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Summary 

Fossil energy resources are getting less and the energy consumption keeps 

increasing. That is why renewable energy resources are getting developed more 

and more. Wave energy is an upcoming source with a lot of potential since 

research shows that 4-8% of the global electricity production can be generated 

from waves.  

The current Wave Energy Converters (WEC) have low efficiency what makes the 

energy production expensive. A new WEC concept developed by Novige AB is 

showing promising numbers in power output simulations. To develop the concept 

into a real design, students at Linnaeus university in Växjö have worked on the 

project as their Bachelor Thesis. The focus was on the piston, the piston rod, the 

connections between piston and rod and between the rod parts itself, bushing, 

sealing and inner cylinder wall.  

The study of this type of devices is relatively new and a complex task due to the 

forces they are subjected to. First a research has been done to know more about 

designing WECs, the forces due to the ocean water movements, materials and 

other parts which are involved into the project. It became clear that to calculate 

the force due to ocean waves the Morrison equation will be used. A rough 

calculation showed that the forces on the system would have an order of magnitude 

of 106 Newton. With this information, the development process was started. First 

requirements were found together with Novige AB. Concepts which fulfilled the 

requirements were generated. To find the best concept with a subjective 

judgement, ranking was done on the three or four most promising concepts for 

each part of the system. The best concepts fragments were combined. 

With this final concept optimization of parameters were done to find some overall 

dimensions of the system. Because the forces are changing with the different wave 

heights and time, the calculations were done with MATLAB to allow iteration. 

The highest stress due to horizontal and vertical forces, was found during the up-

movement in a X meter wave. The stress was expected to be the highest with a X 

meter wave but, because of the survival mode the stresses were X% less than with 

a X meter wave. The survival mode let the platform float on the water surface in 

big waves instead of having a dip of X meter during the working mode. It was also 

found that the mooring forces were increasing with the wave height but were far 

less during a X meter wave in survival mode compare to a X meter wave in 

working mode.  

Altogether, it was concluded that a piston rod made of construction steel with outer 

diameter of X mm and inner diameter of X mm will have a safety factor of two. 

For an aluminum alloy which is common used in sea structures the safety factor 

will be the same with a small increase of the deflection due to the lower Young’s 

modulus. The restriction in letting the system produce energy would be the 

maximum mooring force instead of the maximum stress in the rod. This 

conclusion was made without taking into consideration the stresses in other parts 

of the system which may restrict the system energy production before the mooring 

does. 
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Sammanfattning 

Fossila energiresurser blir mindre och energiförbrukningen fortsätter att öka. Det 

är därför som förnybara energiresurser utvecklas mer och mer. Vågenergi är en 

kommande källa med stor potential, eftersom forskning visar att 4-8% av den 

globala elproduktionen kan genereras av vågor. 

De nuvarande Wave Energy Converters (WEC) har låg effektivitet vilket gör 

energiproduktionen dyr. Ett nytt WEC koncept som utvecklats av Novige AB visar 

lovande siffror i effektutgångssimuleringar. För att utveckla konceptet till en riktig 

design har studenter på Linnéuniversitetet i Växjö arbetat med projektet som sin 

kandidatexamen. Fokuset var på kolven, kolvstången, förbindningarna mellan 

kolv och stång och mellan själva stavdelarna, bussning, tätning och inre 

cylindervägg. 

Studien av denna typ av enheter är relativt ny och en komplex uppgift på grund av 

de krafter de utsätts för. Först har en forskning gjorts för att veta mer om att 

utforma WEC, krafterna på grund av havets vattenrörelser, material och andra 

delar som är involverade i projektet. Det blev klart att för att beräkna kraften på 

grund av havsvågor kommer Morrison-ekvationen att användas. En grov 

beräkning visade att krafterna på systemet skulle ha en storleksordning av X 

Newton. Med denna information startades utvecklingsprocessen. Första kraven 

hittades tillsammans med Novige AB. Begrepp som uppfyllde kraven skapades. 

För att hitta det bästa konceptet med en subjektiv bedömning gjordes rankning på 

de tre eller fyra mest lovande koncepten för varje del av systemet. De bästa 

konceptfragmenten kombinerades. 

