 

speed alters the encounter frequency of incoming waves. The 

forward speed of the barrier is [20]: 

 

𝑉𝑏𝑎𝑟𝑟𝑖𝑒𝑟 ≈ 𝑉𝑚𝑒𝑎𝑚 𝑜𝑐𝑒𝑎𝑛 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 ≈ 0.1 𝑚/𝑠 

 For deep water, the ‘frequency of encounter’ is [19]: 

 

𝜔𝑒 = 𝜔 −
𝜔2

𝑔
∗ 𝑣 ∗ 𝑐𝑜𝑠 𝜇 (66) 

 

 For higher frequencies, the difference in frequency of encounter 

𝜔𝑒   and the wave frequency 𝜔 becomes larger. The highest wave 

frequency modelled is that of the cut-off frequency in case 1 and 

2,  𝜔 = 5 𝑟𝑎𝑑/𝑠. The frequency of encounter at this wave 

frequency and the considered 𝑉𝑏𝑎𝑟𝑟𝑖𝑒𝑟  is 𝜔𝑒 ≈ 4.75rad/s. The 

max difference in the modelled wave frequencies and the actual 

encounter frequencies then becomes: 

 

max(𝜔 −𝜔𝑒) ≈ 0.25 𝑟𝑎𝑑/𝑠 
 

 When regarding the modelled wave spectra, see Appendix E, it 

is observed that most of the energy lies in the region below <2 

rad/s. Here, the difference in the modelled wave frequencies and 

the actual encounter frequencies become relatively small and it 

is thus safe to neglect the difference in frequency of encounter 

and the modelled wave frequencies.  

 A truncated domain of the wave spectra was used during the 

simulation of the environmental conditions, this is because of the 

frequency cut-off that has been set. It is expected that this does 

not lead to any consequences as most of the energy of the wave 

spectra was contained in the  < 2 𝑟𝑎𝑑/𝑠 frequency region, see 

appendix E. 
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 To include the effects of bending behavior of the floater in the 

hydrodynamic model, without adding an extra layer of 

complexity, a tradeoff between simplicity and accuracy had to be 

made. In this work, choice was made for simplicity. The 

proposed method in which the effects due to bending resistance 

of a floater, excited by the ambient wave field, is captured in a 

constant value for a spring coefficient stiffness is a thus a 

simplified approximation to the real bending behavior of the 

floater.  

 

10 Conclusions 
A basic hydrodynamic model was developed to determine the 2D 

motion response of a floater. With implementation of an 

equivalent stiffness model, it is proposed that the model accounts 

for bending stiffness effects.  

 The derived motion behavior of the floater should be seen as a 

first approximation to the real motion behavior of a flexible 

floater subject to waves, because: 

• Only linear hydrodynamic effects are taken into 

account.  

• The bending stiffness model is a simplified model of the 

real bending behavior of a flexible floater 

• Drag effects are neglected. In high seas, drag can be 

significant.  

 No significant amplification is seen at the natural frequency of 

the ‘pure’ hydrodynamic model. Resonant response in heave is 

neglectable. 

 From the sensitivity study, it is concluded that increased 

resistance against bending will have significant effects on the 

ability of the floater to follow waves. 

 

Future research recommendations:  

• Although all components of the model are evaluated, 

either by verification or comparison, the model is not 

validated by experiments. To further asses the quality of 

the results, a validation study is recommended. 

• Inclusion of a (flexible) screen in the hydrodynamic 

model. It is expected that the screen has  a significant 

effect on the motion behavior of the system. 

• Study on effects of non-linearity 

• Study on effects of drag forces 

• Extension / Improvement of the bending stiffness 

model 
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Part II – Assessment of the ambient wave field and determination of the equivalent spring 
coefficient 

 

Keywords 
Sea surface, Wave statistics, Wave Crest Length, Equivalent 

spring coefficient. 

Abstract 
From the previous part, it is observed that the presence of 

bending stiffness could resist the floater in its motion response. 

In turn, a reduced motion response can lead to increased 

overtopping. These findings emphasize that flexibility of the 

floater has to be taken into account when determining its motion 

response to wave excitation. A model to approximate bending 

effects into a linear spring is set up. The ambient 3D wave field 

surrounding the capturing system is modelled and wave statistics 

are derived. Based on these wave statistics, spring constants are 

derived for given physical and environmental configurations. 

From the results it is found that for the wave cases 1 to 4, the 

equivalent spring stiffness is significant enough to influence the 

motion response of the floater. For case 5 and 6 values for the 

equivalent spring stiffness are relatively low and its influence on 

the response is expected to be negligible. 

 

1 Introduction 
In part I, it was proposed that effects due to bending behavior 

could be approximated in a 2D model by adding an equivalent 

spring to the model. This part aims to determine equivalent 

stiffness coefficients based on an assessment of the ambient 

wavefield. 

2 Outline 
A model to determine the spatial characteristics of a wave field 

is developed first. Wave statistics for several environmental test 

cases are derived. From there, the equivalent stiffness is 

determined.  

 

3 Description of wave field 
3.1 FORMULATION OF WAVE ENVIRONMENT 
A sea state is described by its wave spectrum. Recalling equation 

27, a directional wave spectrum is defined as: 

 

𝑆(, 𝜃) = 𝑆()𝐷(𝜃 ) 

 

In which the wave spectrum 𝑆() is modeled as a JONSWAP 

spectrum [26]. A 𝑐𝑜𝑠2𝑠  model [21] is used for the directional 

distribution 𝐷(𝜃 ). Environmental data is found in section 3.4 

and Appendix A. 

 

3.2 FORMULATION OF THE WAVE FIELD  
From the spectral description, a Gaussian wave field is then 

modelled using the 3D random phase/amplitude model, defined 

in equation 24: 

(𝑥, 𝑦, 𝑡) = 

∑∑𝑎𝑖,𝑗

𝑀

𝑗=1

cos (𝑖𝑡 − 𝑘𝑖𝑥 cos𝑖 − 𝑘𝑗𝑦 cos𝑗 + 
𝑖,𝑗
)

𝑁

𝑖=1

 

 

 
Figure 23 Transformation from global coordinate system to 
local coordinate system. The first figure shows a top view 
from a wave field defined in its global coordinates. The 
second figure shows a top view of a selected part of the wave 
field in its local coordinates. 

3.3 DEFINING THE SPATIAL SIZE OF WAVES 
From equation 56, it is observed that the equivalent bending 

stiffness 𝑘𝑒𝑞  is extremely sensitive to the crest length 𝐿𝑐 of the 

incoming wave. A method to derive statistics for the crest length 

is given below. This method is inspired by the work of Podgórski 

and Rychlik [38]. 

 First, recall the assumption of a wind vaning system (from part 

I). The governing direction of the wind waves will always be  

perpendicular to the barrier. Then transform the global 

coordinates of the wave field to a local coordinate system, such  

that the governing wave direction in the local coordinate system 

is always in 𝑥𝐿-direction. The crest length of a wave is then 

defined along its 𝑦𝐿 -axis. Figure 23 gives a visualization of how 

the global coordinate system is transformed to the local 

coordinate system. 

 Now, within each wave crest, the highest local maximum 𝒒 =

(𝑥𝑞 , 𝑦𝑞) is sought for. Then, for this point, its distance to the 

zero-crossing points in 𝑥𝐿- and 𝑦𝐿-directions are looked into. An 

ellipse, identifying individual waves, is then drawn with its axis 

based on the distance to the zero-crossing points in 𝑥𝐿- and 𝑦𝐿-

direction respectively.   

 For time instant 𝑡, let (𝑥, 𝑦) be the stationary wave field, the 

previously described method is then following the next 

definition: 
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 DEFINITION: “let 𝒙𝑢𝑝 = (𝑥𝑢𝑝, 𝑦𝑞)  and 𝒙𝑑𝑜𝑤𝑛 = (𝑥𝑑𝑜𝑤𝑛, 𝑦𝑞) 

be the zero-crossing points in x-direction defined for point  𝒒 =

(𝑥𝑞 , 𝑦𝑞). While 𝒚𝑢𝑝 = (𝑥𝑞 , 𝑦𝑢𝑝) and  𝒚𝑑𝑜𝑤𝑛 = (𝑥𝑞 , 𝑦𝑑𝑜𝑤𝑛) are 

its zero-crossing points in y-direction. Then an ellipse, 

identifying a wave, is drawn when point 𝒒 is the highest local 

maxima lying within the interior of the ellipse, (𝒒) =
𝑚𝑎𝑥(𝒙,𝒚)∈ℰ[(𝑥, 𝑦)]. And when its axis 𝐴𝑚𝑖𝑛𝑜𝑟 , 𝐴𝑚𝑎𝑗𝑜𝑟 , centered 

at point 𝒄, are not crossing any axis of other ellipses. The ellipse 

is  centered at point  𝒄 = (
(𝑥𝑢𝑝+ 𝑥𝑑𝑜𝑤𝑛)

2
,
(𝑦𝑢𝑝+ 𝑦𝑑𝑜𝑤𝑛)

2
), with axis 

minor 𝐴𝑚𝑖𝑛𝑜𝑟 =
(𝑥𝑑𝑜𝑤𝑛− 𝑥𝑢𝑝)

2
 and axis major  𝐴𝑚𝑎𝑗𝑜𝑟 =

(𝑦𝑑𝑜𝑤𝑛− 𝑦𝑢𝑝)

2
. 

