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Abstract 
This paper presents develops, and analyses two wave energy converters through numerical modelling, simulation and analysis in the frequency and time domain. Wave energy converters have unrivalled potential for power generation, which is as yet largely untapped. Relevant background information is presented. Two buoy shapes are developed and optimised for use in Swansea Bay. Hydrodynamic parameters of the buoys are obtained with NEMOH, a boundary element methods software. A frequency model is created to predict both buoys behaviour, modelled as heaving single point absorbers. A time domain analysis was conducted to derive the buoys hydrodynamic response in the time domain. The time domain analysis allowed for total energy in the system to be estimated, given the climate conditions of Swansea Bay.
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[bookmark: _Toc39465892]Introduction
Wave-Power generation is a form of renewable energy that could potentially prove vital in the transformation of global power generation in the years to come. Given that the total energy available in the oceans is estimated at 2.11TW (1TW = 10^12W) at any given time (Gunn, Stock-Williams ,2012) the potential capacity is clear to see. Even with the understanding that this maximum is an unfeasible level to generate, some areas of coastline have power densities that approach 25kW/m, which is at least an order of magnitude higher than more established (and researched) renewable energy sources such as wind and solar (B. Czech, P. Bauer ,2012). 
This becomes relevant when considering the wider context of the current climate emergency, with the IPCC (the foremost authority on global warming) latest report finding that global warming must be restricted to at most another 1.5C, before potentially catastrophic, and irreversible changes occur (IRENA ,2019). Given the high potential capacity, and ability to be placed in any body of water (theoretically, not always practically feasible), wave energy converters are currently under-utilised globally, providing the main motivator for this report.
This report takes a focus analysing the effect that buoy shape has on the sum potentially convertible forces has on a wave energy device.
Two different point absorbers that have been designed by the author that account for design parameters that are related specifically to the local sea state in the Swansea bay area are presented. These models are used to drive both a frequency and time domain analysis.
The point absorbers are modelled in the first instance using SALOME, a dedicated meshing software, capable of generating high quality “quad” meshes. The efficiency of these models will be evaluated initially by generating their hydrodynamic response parameters, with the aid of the Boundary Element Methods (BEM) code, NEMOH, which is dedicated for use in the performance assessment of wave energy converters. These response parameters are then used as the input for a time-domain based model which is ultimately responsible for data used to evaluate the performance of the designs.
A brief history of research and development into wave energy is presented to further contextualise the need for this report. The results of a literature survey on wave energy converter development, including key design praxis and numerical modelling methods, are presented and discussed. 
[bookmark: _Toc39465893]Background
[bookmark: _Toc39465894]History
Wave energy research was first established in the 18th century, with first patents dating back to 1799 (Miller ,2004). As with all other forms of renewable energy, little to no research occurred from this point until the oil crisis in the 1970’s  (Zhang, Wang ,2019), though some leaps were made in the 1940’s by Yoshio Masuda, who tested a multitude of Wave Energy Converters (WEC’s) with the goal of powering naval navigation lights (Farley, Rainey ,2006). Modern interest stems from the need to focus on limiting CO2 emissions, and the relative potential of WEC’s as detailed earlier.
Interest was significantly renewed in the early 1970’s, critically linked with the 1973 oil crisis, that saw that price of oil to rise by approximately 400% in a five-month period.  This prompted governments and industries all over the world to investigate alternative energy sources (Hahn ,2015). 
Within the United Kingdom, the first major program was launched a year later, by the then British government, investing five million US dollars over a period of five years, which sought to assess the practicability of extracting wave-energy resources from coastal areas around the UK, overseen by the newly created Energy Technology Support Unit, based in the Harwell Campus in Oxford (Hahn ,2015). Five million represented a significant investment at the time, worth approximately 53 million today, accounting for inflation.
Unfortunately, the interest (and funding) was short-lived, with the end of the oil crisis marking a return to business as usual and interest has only recently returned considering the climate emergency.
Presently, commercial-scale wave power operations are practically non-existent. Despite having several projects in the works globally, none have yet come to fruition, with stalling projects such as a 62.5MW wave power farm on the coast of Australia having no announced progress, despite being greenlit in January 2014 (HydroReview ,2014) - a pattern that is seen repeated across the world.
From a technical viewpoint, the reasoning for these stalls can be understood given the serious challenges that wave energy conversion has to overcome. It is far more difficult to operate in the ocean than on land evidenced by offshore wind farms, from example, tending to be significantly more expensive than their onshore counterparts. This trend is, however, bucking, despite fixed added cost, with offshore wind power prices dropping by 32% between the 2018 and 2019 fiscal years (William Mathis ,2019). 
Given that added cost for offshore projects is practically unavoidable, research has tended to focus on the core challenge of producing more efficient ways extracting the wave-energy resource, leading to a host of novel designs on Wave Energy Converters. WEC is a general term used to describe installations used to extract the wave-energy resource, having no set operating principle.
[bookmark: _Toc39465895]Wave Energy Resource
Exploitable wave energy is initially caused by a transference of energy from the wind into earth's oceans. In this interaction, energy held by the wind is transferred to the free surface of seawater masses through an applied shear stress, and as such is transferred in the direction of the generated wave (i.e. horizontal movement) (Zhang, Wang ,2019). This effect creates the high potential energy (2.11TW), described earlier, that can be harvested at any given time.
It should be noted that this is distinct from tidal waves, which are caused by the gravitational pull of the both the sun and moon on earths mass, which cause a vertical movement in water molecules. Wind generated waves (the subject of this report) are referred to as short waves, whilst gravitational waves are referred to as long waves. Analogously wave energy refers to the energy coming from short waves and not ocean tides (Gorshkov ,2003). 
[bookmark: _Toc39465896]Aims
Problem Statement
Laying out the problem(s) more explicitly, this report aims to compare the performance spherical and cylindrical shaped buoys that make up the hydrodynamic design subsystem of a WEC, built considering the specific coastal conditions along the Swansea Bay area.
In doing so, answers are sought as to the effect of buoy shape on potential energy extracted, as well as the effect that local climate parameters should have on buoy design.
Objectives
Given the context of the problem statement(s), this reports first objective is :
1. Create spherical and cylindrical bodies with dimensions appropriate the local sea parameters.
This will be achieved initially by conducting a literature survey to identify any existing design conventions that exist for point absorbers. That information should then be used in constructing models of the body.
This reports second objective is :
2. To compare the performance of the created models.
This will be achieved by conducting both frequency and time domain simulations of the buoys.
[bookmark: _Toc39465897]Timing Plan
A Gantt chart, corresponding to the steps taken and the time taken to produce this work is presented.
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[bookmark: _Toc39465933]Figure 1 - Gantt Chart
[bookmark: _Toc39465898]Literature Review
WEC’s are designed to optimally convert wave energy, as such this chapter gives a review of literature and data that already exists in relation to best practices for modelling WEC’s, including how local wave climate conditions affect design parameters, and what systems can be applied to evaluate prospective designs. It will analyse how to nature and content of research on WEC’s has changed with time. Relevant wave theory is also presented.
[bookmark: _Toc39465899]WEC Definition
A literal definition of a WEC would be “machines that are able to exploit the power from ocean waves and to convert it into a useable form of energy…” as taken from the “Handbook of Ocean Wave Energy” (Pecher, Kofoed ,2017). This book is a collation of several, peer-reviewed articles on a range of topics all based in wave energy principles, re-edited to give a normalised structure and compiled in one place, proving a valuable resource. Figure 2 shows the basic workings of a heaving point absorber.
[image: Definition sketch of a floating point absorber wave energy ...]
[bookmark: _Toc39465934]Figure 2 - Point Absorber (Devolder, Troch et al. ,2019) 
[bookmark: _Toc39465900]Standardisation
This vagueness of definition has been and still is an issue that arises throughout the literature on WEC’s, and according to Sheng (2019), in a review on hydrodynamic modelling technologies, this is due to how diversified the principles of energy conversion are with regards to capturing wave energy. In fact, they go on to posit that this lack of convergence in basic operating principle is one of the core challenges faced by industries involved. The lack of convergence means that researchers and developers “cannot share their experience of successes and failures…” leading to “suboptimal solutions…”. This also lends insight into problems with large scale operation general lack of fruition to date, described in section 1.1.1.
This issue is in the process of being rectified with the International Electrotechnical Commission seeking to develop international standards for WEC’s, releasing technical specifications as recently as 2014 (Cornett, Toupin et al. ,2014). This is promising but given the relative recency of attempts at standardisation, more time is still needed for acceptance of those standards. 
[bookmark: _Toc39465901]Sub-Systems
Given the relative impreciseness of the definition, it becomes useful to instead describe WEC’s using the separate systems that create the whole. Accordingly, Pecher and Kofed (2017) note that the “main sub-systems that are present in (all) WEC’s [introduced widely in literature] ” are defined as follows :
1. Hydrodynamic Design, which is the primary wave absorption system that allows for exploitation of the wave energy resource. Can be based on several different principle technologies, e.g. point absorbers, oscillating bodies and oscillating water column principles. This subsystem actively transfers energy from the wave resource into the next two subsystems
2. Power take-off, which handles the way in which captured wave energy (from subsystem 1) is converted into electricity. Again, can be based on different primary principles, hydraulics and direct drive to name a couple of examples.
3. Reaction, which maintains the position of the WEC relative to some point (usually a mooring system).
4. Control, which is the intelligent subsection of a WEC that controls the WEC and its measurements. Primarily consists of processes for automating the electromechanical requirements for generating electricity, and sensors used for relevant data acquisition. Also includes the human interface.
Pecher and Kofed also describe several essential aspects in which WEC’s should excel to provide long-term economic potential and of particular note to this report state that one of these key aspects is overall power performance, “The WEC must consist of an efficient wave energy absorbing technology…”. This is in line with conclusions drawn by Sheng (2019), contending that one of the greatest challenges to overcome is to greatly improve the efficiency of wave energy conversion, something in which “hydrodynamic performance of wave energy converters could play [a critical role in]…”
As noted earlier, it is the hydrodynamic subsystem that this report is focused on, and for the purposes of this report, these definitions will be adopted.
[bookmark: _Toc39465902]Hydrodynamic Design
Having suitably examined and defined the components of a WEC for this research, showing how key the hydrodynamic subsystem is to progression in the industry, it is necessary to understand the underlying principles for good hydrodynamic design (conversion efficiency).