Med detta slutliga koncept gjordes optimering av parametrar för att hitta några 

övergripande dimensioner av systemet. Eftersom krafterna förändras med de olika 

våghöjderna och tiden, gjordes beräkningarna med MATLAB för att möjliggöra 

iteration. Den högsta stressen på grund av horisontella och vertikala krafter 

hittades under upp-rörelsen i en X  meter våg. Stressen förväntades vara den högsta 

med en X meter våg men på grund av överlevnadsläget var spänningarna X% 

mindre än med en X meter våg. Överlevnadsläget låter plattformen flyta på 

vattenytan i stora vågor istället för att ha ett dopp på X meter under arbetsläget. 

Det konstaterades också att förtöjningskrafterna ökade med våghöjden men var 

mycket mindre under en X meter våg i överlevnadsläge jämfört med en X meter 

våg i arbetsläget. 

Sammantaget drogs slutsatsen att en kolvstång av byggstål med ytterdiameter på 

X mm och innerdiameter på X mm kommer att ha en säkerhetsfaktor på två. För 

en aluminiumlegering som är vanligt använd i havsstrukturer, kommer 

säkerhetsfaktorn att vara densamma med en liten ökning av avböjningen på grund 

av den lägre unga modulen. Begränsningen att låta systemet producera energi 

skulle vara den maximala förtöjningskraften i stället för den maximala spänningen 

i stången. Denna slutsats gjordes utan hänsyn till spänningarna i andra delar av 

systemet som kan begränsa systemets energiproduktion innan förtöjningen gör. 
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Abstract 

This report describes the development process of a conceptual design of the piston-

rod, piston and parts related to them for a new concept of wave energy converter. 

With the information obtained by research and calculations it was found that the 

maximum stress in the rod appears in a X meter wave. Results also show that the 

mooring force will be the limiting factor for the maximum wave height where the 

system can produce energy.  

Keywords: Waverider, Wave Energy Converter, WEC, Ocean waves, Morrison 

equation, Piston-rod, Renewable energy 
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1 Introduction 

Electrical energy generation is one of this century challenges. The energy 

consumption of the world has been increasing every year and predictions stablish 

that it will continue this way. Figure 1-1 shows this upward trend. 

 

On the other hand, the Figure 1-2 shows the estimated energy production (energy 

usage) until 2050. From here, it can be seen that fossil energy, which is the current 

biggest energy source, is decreasing. This fact will force the world to decrease its 

energy consumption or increase the production of energy from other sources such 

as the renewable energies. 

Renewable energies need to take over to level the production and consumption of 

energy. Technologies for renewable energy need to become of more common use 

and have a higher efficiency.   

The most developed renewable energy technologies in this order are: hydro, wind 

and solar. Figure 1-3 on the next page shows the growth potential of the different 

technologies. Hydro energy has been developed since the 19th centuries and the 

development is slowing down. For wind and solar energy has the development just 

started and it is expected to have an exponential growth. 

Figure 1-1 Energy consumption of the world [30] 

Figure 1-2 Total energy use of the world [31] 
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The main problem with wind and solar energy generation is its instability. Solar 

energy production decreases on cloudy days and goes down to zero during the 

night. Wind energy has an operating wind speed range, a minimum speed is needed 

for starting the production and at too high speeds the blades are stopped to avoid 

damaging the mill. All this causes the need of backup energy generation when 

wind and solar production cannot supply the demand. 

An upcoming renewable energy source is wave energy. Solar energy warms the 

atmosphere what generates wind that is converted into ocean waves that may last 

although the wind is gone. The wave power density along the European Atlantic 

coast is at least 10 times higher than typical solar density and 5 times higher than 

wind. It has been estimated that 4-8% of the global electricity production can be 

generated from waves.  

The economic impact is of great importance and European companies are already 

the global leaders in ocean energy. According to Ocean Energy Europe (OEE) 

wave energy generation market will worth €53b annually and create 400.000 jobs 

in EU by 2050. 

Current designs of offshore energy power plants are heavy, expensive to 

manufacture and maintain and the output power is low. There is a necessity of 

designing new wave energy devices, capable to absorb the big amount of power 

the waves contain. Private and public institutions are investing money on this field 

but so far there is not an enough efficient design to fight the wind energy. The new 

concept called Waverider is showing promising numbers to be the breakthrough 

in wave energy converters (WEC). 