 Figure 24 shows an example of a snapshot of the sea surface 

elevation (𝑥, 𝑦) with ellipses ℰ𝑖  plotted, according to the 

definition given above. From the figure, it is observed that 

individual wave crests are now identified. Now, for any wave 

field that is transformed to the local coordinate system, the 

spatial spread of waves is indicated by 𝐴𝑚𝑖𝑛𝑜𝑟  and 𝐴𝑚𝑎𝑗𝑜𝑟 . The 

same exercise can be applied per time step on the wave field 

(𝑥, 𝑦, 𝑡), performing a space-time analysis. Using this model, 

the crest length of a wave is defined as: 

 
𝐿𝑐 = 𝐴𝑚𝑎𝑗𝑜𝑟 (67) 

 

4 Model implementation 
A flow chart of the hydrodynamic model is given in Figure 25. 

The significant wave height 𝐻𝒔 and peak period 𝑇𝒑 are input as 

environmental parameters to the WAFO toolbox. The WAFO 

toolbox calculates a directional spectrum 𝑆(, 𝜃) and simulates 

a wave field (𝑥, 𝑦, 𝑡). The wave field analyzer, developed in 

this part, derives statistics for the crest length 𝐿𝑐, which are used 

as an input for to calculate the equivalent stiffness coefficient 

according equation 56.  

 

5 Model output and visualization 
For given characteristics of the wave field, the model determines 

wave crest statistics and corresponding spring stiffness 

coefficients. Using the method described in section 3.3, an 

empirical cumulative distribution function of the measured crest 

lengths occurring in the wave field is derived. Note that the 

domain where measurements are performed is truncated to an 

area of 325m*325m. All measurements in 𝑥𝐿- and 𝑦𝐿-direction 

above 325m will be eluded. This means that the occurrence of a 

wave with crest length above 325m is counted, but its length is 

unknown and thus eluded from the data. For relatively long-

crested sea state this gives an ECDF of known values. The sum 

of this ECDF does not equal to one because there are also 

samples with unknown values. Figure 26 shows examples of the 

visualization of crest length statistics for a short-crested and 

long-crested sea state respectively. Note that for the latter some 

data is eluded and thus the ECDF does not add up to one. Crest 

length statistics and corresponding equivalent stiffness 

coefficients will be also given in tables. 

 

 

 

 

 

 
Figure 24 Identification of wave crest for 𝑯𝒔 =  𝟑, 𝑻𝒑 = 𝟖 

 
Figure 25 Flow chart model to determine the spatial 
characteristics of waves and determine equivalent stiffness 
coefficient. 
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6 Input data 
6.1 ENVIRONMETAL TEST CASES 
To maintain consistency, the same test conditions are chosen for 

all three parts. Referenced is to section 6.3 of part I and Table 4 

where the wave cases are determined. An elaboration on the 

choice of these parameters is found there. The 𝐻𝑠 and 𝑇𝑝 values 

corresponding to these wave cases are used by the WAFO 

toolbox as an input.  

 

6.2 SIMULATION PARAMETERS 

6.2.1 Computational domain 
The domain of the wave field that is measured is truncated to a 

square box of 325m by 325m. 

 

6.2.2 Duration and time step 
The simulation time was chosen as 𝑡 = 6000𝑠 with a time step 

of 𝑑𝑡 = 1𝑠. 
 

7 Results 
7.1 CREST LENGTH STATISTICS 
Using the environmental wave model, the crest lengths occurring 

in the wave field were analyzed. Figure 27 shows the empirical 

cumulative distribution functions of the measured crest length 𝐿𝑐 
in the wave field, per environmental case. When evaluating 

equation 56, it is seen that the equivalent bending stiffness is 

inversely proportional to the crest length to the power third. For 

small values of 𝐿𝑐, the stiffness increases rapidly. Therefore, the 

5-, 20- and 50-percentile values of 𝐿𝑐 derived from the ECDF’s 

are looked into. The 5- and 20-percentile value are taken as a 

conservative value, while the 50-percentile value represents the 

median value.  Values of 𝐿𝑐 are given in Table 6. 

 

7.2 EQUIVALENT SPRING COEFFICENTS 
First, serving as reference values, a spring stiffness of zero and 

an infinite spring stiffness are chosen. Next, equation 56 is 

evaluated at the 5-, 20- and 50-percentile values for 𝐿𝑐 given in 

Table 6. This results in five cases for the equivalent spring 

stiffness per wave case, given in Table 7. 

 

7.3 FREQUENCY RESPONSE CHARACTERISTICS 
Per wave case, the frequency response characteristics are 

determined for the different configurations of the equivalent 

spring stiffness 𝑘𝑒𝑞  (given in Table 7). Figure 62 to Figure 67 in 

appendix I, show the graphs of the frequency response 

characteristics for wave case 1 to wave case 6. It is shown that 

short-crestedness of waves is related to a degraded motion 

response of the hydrodynamic model. For decreasing percentile 

values, crest length 𝐿𝑐 becomes smaller and the motion response 

is decreasing. Also, for decreasing peak period, the crest length 

𝐿𝑐 becomes smaller and the motion response is decreasing. 

 

8 Evaluation 
8.1 WAFO 
The development of the WAFO toolbox has been thoroughly 

tested and had its theoretical background reviewed. See [39-41] 

for further information. 

 

 

 
Figure 26 Visualization of crest length statistics in the form 
of empirical distribution functions 

 
Figure 27 Empirical distribution functions of the considered 
wave cases 

    Wave  

case 

Environ- 

mental 

parameter 

𝑯𝒔 
[m] 

𝑻𝒑 

[s] 

Lcrest 

P50 

[m] 

Lcrest 

P20 

[m] 

Lcrest 

P5 

[m] 

Case 1  1.5 4.5 13.35 4.635 2.553 

Case 2  1.5 6 14.02 5.949 3.403 

Case 3 3 6.5 35.73 17.81 10.16 

Case 4 3 8 40.08 19.76 11.86 

Case 5 6 9.5 100.5 63.43 39 

Case 6 6 13 147.2 91.24 53.15 
Table 6 Wave cases and their crest length statistics 

    Wave  

case 

Environ- 

mental 

parameter 

𝒌𝟎 

[kN/

m] 

𝒌𝒊𝒏𝒇 

[kN/

m] 

𝒌𝒑_𝟓𝟎 

[kN/m] 

𝒌𝒑_𝟐𝟎 

[kN/m] 

𝒌𝒑_𝟎𝟓 

[kN/m] 

Case 1  0 inf 78.732 1880.1 11248 

Case 2  0 inf 67.886 889.33 4750.2 

Case 3 0 inf 4.1033 33.125 178.59 

Case 4 0 inf 2.9077 24.279 112.111 

Case 5 0 inf 0.1841 0.7335 3.1545 

Case 6 0 inf 0.0586 0.2465 1.2465 
Table 7 Equivalent spring stiffness values per wave case 
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8.2 CONVERGENCE OF RESULTS WITH RESPECT 
TO SIMULATION TIME 

For case 2 to 6, results were drawn from simulations with a 

simulated time of 6000s. For case 1, due to long run times, results 

were drawn from a simulation with a simulated time of 3000s. 

Convergence of measurements was checked with regard to the 

simulated time of the simulations. Appendix H shows results for 

different simulated times for each of the wave cases.  

For case 2 to 6, results for simulated times of 500s, 1000s, 2000s, 

3000s, 4000s, 5000s and 6000s were compared. For case 1, 

results for simulated times of 500s, 1000s, 2000s and 3000s were 

compared. The graphs in Appendix H show a quick convergence 

of results, showing that the chosen run times are sufficient. 

 

8.3 CREST LENGTH MEASUREMENTS  
Although some research was done on crest length statistics [38, 

42-44], no comparable results or experimental data was found to 

perform a verification or validation study with.  

 

9 Discussion 
9.1 REVIEW OF RESULTS 
When regarding the frequency response characteristics in 

appendix I, the test cases can be divided into three categories. 

 The first category includes wave case 1 and wave case 2. When 

the 𝑘𝑝_50 spring case is taken, already a severe degradation in the 

motion response is seen. The 𝑘𝑝_20 and 𝑘𝑝_05 case show 

negligible motion response. 

 The second category covers wave case 3 and 4. The 𝑘𝑝_50 spring 

case shows a relatively well performance. with this spring 

configuration, the floater will still be able to follow the waves 

sufficiently. When a 𝑘𝑝_20 value is applied, the RAO-value will 

be about 0.5 [m/m]. For  𝑘𝑝_05 the floater’s motion response is 

still severely restricted.   

 The final, third, category includes wave case 5 and 6. There is 

neglectable degradation of the motion response found, even 

when the 𝑘𝑝_05 value for the equivalent spring stiffness is 

applied.  

 

9.2 REVIEW OF APPLIED THEORY 
The linear wave model combined with a spectral description of 

the wave environment is a broadly used method to describe wave 

fields in oceanic waters. The WAFO toolbox was used to 

simulate wave fields, also see section 8.1. 

 

9.3 REVIEW OF APPROACH 
As already discussed in Part I, a tradeoff between simplicity and 

accuracy was be made. There, it was chosen to capture effects 

due to bending resistance in a single constant value in the form 

of an equivalent spring stiffness. In this part, it then was chosen 

to test a range of spring stiffness values per wave case. The 

spring cases 𝑘0,  𝑘𝑖𝑛𝑓 , 𝑘𝑝_50, 𝑘𝑝_20 and 𝑘𝑝_05 are chosen to cover 

a range of possible bending resistance of the floater.  

 𝑘0 and 𝑘𝑖𝑛𝑓 would be the ‘best’ and ‘worst’ case scenarios 

respectively. The first excludes bending stiffness from the 

hydrodynamic model. While the latter applies an infinite spring 

stiffness, restricting the floater in (heave) motion.  

 The cases 𝑘𝑝_50, 𝑘𝑝_20 and 𝑘𝑝_05 were based on the ECDF’s of 

the crest lengths found in Figure 27. In this way representative 

values for the equivalent spring stiffness based on wave 

conditions encountered throughout the domain could be found. 

 𝑘𝑝_50 was based on the median wave crest length found. 50% of 

the crest lengths are below this value and 50% above this value. 