[bookmark: _Toc39465903]Interference
Chapter 6 in the Handbook of Ocean Wave Energy authored by Jorgen Hals Todalshaug (2017) is solely concerned with the fundamental principles of wave absorption and is intrinsically linked with hydrodynamic design. According to Toldashaug, “Wave absorption should primarily be understood as wave interference…”. In order to absorb the energy incoming from incident waves, the WEC must interfere with those waves destructively, such that energy in the ocean is reduced, being absorbed into the device. This follows basic wave theory, specifically the superposition principle. That is, when two waves meet, the resultant pulse while the two waves are passing each other, is the algebraic sum of the two waves (Garcia, Damask et al. ,1998). 
In this context, it is understood that complete destructive interference is the goal, rather than allowing the energy in wave to remain in the ocean, the WEC should generate a counterwave to allow the energy to be absorbed. Toldalshaug surmises this fundamental relationship as “A good wave absorber is a good wave maker”.
A study by Yang et al. (2015) that researched the power characteristics of a point absorber via numerical calculations makes similar observations as Toldashaug, proposing that buoys should be designed from the perspective of wave resonance and destructive interference.
[bookmark: _Toc39465904]Symmetry
Falnes (2002) states that the maximum power a buoy is capable of absorbing differs based on the axis symmetry of the body. An axisymmetric body can at most, absorb ½ of the incoming energy from the sea state. Given that the incident wave will interfere with equally large waves radiating from the opposite side of the buoy, the body is limited to absorbing a Pmax of ½  the incident wave power. It follows then, that a sufficiently non-symmetric buoy could potentially absorb the entire incoming wave energy resource. This line of thinking is somewhat validated with designs such as salters duck, a wave energy converter related to an overall efficiency of up to 90% (Hendrowati, Guntur ,2016). Despite this greater power absorption capability, this report only considers axisymmetric devices, for simplicity and reasons relating to the simulation time(s) discussed in section 3.3.
[bookmark: _Toc39465905]Topology
Given the understanding that a WEC must be a good wave maker, it becomes important to understand how this is achieved.
Todalshaug (Pecher, Kofoed ,2017)  presents several rules of thumb for wave-absorbing bodies, the first of which is that corners should be rounded, the reasoning being that sharp edges will induce drag and viscous forces, directly subtracting from total power available for conversion. If possible, those same corners should have a radius of curvature larger than or equal to the stroke of local water particle motion, as this results in negligible losses due to drag and viscosity. 
Introduced in the same section, is a differentiation between sizes of buoys, understood as the buoy’s horizontal extension relative to the predominant wavelength, that is : 
· λ/ 6 : small body
· Between λ/ 6 and λ/2 : medium body
· Greater than λ/ 2 : large body
[bookmark: _Toc39465906]WEC Modelling
The modelling of WEC’s currently occupies a large area of current research and development in the sector. Early examples of WEC models date back to the late 1970’s and typically used simplified analytical methods, based on potential flow and rigid-body models. Evans (1978) was one of the first to create a simple WEC based on these theories, obtaining an expression for the efficiency of wave-energy absorption of a float connected to a spring-dashpot system, i.e. an oscillating water column type of WEC. 
Much of the early modelling research was into this type of WEC, with Faclao and Sarmento (1985)  improving on Evans’ model, allowing for non-plane surfaces to be modelled, i.e. creating a 2D model. This development was eventually validated with experimental data by Sarmento (1992), with experiments performed using wave flumes, with the explicit purpose of validation.
Numerical modelling is all fundamentally based on Newton’s second law, which when applied, states that the inertial force is balanced by all forces acting on the WEC’s buoy (Pecher, Kofoed ,2017).The forces are split into hydrodynamic and external loads.
Hydrodynamic loads are such loads that result from water flowing against and around rigid structures or systems (Folley ,2016). The sum hydrodynamic load is comprised of many elements, hydrostatic forces, excitation loads and radiation forces etc (defined fully in section 4.4.2)
External loads vary, dependent on the type of WEC, but include loads created by the power-take-off system, the mooring system, and the end-stop mechanism. The end-stop mechanism is the method by which the buoy decelerates at the end of the stroke to dissipate kinetic energy gently, lessening mechanical damage.
The modelling tools have been itemised and split into three different categories in chapter 10 of The Handbook of Ocean Wave Energy (2017) authored by Marco Alves, and are as follows :
1. Frequency models
2. Time domain models
3. Computational fluid dynamic models
All three models have their merits, and the adequacy of the model depends on factors such as accuracy needed, the sea state being considered, and the working principles of the device being modelled.
[bookmark: _Toc39465907]Frequency Models
Generally, the hydrodynamic modelling of a WEC and its interaction with the sea state is a high-order non-linear process but under certain conditions, this can be simplified. Alves (2017) states that in cases of small-amplitude waves and matching WEC interference, the hydrodynamic response can be approximated reasonably well by assuming that forces are linearly imposed onto the power-take-off and mooring systems. By doing so, any excitation of the buoy can take a simple harmonic form, allowing all physical quantities to vary sinusoidally with time, in accordance with the frequency of the incident wave. Simplifying in this manner, the equations of motion that describe the system become linear and can be solved easily. This forms the basis of Airy wave theory.
Alves notes that this approach allows for a “relatively simple and fast assessment of the WEC performance…” and that this is generally used to optimise the geometry of WEC buoys to maximise energy capture.
[bookmark: _Toc39465908]Time Domain Models
In reality, the hydrodynamic response of a buoy has parts that are non-linear, so the superposition principle outlined in section 2.2.1 does not apply exactly, with non-linearity arising from the dynamics of the mooring, power-take-off, control and end-stop mechanisms. The effects of this non-linearity scale with the total energy in the system, and as such scale with both the size of the system and the extremity of the waves. As such, this requires non-linear modelling, with Alves (2017) stating that this “typically consist of treating the buoyancy and excitation loads as non-linear terms.” This non-linearity cannot be represented in the frequency domain, requiring the problem to be formulated in the time domain. This also has the advantage of allowing for second order drift forces to be accounted for (Hermans ,1999). 
In this context, a time domain model becomes the system that allows for a complete end to end modelling of WEC’s, from the initial hydrodynamic interaction between the sea state and the WEC (initial state), to the WEC feeding electricity into the grid (end state). Given the scope of the simulation(s) these models are often referred to as “wave to wire” numerical models. Wave to wire models relies on the use of boundary element method codes to first generate hydrodynamic parameters on the buoy being modelled.
Pastor and Liu (2014)  authored an article that used BEM software AQWA to obtain the hydrodynamic parameters of a WEC buoy and then used that data to drive a time domain model to optimise a point absorber WEC, that would be attached to offshore structures that already require electricity. The WEC would, in theory, provide at least 20% of the electricity of certain offshore platforms. 
[bookmark: _Toc39465909]Computational Fluid Dynamic Models (CFD)
CFD models offer the highest level of accuracy when analysing hydrodynamic performance, Horko (2007)  showed an early example of utilising the CFD code “Fluent” to assess a WEC’s performance. As Alves (2017) puts it, the large computational time that arises when using CFD codes means that they are “ [the use of CFD] is typically restricted to study the wave/device interaction under extreme waves…”. Horko (2007) also validated the model experimentally, utilising a 1:12.5 scale model in a wave tank under regular wave conditions, concluding that, if key modelling parameters are carefully considered, there is good agreement between the methods.
[bookmark: _Toc39465910]Boundary Element Methods Code
The boundary element method is a weight residual method for solving partial differential equations numerically. It is characterised choosing an appropriate fundamental solution as a weighing function (i.e. when integrating giving this function more "weight" or "influence") and then applying a green's function (formula) to transform partial differential operators to the weighted function (Ingham ,2002). 
In practice, this means formulating the partial differential equation into an integral statement. That integral can then be transformed so that unknown values only lie over the boundary of the body domain. This “boundary integral” can then be solved by discretizing the boundary into several elements and applying interpolation approximation, which produces an algebraic system of equations to solve for the unknown boundary values (Sadd ,2005). In this context, boundary element methods are applied to derive the hydrodynamic parameters of a given body.
Wei, Barbadas et al. (2019)  developed a frequency-domain model to study the hydrodynamic behaviour of both dense and sparse arrays (100 floats) of wave energy converters, using the open source BEM code NEMOH, to solve for both the scattering and radiation forces that arise. This demonstrates the versatility that can be found in utilising BEM code to model WEC’s, with a great number of devices, and range of device types being simulated with good accuracy.
Xu, Qian-long, et al. (2018)  note that when using BEM code to obtain hydrodynamic parameters of a body, the boundary conditions of both the body and free surface are linearized, Alves (2017) makes similar observations. This has the effect of limiting the method to relatively small waves and oscillations when compared to CFD techniques, for the same reasons described in section 2.3.2.
[bookmark: _Toc39465911]Ocean Wave & Hydrodynamic Theory
[bookmark: _Toc39465912]Airy (Linear) Wave Theory
Airy wave theory, commonly referred to as linear wave theory constitutes a linear description of the propagation of surface gravity waves with a small amplitude, first established in 1845 by George Bidell Airy (Craik ,2004). Its approximation of small amplitudes only implies that the amplitude of a linear wave small in relation to the wavelength and water depth. Assumptions made in the theory are that the fluid is inviscid (viscosity = 0), incompressible and irrotational (no rotation by particles on their own axes). These assumptions allow the use of the velocity potential equation to describe the particle velocity of the water. Holthuijsen (2007) presents how the velocity potential equation and the related stream function can then be solved using both Laplace's equation and Bernoulli's equation given suitable boundary conditions. 
Under these assumptions, a wave is usually defined as a sinusoidal variation at the water surface elevation. It is best described in terms of its parameters:
· Wave height, H: Vertical distance between peak and trough of the wave
· Wavelength, : Horizontal distance between two successive troughs or crests
· Wave period, T: time for a wavelength to pass a certain point i.e. to repeat
· Water depth, d, or h: vertical distance from the seafloor to still water level 
These parameters are represented for a progressive linear wave in figure 3.
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[bookmark: _Toc39465935]Figure 3 - Progressive Linear Wave Parameters (Drakos ,1998) 
For the purposes of analysis, it is also useful to define three other parameters:
· Wave steepness, s = H/
· Wave number, k = 2π/
· Wave frequency, ω = 2π/T
Wave steepness is the function by which linear and non-linear waves are distinguished, i.e. if steepness < 0.01 then linear relationships remain valid, but where steepness > 0.01, linear theory becomes less and less accurate. 
Because waves are dispersive in nature, the energy in the wave does not travel at the same velocity as the wave profile (Dean, Dalrymple ,1991)  thus there is a distinction made between a singular regular waves velocity and the velocity of the “grouped” waves.
The velocity of a single wave crest, typically known as wave celerity of phase velocity, is defined as the propagation speed of a singular regular wave, C, given by the dispersion equation:

[bookmark: _Toc39462819]Equation 1 - Wave Celerity
Given that waves travel in groups, incoming from the same direction as a collection of sinusoids with differing periods, the propagation velocity of these “grouped” waves is called the group velocity, Cg. This distinction is important because it is directly associated with the rate at which wave energy propagates in space and time and is given by:

[bookmark: _Toc39462820]Equation 2 - Group Velocity
The total energy with a linear wave is formulated as the sum of its potential and kinetic energy, where the kinetic energy is naturally associated with the fluid velocities and potential energy arising due to the elevation of the fluid mass, both above and below the still water level. This is the total energy E, and is given by:

[bookmark: _Toc39462821]Equation 3 - Total Energy
Where subscript k and p refer to the kinetic and potential energy, respectively. Through integration it is shown that kinetic and potential energy sections are equal, assuming waves generally propagate in the same direction. As such, the total average energy per surface area (m2) in the group of waves, known as specific energy or energy density,  is given by:

[bookmark: _Toc39462822]Equation 4 - Specific Energy
[bookmark: _Toc39465913]Hydrodynamic Parameters
As described in section 2.4 BEM codes are applied to find the hydrodynamic parameters (response) of a body. This section defines the specific hydrodynamic parameters that NEMOH can solve for. It also describes the relationship between possible motions of any floating body at sea and WEC type.
[bookmark: _Toc39465914]Diffraction Forces
Diffraction forces arise from a process in which wave energy spreads at 90° to the dominant direction of wave prorogation, which affects the wave field even when the body is stationary (Hans F. Burcharth ,2007). Essentially, diffraction forces are those that arise from water flow being deflected from its natural course because of a structure. Figure 4 shows an idealised wave diffraction process around an impermeable structure, with three distinct regions:
1. Shadow region, which is where the diffraction process occurs. Waves diffract, with the wave fronts creating circular arcs cantered about the structure. Wave heights diminish whereas the energy of the incident wave spreads over a greater region.
2. Short crested region, which is where incident and reflected waves form a standard nonbreaking wave pattern. Reflected waves go on to diffract into region 3.
3. An undisturbed region of incident waves.
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[bookmark: _Toc39465936]Figure 4 - Idealised Wave Diffraction Process (Chadwick ,2019) 
[bookmark: _Toc39465915] Radiation Force (Coefficients)
Radiation forces arise from a bodies own motion, moving relative still water, even in the absence of an incident wave (MITOpenCourseWare ,2009). This force (motion) creates wave, and hence inertial wave forces. It is often described as the “wave making” force. This force pulls the body downwards when it is accelerating upwards. 
Sum radiation forces are described with an added mass and radiation damping coefficient. The concept of added mass can be thought of as the mass of fluid that goes along with the body when it is being accelerated or decelerated. The damping coefficient is the extent to which this motion is being damped (De Backer ,2009). 
[bookmark: _Toc39465916]Froude-Krylov Forces
According to the Froude-Krylov theory, Froude-Kyrlov forces on a structure are those that arise from disturbances in the pressure field surrounding a body, caused by approaching waves disrupting the bodies hydrostatic state (Chakrabarti ,1994). They can be calculated using a pressure-area method i.e. they are obtained by integrating the sum dynamic pressure that is exerted on the bodies mean wetted surface, whilst stationary.
[bookmark: _Toc39465917]Excitation Forces
The excitation force is simply the result of all non-viscous forces acting on a body during regular wave states. The sum of Froude-Kyrlov and diffraction forces constitutes the excitation force (Pecher, Kofoed ,2017). Greater excitation forces generally imply better hydrodynamic design.
[bookmark: _Toc39465918]Rigid-Body Motion
The Rigid-body motion (i.e. all possible ways in ways in which the WEC can move) of a body is separated with and defined by six separate modes of motion, namely, yaw, heave, sway, pitch, surge and roll (Faltinsen ,1990). They are defined relative to the primary wave direction, taken as the x-axis. Figure 5 presents these motions. WEC's are free to move in all six degrees of motion unless otherwise restricted (fixed) by design. Principally, however,  a WEC can only transfer energy incoming from surge, sway and heave motions into the PTO device, and in practice this is further restricted to heaving motions for point absorbers (Karimirad ,2014).  
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[bookmark: _Toc39465937]Figure 5 - Rigid Body Movement (Sea) (Pecher, Kofoed ,2017) 
[bookmark: _Toc39465919]Methodology
In this section, both time and frequency domain simulations are developed for two buoys. The frequency domain simulation is developed using hydrodynamic parameters obtained using the open source boundary element methods code NEMOH. The time domain model is developed and presented using the open source code “Wave Energy Convert SIMulator” and is also driven by the hydrodynamic parameters obtained by NEMOH. 
Assumptions made in deriving the hydrodynamic parameters include that, the fluid is incompressible, irrotational, inviscid, and ideal. Given that NEMOH is based on linear potential flow theory, further assumptions include that the displacement amplitude is small in relation to wavelength and water depth.
NEMOH requires a mesh of the body to determine hydrodynamic coefficients, these meshes (designs) are have been created using the open source numerical solution platform SALOME, which includes software to generate and mesh CAD models using quadrangle definitions.
Local wave climate parameters are also presented, as they form the basis of design for the CAD models.
[bookmark: _Toc39465920]Local Wave Climate Parameters
Recall equation 4, the average power available is a function of wave height, period, and water depth. Data on the local parameters are extracted using historical data sets from the SEACAMS2 Swansea Bay Waverider buoy (WaveNet ,n.d.). Mean averages over the period between 19/04/2019 and 19/04/2020 are used to drive WEC design, frequency and time domain models. Statistics for the monthly averages over this period can be seen in tables 1 and 2.
	Date
	Average Wave Height (m)

	Apr-19
	1.431951

	May-19
	1.575914

	Jun-19
	2.524103

	Jul-19
	1.616382

	Aug-19
	1.615719

	Sep-19
	1.870164

	Oct-19
	1.061428

	Nov-19
	1.577061

	Dec-19
	2.769287

	Jan-20
	2.100163

	Feb-20
	1.828958

	Mar-20
	1.918283

	Apr-20
	1.668779


[bookmark: _Toc39465930]Table 1 - Average Wave Height
	Date
	Average Wave Period (S)

	Apr-19
	4.690707

	May-19
	5.092254

	Jun-19
	4.521883

	Jul-19
	4.444099

	Aug-19
	4.811158

	Sep-19
	4.406243

	Oct-19
	4.398814

	Nov-19
	3.717553

	Dec-19
	3.001746

	Jan-20
	4.816305

	Feb-20
	3.138462

	Mar-20
	3.562548

	Apr-20
	3.92752


[bookmark: _Toc39465931]Table 2 - Average Wave Period
Water depth is 15m at the selected site (Natural Resources Wales ,2015). The maximum average wave height over this period on any given day was recorded to be 3.76m, and the minimum was recorded to be 0.12m, representing a range of 3.64m over the period. Operational wave height used as the basis for modelling is selected as the mean wave height over this period, 1.8m
The maximum wave average wave period on any given day was recorded to be 10.27 seconds, and the minimum was recorded to be 2.01 seconds. Operational wave period for modelling in extracted in the same manner as before and is found to be 4.1s.
Using this data, the average wavelength of regular waves in this area is found using the following equation :