1.1 Background 

Novige AB was founded in 2016 and settled in Stockholm. The company is 

founded for the development of the Waverider by the inventor of the concept. 

Since the company do not have all the sources to develop the Waverider on its 

own, other companies have been contacted to work together. Novige AB owns the 

intellectual property and will lead the development of the project. Next to the 

companies are Linnaeus University in Växjö and the KTH Royal Institute of 

Technology located in Stockholm involved in the project. Students will work on 

the project as their Bachelor or Master Thesis. Three students at Linnaeus 

University will work on parts of the concept during their Bachelor Thesis.  

Figure 1-3 Potential growth of hydro, wind and solar energy [31] 
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The Waverider is based in the point absorber principle. Point absorber WEC’s do 

usually have a round shape so the direction of the wave doesn’t matter. Since the 

diameter is restricted to one fifth of the wave length the lifting force is limited. 

The Waverider uses a XXXXXXXXXXX XXXXXXXXXXXX XXXXXXX 

XXXXXXX XXXX –    

 

     -XXXXXXX 

XXXXX. The platform is held in position by four anchors as well as between two 

or four buoys. Figure 1-4 gives an overview of the concept.  

The pressurized water out of the penstocks makes the Pelton turbine turn which 

makes the flywheel and generator rotate. The flywheel equals the rotation of the 

generator since only half of the time pressurized water is available. The shaft has 

two joints and a spline to allow movement between the platform and the cylinder. 

Figure 1-5 shows the working principle. 

Generator  

Basement on sea bottom 

Floating platform  

Cylinder (max 70 bar) 

Piston 

Joint 

Penstock 

Figure 1-4 Overview of the Waverider concept 

Confidential   
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The system will be located in open sea and a lifetime of around 30 years with low 

maintenance is required. 

1.2 Purpose and objectives 

As this is a mechanical engineering bachelor degree project the skills learned 

during these years have to be shown. These knowledges include: research 

methodology, product development, machine design processes and academic 

report writing. 

Since there is not enough time to design the whole concept it is decided to work 

with the piston and piston rod. Some parts are in contact with the piston or piston 

rod and that is why they will be involved in this project. The involved parts are 

listed below. 

1. Cylinder wall 

2. Piston 

3. Sealing 

4. Connection piston to piston rod 

5. Bushing 

6. Piston rod 

In Figure 1-6 the parts are shown. 

 

  

Pressurized water 

from penstock 

Generator with flywheel 

Pelton turbine 

Figure 1-5 Working principle 

Confidential   
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The cylinder wall will be designed only on wear. The strength of the wall is not 

taken into consideration. The piston, piston rod, connection between them and the 

sealing will be designed to hold the forces caused by the pressure and the weight 

of the system during the down stroke. The surrounding of sea water and sea live 

will be taken into account. The materials are free to choose but composites have a 

preference by Novige AB. The bushing needs to withstand the pressure in the 

lower chamber of the cylinder and needs to hold the horizontal forces applied on 

the system. The manufacturing and mounting of the parts will be taken into 

consideration since it is a big system.  

Figure 1-6 Parts to work with 
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The project will start with getting an overall understanding of the concept. Then 

work is going to be divided between the group members. Firstly, a preliminary 

research to obtain some background will be done by each of the members. At the 

same time a deeper understanding of the system will be achieved by reading and 

taking notes from the documents provided by Novige AB.  

A rough static load stress analysis will be done to understand the order of 

magnitude of the stresses the system will be subjected to. Using computer 

programs (EXCEL, MATLAB) during the calculation process will help to iterate 

and expand the calculations during the design process.  

The second part of the project is a product development process which results in a 

concept. It is important to notice that an idea of how the design should look like is 

given by the company and that the first calculations are made considering them. 

During the product development process the problem task will be decomposed and 

new ideas could show up. 

As there is more than one part to design, the product development process will 

consider first each part separately and then how to fit them together. The process 

will be split but always having in mind the boundaries of each piece and how will 

it work with the rest of the parts under design and the hole system itself. After the 

procedure, the semi-final design chosen will need to be tested and probably modify 

before having the final design. 