It then means that when this value is chosen, the actual spring 

stiffness is overestimated 50% and underestimated 50% of the 

times when regarding the crest length of the incoming wave. As 

the equivalent spring stiffness coefficient leads to degraded 

motion response, underestimation of the spring stiffness leads to 

underestimation of the overtopping statistics. Overestimation of 

the spring stiffness coefficient would lead to overestimation of 

the overtopping statistics.  

 Case 𝑘𝑝_20 considers a more conservative value for the 

equivalent spring stiffness when used in a wave overtopping 

assessment. Its value is based on the 20% shortest crest length 

present in the wave field. 

 The case 𝑘𝑝_05 considers an extremely conservative value to 

approximate the bending behavior of the floater. The equivalent 

spring stiffness constant is based on the 5% shortest crest length 

present in the wave field.  

 

10 Conclusions 
A method to determine crest length statistics is developed. Using 

these statistics, values for the equivalent stiffness coefficients 

were derived. This method serves as a first approximation 

towards including bending stiffness effects into a hydrodynamic 

model by capturing bending resistance behavior in a linear 

spring. This method is not verified nor validated. The validity of 

this method is thus subject for future research. 

 It is expected that for wave cases 1 to 4, in at least one of the 

spring configurations, the motion response of the floater will be 

significantly restricted. For case 5 and 6, values for the 

equivalent spring stiffness are low and its influence on the 

response is expected to be negligible. 

 

Future research recommendations:  

• No validation or verification study was performed to 

assess the quality of the model. A future 

validation/verification study is advised. 
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Part III – Global wave overtopping and plastic loss assessment 
 

Keywords 
Wave Overtopping, Fluid interaction with moving body, Free-

surface motion, ComFLOW, Two-dimensional Computational 

Fluid Dynamics, Navier-Stokes, Volume-of-Fluid, Numerical 

modelling, Numerical wave tank 

 

Abstract 
In the investigation of wave overtopping, an accurate description 

of the free-surface and fluid flow around the object is required. 

Part III handles coupling of the previously developed 

hydrodynamic model to the CFD solver ComFLOW. Wave 

overtopping statistics are derived from simulations in a 2D 

numerical wave tank with imposed motion. In the cases with low 

wave steepness, derivation of overtopping statistics has been 

achieved and results show that overtopping performance can be 

assessed by performing the steps taken in this research project. 

In these cases, the wave field is generally behaving linear and the 

motion response obtained from the hydrodynamic model can be 

coupled to the CFD solver. Results show that wave height and 

the applied spring stiffness are governing parameters for 

overtopping performance. It was also found that in some cases, 

non-linearities are introduced in the wave field. In the cases 

where non-linearities occur, the motion response derived by the 
hydrodynamic model deviates from the motion response that one 

would expect. Here, a significant error is found in the 

overtopping statistics. 

 

1 Introduction 
This part aims to couple a volume of fluid (VOF) method to the 

time-domain motion of a two-dimensional cylinder. It is then 

proposed that a fluid flow over the considered object, due to 

overtopping, can be measured.  

 

2 Outline 
First, a summarized description of the workings of ComFLOW 

is given. Then, a motion time trace is calculated by the 

previously developed hydrodynamic model and imposed onto a 

model of the floater in the numerical wave tank. In this CFD 

model, an overtopping assessment is performed for the six 

considered environmental cases. Finally, results are discussed 

and part III is concluded. 

 

3 Description of ComFLOW 
ComFLOW [45] is a numerical tool based on the Navier-Stokes 

equations. One of its application areas is the marine and offshore 

industry, where it is used to describe complex free-surface 

problems (e.g. green water and wave impact loading). 

ComFLOW is able to run one-phase or two-phase models. The 

one-phase flow model, applied here, considers the Navier-Stokes 

equations, describing the flow of an incompressible viscous fluid 

with a free liquid surface [46].  

 

3.1 CONCISE FORMULATION OF ONE-PHASE 
FLOW MODEL 

A concise description of the one-phase model is given here. For 

a more thorough derivation of the governing equations, boundary 

conditions, as well as the description of space and time 

discretization techniques, reference is given is to literature: [45-

49]. 

 

3.1.1 Governing Equations 
The motion of a homogeneous, incompressible, viscous fluid in 

a three-dimensional domain 𝛺 is described by the continuity 

equation (conservation of mass) and the Navier-Stokes equations 

(conservation of momentum). In conservative form, for a domain 

𝛺 with domain boundary 𝛤, they read:  

 

∮ 𝒖 ⋅
𝛤

𝒏 𝑑𝛤 = 0 (68) 

 

∫
𝜕𝒖

𝜕𝑡
𝑑𝛺 + ∮ 𝒖(𝒖 ⋅ 𝒏)𝑑𝛤

𝛤

+
1

𝜌𝛺

∮ 𝑝𝒏 𝑑𝛤
𝛤

    

−  𝜐 ∮ 𝛻𝒖 ⋅ 𝒏 𝑑𝛤
𝛤

−∫ 𝒇 𝑑𝛺
Ω

= 0 

                                                                                                      (69) 
 

 in which 𝜌 is the density, 𝜐 the kinematic viscosity, 𝒖 =
(𝑢, 𝑣, 𝑤) 𝑇 the velocity vector, 𝒏 the vector normal to the volume 

boundary and 𝒇 the vector containing external forces acting on 

the control volume. Note that density and viscosity are assumed 

to be constant.  

 

 Displacement of the free surface is, considering an 

incompressible fluid, described by: 

 
𝐷𝑆

𝐷𝑡
=
𝜕𝑆

𝜕𝑡
+ 𝛻 ⋅ (𝒖𝑆) = 0 (70) 

 

 In which 𝑆(𝒙, 𝑡) is the position of the free surface.  

 

3.1.2 Boundary Conditions and Free Surface 
To derive a solution for eq.’s 68, 69 and 70, conditions have to 

be set to all boundaries of the fluid domain. At solid boundaries, 

the no-penetration and no-slip conditions are applied. These 

conditions state that there is no fluid flow through (normal 

direction) or along (tangential direction) the solid boundary. In 

other words, the velocity of the fluid is zero relative to the 

boundary: 

𝒖 = 0 

 

 Or in the case of a moving solid boundary: 

 

𝒖 = 𝒖𝑏  

 

 The free surface of the fluid is also a boundary and such an 

interface requires two conditions to be applied. By applying the 

normal stress balance and tangential stress balance: 

 

−𝑝 + 2𝜇
𝜕𝑢𝑛
𝜕𝑛

= −𝑝0 + 𝜎𝜅 (71) 
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𝜇 (
𝜕𝑢𝑛
𝜕𝑡

+
𝜕𝑢𝑡
𝜕𝑛
) = 0 (72) 

 
Here, 𝑝 is the pressure, 𝑝0 the atmospheric pressure, 𝜇 dynamic 

viscosity, 𝜎 the surface tension, 𝜅 the curvature of the free 

surface and 𝑢𝑛 and 𝑢𝑡 the normal and tangential component of 

the velocity, respectively. 

 To reduce computational time, the size of the model domain is 

chosen such that it only covers the structure and the surroundings 

of interest. A guide on choosing the right size of the model 

domain is given in the ComFLOW manual [45]. 

 The model domain 𝛺 is bounded by the domain boundary 𝛤. In 

order to perform a realistic simulation, environmental conditions 

should be allowed to enter and leave the (truncated) domain. To 

achieve this, fluid must be allowed to flow in or out of the 

domain at certain boundaries. Here, the interest lies in the 

simulation of propagating waves. This requires the inflow and 

outflow boundary to be ‘open’ for the wave propagating through 

the fluid domain. A clever type of boundary condition is built in 

ComFLOW [45]. The generating and absorbing boundary 

condition (GABC) has a combined functionality of wave 

generation and wave absorption [47-49]. The GABC is able to 

generate waves while absorbing dispersive waves with a broad 

spectrum of wave numbers, reducing non-physical reflection of 

waves at the boundary to a minimum. The GABC is determined 

by [47]: 

 

(1 + 𝑏1ℎ
2
𝜕2

𝜕𝑧2
)
𝜕𝜙

𝜕𝑡
+ √𝑔ℎ (𝑎0 + 𝑎1ℎ

2
𝜕2

𝜕𝑧2
)
𝜕𝜙

𝜕𝑛
= 0

                                                                                                         (73)

 

 In which: 

𝜙 = 𝜙𝑖𝑛 +𝜙𝑜𝑢𝑡 (74) 
 

 The coefficients 𝑎0, 𝑎1, 𝑏1 are based on an approximation of the 

linear dispersion relationship [47]: 

 

𝑐 ≈ √𝑔ℎ
𝑎0 + 𝑎1(𝑘ℎ)

2

1 + 𝑏1(𝑘ℎ)2
(75) 

 

 Where, ℎ the depth, 𝑘 the wavenumber and 𝑔 the gravitational 

constant. The values of 𝑎0, 𝑎1, 𝑏1 can be chosen such that a 

chosen range of the dispersion relationship is approximated, 

corresponding with the wavenumber range of the to be absorbed 

waves [45,47-49]. See Figure 28. 

 
Figure 28 approximation of a chosen range of the dispersion 
relationship by equation 75 

3.1.3 Wave generation 
Waves are generated according to the wave potential 𝜙i𝑛 

formulated in equation 8: 

 

 =

𝑎
𝑔



cosh[𝑘(𝑑 + 𝑧)]

sinh(𝑘𝑑)
sin(𝑡 − 𝑘𝑥 + ) 

 

3.2 FORMULATION OF NUMERICS 
Equations 68 and 69 are solved by using a numerical approach. 

The continuity equation and Navier-Stokes equations are 

discretized in time and space. First a structured Cartesian grid is 

defined for finite-volume discretization of the domain 𝛺. The 

grid defines cells, also known as control volumes. The sum of 

volume of individual cells is equal to the total volume of the 

domain. A uniform grid (cells are square boxes), as well as a 

stretched grid (cells are rectangular boxes) can be applied. The 

cells within the domain are separated in classes based on 

similarity of properties. Figure 29 depicts how cells are labeled. 