[bookmark: _Toc39462823]Equation 5 - Wavelength from Dispersion
This formula is an approximation, derived using the dispersion relation equation, and is required in this case as no data on exact wavelength is available. This method for estimating wavelength is accurate within 1m (Lee ,2019). The expected wavelength is found to be approximately 18m.
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In this study, two single-point body absorbers are considered. First, a cylindrical shell with a waterline width of 10m. The other, takes a spherical shaped shell, with a water line diameter of 10m (r=5m).Waterline diameter/width refers to the respective dimensions of the models at the still water level.
The maximum width at any point for both models has been restricted to 10m, closely in accordance with best design practices detailed in section(s) 2.2 i.e. restricting the width of the buoy to ½ of expected wavelength (difference of 1m between ideal and actual). Sharp features are avoided and filleted to an angle of 90 degrees where possible to aid in the prevention of energy loss from drag coefficients, induced from both pressure and viscous components.
It should be noted that NEMOH requires that the input mesh describes only the submerged section of the buoy. The submerged sections of the buoy(s) are modelled in 3D space using SALOME, and then the surface meshes are derived for both. The meshes are exported using quadrangle mapping, as opposed to conventional triangular meshes, for the sake of maintaining accuracy whilst NEMOH is deriving hydrodynamic parameters for the body. 
The coordinates for the centre of gravity for all models are extracted using SALOME’s centre of mass functionality, as this is later required by NEMOH. Similarly, the moment of inertia about the X,Y and Z axes is extracted. This data can be seen in table X. 
The CAD models (not the meshes) are also exported in the .STL format, for visualisation purposes later in the time domain based simulation. These meshes can be seen in figures 6 and 7. 
[image: ]
[bookmark: _Toc39465938]Figure 6 - Sphere Mesh
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[bookmark: _Toc39465939]Figure 7 - Cylinder Mesh
Importantly, a standard practice when using NEMOH is to create coarse mesh descriptions of the body by hand. This proves to be incredibly time consuming, so meshing software is used instead. As of the time of writing this report, no software exists that can directly export a mesh into a format that NEMOH can read. As such the opensource code MESHMAGICK, which is widely used to convert meshes between various BEM supported formats, is used to convert the export from SALOME  into the .DAT format, which is natively supported by NEMOH.
[bookmark: _Toc39465922]NEMOH Usage
NEMOH is used either through a windows command line or through MATLAB wrappers provided by the developers. In this instance, hydrodynamic coefficients were determined using the command line interface. Before execution, environmental conditions, properties of the body, and required output are defined. This is specified within the input file “Nemoh.cal”, the structure of this file is seen in appendix 1. The first lines of this input file are self-explanatory and are used to define the sea environment, with data written according to the local sea climate parameters defined in an above section. Wave measurements point is written in as zero for all our models, as they had been constructed in SALOME from the zero point downwards, i.e. defined from the still water level.
Moving onto the body description, the name of the mesh file is required, as well as its resolution on the line below. Next, the number axes on which the body can translate or rotate on is defined (surge, sway, heave, roll etc). In this case, it is set to six for both the cylinder and sphere, corresponding to full freedom of movement.  
Next, the manner in which movement occurs on each axis defined above is set. For each degree of freedom, the first number specifies whether the movement on that axis is translational or rotational, 1 and 2, respectively. The next three numbers on the same line denote the centre of the axis on the body, using an XYZ coordinate system. The last three numbers denote the centre of gravity about the axis being defined. These lines are defined properly using data on centre of gravity previously extracted from SALOME. 
Next, the required output from NEMOH is specified, i.e. which forces and moments acting on the body are required by the user. First, the number of generalised forces to be outputted is defined, in this case, 6, one for each degree of freedom. The next lines use the same principle as before for defining each resulting force/moment. The first number on the line is to define it as a force or moment, 1 and 2, respectively. The next numbers are for directionality and centre of gravity as before. In this case, because all models are axisymmetric, the axes and centre points for all forces are identical to the axes and centre points of the models themselves.
Next, specific load cases to be solved is defined. This defines the frequency bandwidth of the simulation, i.e. the number of small amplitudes waves the body is being hit by and at what “speeds” i.e. defining the range and resolution of the output. These vary appropriately between the cylinder and sphere meshes. Initially, values were selected on a “best guess” basis, with a target outcome of hydrodynamic responses tending towards zero for all cases except added mass, which should tend toward some other non-zero value. In doing so, hydrodynamic parameters are fully defined for the given sea-state, without increasing the size (and time) of the simulation needlessly.  
Next, the number of wave directions is defined, in this case, it is set to one, with min-max angles of zero, effectively defining the waves as coming from a singular direction, from the X-axis.
Finally, post-processing options can be specified, but are not utilised within the context of this report.
Having defined the bodies, the sea environment and desired output, three files must then be executed to derive the hydrodynamic coefficients, namely:
· PreProcessor, which prepares the mesh for usage and generates the boundary value problems for both radiation and diffraction forces.
· Solver, which solves the boundary value problems specified by the PreProcessor.
· PostProcessor, which exports quantities such as added mass, generated by the solver, to a readable format.
The run-time of NEMOH scales exponentially with the number of quadrangles contained within the mesh, this presents a problem as the accuracy of the output files also scales mesh quality. An increase in mesh quality of a single panel will always result in at least two more boundary value problems and in most cases even more. It is for this reason that this report only analyses both simple and axisymmetric bodies. Constructing the body using simple shapes allows for as few quadrangles as possible to be used in mesh construction. Then by creating axisymmetric bodies, the constructed mesh needs only to define half the body, resulting in half as many quadrangle panels. This effectively reduces the number of boundary value problems, and as such NEMOH run time, in half.
Upon completion, NEMOH creates four files containing the hydrodynamic parameters of the specified bodies, containing the diffraction, excitation and Froude-Krylov forces as well as the radiation coefficients for each wave frequency the user has selected.
[bookmark: _Toc39465923]WEC-Sim Usage
WEC-Sim runs entirely within MATLAB and its associated plugin Simulink. WEC-Sim requires four inputs for the complete simulation of a wave energy converter, those being:
· Hydrodynamic Data
· Geometry File
· Simulink Model
· Input File
The hydrodynamic data refers to the files that NEMOH has created. WEC-Sim requires the hydrodynamic data to be parsed as a single .h5 file, and the developers provide a MATLAB script to automate this process. The geometry file is simply a definition of the visual look of the WEC in a .stl format, used to aid visualisation of the simulation. 
The Simulink model is defined with block based programming, using specialist blocks provided developers of WEC-Sim, and specifies the spatial parameters of the simulation, i.e. how many bodies exist, how (if) they are linked to each other, and there positional relationship to a global reference frame (seabed). The Simulink model created for the sphere, is seen in appendix 3.
Finally, the input file is generated by the user and defines the wave, simulation and body data. For the parameters of the simulation itself, the name of the Simulink model needs to be defined, as well as start-end times of the simulation and time step, in this case, the bodies were simulated for 60 seconds in total. This essentially defines the range and resolution of the simulation. The wave ramp time also needs specifying, which defines how long it takes, from the start time, for waves to reach the full wave height and period, in this case, it was set to zero seconds.
Next, the wave conditions are specified, including whether they are irregular or regular, wave height and wave period. The regular wave class was selected, and wave parameters were taken from section 4.1.
Next, the bodies were defined fully, by specifying the name of the file that includes the hydrodynamic data of the bodies and the name of the file that defines the visuals of the bodies. The bodies mass can be defined here if known, or (and in this case) it can be set to take the weight as the weight of the water displaced by the bodies. Moments of inertia about the X, Y and Z axes is also defined here, using the data extracted from SALOME. 
Finally, the physical location of any constraints or PTO devices is defined relative to the SWL. For the scope of this report, no constraints or PTO devices were defined.
Once all of these input files are fully defined, the simulation can be run by calling the “wecsim” function within MATLAB’s command line.
Full time-domain simulation input file parameters, including optional arguments, can be seen in appendix 2.
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Given that these WEC’s are heaving point absorbers, hydrodynamic coefficients derived by NEMOH as well as sum force and directional responses from the WEC-Sim simulation are presented in the heave direction only.

Figures 8 and 9 show the added mass and radiation damping coefficients of cylindrical and spherical-shaped buoy versus the relevant frequency bandwidths, that cover the relevant sea state described in section 4.1.
Figures 10, 11, and 12 show the diffraction, Froude-Kyrlov, and overall excitation force versus the relevant frequency bandwidths, respectively.
Figures 13 and 14 show the total force on the sphere and cylinder bodies in the heave direction, versus time, respectively. Figures 15 and 16 show the position of the sphere and cylinder bodies in the heave direction, versus time, respectively.


[bookmark: _Toc39465940]Figure 8 - Added Mass Parameters (Heave Direction)

[bookmark: _Toc39465941]Figure 9 - Radiation Damping Parameters (Heave Direction)

[bookmark: _Toc39465942]Figure 10 - Diffraction Force (Heave Direction)

[bookmark: _Toc39465943]Figure 11 - Froude-Kyrlov Force (Heave Direction)