1.3 Limitations 

The project must be done in five months and this makes it necessary to define and 

tailor the process. A Gantt chart has been used to schedule when the different tasks 

will be accomplished so that the hole project is finished before the deadline. The 

Gantt chart can be seen in Appendix 1. 

This project only works on a section of the Waverider project, but the whole 

system should be taken into account so that the best performance could be 

achieved. As it is a completely new design, there is no information on how other 

parts of the system will affect the parts to be designed in this project. Some 

assumptions will be made and the design will remain on the safe side using high 

safety factors. 

As the mechanical engineering bachelor does not include any course about sea 

structures, this project will require the students to perform a study on the 

requirements and considerations that have to be considered when working on this 

tough environment. Also time will be needed learning how to work with 

MATLAB.  

Students form Linnaeus University cannot have regular face to face contact with 

the company as it is in Stockholm. Due to this almost every meeting is done by 

"Skype" or messaging.   
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2 Theory 

In this chapter is the theory given which is needed to work on the project. First is 

information given about WECs and design rules concerning them. What to 

consider when a device is operating in the sea is the next paragraph followed with 

information of how to construct with composites.  

2.1 Wave Energy Converter  

In this paragraph is information written about the WECs. First the existing types 

of WEC’s are given and explained and after the design considerations. 

2.1.1 Types of wave energy converters 

There are a lot of devices that are being proposed with the aim of harvesting energy 

out from the waves. 

 

Nowadays, as the efficiency of offshore devices is not as high as wind energy, it 

has not been so much developed. That is why right now, it is not easy to know 

which device or devices will most prevalent in future commercialization [1]. It 

will depend a lot in the revenue they will have, for example the researcher 

O’Connor (2013) found out that the Pelamis converter has higher or lower cost-

efficiency depending in which place it is located; what means the location will also 

determine which WEC is the best option [2]. However, there are several types of 

WECs that have been suggested, they will shortly be introduced in this part of the 

report. 

Terminators 

Terminator devices have their main axis parallel to the wavelength and they 

physically intercept waves, see Figure 2-1. These devices were typically installed 

onshore, but it is also possible to find them offshore. In the oscillating water 

column device (OWC), water enters through a hole in the bottom of it into a 

chamber with air trapped above it. Using the rise and decrease of the height of the 

wave, the air inside the chamber is compressed. Thus, an alternating stream of 

high velocity air is generated. This air moves a turbine generator producing as an 

outcome electricity [1].  

Figure 2-1 Sketch of a terminator [1] 
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Overtopping 

They have a storage reservoir where the water of the waves is kept. This water is 

led to ocean again passing through a turbine which will generate electricity. This 

procedure is shown in Figure 2-2. 

Attenuator  

An attenuator is a floating structure made up by more than one element connected 

together with joints. These elements are usually called segments or pontoons and 

they face the direction of the waves. The structure of an attenuator can be seeing 

in Figure 2-3. 

When the waves pass down the attenuator, the oscillations of the water cause the 

segments to oscillate as well. Hence the connections suffer from bending. Due to 

this bending, hydraulic converters placed in each joint will be able to transform 

ocean wave energy into electricity [1]. 

 

One of the most developed attenuators is the “Pelamis”, see Figure 2-4, designed 

by “Ocean Power delivery” enterprise. They have two models P1 and P2 with four 

and five cylindrical sections respectively. The P2 model is capable of produce 

750kW having 4 hydraulic motors in each joint. It was the first full scale wave 

energy converter, placed offshore, to generate electricity and also the first energy 

farm to produce electricity for the scope of a whole nation. 

 

Figure 2-2 Overtopping sketch [32] 

Figure 2-3 Attenuator type sketch [1] 
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Point absorber  

Point absorbers, Figure 2-5, are floating WEC’s who have a diameter of one fifth 

of the wave length. The wave length is the distance between the wave peaks. The 

floating element is a buoy which is connected to some components that move 

around the fixed elements due to rising and dropping of waves. This mechanical 

energy drives an electrical generator. A point absorber although it does not have 

big dimensions can harvest a big amount of energy from waves [3]. 

 

Oscillating wave surge converter 

These devices are placed in the seafloor. They take its energy out from the 

movement of the waves, in this case forward and backwards. The device’s paddle 

oscillates like a pendulum attached to the fixed part of the WEC by a pivoted joint 

as a result of the movement of the waves [4]. A conceptual representation of an 

oscillating wave surge converter is depicted in Figure 2-6. 