A boundary cell B cannot contain fluid and is fully filled by the 

object. The empty cell E does not contain fluid but fluid may 

flow in during simulation. A fluid cell F is (almost completely) 

filled with fluid and fluid may flow out/in during simulation. The 

free surface is positioned with surface cells S, they are partially 

filled with fluid and forming the boundary between fluid and 

empty cells. Cell labeling and the liquid fill ratio of S and F is 

resolved at every time step. Pressure and velocity are given for 

individual cells using staggered variables. Per control volume, 

pressures are defined in the cell center and the velocity 

component at its boundaries [46], see Figure 30. 

 ComFLOW applies a Volume-Of-Fluid (VOF) type of method 

with a local height function for spatial discretization of the 

Navier-Stokes equations. The forward Euler method, first-order 

accurate, is applied for time discretization of the Navier-Stokes 

equations. Solving of convection and diffusion in time is done 

by using an explicit method. Pressure is solved in time by using 

an implicit method. After pressure is solved, the velocity field is 

calculated. From there, the position of the free surface is 

redefined.  

 

4 Derivation of wave overtopping 
characteristics 

Two parameters are defined to specify overtopping 

characteristics. The volumetric flow rate 𝑄 and total overtopping 

volume 𝑉. The volumetric flow rate Q gives the volume of fluid 

passing through a certain surface per unit time: 

 

Q(t) =  𝑣 ∗ 𝐴 (76) 
 

 With 𝑣 the velocity of the fluid and 𝐴 the surface area. In this 

study, a 2D case is considered. The volumetric flow rate is 

defined as the volume of fluid passing through a specified area 

per unit time, per meter section of the barrier. The surface area 

through which the volume flow is measured, is specified along 

the face edge of cells closest to the center of the barrier, as 

indicated with a red line in Figure 31. For each individual cell, 

ComFLOW gives the velocity at its face edges and the liquid fill 

ratio of the cell. The liquid fill ratio defines the percentage of 

volume of a cell that is actually filled with liquid. So, for 𝑁 cells 
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with face edge at the surface area, indicated with red, the 

volumetric flow rate per meter section of the barrier is given as: 

 

𝑄(t) =∑𝑢𝑖(𝑡) ∗ 𝐹𝑅𝑖

𝑁

𝑖=1

∗
∆𝑧

∆𝑦
(77) 

 
 For a moving barrier, and thus a surface moving with the 
barrier, the velocity of the barrier should be subtracted from 
the fluid velocity, in order to retrieve the volumetric flow rate 
through the moving surface area A: 
 

𝑄(t) =∑[𝑣𝑖(𝑡) − 𝑣𝑏𝑎𝑟𝑟𝑖𝑒𝑟(𝑡)] ∗ 𝐹𝑅𝑖

𝑁

𝑖=1

∗
∆𝑧

∆𝑦
(78) 

 
 With ∆𝑧 the height of the cell, ∆𝑦 the width of the cell, 𝐹𝑅 the 

liquid fill ratio of each cell in front of the surface edge and 𝑢 the 

velocity of fluid in x-direction at the face edge of the cell. 

The overtopping volume 𝑉 gives the total volume of fluid, per 

meter section of the barrier, washed over the barrier during a 

simulation: 

V = ∫ Q(t)𝑑𝑡
𝑡

0

(79) 

 

5 Model implementation 
Figure 32 gives a flowchart of the integration of the 

hydrodynamic model with the wave overtopping model. Based 

on given environmental parameters, the WAFO toolbox 

calculates a directional spectrum 𝑆(, 𝜃) and simulates a wave 

field (𝑥, 𝑦, 𝑡). The wave field analyzer derives statistics for the 

crest length 𝐿𝑐, which are used as an input for to calculate the 

equivalent bending stiffness. OCTOPUS-office then determines 

the 2D frequency response characteristics. A motion time trace 

is then calculated by the hydrodynamic model in Matlab, based 

on equation 46 and 51. This motion time trace is then imposed 

into a numerical wave tank, using ComFLOW, while the 

corresponding sea surface elevation is modelled. Then, 

overtopping characteristics are derived from the results given by 

ComFLOW. The volumetric flow rate Q and overtopping volume 

V per meter section of the barrier are calculated according to the 

formulae defined in eq. 78 and 79 respectively. 

ComFLOW comes with a post-processing tool, named PPR1. It 

makes use of the MatLab environment. PPR1 reads in the data 

generated by ComFLOW and is able to calculate cell properties, 

velocity fields and the pressure field per time step. ComFLOW 

is only able to measure the flux over a motionless object. 

Therefore, PPR1 had to be slightly altered and an additional 

object tracking flux measurement tool was developed: PPR2. A 

step-by-step guide of the required scripting and steps taken, is 

found in Appendix J. 

 

6 Model output and visualization 
ComFLOW’s PPR1 reads in the data generated by ComFLOW 

and is able to plot cell properties, velocity fields and the pressure 

field per time step. An example of visualization of the u-

component of the velocity is given in Figure 33. The post-

processing tool is also able to generate movies of a simulation. 

This function can be used for visualizing change of a variable 

 

Figure 29 Cell labeling distinguishing empty, surface, fluid 
and boundary cells. The blue area corresponds with water, 
grey with an object and white with air. (Image based on 
[50]) 

 
Figure 30 Definition of pressure and velocities. Pressures 
are defined at the cell center and the velocity component at 
its boundaries. 

                        
Figure 31 Definition of surface area where fluid passes 
through. 

 
Figure 32 Flow chart wave overtopping model 
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over time, as shown Figure 34, or to visualise the simulation 

itself in a 3D plotting mode, as seen in Figure 35.  PPR2 is 

written to derive the volume flux over the barrier and calculate 

overtopping statistics. The volumetric flow rate Q and 

overtopping volume V per meter section of the barrier are 

calculated according to the formulae defined in eq. 78 and 79 

respectively. Figure 36 shows an example of the visualization of 

the volumetric flow rate per meter section of the barrier against 

time of simulation. The greyed-out area is the start-

up/initialization phase, which is not taken into account during the 

wave overtopping assessment. 

 

7 Input data 
7.1 ENVIRONMENTAL CASES 
To maintain consistency, the same test conditions are chosen for 

all three parts. Referenced to is section 6.3 of part I and Table 4 

where the wave cases are determined. An elaboration on the 

choice of these parameters is found there. The 𝐻𝑠 and 𝑇𝑝 values 

corresponding to these wave cases are used by the WAFO 

toolbox as an input.  

 

7.2 EQUIVALENT STIFFNESS COEFFICIENTS  
Five cases for the equivalent spring stiffness, per wave case, are 

used. Referenced is to section 7.2 of part II and table 7. There, 

the equivalent spring stiffness was determined. A derivation of 

these coefficients can also be found in part II.  

 

7.3 FREQUENCY RESPONSE CHARACTERISTICS 
Per wave case, the frequency response characteristics are 

evaluated for the 5 different configurations of the equivalent 

bending stiffness 𝑘𝑒𝑞 . Referenced to is section 7.3 and Figure 62 

to Figure 67 in appendix I.  

 

7.4 SIMULATION PARAMETERS 
The simulation parameters used in the CFD study are 

summarized in Table 8. Explanation of the parameters is given 

below in section 7.4.1-7.4.4. 

 

7.4.1 Computational domain 
The computational domain 𝛺 of NWT has to be chosen carefully. 

The domain should be chosen as small as possible in order to 

perform time efficient simulations, but large enough so that 

waves do not interfere with the NWT’s boundaries. 

 To model propagation of deep water waves accurately, the NWT 

should be deep enough so that waves do not interfere with the 

NWT’s bottom. i.e., the NWT should be chosen deep enough so 

that tanh(𝑘𝑑) approaches 1 in the dispersion relationship and 

wavelength is not influenced by depth. From linear wave theory 

[21], taking 𝑚𝑎𝑥  the maximum wavelength found in the 

spectrum, deep water can be assumed when:  

 

ℎ >
1

2
∗ 𝑚𝑎𝑥  

 

 this value is then chosen as the depth of the wave tank. 

Also, the tank was chosen long enough so that waves could 

develop and not interfere with boundaries. These values where 

basically chosen on a trial and error basis and found in Table 8. 
 

7.4.2 Spatial discretization of domain 
Discretization of the spatial domain 𝛺 of the NWT was done 

based on guidelines given in the ComFLOW manual [45].  

A 3% cell stretching was applied in the vertical domain, reducing 

the number of cells needed, while maintaining a fine grid 

resolution in the vicinity of the sea surface. Values are found in 

Table 8. 

 

7.4.3 Duration and time step 
Simulations were run 200 seconds of which 50 seconds are an 

initialization phase and the last 150 seconds are used to calculate 

overtopping statistics. Timestep dt was chosen 0.01. CFL 

parameters are chosen as default [45]. See Table 8 for values. 

 

7.4.4 GABC conditions 
A Sommerfeld condition was applied to the GABC [47] 

boundary conditions. This means that the 𝑎0-coefficient is 

determined as: 

 

𝑎0 = √
tanh(𝑘ℎ)

𝑘ℎ
(80) 

 

While 𝑎1, 𝑏1 are equal to zero. Equation 75 then becomes: 

 

𝑐 ≈ √𝑔ℎ√
tanh(𝑘ℎ)

𝑘ℎ
(81) 

 

 
Figure 33 Visualization of u-component at time t 
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Figure 34 Snapshots of movie visualizing the variation of the 
u component over time. 