[bookmark: _Toc39465944]Figure 12 - Excitation Force (Heave Direction)
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[bookmark: _Toc39465945]Figure 13 - Total Force(s) on Sphere (Heave)
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[bookmark: _Toc39465946]Figure 14 - Total Force(s) on Cylinder (Heave)
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[bookmark: _Toc39465947]Figure 15 - Positional Data (Sphere) (Heave)
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[bookmark: _Toc39465948]Figure 16 - Positional Data (Cylinder) (Heave)
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When comparing hydrodynamic parameters, for the defined sea state, it was noted that the cylindrical model is associated with a larger added mass, at every frequency level within the frequency range. It was noted that the average added mass across the bandwidth for the cylinder and sphere were 254.0969kN2/m and 142.6227kN2/m, respectively. On its own this implies that the cylindrical model may result in a greater level of potential power absorption, as in all states a greater amount of fluid is working to accelerate the body. 
However, when comparing both models in terms of the of radiation damping, it was noted that the spherical model is associated with a higher peak in the frequency range (approximately 94kN/m vs 45kN/m). Critically, the spherical model was observed to have a greater "restoring" effect, with sharp increases, before a steady return to decay, at frequencies 2.24 and 3.34 rad/s. This feeds the idea that the spherical model is interfering with the wave spectra ideally (as described in section 2.2.1). Indeed, the decline observed with the cylindrical model for radiation damping, coupled with higher values of added mass, suggests that the cylinder would initially see higher levels of power absorptions immediately after being struck by a wave group, but this would decay to minute levels rapidly. The end result is that this shape is practically not suitable.
Similarly, it was noted that the spherical shape is related to a higher diffraction force on average across the spectra (approximately 79kN vs 13kN), in a very similar manner to radiation damping. It was noted that the sphere was associated with a higher peak diffraction force (approximately 201kN vs 88kN). Here, in opposition to what was seen in terms of radiation damping, it appears as though the cylinder is also interfering with the wave spectra ideally, with several, sharp, regular, increases. However, the magnitude of the increases is small, (relatively and absolutely) with the greatest increase recorded as approximately 1.1kN. Given the lack of evidence of the cylinder interfering ideally within any other hydrodynamic parameter, this may be an error, arising from the number of sample points across the spectra.
It was noted that both shapes relate to similar Froude-Kyrlov forces at the immediate start of the wave spectra (approximately 768kN for the sphere and 766kN for the sphere). Both tend towards zero relatively quickly across the wave spectra. However, again we see the sphere maintaining higher values across the spectra and the same ideal interference effect for the sphere only. This effect was also observed for the excitation force, differing only in that an interference effect is also seen for the cylinder but may be an error in a similar manner seen for the diffraction force. Zero-frequency limits of approximately 769kN and 765kN were obtained for the sphere and cylinder, respectively. This limit corresponds to the maximum hydrostatic force per unit displacement, from the waterline of the bodies and below. This essentially describes the maximum force that sea state can impose into the body within the defined wave spectra (i.e. at infinite depth).
All results except those seen for the added mass hydrodynamic parameter, feed the supposition that the spherical shape may result in larger power absorption, due to generally higher coefficients, and “restoring” effects observed for the sphere. Further, the extreme lack of radiation damping across most frequencies for the cylinder suggests that any energy captured would be less regular with respect to time. This presumption is made because for frequencies greater than approximately 0.75 rad/s, there should not be sufficient force to oppose the downward motion that comes from the added mass parameter.  These suppositions will be further verified in the time-domain analysis. 
Time domain analysis allows the reaction of the bodies to be viewed over a certain time, results are presented of a 60 second time period. Over this period, the maximum force acting in the heave direction of the spherical model is approximately 8.4kN, whilst the minimum value is approximately 570N. This represents a total range of 7.83kN and, critically, an average force of 4.4kN created on the system.
Over the same period, and with identical implemented sea state conditions, the maximum force acting in the heave direction of the cylindrical model is approximately 6.5kN, with a minimum (positive) value of approximately 3N. This represents a much greater range and a significantly lower average force of 2.9kN created on the system.
The greater range associated with the cylinder validates the supposition that the cylindrical shape creates a less reliable energy output with respect to time. Further, resultant heave forces for the sphere tend to become more uniform after 36 seconds of operation; no such convergence is seen for the cylinder. This data suggests that the spherical body is capable of providing a more predictable, and importantly smother second-to-second energy output to a PTO device.
Over the 60 second period, the spherical body has a maximum position value in the heave direction of 3.7m and a minimum value of -2m. Using the positional data, the average velocity of the sphere is found by dividing the total distance travelled over the 60 seconds period. It is determined to be 1.04m/s.
In the same manner, the maximum position value in the heave direction for the cylinder is 1.05m, and the minimum is -2.68*10-2m. The average velocity is determined to be 0.11m/s. The lower velocity, when compared to the sphere, is expected, as it related directly to total force.
It can be seen that the results calculated using the time domain method agree well with the frequency domain parameters, with both ultimately showing that the spherical body outperforms the cylinder, creating approximately 1.5 times a greater energy output.
The reasoning for the greater performance of a spherical shape can only be attributed to the idea of ideal interference described in section 3.2.1. By all other physical metrics, the cylindrical body should experience greater forces in the heave direction, it has a greater immersed surface area and displaces a greater mass of water. The greater surface area relates to equation 4. From this equation, we can see that the available force increases per unit surface area. The greater displaced mass also directly increases the energy in the system whilst the body is undisturbed by incoming waves. Indeed, this is confirmed by the frequency domain results, in every hydrodynamic parameter, the cylinder begins with parameters about equal to or greater than that of the sphere. The sphere generally then outstrips the cylinder as the frequency increases and behaves as if interfering properly.
All this is to say then, given that the natural frequency of waves will differ based on the local wave parameters, investigation on the effect of varying shape for any prospective WEC design should be considered a critical step.

[bookmark: _Toc39465926]Conclusions
The primary objective of this report was to design, develop and evaluate two wave energy converter buoys, taking a spherical and cylindrical shape, for the specific location of Swansea Bay. This objective was achieved initially by contextualising the history of wave energy conversion and giving sound reasoning as to the current need of such devices (i.e. climate emergency and vast potential energy resources in the sea).
Literature relating to point absorbing wave energy converters, including definition, categorisation, design theory and best practice were highlighted. Further, literature was presented on WEC development methods that utilise numerical and boundary element solutions, to formulate simulations in both the frequency and time domains.
Basic (Airy) wave theory was presented to aid description of the local wave climate in Swansea Bay and hydrodynamic parameters were defined, including relevant forces and description of how bodies move at sea.
Local wave parameters were presented, and can be summarised as in table 3:

	Tavg
	h
	Havg
	

	1.8m
	15m
	4.1m
	18m


[bookmark: _Toc39465932]Table 3 - Local Wave Parameters
Methodology on creating the bodies and related meshes, in line with specific design parameters appropriate for usage in Swansea Bay, was presented. Further, methodology on how NEMOH was used to derive the hydrodynamic parameters of the bodies was presented and then used as the basis for a frequency domain analysis. Similarly, methodology on how WEC-Sim was used to perform a time domain analysis was presented.
The results of the frequency domain simulation were presented and analysed. The results showed that the spherical body excelled ahead of the cylindrical body in all parameters except added mass. However, it also noted the lack of any radiation damping force in higher frequencies across the bandwidth to complement the added mass parameter would actually result in the cylinder experiencing sharp drops in and overall lower levels of force.
The results also showed that the sphere had sharp increases at specific frequencies across the bandwidth in multiple parameters, likely due to the sphere and wave frequencies interfering ideally.
The results from the time domain simulation were presented and analysed. It validated suppositions made about the cylinder creating a less reliable energy output with respect to time, that was initially suggested during the frequency analysis. It showed that the spherical shape resulted in an average force of 4.4kN in the system, compared to 2.9kN in the cylindrical system. It found the average velocity of the sphere to be 1.04m/s compared to a velocity of 0.11m/s for the cylinder. It found that the sphere is a more ideal buoy shape when compared to a cylindrical shape for these specific local climate parameters. It ultimately concludes that the reason the sphere outperforms the cylinder is due to it interfering with the natural frequency of this specific sea state, close to ideal and that the shape of any prospective WEC should be considered carefully for each individual site location.
[bookmark: _Toc39465927]Recommendations for Further Work
Based on the knowledge acquired during this study, and the results reported, there are a number of recommendations to be made.
Firstly, time domain based simulations should be carried out in a similar manner but must include expansive modelling of a PTO system coupled with the hydrodynamic parameters of the specified bodies in mind. In doing so realistic figures on the potential real-world output of such a system could be identified. Similarly, time domain simulations should account for irregular waves as well as regular waves. Doing so would provide greater accuracy when discussing estimated power output. WEC-Sim has the functionality to cover both of these functions.
Finally, these same models and analysis (frequency and time) should be performed, considering various possible sea states in Swansea Bay, rather than taking yearly estimates. They should also be slightly retooled to match the specific width properties of ½ expected wavelength, i.e. a significant length of 4.5m rather than 5m. This was initially planned to be within the scope of this project, but the public health crisis (COVID-19) led to a situation where this was not possible.
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Appendix 1 : Input parameters for NEMOH – Sphere
--- Environment ------------------------------------------------------------------------------------------------------------------ 
1025.000000				! RHO 			! KG/M**3 	! Fluid specific volume 
9.810000				! G			! M/S**2	! Gravity 
15.                 			! DEPTH			! M		! Water depth
0.	0.              		! XEFF YEFF		! M		! Wave measurement point
--- Description of floating bodies -----------------------------------------------------------------------------------------------
1				! Number of bodies
--- Body 1 -----------------------------------------------------------------------------------------------------------------------
mesh\sphere.dat      		! Name of mesh file
5000 1250			! Number of points and number of panels 	
6				! Number of degrees of freedom
1 1. 0.	0. 0. 0. 0.		! Surge
1 0. 1.	0. 0. 0. 0.		! Sway
1 0. 0. 1. 0. 0. 0.		! Heave
2 1. 0. 0. 0. 0. -2.000000	! Roll about a point
2 0. 1. 0. 0. 0. -2.000000	! Pitch about a point
2 0. 0. 1. 0. 0. -2.000000	! Yaw about a point
6				! Number of resulting generalised forces
1 1. 0.	0. 0. 0. 0.		! Force in x direction
1 0. 1.	0. 0. 0. 0.		! Force in y direction
1 0. 0. 1. 0. 0. 0.		! Force in z direction
2 1. 0. 0. 0. 0. -2.000000	! Moment force in x direction about a point
2 0. 1. 0. 0. 0. -2.000000	! Moment force in y direction about a point
2 0. 0. 1. 0. 0. -2.000000	! Moment force in z direction about a point
0				! Number of lines of additional information 
--- Load cases to be solved -------------------------------------------------------------------------------------------------------
420	0.02	8.4		! Number of wave frequencies, Min, and Max (rad/s)
1	0.	0.		! Number of wave directions, Min and Max (degrees)
--- Post processing ---------------------------------------------------------------------------------------------------------------
0	0.1	10.		! IRF 				! IRF calculation (0 for no calculation), time step and duration
0				! Show pressure
0	0.	180.		! Kochin function 		! Number of directions of calculation (0 for no calculations), Min and Max (degrees)
0	50	400.	400.	! Free surface elevation 	! Number of points in x direction (0 for no calcutions) and y direction and dimensions of domain in x and y direction
Appendix 2 : Input parameters for WEC-Sim – Sphere
clear all
close all
clc
format compact
%% Simulation Data
simu = simulationClass();               % Initialize Simulation Class
simu.simMechanicsFile = 'sphere.slx';      % Specify Simulink Model File
simu.mode = 'normal';                   % Specify Simulation Mode ('normal','accelerator','rapid-accelerator')
simu.explorer='on';                     % Turn SimMechanics Explorer (on/off)
simu.startTime = 0;                     % Simulation Start Time [s]
simu.rampTime = 0;                      % Wave Ramp Time [s]
simu.endTime=60;                       % Simulation End Time [s]
simu.solver = 'ode4';                   % simu.solver = 'ode4' for fixed step & simu.solver = 'ode45' for variable step 
simu.dt = 0.01;                             % Simulation time-step [s]
%% Wave Information 
% % noWaveCIC, no waves with radiation CIC  
 %waves = waveClass('noWaveCIC');       % Initialize Wave Class and Specify Type  
 