  

Figure 2-4 Sketch of the Pelamis [1] 

Figure 2-5 Point absorber sketch [32] 

Figure 2-6 Oscillating wave surge converter [32] 
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Submerged pressure differential  

These short of devices are usually placed close to the shore, under water and 

attached to the sea bottom. The rising and dropping of the sea level produces a 

pressure differential on them. This alternating pressure makes the device to go up 

and down, allowing it to pump a fluid and then generate electricity. 

 
Bulge wave 

This device is made up by a distensible rubber tube with water inside it, moored 

to the seafloor. It has the shape of a snake. The water which goes through it, 

follows the direction of the waves. Its working principle according to EMEC’s 

web page is “the water enters through the stern and the passing wave induces 

pressure variations along the length of the tube, creating a bulge. As the bulge goes 

through the tube it grows, gathering energy which can be used to drive a standard 

low-head turbine located at the bow”. 

These devices are simple, flexible and can bend themselves according to the waves 

motion so they can survive huge waves.  

  

Figure 2-7 Submerged pressure differential  

Figure 2-8 Bulge wave converter device [32] 
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Rotating mass 

By the changing angle of the waves a shaft with eccentric starts rotating. Out of 

this rotation energy can be produced. Figure 2-9 explain its working principle. 

 

2.1.2 Design considerations 

When designing an efficient WEC many challenges must be overcome. Some of 

these challenges are the harsh environment in which they will work. Also, the 

inconstancy of the waves talking about period, height and energy. The loads can 

increase rapidly in certain situations such as storms, which usually implies huge 

waves. The location is an important factor for the WEC. 

 

The energy generated today by WECs, is expensive related to other renewable 

energy sources. The levelized cost of energy (LCOE) is used to compare the 

different sources since it takes all the factors into account. In Appendix 2 it is 

shown a design strategy example with the LCOE as output made by Y. H. Yu. 

When this strategy is kept in mind during the design process, the LCOE will be 

lower which makes it a better WEC design. In general, it helps to keep the 

production, installation, operation and production costs in mind. The 

environmental impact is also part of the strategy.   

Figure 2-9 Rotating mass device [32] 
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2.2 Forces due to water 

In this paragraph is explained which forces are applied on a system which operates 

in steady water and ocean. 

2.2.1 Steady water 

In steady water are mainly two forces applied on a system. Buoyancy force and pressure. 

Buoyancy force [5], [6] 

Buoyancy force was originally described by Archimedes of Syracuse in the 

Archimedes principle which says: “Any body totally or partially submerged on a 

fluid is acted by an upwards force equal to the weight of the fluid displaced by the 

water”. 

Buoyancy of a body is related to its density, if the body density is bigger than the 

fluid it is submerged on, it will sink. If both densities are equal, the body would 

stay at the same depth while not other external forces appeared. Finally, if the body 

is less dense than the fluid, it will sink until the fluid displaced by it produces the 

same force as the body weight. 

The apparent weight is a term used when working with buoyancy. It is the resultant 

force of adding together weight and buoyancy force. 

𝑊𝑎𝑝𝑝 = 𝐸 − 𝑊 (2.1) 

𝑊 = 𝑚 ∗ 𝑔 = 𝜌𝑏 ∗ 𝑉𝑏 ∗ 𝑔 (2.2) 

𝐸 = 𝜌𝑤 ∗ 𝑔 ∗ 𝑉𝑠 (2.3) 

𝑊a𝑝𝑝 = 𝑔 ∗ (𝜌𝑤 ∗ 𝑉𝑠 − 𝜌𝑏 ∗ 𝑉𝑏) (2.4) 

  

Wapp : Apparent weight [N]  W : Body weight under earth gravity [N] 

E : Buoyancy force of the body [N]  m  : Mass of the body [kg] 

g : Earth gravity [m/s2]  𝜌𝑏 : Density of the body [kg/m3] 

𝑉𝑏 : Volume of the body [m3]  𝜌𝑤 : Density of water [kg/m3] 

Vs : Submerged volume [m3]     

Figure 2-10 Buoyancy 
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Pressure [7] 

Force that a static fluid exerts perpendicular to the surface of a body submerged 

on it. The magnitude of this pressure is affected by gravity, fluid density and depth 

but not but the volume of water over the body. 