 
Figure 35 Snapshots taken from movie visualizing 2D 
simulation of waves including a floater with imposed motion.  

 
Figure 36 Example of visualization of volumetric flow rate 
over the barrier, per meter section of the barrier. Here, a 
regular wave (H=3, T=6) was applied on a non-moving floater.  

    Wave  

case 

 

 

Simu- 

lation  

parameter 

Case 

1 

Case 

2 

Case 

3 

Case 

4 

Case 

5 

Case 

6 

Length 

tank  
𝑳𝒕𝒂𝒏𝒌 

64 114 132 132 132 132 

Depth tank  
𝑫𝒕𝒂𝒏𝒌 

-

46.63 

-

82.34 

-

96.12 

-

147.5 

-

205.8 

-

386.5 

Height 

tank  
𝒉𝒕𝒂𝒏𝒌 

3.041 3.041 6.117 6.117 12.35 12.35 

𝑵𝒙 533 950 1100 1100 1100 1100 

𝑵𝒛 103 121 138 152 179 200 

𝑵𝒕𝒐𝒕𝒂𝒍 5489

9 

11495

0 

1518

00 

1672

00 

1969

00 

2200

00 

𝒔𝒛 1.03 1.03 1.03 1.03 1.03 1.03 

𝒔𝒙 1.00 1.00 1.00 1.00 1.00 1.00 

t 200s 200s 200s 200s 200s 200s 

dt 0.01 0.01 0.01 0.01 0.01 0.01 

Max 

(dt) 

0.1 0.1 0.1 0.1 0.1 0.1 

CFL-

number 

1 1 1 1 1 1 

Min 

(CFL) 

0.3 0.3 0.3 0.3 0.3 0.3 

Max 

(CFL) 

0.8 0.8 0.8 0.8 0.8 0.8 

GABC a0 

(Sommerf

eld 

condition) 

0.328

5 

0.329

6 

0.330

5 

0.328

3 

0.330

1 

0.329

6 

Table 8 Simulation parameters 

8 Results 
Overtopping statistics were derived for the considered test cases. 

Graphs of the volumetric flow rate Q per meter section of the 

barrier are found in Appendix K. The total overtopping volume 

per simulation run is found in Table 9.  

 Figure 74 to Figure 79 in Appendix L give the total overtopping 

volume plotted against the equivalent spring stiffness coefficient.  

 Finally, Figure 80 in Appendix M plots the total overtopping 

volume against wave steepness, corrected for wave height, for 

wave case 2, 4 and 6. The wave steepness was corrected for wave 

height and calculated as follows: 

 

𝑠𝑐𝑜𝑟𝑟 =
2𝜋(𝐻 − 0.5 ∗ 𝐷)

9.81𝑇2
(82) 

 

In which 𝐷 is the cylinder’s diameter, 𝐻 the wave height and 𝑇 

the wave period. 𝐻 and 𝑇 were chosen as the 𝐻𝑠 and 𝑇𝑝 values 

respectively. The wave steepness was corrected in order to find 

a better trend in the results. The correction ‘accounts’ for the fact 

that wave cases with a lower wave height won’t result in 

overtopping.   
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 The cases 1, 3 and 5 showed erroneous results and where 

therefore not included in Figure 80. These errors are introduced 

by non-linearities occurring in the CFD simulations while this is 

not accounted for in the hydrodynamic model. From the movie 

images it was seen that wave breaking occurs and the wave field 

is distorted. The non-linearities are not accounted for in the linear 

wave model on which the hydrodynamic model was based on. 

The time trace that was determined from the hydrodynamic 

model and imposed onto the cylinder in the numerical wave tank 

is thus erroneous. In the movie images it seen that wave breaking  

 

Test 

Case 

Wave 

case 

 𝑯𝒔 
[m] 

 

 𝑻𝒑 

[s] 

 

 𝑳𝒄 
[m] 

 𝒌𝒆𝒒 

[KN/m] 

V 

[m^3/m] 

 

1 Case 1 1.5 4.5 - 0 14.92 

2 Case 1 1.5 4.5 - 𝑖𝑛𝑓 24.47 

3 Case 1 1.5 4.5 13.35 78.732 20.47 

4 Case 1 1.5 4.5 4.635 1880.1 24.61 

5 Case 1 1.5 4.5 2.553 11248 23.94 

6 Case 2 1.5 6 - 0 0.01676 

7 Case 2 1.5 6 - 𝑖𝑛𝑓 0.3490 

8 Case 2 1.5 6 14.02 67.886 0.05643 

9 Case 2 1.5 6 5.949 889.33 0.5471 

10 Case 2 1.5 6 3.403 4750.2 0.4712 

11 Case 3 3 6.5 - 0 95.25 

12 Case 3 3 6.5 - 𝑖𝑛𝑓 105.2 

13 Case 3 3 6.5 35.73 4.1033 84.49 

14 Case 3 3 6.5 17.81 33.125 77.94 

15 Case 3 3 6.5 10.16 178.59 97.43 

16 Case 4 3 8 - 0 8.502 

17 Case 4 3 8 - 𝑖𝑛𝑓 30.21 

18 Case 4 3 8 40.08 2.9077 7.091 

19 Case 4 3 8 19.76 24.279 10.43 

20 Case 4 3 8 11.86 112.111 21.22 

21 Case 5 6 9.5 - 0 230.2 

22 Case 5 6 9.5 - inf 315.5 

23 Case 5 6 9.5 100.5 0.1841 250.8 

24 Case 5 6 9.5 63.43 0.7335 213.8 

25 Case 5 6 9.5 39 3.1545 207.7 

26 Case 6 6 13 - 0 3.002 

27 Case 6 6 13 - inf 102.6 

28 Case 6 6 13 147.2 0.0586 3.033 

29 Case 6 6 13 91.24 0.2465 5.194 

30 Case 6 6 13 53.15 1.2465 4.515 
Table 9 Overtopping volumes per meter section of the barrier 
for a simulation run of 200s, regular and irregular wave cases 

occurred, the wave field was distorted, which results in a wrong 

motion response of the floater, sometimes causing it to plunge 

into the sea surface, resulting in large overtopping events. Figure 

81 in Appendix N shows a series of snapshots visualizing an 

example of such a wave breaking event. 

 

9 Evaluation 
9.1 COMFLOW 
The development of the ComFLOW software has gone through 

several joint-industry-projects, in which it has been thoroughly 

tested and validated by its developers. For further information, 

See [51]. 

  

9.2 COMPARISON OF WAVE INPUT 
HYDRODYNAMIC MODEL AND SIMULATED 
WAVE IN COMFLOW 

Appendix O compares the linear wave signal used by the 

hydrodynamic solver in part I with the measured wave signal in 

ComFLOW at the location of the cylinder, while following the 

same mesh strategy as described in section 7. This is done to 

check if the linearly derived motion time trace would be valid to 

use when imposed onto the cylinder in the CFD model. 

It is seen that for case 2, 4 and 6 the signals compare relatively 

well. In case 1, 3 and 5 it is seen that events occur in which the 

signals show significant deviations from each other. This can be 

attributed to non-linearities occurring in the wave field simulated 

in ComFLOW. Due to these non-linearities, the wave field is 

changed and a linear description does not hold anymore. This 

leads to difference in the linearly derived wave signal and the 

signal measured in ComFLOW. It might thus also lead to an 

erroneous imposed motion time trace onto the cylinder in case 1, 

3 and 5.  

 

9.3 VALIDATION OF OVERTOPPING 
MEASUREMENTS 

Calculation of the volumetric flow rate Q, by the PPR2 

postprocessor, is validated against results derived from the flux 

measurement tool available within ComFLOW. The ComFLOW 

flux measurement tool is not able to track a moving object and 

the comparison study is thus done for waves running over a still 

cylinder. The case that is analyzed corresponds to waves of 𝐻 =
3𝑚 and 𝑇 = 6𝑠 which are running over a fixed cylinder with 

𝐷 = 1.2𝑚, for a duration of 𝑡 = 5𝑇 = 30𝑠. Figure 37 shows the 

graphs produced by the reference and the PPR2 tool respectively. 

It is observed that the PPR2 tool produces comparable results as 

the ComFLOW reference tool.  

 

 

 
Figure 37 Validation of flux postprocessor with ComFLOW 
measurement tool. Test case: 𝑯 = 𝟑, 𝑻 = 𝟔, 𝑫 = 𝟏. 𝟐, 𝒕 = 𝟑 

10 Discussion 
10.1 REVIEW OF RESULTS 
For Case 1 (see Figure 68 and Figure 74), Case 3 (see Figure 70 

and Figure 76), Case 5 (see Figure 72 and Figure 78), relatively 
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high volumes of overtopping were observed. As explained in 

section 8, this is introduced due to non-linearities introduced in 

the wave field. Over the 200 seconds of simulated time, it is 

evaluated that the wave field will deviate too much from the 

linear wave signal, which was used for the hydrodynamic model. 

These cases are therefore not taken into account when 

concluding upon the overtopping performance of the floater.  

 For case 2, see Figure 69 and Figure 75, it is first seen that 

overtopping is neglectable for spring configurations of K0 and 

K0_50. Although in the latter case the motion response is already 

heavily restricted, wave overtopping is not observed due to the 

relatively low wave height (𝐻𝑠 = 1.5𝑚),  compared to the 

cylinders diameter (𝐷 = 1.2𝑚). For the other spring 

configurations, Kinf, K020 and K005, a comparable 

development of the volumetric flow rate is seen. Also, the 

overtopping values lie in the same order of magnitude for these 

configurations, still being relatively low. This is again explained 

by the relatively low wave height. Waves seem not to be high 

enough to be able to run over the floater. 

 Case 4,  Figure 71 and Figure 77, shows a gradual development 

of overtopping volumes for increased spring stiffness values. 