% % Regular Waves  
 %waves = waveClass('regular');           % Initialize Wave Class and Specify Type                                 
 %waves.H = 1.89;                          % Wave Height [m]
 %waves.T = 4.23;                            % Wave Period [s]
 
% Regular Waves with CIC
waves = waveClass('regularCIC');           % Initialize Wave Class and Specify Type                                 
waves.H = 1.8;                          % Wave Height [m] matching curty's 
waves.T = 4.1;                            % Wave Period [s]
 
% % Irregular Waves using PM Spectrum 
% waves = waveClass('irregular');         % Initialize Wave Class and Specify Type
% waves.H = 2.5;                          % Significant Wave Height [m]
% waves.T = 8;                            % Peak Period [s]
% waves.spectrumType = 'PM';              % Specify Wave Spectrum Type
 
% % Irregular Waves using JS Spectrum with Equal Energy and Seeded Phase
% waves = waveClass('irregular');         % Initialize Wave Class and Specify Type
% waves.H = 2.5;                          % Significant Wave Height [m]
% waves.T = 8;                            % Peak Period [s]
% waves.spectrumType = 'JS';              % Specify Wave Spectrum Type
% waves.freqDisc = 'EqualEnergy';         % Uses 'EqualEnergy' bins (default) 
% waves.phaseSeed = 1;                    % Phase is seeded so eta is the same
 
% % Irregular Waves using BS Spectrum with Traditional and State Space 
% waves = waveClass('irregular');         % Initialize Wave Class and Specify Type
% waves.H = 2.5;                          % Significant Wave Height [m]
% waves.T = 8;                            % Peak Period [s]
% waves.spectrumType = 'BS';              % Specify Wave Spectrum Type
% simu.ssCalc = 1;                        % Turn on State Space
% waves.freqDisc = 'Traditional';         % Uses 1000 frequencies
 
% % Irregular Waves with imported spectrum
% waves = waveClass('spectrumImport');        % Create the Wave Variable and Specify Type
% waves.spectrumDataFile = 'spectrumData.mat';  %Name of User-Defined Spectrum File [:,2] = [f, Sf]
 
% % Waves with imported wave elevation time-history  
% waves = waveClass('etaImport');         % Create the Wave Variable and Specify Type
% waves.etaDataFile = 'etaData.mat'; % Name of User-Defined Time-Series File [:,2] = [time, eta]
 
%% Body Data
% Float
body(1) = bodyClass('hydroData/Sphere.h5');
%body(1).hydroDataType = 'wamit';   %Specify BEM solver
%body(1).hydroDataLocation = 'hydroData/miniwec.out';
body(1).mass = []; %Leaving empty sets mass to displaced water mass
body(1).momOfInertia = [3000 3000 4500];
%body(1) = bodyClass('hydroData/rm3.h5');      
    %Create the body(1) Variable, Set Location of Hydrodynamic Data File 
    %and Body Number Within this File.   
body(1).geometryFile = 'geometry/sphere.stl';    % Location of Geomtry File
body(1).viscDrag.cd=[1 1 1 1 1 1];
body(1).viscDrag.characteristicArea=[1.83^2*pi/4 0 1.83^2*pi/4 0 1.83*0.813 0];
%
 