This is as expected, as it also shows a gradually decreasing 

motion response in heave, see Figure 65. A large overtopping 

volume is observed for a spring stiffness chosen 𝑘𝑖𝑛𝑓, which is 

not very realistic however, as bending stiffness is not expected 

to restrict motions this extreme. 

 Case 6 shows comparable overtopping results for spring cases 

𝑘0, 𝑘𝑝0_50, 𝑘𝑝0_20 and 𝑘𝑝0_𝟎5. Again, from figure 53, comparable 

motion response is observed for these spring configurations. 

Also, here, a large overtopping volume is seen for 𝑘𝑖𝑛𝑓, but 

motions are not expected to be restricted this significantly. 

 When regarding Figure 80 in Appendix M, a trend seems to 

develop, increased overtopping volumes are observed for an 

increased corrected steepness and an increased equivalent spring 

stiffness. However, before one jumps to conclusions, considering 

the amount of data points more measurements should be 

performed. 

  

10.2 REVIEW OF APPLIED THEORY 
The flow model in this CFD study is based on the Navier-Stokes 

equations, allowing for non-linear wave behavior. The motion 

time trace which is imposed on the floater, is derived from the 

hydrodynamic model developed in part I. This motion is the first 

order response, an error is thus introduced when waves start to 

behave non-linearly, while the associated response is still 

assumed to be linear.  

  Although the individual models are verified against existing 

models, it is proposed that the method described is subject to a 

future validation study. 

 Also, due to time limitations, the ComFLOW user guide was 

used to determine the spatial discretization of the domain. There 

is no domain optimization and grid refinement study performed. 

This means that the model is not optimized in efficiency and 

accuracy. It is recommended to do this for future research. As the 

focus lies on wave overtopping over a cylinder, a refinement 

based on the cylinder diameter could be a fitting approach [52]: 

 

∆ =
𝐷

𝑝𝑝𝑐𝑑
(83) 

 

10.3 REVIEW OF APPROACH 
The one-phase flow model is applied here, modelling sea-water 

flow including a free surface, while neglecting the presence of 

air. This is a valid assumption due to the significant difference in 

density between sea-water and air. Under the conditions where 

the PCS’s are deployed, sea-water is able to contain a large 

amount of momentum relative to air. The effects of sea-water 

will thus be governing in wave overtopping phenomena.  

 A negative volumetric flow rate is not incorporated in the 

calculation of the total overtopping volume. As a conservative 

assumption, a volume of water that has flowed over the barrier 

is considered to be lost and volume flowing back is not 

considered.  

11 Conclusions 
A first step into the development of a method able to determine 

overtopping statistics for a floating boom model has been made. 

A hydrodynamic motion response model has been combined 

with accurate free surface simulations in a numerical wave tank. 

In the cases with low wave steepness, derivation of overtopping 

statistics has been achieved and results show that overtopping 

performance can be assessed by performing the steps taken in 

this research project. In these cases, the wave field is generally 

behaving linear and the motion response obtained from the 

hydrodynamic model can be coupled to the CFD solver. 

 In the cases were non-linearities occur, the motion response 

derived by the hydrodynamic model deviates from the motion 

response that one would expect. Here, a significant error is found 

in the overtopping statistics.  

 Based on the results from case 2, 4 and 6, it is found that wave 

height and the value for the equivalent spring stiffness are 

governing parameters for overtopping performance. 

 Although more measurement data is needed, Figure 80 seems to 

hint that there is a link to the (corrected) wave steepness and 

overtopping volumes. The underlying parameters for steepness 

are known to be the wave height and period.  

 

Future research recommendations:  

 

• Effects of non-linearity are a recommended subject for 

future research. A suggestion could be to use a 

ComFLOW model itself to calculate the motion 

response. This would however lead to a significant 

increase in computational time. Solving of the fully 

coupled motion would require a relatively high 

resolution of the domain in the vicinity of the cylinder’s 

surface, in order to accurately solve the pressure 

distribution around the cylinder.  

• In order to further asses the quality of the results, it is 

recommended to perform a thorough verification and 

validation study.  

• A Domain optimization study is recommended for 

increased efficiency and accuracy of simulations 
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Appendix A – Met-ocean data 
 

 

Figure 38 Full wave energy scatter plot. Metocean data 

provided for the location 30N, 138W. 

 

Figure 39 Wave steepness plot for full wave energy scatter 
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Figure 40 Wind sea scatter plot. Metocean data provided 

for the location 30N, 138W. 

 
Figure 41 Swell sea scatter plot. Metocean data provided 

for the location 30N, 138W. 
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Appendix B – Morison’s approach 
In 1950, Morison [53] studied wave forcing on a vertical pile. 

He hypothesized that the horizontal wave force exerted on the 

pile consists of a superposition of a linear inertia term and a 

quadratic drag term: 

 

𝐹(𝑡) =  𝐶𝑚𝑉�̇�(𝑡)⏟      
𝐼𝑛𝑒𝑟𝑡𝑖𝑎 𝑡𝑒𝑟𝑚

+
1

2
𝐶𝑑𝐴𝑢(𝑡)|𝑢(𝑡)|
⏟          

𝐷𝑟𝑎𝑔 𝑓𝑜𝑟𝑐𝑒

(84)
 

 

With 𝐹(𝑡) the excitation force, 𝐶𝑚 inertia coefficient, 𝐶𝑑 drag 

coefficient,  mass density, 𝑉 submerged volume, 𝐴 frontal 

area, 𝑢 water particle velocity, �̇� water particle acceleration. 

The inertia coefficient 𝐶𝑚 and the drag coefficient 𝐶𝑑 are 

dependent on the Reynolds number, Keulegan-Carpenter 

number, roughness and the geometry of the cylinder. 

Derivation of these coefficients for the boom is handled in 

[54]. 

 Chakrabarti [22, 55] generalized Morison’s equation to 

cylinders of random orientation. While Dixon [56] extended 

the formulae to the application of a partially submerged 

horizontal cylinder in waves. He mentioned that due to the 

varying immersion of the cylinder, the vertical force equation 

now has to account for the varying buoyancy. The varying 

buoyancy term is proportional to the displacement volume 

change. 

 The vertical component of the wave exciting force of a 

partially submerged horizontal cylinder is now written as:  

 

𝐹𝑧(𝑡) = 𝐶𝑚𝑉�̇�(𝑡)⏟      
𝐼𝑛𝑒𝑟𝑡𝑖𝑎 𝑡𝑒𝑟𝑚

+
1

2
𝐶𝑑𝐴𝑢(𝑡)|𝑤(𝑡)|
⏟          

𝐷𝑟𝑎𝑔 𝑡𝑒𝑟𝑚

+ 𝑔[𝑉(𝑡) − 𝑉0]⏟        
𝐵𝑢𝑜𝑦𝑎𝑛𝑐𝑦 𝑡𝑒𝑟𝑚

(85)
 

 

where,  𝐹𝑧(𝑡) vertical excitation force, 𝑤(𝑡) normal velocity 

vector, 𝑉(𝑡) immersed volume at time t and  𝑉0 initial 

immersed volume. 

 The initial Morison’s equation considers a cylinder restrained 

in waves. Shafiee-Far’s extension of the Morison formula [57] 

accounts for a moving structure: 

 
𝐹(𝑡) =  𝐶𝑚𝑉�̇�𝑤(𝑡) − 𝐶𝑎𝑉�̇�𝑠(𝑡)⏟                

𝑖𝑛𝑒𝑟𝑡𝑖𝑎 𝑡𝑒𝑟𝑚

+
1

2
𝐶𝑑𝐴𝑢𝑟(𝑡)|𝑢𝑟(𝑡)|⏟            

𝐷𝑟𝑎𝑔 𝑡𝑒𝑟𝑚

(86)
 

 

 Where the inertia coefficient is defined as 𝐶𝑚 = 𝐶𝑎 + 1 with 

𝐶𝑎 being the added mass coefficient. Now, Tanis [54] 

combined the equations 85 and 86 into extended Morison 

formulae for the application of a moving horizontal cylinder in 

waves. The wave exciting force in heave and surge direction 

are given as: 

 

𝐹𝑧(𝑡) = 𝐶𝑚𝑉�̇�𝑤(𝑡) − 𝐶𝑎𝑉�̇�𝑠(𝑡)⏟                
𝑖𝑛𝑒𝑟𝑡𝑖𝑎 𝑡𝑒𝑟𝑚

+
1

2
𝐶𝑑𝐴𝑢𝑟(𝑡)|𝑢𝑟(𝑡)|⏟            

𝐷𝑟𝑎𝑔 𝑡𝑒𝑟𝑚

+ 𝑔[𝑉(𝑡) − 𝑉0]⏟        
𝐵𝑢𝑜𝑦𝑎𝑛𝑐𝑦 𝑡𝑒𝑟𝑚

(87)
 

 

 
𝐹𝑥(𝑡) =  𝐶𝑚𝑉�̇�𝑤(𝑡) − 𝐶𝑎𝑉�̇�𝑠(𝑡)⏟                

𝑖𝑛𝑒𝑟𝑡𝑖𝑎 𝑡𝑒𝑟𝑚

+
1

2
𝐶𝑑𝐴𝑢𝑟(𝑡)|𝑢𝑟(𝑡)|⏟            

𝐷𝑟𝑎𝑔 𝑡𝑒𝑟𝑚

(88)
 

 
Appendix C – Conditions for oscillating 

cylinder in heave 

 
Figure 42 – Formulation of problem  

Consider the half submerged cylinder from Figure 42. Assume 

that the position of the center corresponds with the free surface 

of the undisturbed fluid. Now, the velocity potential function 

 has to satisfy the following conditions: 

 

1. La Place condition: 

 

2

𝑥2
+

2

𝑧2
= 0 (89) 

 

 

2. Linearized free surface condition: 

 

 

𝐾 +


𝑧
= 0 (90) 

 

 with 𝐾 = 
2

𝑔
 with  =  

2

𝑇
= ℎ𝑒𝑎𝑣𝑒 𝑓𝑟𝑒𝑞.  