Appendix 3 – Simulink model – Sphere
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Sphere	0.02	0.04	0.06	0.08	0.1	0.12	0.14000000000000001	0.16	0.18	0.2	0.22	0.24	0.26	0.28000000000000003	0.3	0.32	0.34	0.36	0.38	0.4	0.42	0.44	0.46	0.48	0.5	0.52	0.54	0.56000000000000005	0.57999999999999996	0.6	0.62	0.64	0.66	0.68	0.7	0.72	0.74	0.76	0.78	0.8	0.82	0.84	0.86	0.88	0.9	0.92	0.94	0.96	0.98	1	1.02	1.04	1.06	1.08	1.1000000000000001	1.1200000000000001	1.1399999999999999	1.1599999999999999	1.18	1.2	1.22	1.24	1.26	1.28	1.3	1.32	1.34	1.36	1.38	1.4	1.42	1.44	1.46	1.48	1.5	1.52	1.54	1.56	1.58	1.6	1.62	1.64	1.66	1.68	1.7	1.72	1.74	1.76	1.78	1.8	1.82	1.84	1.86	1.88	1.9	1.92	1.94	1.96	1.98	2	2.02	2.04	2.06	2.08	2.1	2.12	2.14	2.16	2.1800000000000002	2.2000000000000002	2.2200000000000002	2.2400000000000002	2.2599999999999998	2.2799999999999998	2.2999999999999998	2.3199999999999998	2.34	2.36	2.38	2.4	2.42	2.44	2.46	2.48	2.5	2.52	2.54	2.56	2.58	2.6	2.62	2.64	2.66	2.68	2.7	2.72	2.74	2.76	2.78	2.8	2.82	2.84	2.86	2.88	2.9	2.92	2.94	2.96	2.98	3	3.02	3.04	3.06	3.08	3.1	3.12	3.14	3.16	3.18	3.2	3.22	3.24	3.26	3.28	3.3	3.32	3.34	3.36	3.38	3.4	3.42	3.44	3.46	3.48	3.5	3.52	3.54	3.56	3.58	3.6	3.62	3.64	3.66	3.68	3.7	3.72	3.74	3.76	3.78	3.8	3.82	3.84	3.86	3.88	3.9	3.92	3.94	3.96	3.98	4	2071.9760000000001	4140.9679999999998	6215.66	8258.3009999999995	10335.450000000001	12386.12	14429.14	16465.11	18492.95	20510.61	22524.880000000001	24526.59	26516.3	28504.35	30488.9	32447.65	34395.660000000003	36345.980000000003	38303.449999999997	40242.17	42143.12	44025.22	45917.91	47826.09	49745.88	51620.38	53426.9	55220.37	57010.93	58826.65	60680.69	62537.48	64316.2	65972.800000000003	67584.77	69194.490000000005	70829.45	72507.289999999994	74235.95	75957.63	77540.2	78911.34	80183.37	81404.03	82666.509999999995	83983.25	85386.98	86807.77	88123.02	89139.68	89870.35	90521.93	91075.04	91656.82	92319.12	93072.28	93830.23	94481.43	94756.37	94737.74	94461.46	94075.49	93669.52	93403.53	93227.93	93237.16	93030.39	92664.47	92059.66	90998.29	89904.89	88813.29	87556.89	86501.3	85464.8	84446.59	83415.86	82595.09	81290.86	80090	78603.100000000006	77138.03	75613.25	74106.67	72660.67	70972.91	69725.38	68080.41	66771.8	65315.93	63811.46	62396.63	61156.68	59684.66	58265.23	56557.72	55261.91	53650.99	52443.02	50617.81	49391.88	47489.440000000002	46287.67	44579.8	42719.25	41509.910000000003	39340.04	38464.04	35985.35	30716.3	22532.66	7159.692	57615.16	47081.45	41828.57	39274.19	37729.15	36062.5	34765.379999999997	33366.18	31917.66	30705.66	29901.54	28702.77	27624.080000000002	26549.71	25555.33	24754.34	23870.959999999999	23022.38	22242.48	21406.02	20696.490000000002	20001.689999999999	19302.37	18608.2	17942.45	17285.939999999999	16647.5	16015.27	15406.96	14847.49	14324.17	13796.97	13323.59	12845.87	12445.24	12010.09	11659.47	11279	10965.09	10587.4	10318.89	9871.732	9729.7209999999995	9375.4979999999996	9023.3009999999995	8661.5759999999991	8219.5689999999995	7877.8209999999999	7436.3940000000002	7271.7359999999999	6129.6880000000001	4727.4120000000003	128.21109999999999	14256.67	9193.1669999999995	8367.2250000000004	7792.7359999999999	7215.2579999999998	6926.5780000000004	6582.8670000000002	6289.5450000000001	6015.3950000000004	5782.58	5574.02	5319.5259999999998	5120.6350000000002	4861.049	4648.9409999999998	4341.3559999999998	4145.8159999999998	3964.201	3786.4140000000002	3623.797	3476.5439999999999	3350.27	3236.1039999999998	3127.924	3033.0740000000001	2947.672	2871.9639999999999	2797.8310000000001	2730.181	2660.933	2593.4090000000001	2523.5340000000001	2449.797	2387.752	2325.2620000000002	Cylinder	0.02	0.04	0.06	0.08	0.1	0.12	0.14000000000000001	0.16	0.18	0.2	0.22	0.24	0.26	0.28000000000000003	0.3	0.32	0.34	0.36	0.38	0.4	0.42	0.44	0.46	0.48	0.5	0.52	0.54	0.56000000000000005	0.57999999999999996	0.6	0.62	0.64	0.66	0.68	0.7	0.72	0.74	0.76	0.78	0.8	0.82	0.84	0.86	0.88	0.9	0.92	0.94	0.96	0.98	1	1.02	1.04	1.06	1.08	1.1000000000000001	1.1200000000000001	1.1399999999999999	1.1599999999999999	1.18	1.2	1.22	1.24	1.26	1.28	1.3	1.32	1.34	1.36	1.38	1.4	1.42	1.44	1.46	1.48	1.5	1.52	1.54	1.56	1.58	1.6	1.62	1.64	1.66	1.68	1.7	1.72	1.74	1.76	1.78	1.8	1.82	1.84	1.86	1.88	1.9	1.92	1.94	1.96	1.98	2	2.02	2.04	2.06	2.08	2.1	2.12	2.14	2.16	2.1800000000000002	2.2000000000000002	2.2200000000000002	2.2400000000000002	2.2599999999999998	2.2799999999999998	2.2999999999999998	2.3199999999999998	2.34	2.36	2.38	2.4	2.42	2.44	2.46	2.48	2.5	2.52	2.54	2.56	2.58	2.6	2.62	2.64	2.66	2.68	2.7	2.72	2.74	2.76	2.78	2.8	2.82	2.84	2.86	2.88	2.9	2.92	2.94	2.96	2.98	3	3.02	3.04	3.06	3.08	3.1	3.12	3.14	3.16	3.18	3.2	3.22	3.24	3.26	3.28	3.3	3.32	3.34	3.36	3.38	3.4	3.42	3.44	3.46	3.48	3.5	3.52	3.54	3.56	3.58	3.6	3.62	3.64	3.66	3.68	3.7	3.72	3.74	3.76	3.78	3.8	3.82	3.84	3.86	3.88	3.9	3.92	3.94	3.96	3.98	4	4.0199999999999996	4.04	4.0599999999999996	4.08	4.0999999999999996	4.12	4.1399999999999997	4.16	4.18	4.2	4.22	4.24	4.26	4.28	4.3	4.32	4.34	4.3600000000000003	4.38	4.4000000000000004	4.42	4.4400000000000004	4.46	4.4800000000000004	4.5	4.5199999999999996	4.54	4.5599999999999996	4.58	4.5999999999999996	4.62	4.6399999999999997	4.66	4.68	4.7	4.72	4.74	4.76	4.78	4.8	4.82	4.84	4.8600000000000003	4.88	4.9000000000000004	4.92	4.9400000000000004	4.96	4.9800000000000004	5	5.0199999999999996	5.04	5.0599999999999996	5.08	5.0999999999999996	5.12	5.14	5.16	5.18	5.2	5.22	5.24	5.26	5.28	5.3	5.32	5.34	5.36	5.38	5.4	5.42	5.44	5.46	5.48	5.5	5.52	5.54	5.56	5.58	5.6	5.62	5.64	5.66	5.68	5.7	5.72	5.74	5.76	5.78	5.8	5.82	5.84	5.86	5.88	5.9	5.92	5.94	5.96	5.98	6	6.02	6.04	6.06	6.08	6.1	6.12	6.14	6.16	6.18	6.2	6.22	6.24	6.26	6.28	6.3	6.32	6.34	6.36	6.38	6.4	6.42	6.44	6.46	6.48	6.5	6.52	6.54	6.56	6.58	6.6	6.62	6.64	6.66	6.68	6.7	6.72	6.74	6.76	6.78	6.8	6.82	6.84	6.86	6.88	6.9	6.92	6.94	6.96	6.98	7	7.02	7.04	7.06	7.08	7.1	7.12	7.14	7.16	7.18	7.2	7.22	7.24	7.26	7.28	7.3	7.32	7.34	7.36	7.38	7.4	7.42	7.44	7.46	7.48	7.5	7.52	7.54	7.56	7.58	7.6	7.62	7.64	7.66	7.68	7.7	7.72	7.74	7.76	7.78	7.8	7.82	7.84	7.86	7.88	7.9	7.92	7.94	7.96	7.98	8	8.02	8.0399999999999991	8.06	8.08	8.1	8.1199999999999992	8.14	8.16	8.18	8.1999999999999993	8.2200000000000006	8.24	8.26	8.2799999999999994	8.3000000000000007	8.32	8.34	8.36	8.3800000000000008	8.4	4034.9389999999999	8062.1490000000003	11968.53	15800.07	19503.689999999999	23062.799999999999	26452.27	29630.44	32599.55	35358.79	37746.19	40024.31	41897	43248.37	44478.44	45706.75	45690.23	45360.5	45272.55	45329.67	43105.91	40674.03	38807.61	38072.800000000003	34725.519999999997	30199.13	26489.73	25269.37	24110.49	18358.150000000001	13816.91	11192.01	11446.59	10573.2	6521.2280000000001	3846.462	2599.962	3068.5680000000002	3916.933	2465.6909999999998	1301.941	698.90539999999999	458.13529999999997	460.76799999999997	1053.2570000000001	1067.2270000000001	991.68359999999996	963.86400000000003	888.61839999999995	550.99310000000003	258.0136	502.11349999999999	664.3732	741.61869999999999	816.34910000000002	758.21029999999996	677.36410000000001	474.21679999999998	345.93200000000002	328.30610000000001	324.32279999999997	288.5147	241.52250000000001	203.2861	157.54650000000001	117.10469999999999	74.703249999999997	37.194240000000001	9.7199109999999997	-12.438040000000001	-28.54111	-42.25508	-45.593850000000003	-49.20908	-45.540260000000004	-43.063160000000003	-31.66215	-24.813680000000002	-16.04871	-0.77670539999999999	7.0015099999999997	44.318570000000001	-18.235669999999999	-1.073995	7.8654320000000002	11.934189999999999	14.089650000000001	12.391819999999999	9.1664650000000005	8.2143510000000006	4.5647849999999996	1.950769	-0.2601425	-2.0692469999999998	-3.304354	-4.5031639999999999	-5.7330189999999996	-5.5168730000000004	-5.2647740000000001	-13.164099999999999	-13.601699999999999	-16.541609999999999	-129.81200000000001	192.39840000000001	100.9543	63.569189999999999	42.709090000000003	28.99953	17.97289	10.725709999999999	4.6382139999999996	-0.85835899999999998	-5.747357	-10.58385	-15.540850000000001	-20.9923	-27.746970000000001	-36.60163	-51.056739999999998	-41.049750000000003	43.448799999999999	37.152949999999997	24.726649999999999	16.110530000000001	10.555809999999999	6.2929740000000001	2.941173	-4.1691260000000001E-2	-2.858832	-5.6445100000000004	-8.3841870000000007	-11.63167	-15.579969999999999	-19.596450000000001	-12.97785	11.895	15.17384	11.106350000000001	7.4532109999999996	4.7505879999999996	2.5286119999999999	0.56302580000000002	-1.275881	-3.0541269999999998	-4.835718	-6.7165920000000003	-8.4822199999999999	-8.0361080000000005	-0.54086089999999998	6.5494579999999996	6.6346420000000004	4.8943919999999999	3.143618	1.6394500000000001	0.34855239999999998	-0.81230990000000003	-1.9314549999999999	-3.0139140000000002	-3.9569930000000002	-4.1338439999999999	-1.9587429999999999	1.879937	3.4018959999999998	3.0015540000000001	2.0923090000000002	1.144795	0.24254139999999999	-0.61212310000000003	-1.4015550000000001	-2.0689959999999998	-2.4053620000000002	-1.8556299999999999	-6.5270990000000001E-2	1.5662879999999999	1.8750819999999999	1.4522090000000001	0.84301539999999997	0.2460068	-0.27883079999999999	-0.74799689999999996	-1.1072759999999999	-1.192259	-0.74969609999999998	0.13913320000000001	0.78990510000000003	0.89678910000000001	0.67415890000000001	0.33890510000000001	-9.8302460000000008E-3	-0.32390750000000001	-0.55881689999999995	-0.63495900000000005	-0.45213140000000002	-3.1658840000000001E-2	0.36046830000000002	0.51119979999999998	0.42283749999999998	0.220609	-1.546497E-2	-0.23429420000000001	Frequency [rad/s]


Radiation Damping [N/m]




Sphere	0.02	0.04	0.06	0.08	0.1	0.12	0.14000000000000001	0.16	0.18	0.2	0.22	0.24	0.26	0.28000000000000003	0.3	0.32	0.34	0.36	0.38	0.4	0.42	0.44	0.46	0.48	0.5	0.52	0.54	0.56000000000000005	0.57999999999999996	0.6	0.62	0.64	0.66	0.68	0.7	0.72	0.74	0.76	0.78	0.8	0.82	0.84	0.86	0.88	0.9	0.92	0.94	0.96	0.98	1	1.02	1.04	1.06	1.08	1.1000000000000001	1.1200000000000001	1.1399999999999999	1.1599999999999999	1.18	1.2	1.22	1.24	1.26	1.28	1.3	1.32	1.34	1.36	1.38	1.4	1.42	1.44	1.46	1.48	1.5	1.52	1.54	1.56	1.58	1.6	1.62	1.64	1.66	1.68	1.7	1.72	1.74	1.76	1.78	1.8	1.82	1.84	1.86	1.88	1.9	1.92	1.94	1.96	1.98	2	2.02	2.04	2.06	2.08	2.1	2.12	2.14	2.16	2.1800000000000002	2.2000000000000002	2.2200000000000002	2.2400000000000002	2.2599999999999998	2.2799999999999998	2.2999999999999998	2.3199999999999998	2.34	2.36	2.38	2.4	2.42	2.44	2.46	2.48	2.5	2.52	2.54	2.56	2.58	2.6	2.62	2.64	2.66	2.68	2.7	2.72	2.74	2.76	2.78	2.8	2.82	2.84	2.86	2.88	2.9	2.92	2.94	2.96	2.98	3	3.02	3.04	3.06	3.08	3.1	3.12	3.14	3.16	3.18	3.2	3.22	3.24	3.26	3.28	3.3	3.32	3.34	3.36	3.38	3.4	3.42	3.44	3.46	3.48	3.5	3.52	3.54	3.56	3.58	3.6	3.62	3.64	3.66	3.68	3.7	3.72	3.74	3.76	3.78	3.8	3.82	3.84	3.86	3.88	3.9	3.92	3.94	3.96	3.98	4	176.5686	1053.0740000000001	1250.607	1728.5329999999999	3201.6590000000001	4423.018	5827.0739999999996	7393.0770000000002	9120.6980000000003	10983.06	13013.06	15165.37	17431.580000000002	19850.2	22411.56	25061.53	27815.39	30697.3	33713.269999999997	36836.699999999997	39959.51	43258.97	46620.04	50113.16	53714.52	57353.91	61018.15	64693.07	68527.88	72446.91	76431.63	80501.52	84598.77	88648.85	92698.73	96770.99	100918.6	105164.6	109473.60000000001	113809.1	118003.3	122130.6	126178.6	130283.5	134294	138363	142398	146511.79999999999	150522.4	154337.79999999999	157961	161279.79999999999	164633.60000000001	167929.7	171201.6	174420.5	177614.8	180574.1	183289	185607.5	187761.4	189754	191627.8	193333.5	194954.2	196372.5	197833.7	199019.8	199864	200556.1	200920.1	201048.5	201058.8	200891	200622.4	200245.3	199737.4	199085.8	198202.7	197140.9	195831.2	194355.6	192689.3	190878	188947.9	186711.3	184632.7	182130.6	179759.8	177141.7	174350.5	171529.3	168800.8	165703.79999999999	162557.70000000001	158928.5	155726.20000000001	152005.4	148749.5	144495.29999999999	141077.20000000001	136531.1	133019.70000000001	128632.5	123960.7	120479.5	115336.6	112917	108101.5	99163.8	89562.8	9359.0540000000001	105486.6	98422.45	90963.93	86144.95	82295.61	77818.59	73809.289999999994	69460.39	64925.77	60801.1	57499.96	53359.01	49465.35	45613.21	41941.22	38696.620000000003	35334.11	32137.96	29156.71	26165.94	23558.080000000002	21176.22	19018.53	17125.91	15573.98	14402.6	13641.39	13255.54	13248.04	13587.28	14183.66	14884.15	15714.85	16537.669999999998	17427.38	18193.310000000001	19002.3	19665.97	20321.71	20771.97	21298.74	21400.89	21938.17	21982.720000000001	21935.14	21807.29	21398.12	21056.14	20412.849999999999	20310.52	17842.03	14794.17	6876.5240000000003	36006.720000000001	24390.959999999999	22330.32	20699.25	18968.16	17913.919999999998	16649.57	15520.25	14460.41	13480.45	12552.17	11473.18	10568.81	9480.6659999999993	8592.7860000000001	7500.0450000000001	6679.6490000000003	5938.4870000000001	5297.1890000000003	4780.9589999999998	4412.4250000000002	4206.4889999999996	4175.165	4285.893	4499.076	4791.1499999999996	5149.4129999999996	5629.3729999999996	5572.1869999999999	5980.893	6274.4059999999999	6527.8019999999997	6708.924	6847.2820000000002	6924.7669999999998	Cylinder	0.02	0.04	0.06	0.08	0.1	0.12	0.14000000000000001	0.16	0.18	0.2	0.22	0.24	0.26	0.28000000000000003	0.3	0.32	0.34	0.36	0.38	0.4	0.42	0.44	0.46	0.48	0.5	0.52	0.54	0.56000000000000005	0.57999999999999996	0.6	0.62	0.64	0.66	0.68	0.7	0.72	0.74	0.76	0.78	0.8	0.82	0.84	0.86	0.88	0.9	0.92	0.94	0.96	0.98	1	1.02	1.04	1.06	1.08	1.1000000000000001	1.1200000000000001	1.1399999999999999	1.1599999999999999	1.18	1.2	1.22	1.24	1.26	1.28	1.3	1.32	1.34	1.36	1.38	1.4	1.42	1.44	1.46	1.48	1.5	1.52	1.54	1.56	1.58	1.6	1.62	1.64	1.66	1.68	1.7	1.72	1.74	1.76	1.78	1.8	1.82	1.84	1.86	1.88	1.9	1.92	1.94	1.96	1.98	2	2.02	2.04	2.06	2.08	2.1	2.12	2.14	2.16	2.1800000000000002	2.2000000000000002	2.2200000000000002	2.2400000000000002	2.2599999999999998	2.2799999999999998	2.2999999999999998	2.3199999999999998	2.34	2.36	2.38	2.4	2.42	2.44	2.46	2.48	2.5	2.52	2.54	2.56	2.58	2.6	2.62	2.64	2.66	2.68	2.7	2.72	2.74	2.76	2.78	2.8	2.82	2.84	2.86	2.88	2.9	2.92	2.94	2.96	2.98	3	3.02	3.04	3.06	3.08	3.1	3.12	3.14	3.16	3.18	3.2	3.22	3.24	3.26	3.28	3.3	3.32	3.34	3.36	3.38	3.4	3.42	3.44	3.46	3.48	3.5	3.52	3.54	3.56	3.58	3.6	3.62	3.64	3.66	3.68	3.7	3.72	3.74	3.76	3.78	3.8	3.82	3.84	3.86	3.88	3.9	3.92	3.94	3.96	3.98	4	1003.253	1558.683	4015.3710000000001	6652.5739999999996	9787.2710000000006	13378	17352.93	21636.76	26202.71	31012.7	35903.040000000001	40995.65	46072.71	51036.59	56091.3	61050.8	65600.77	69882.509999999995	74036	77949.45	80968.070000000007	83476.740000000005	85688.73	87517.2	88333.38	88118.53	87619.4	86945.38	85640.97	82815.8	79610.710000000006	76339.41	72788.460000000006	69233.7	64766.559999999998	59888.68	55409.53	51240.37	47171.64	43085.71	38762.01	34601.019999999997	30859.68	27486.87	24534.68	21767.81	19049.89	16339.45	14007.03	11839.51	9956.4439999999995	8530.9969999999994	7626.4750000000004	14185.29	7391.8469999999998	4309.9759999999997	4543.9459999999999	3445.3139999999999	3058.0210000000002	2473.7739999999999	1625.02	1453.568	1070.576	953.572	798.9348	553.09670000000006	464.14870000000002	294.66739999999999	26.05068	183.5575	437.00529999999998	600.48469999999998	768.53589999999997	924.59670000000006	1037.9179999999999	1216.721	1512.8230000000001	1351.079	1679.5840000000001	2380.5839999999998	2933.13	9836.9480000000003	5833.9049999999997	2592.4850000000001	1366.001	883.20569999999998	621.55510000000004	627.85879999999997	506.7912	336.2989	25.129010000000001	13.45363	2.183535	12.509460000000001	24.54203	45.158099999999997	104.7585	155.5909	199.8913	943.91070000000002	1409.9949999999999	2319.2469999999998	18199.53	9098.6669999999995	4786.99	2896.473	1892.028	1260.586	860.40269999999998	505.3426	214.46440000000001	40.722679999999997	296.77	560.67160000000001	857.79269999999997	1219.752	1709.2539999999999	2583.4740000000002	4079.3449999999998	6850.2470000000003	5715.607	3116.8119999999999	1876.941	1245.7940000000001	793.69719999999995	469.64080000000001	214.8314	3.4287290000000001	208.93879999999999	423.36219999999997	699.25789999999995	1030.019	1498.0730000000001	2234.5120000000002	3205.306	2951.2150000000001	1868.9159999999999	1165.7170000000001	766.99710000000005	466.14949999999999	239.5104	51.811450000000001	119.48820000000001	292.96409999999997	488.7441	736.32579999999996	1073.96	1570.597	1821.13	1448.125	953.04079999999999	604.19920000000002	364.38099999999997	186.6884	39.729810000000001	94.682299999999998	230.84469999999999	382.95620000000002	566.01310000000001	810.38570000000004	982.77909999999997	919.70950000000005	682.54819999999995	455.04910000000001	279.9171	142.8288	28.895659999999999	74.355999999999995	177.6414	290.2604	415.86070000000001	534.10720000000003	572.12400000000002	483.44970000000001	357.76060000000001	226.8099	122.04770000000001	35.630070000000003	41.622169999999997	116.6649	193.81880000000001	270.4228	326.64789999999999	328.57010000000002	272.55520000000001	193.6711	119.06480000000001	54.82602	1.6560569999999999	53.48948	102.0847	146.2424	178.28899999999999	184.75899999999999	160.3398	125.5022	77.866439999999997	34.879989999999999	2.4615499999999999	35.664169999999999	Frequency [rad/s]


Diffraction Force [N]
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Froude-Krylov Force [N]
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