 

3. Sea bed boundary condition (deep water): 

 


𝑧
= 0 for 

𝑧 →  (91) 
 

4. Boundary condition on cylinder: 

 


𝑛
= 𝑈𝑛(𝑥, 𝑧) (92) 

 

5. Radiation condition: 

 
lim
𝑅→

 = 0 (93) 

 

6. symmetric condition (case of heave): 

 

(−𝑥, 𝑦) = (𝑥, 𝑦) (94)
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Appendix D – Added mass and hydrodynamic damping coefficients for a partially 
submerged circular cross-section with a diameter of 1.2m and a draft of 0.34m  

 

 
Figure 43 Two-dimensional added mass coefficient in heave 𝒂𝟑𝟑 for a partially submerged circular cross-section with a 
diameter of 1.2m and a draft of 0.34m 

 
Figure 44 Two-dimensional potential damping coefficient in heave 𝒃𝟑𝟑 for a partially submerged circular cross-section with 
a diameter of 1.2m and a draft of 0.34m 
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Figure 45 Two-dimensional added mass coefficient in surge 𝒂𝟏𝟏 for a partially submerged circular cross-section with a 

diameter of 1.2m and a draft of 0.34m 

 
Figure 46 Two-dimensional potential damping coefficient in surge 𝒃𝟏𝟏 for a partially submerged circular cross-section with 
a diameter of 1.2m and a draft of 0.34m 
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Appendix E – Response spectra of the floater in the case of Keq = 0 (‘Pure hydrodynamic 
model’) 

 
Figure 47 Wave spectrum of the environmental cases and the  heave- and surge response spectra for the hydrodynamic 
model with a spring coefficient of keq=0 
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Appendix F – Comparison of beam model with FEMAP 
 

 
Figure 48 Undeformed comparison model in FEMAP 

 

 

 

 

 

 

 

 

 

 
Figure 49 Deformed comparison model in FEMAP 
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Appendix G – Comparison of ‘pure’ hydrodynamic model with OrcaFlex 
 

 
Figure 50 Comparison of heave response in hydrodynamic model and OrcaFlex model for wave case 1 

 
Figure 51 Comparison of heave response in hydrodynamic model and OrcaFlex model for wave case 2 

 
Figure 52 Comparison of heave response in hydrodynamic model and OrcaFlex model for wave case 3 
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Figure 53 Comparison of heave response in hydrodynamic model and OrcaFlex model for wave case 4 

 
Figure 54 Comparison of heave response in hydrodynamic model and OrcaFlex model for wave case 5 

 
Figure 55 Comparison of heave response in hydrodynamic model and OrcaFlex model for wave case 6 
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Appendix H – Convergence of the ECDF of crest length measurements 
 

 
Figure 56 Convergence of ECDF against simulation time 

 
Figure 57 Convergence of ECDF against simulation time 
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Figure 58 Convergence of ECDF against simulation time 

 
Figure 59 Convergence of ECDF against simulation time 
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Figure 60 Convergence of ECDF against simulation time 

 
Figure 61 Convergence of ECDF against simulation time 
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Appendix I – Frequency response characteristics 

 
Figure 62 Frequency response characteristics case 1, the blue line indicates K0, the purple line KP050, the yellow line KP020 
and the orange line KP005 

 
Figure 63 Frequency response characteristics case 2, the blue line indicates K0, the purple line KP050, the yellow line KP020 
and the orange line KP005 
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Figure 64 Frequency response characteristics case 3, the blue line indicates K0, the purple line KP050, the yellow line KP020 
and the orange line KP005 

 

 

 
Figure 65 Frequency response characteristics case 4, the blue line indicates K0, the purple line KP050, the yellow line KP020 
and the orange line KP005 
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Figure 66 Frequency response characteristics case 5, the blue line indicates K0, the purple line KP050, the yellow line KP020 
and the orange line KP005 

 

 
Figure 67 Frequency response characteristics case 6, the blue line indicates K0, the purple line KP050, the yellow line KP020 
and the orange line KP005 
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Appendix J – Programmers’ guide to 
PPR1 and PPR2 

The data files generated by ComFLOW are of a certain binary 

file format. These files are flat binary files, they do not contain 

any metadata to interpret the data structure of the file. This 

makes it a very cumbersome task to write a straight-forward 

Matlab file, which is able to both read in the data files and 

calculate the desired results. It is also out of the scope of this 

thesis work to write a script which is able to do this. Therefore, 

the choice is made to alter the already existing post-processing 

tool (PPR1) that comes with ComFLOW, perform a few 

actions to reformat the data files and then use another self-

written post-processing tool (PPR2) to retrieve the desired 

overtopping statistics.  

 

The goal of this programmers’ guide is to give a step-by-step 

description on how to retrieve the volume flux and overtopping 

statistics from the data files generated by ComFLOW. 

 

Perform the following steps: 

Step 1: 

Add a folder named ‘Matlabfiles’ to the directory where your 

simulation was stored: …./ComFLOW/Runs/Simulation_XX 

 

Step 2: 

Open the createDerivedVariable.m file located in 

…./ComFLOW/ppr/@CMFSnapshot with Matlab. 

 

Step 3: 

See Table 13, it shows a part of the Matlab script 

createDerivedVariable.m. Add lines of code with green bar in 

front.  

 

NOTE: Change line 513 to desired storage directory of files!: 

…./ComFLOW/Runs/ Simulation_XX /Matlabfiles 

 

Step 4: 

Open Matlab and change directory to the ppr folder: 

…/ComFLOW/ppr 

 

Step 5: 

In the command terminal of matlab: 

• Type cmf_init and press enter 

- cmf_init.m has run 

• Type comflow and press enter 

- comflow.m has run 

- Simulation editor/GUI ComFLOW starts up 

 

Step 6: 

In the simulation editor of PPR1: 

• Choose simulation directory of simulation to be processed 

• Click post-processing in the menu bar and open 

snapshots(2D/3D) 

- ComFLOW snapshotcenter opens 

 

Step 7: 

In the snapshotcenter of PPR1: 

• Select data source 

• Switch to 2D 

• Select a random simulation file 

• Switch to 2D plotting mode: XZ-plane 

• Switch to U-component  

• Press plot button and check if the U-component is plotted 

and XZ-plane visualized 

• Click post-processing in the menu bar and open movie 

maker 

 

Step 8: 

In the movie maker of PPR1:  

• Select plot set 

• Check if all frames are selected 

- Select all frame box is ticked 

• Generate movie 

- Every snapshot is now cycled through to be plot 

and added as a frame to the movie  

- While a snapshot is loaded and a plot is 

generated, the raw data of the ComFLOW file is 

addressed 

- Due to the lines added in 

createDerivedVariable.m, the data is stored into 

a .mat-format readable by Matlab. 

 

Step 9: 

In the editor of Matlab: 

• Open a blank m-file and add the lines of code given in 

Table 11 

• Change line 9 to the corresponding folder of the stored 

matlab files (see step 3) 

• Save m-file as PPR2.m 

 

Step 10: 

Run PPR2.m 

 

Execution of the PPR2 script outputs the overtopping statistics 

of the ComFLOW simulation. 
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                        obj.var.vortk.{k}(2:end-1,2:end-1,:) = (dvx-duy); 
                    end 
                end 
            end 
        end 

         
    end 

509. datafile = obj.fnm;            %Full name datafile 
510. token = strtok(datafile,'.');  %Generate name for datafile to be saved 

511.  
512. directory = cd;                %original directory 

513. cd /Users/hansmaarten/'OneDrive - The Ocean Cleanup'/'Graduation 

project'/Model/Comflow/Runs/K0IWC2/Matlabfiles/ %change to storage directory 
514. save(token, 'obj')             %Save data as .mat file with token-name 

515. fprintf('file word opgeslagen onder %s \n',token) 
516. cd (directory);                %change back to original directory 

 

 

end 
Table 10 Part of ‘createDerivedVariable.m’, lines of code with green bar in front to be added 

1.  
2. %//In order to be able to read the input files, java classes have to be 
3. %added to the path, this is done by running cmf_init, from the PPR1 toolkit 
4. run [~~~location of ComFLOW folder~~~]/Comflow/ppr/cmf_init 
5.  
6. %%//open the simulation editor  ~~mainly to remove annoying error showing in matlab 

terminal 
7. run [~~~location of ComFLOW folder~~~]/Comflow/ppr/comflow 
8.  
9.  
10.  
11.  
12. %//change to storage directory of data files 
13. cd [~~~location of ComFLOW folder~~~]/Model/Comflow/Runs/[~~~folder containing 

run~~~]/Matlabfiles/ 
14. working_folder = pwd; 
15.  
16. list_dir     = dir('*.mat');                   %//lists all files in directory 
17. list_dir_cell = struct2cell(list_dir);           %//rewrite from struct to cell 
18. fnm          = list_ dir_cell(1,:);             %List of filenames 
19.  
20.  
21. cd [~~~location U_barrier file~~~] 
22. velocity_barrier = xlsread(’[name_file]’,’Sheet1’,’A1:[end]’); 
23.  
24. for iii = 1:length(fnm) 
25.    u_component(iii).U_barrier = velocity_barrier(iii) 
26. end 
27.  
28. cd working_folder 
29.  
30. figure 
31. for i = 1:length(fnm) 
32.     matFilename = char(fullfile(working_folder, fnm(i))); 
33.     matdata(i) =  load(char(matFilename));                   %//Read in data 
34.     time(i) = matdata(i).obj.var.time;                       %//timestamp datafile 
35.     fprintf('TIJD = %s \n',num2str(time(i))) 
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36.      
37.     if i ==1 
38.         dt(i)        = 0; 
39.     else 
40.         dt(i)        = time(i)-time(i-1); 
41.     end 
42.      
43.     u_component(i).u = cell2mat(matdata(i).obj.var.u); 
44.     u_component(i).u = u_component(i).u(:,4,:); 
45.     u_component(i).u = permute(u_component(i).u,[3 1 2]);        %//u component 
46.  
47.     apperture(i).FB  = cell2mat(matdata(i).obj.var.fb); 
48.     apperture(i).FB  = apperture(i).FB(:,4,:); 
49.     apperture(i).FB  = permute(apperture(i).FB, [3 1 2]);        %//Volume apperture 
50.  
51.     fill_ratio(i).FS = cell2mat(matdata(i).obj.var.fs); 
52.     fill_ratio(i).FS = fill_ratio(i).FS(:,4,:); 
53.     fill_ratio(i).FS = permute(fill_ratio(i).FS, [3 1 2]);       %//Liquid fill ratio 
54.  
55.     apperture(i).FBCRD = apperture(i).FB; 
56.     apperture(i).FBCRD(apperture(i).FBCRD ~= 0)                            = NaN; 
57.     apperture(i).FBCRD(isnan(apperture(i).FBCRD))                          = 1; %//all 

boundary edges, including geometry edges now have a value of 0 and all fluid edges have a 

value of 1 
58.  
59.     size_ref = apperture(i).FBCRD; 
60.     apperture(i).center   = regionprops(1 - apperture(i).FBCRD(4:(size(size_ref,1)-

3),3:(size(size_ref,2)-2)), 'centroid');   %// center = regionprops(1 - FBCRD, 'centroid') 

als ook rand bc 1 
61.     apperture(i).i_center = round(apperture(i).center.Centroid(1))+2;                     

%//Cell edge located at midpoint barrier (x-direction) 
62.     apperture(i).j_center = round(apperture(i).center.Centroid(2))+3;                     

%//Cell edge located at midpoint barrier (z-direction) 
63.  
64.     apperture(i).FB_check = apperture(i).FB(apperture(i).j_center,apperture(i).i_center); 

%//Check if cell edge has 0 value 
65.     if apperture(i).FB_check == 0 
66.         apperture(i).message1 = 'Barrier gevonden'; 
67.         disp(apperture(i).message1) 
68.     else 
69.         apperture(i).message1 = sprintf('Barrier NIET GEVONDEN'); 
70.         uiwait(warndlg(apperture(i).message1)); 
71.         return 
72.     end 
73.  
74.      u_component(i).u_FS_cells    =  apperture(i).FBCRD.*u_component(i).u;          %//u-

components of fluid cells 
75.      u_component(i).u_at_face     =  u_component(i).u_FS_cells(:,apperture(i).i_center);   

%//u components fluid cell at face edge location barrier 
76.  
77.      u_plot = u_component(i).u_FS_cells;               %//generate value for plot 
78.      u_plot(u_plot == 0) = NaN;                        %//set all zero values to NaN 
79.  
80.      contourf(1-apperture(i).FB,[.49 .51]);            %//fill boundary cells (drawing of 

geometry) 
81.      hold on 
82.      image = imagesc(u_plot);                          %//draw U-velocities 
83.      colormap('jet')                                   %//Uses jet color scheme 
84.      set(image,'alphadata',~isnan(u_plot))             %//Ignores NaN values and sets NaN 

values to background colour 
85.      colorbar                                          %//Adds a colorbar 
86.      caxis([-2.25 2.75]);                              %//Set axis 
87.      hold on 
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88.       full = fill_ratio(i).FS >.99;                                       %//Set conditions 
free surface (conditions based on PPR1) 

89.      fsvar2 = (1-full).*fill_ratio(i).FS./(fill_ratio(i).FS+0.5) + full; %//Set conditions 
free surface (conditions based on PPR1) 

90.      B = contour(fsvar2,[.5 .5],'LineWidth',2,'LineColor','blue');       %//draw free 
surface line 

91.      hold on 
92.      

plot(apperture(i).i_center,apperture(i).j_center,'*','MarkerSize',4,'MarkerFaceColor','r') 

%//plot location center cell edges 
93.      hold off 
94.      axis([(size(u_component(1).u,2)/2-10) (size(u_component(1).u,2)/2+10) 65 85]) 
95.      title(['Time = ' num2str(time(i)) ' s ']) 
96.      drawnow 
97.     % pause(.5) 
98.  
99. dz = cell2mat(matdata(1).obj.grid.dzpmin);     %//dz [m] 
100. dy = cell2mat(matdata(1).obj.grid.dypmin);     %//dy [m] 
101.  
102.  
103.     for j = apperture(i).j_center:size(u_component(i).u,1) 
104.  
105.             u_component(i).u_ab(j)   = u_component(i).u_at_face(j);  %//u components at 

face above barrier center 
106.  
107.     End 
108.  
109. dummy_var = u_component(i).u_ab 
110.  
111. for ii = 1:length(dummy_var) 
112.      if dummy_var(ii)==0 
113.         difference_U(ii) = 0; 
114.       else 
115.          difference_U(ii) = dummy_var(ii) - u_component(i).U_barrier; %Difference 
116.       end                                                         Velocity fluid and barrier 
117. end 
118. u_component(i).u_ab_diff = difference_U 
119.          
120.  
121. %//Conversion of data to only keep positive u components at face above 
122. %barrier center, choice is made that negative flow rates are not 
123. %counted "once overtopped, volume is lost" 
124.     u_component(i).u_ab_pos  = differency_U 
125.     u_component(i).u_ab_pos(u_component(i).u_ab_pos<=0) = 0; 
126.  
127.     %//Determination of volumetric flow trough surface per meter section of 
128.     %the barrier according to equation 62 in Thesis rapport 
129.     overtopping(i).VF_per_cell    = fill_ratio(i).FS(:,apperture(i).i_center-

1)'.*u_component(i).u_ab_pos*(dz/dy); 
130.     VF_total(i)                   = sum(overtopping(i).VF_per_cell); 
131.  
132.  
133. end 
134.  
135. Figure 
136. fill([0 0 100 100],[0 3 3 0], [0.8 0.8 0.8], 'EdgeColor', 'none') 
137. hold on 
138. plot(time,VF_total,'Color', [0 0.4470 0.7410]);title('Volumetric flow rate per meter 

section over barrier');xlabel('T [s]');ylabel('Q/m [(m^2/s)/m]'); 
139. set(gca,'ylim', [0 3]); 
140.  
141. %//Total overtoppping volume per meter section of barrier according to 
142. %equation 63 in Thesis rapport 
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143. Overtopping_volume = VF_total*dt'; 

 
Table 11 Script of code to derive overtopping flux and overtopping volume 

 

Appendix K – Overtopping statistics: Volumetric flow rate 
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Figure 68 Volumetric flow rate case 1 [NOTE LIMITS Y-AXIS] 
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Figure 69 Volumetric flow rate case 2 [NOTE LIMITS Y-AXIS] 
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Figure 70 Volumetric flow rate case 3 [NOTE LIMITS Y-AXIS] 
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Figure 71 Volumetric flow rate case 4 [NOTE LIMITS Y-AXIS] 
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Figure 72 Volumetric flow rate case 5 [NOTE LIMITS Y-AXIS] 
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Figure 73 Volumetric flow rate case 6 [NOTE LIMITS Y-AXIS] 
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Appendix L – Overtopping statistics: Total overtopping volumes 
 

 
Figure 74 Total overtopping volume against spring stiffness: Case 1 (Hs=1.5m, Tp=4.5s) [NOTE LIMITS Y-AXIS] 
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Figure 75 Total overtopping volume against spring stiffness: Case 2 (Hs=1.5m, Tp=6s) [NOTE LIMITS Y-AXIS] 
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Figure 76 Total overtopping volume against spring stiffness: Case 3 (Hs=3, Tp=6.5) [NOTE LIMITS Y-AXIS] 
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Figure 77 Total overtopping volume against spring stiffness: Case 4 (Hs=3m, Tp=8s) [NOTE LIMITS Y-AXIS] 
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Figure 78 Total overtopping volume against spring stiffness: Case 5 (Hs=6m, Tp=9.5s) [NOTE LIMITS Y-AXIS] 
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Figure 79 Total overtopping volume against spring stiffness: Case 6 (Hs=6m, Tp=13s) [NOTE LIMITS Y-AXIS] 
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Appendix M – Overtopping statistics: Total overtopping volume vs steepness 
 

 
Figure 80 Overtopping volume plotted against wave steepness (corrected for wave height) for the wave cases 2, 4 and 6 
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Appendix N – Visualization of wave breaking event 
 

 
Figure 81 Wave breaking event occurring in the simulation of wave case 3 
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Appendix O – Wave check 
 

 
Figure 82 Comparison of linear wave signal inputted in hydrodynamic model with simulated wave in ComFLOW for 
environmental case 1 (Hs=1.5 Tp=4.5) 
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Figure 83 Comparison of linear wave signal inputted in hydrodynamic model with simulated wave in ComFLOW for 
environmental case 2 (Hs=1.5 Tp=6) 
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Figure 84 Comparison of linear wave signal inputted in hydrodynamic model with simulated wave in ComFLOW for 
environmental case 3 (Hs=3 Tp=6.5) 
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Figure 85 Comparison of linear wave signal inputted in hydrodynamic model with simulated wave in ComFLOW for 
environmental case 4 (Hs=3 Tp=8) 
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Figure 86 Comparison of linear wave signal inputted in hydrodynamic model with simulated wave in ComFLOW for 
environmental case 5 (Hs=6 Tp=9.5) 
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Figure 87 Comparison of linear wave signal inputted in hydrodynamic model with simulated wave in ComFLOW for 
environmental case 6 (Hs=6 Tp=13) 
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