𝑃 = 𝜌 ∗ 𝑔 ∗ 𝑧 (2.5) 

P : Pressure [Pa]   z : Fluid depth [m] 

This kind of pressure is known as hydrostatic pressure and can be of great 

importance if the depth is big enough causing important stresses on the body 

subjected to it. 

2.2.2 Ocean energy   

The ocean is a vast expanse of water covering over two-thirds of the worlds surface 

and is a moving system. These motions can be divided in: tides, water currents and 

waves. These motions are caused by different phenomena such as the earth 

rotation (Coriolis effect), gravitational attraction of the moon and the wind. Waves 

are the source of power that WEC’s use to convert into electrical energy. Waves 

are classified by their period which is related to the power they contain. This is 

shown in Figure 2-12. [5] 

Figure 2-11 Pressure against depth. 

Figure 2-12 Wave periods. [8] 
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Waves 

In physics, a wave is a disturbance that travels through a medium transferring 

energy but not mass. 

The two major types of waves are longitudinal and transverse waves: 

• A particle inside a longitudinal wave moves back and forward oscillating always 

around the same centre.  

• A particle inside a transverse wave moves up and down oscillating always around 

the same centre. 

 

Ocean waves [8] 

Among the different phenomena, wind is the main source of waves generation. It 

is caused by solar radiation which produces an uneven heating of the atmosphere 

generating different pressure regions what makes air to flow from the high 

pressure to the low-pressure zones. The wind on the ocean surface creates the 

waves which can be propagated far away from the originating point. Ocean waves 

have a furthermore complicate behavior than explained above. As a simplification, 

they can be considered as a combination of longitudinal and transverse waves. 

This merge of movements causes an orbital motion of water particles. The 

particles describe a close path that is circular when the water depth is half the wave 

length or elliptical if it is less. This is shown in Figure 2-14.  

 

Figure 2-13 Types of waves. [38] 

Figure 2-14 Water particle paths at different depths. [39] 
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The system in this project is designed to be located in deep water what means that 

the water particles describe circular paths, leading to a similar amplitude in both 

up and down and left and right movements. In this case, and considering that the 

particle velocity is constant, the velocity is phi times wave height divided by wave 

period (π*H/T). Notice that π*H is the dimension of the circle. In relation to the 

waves, the water particle moves in the same direction of the wave in the upper part 

and in the opposite direction in the lower part as it can be seen in Figure 2-15. 

The particle velocity is also affected by the depth at which the measurement is 

made. It is maximum on the surface and decreases when going down. In reality 

the particle is not returning to its initial position, but a displacement in the 

direction of the wave occurs. 

There are other phenomena affecting to ocean waves such as refraction, diffraction 

and breaking waves. At this stage of the product designing process, and in order 

to facilitate calculations, a simplify model for waves is considered. The following 

assumptions are made. 

• Water is incompressible, its density does not change 

• No friction forces appear (water is inviscid) 

• The individual water particles do not rotate (irrotational fluid)  

  

Figure 2-15 Water particle rotational movement for wave moving from left 
to right. [8] 
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Waves are represented as sinusoidal which means it is repeated during time. 

Sinusoidal equations are defined by the following parameters: 

• Wavelength (λ): Distance between two consecutive crests. 

• Period (T): Time between two consecutive crests. 

• Frequency (f): Inverse of period 1/T. 

• Amplitude (a): Distance between the centre and the crest or trough. 

• Wave height (H): Distance between the crest and the trough. H=2*a. 

By combination of the basic parameters other useful ones appeared. 

• Steepness: Relation between wave height and length. H/ λ. 

• Wave Number (k): k= 2π/λ  

• Angular Frequency (ω): ω = 2π/T  

• Wave Speed (c): Speed of the wave crest. c = ω/k. 

Movements of a body on waves [9] 

A body floating on the ocean is subjected to motion due to waves. This movements 

can be divided in two groups. 

Linear motion 

• Heave: Upwards and downwards movement 

• Sway: Horizontal movement, perpendicular to the wave advancing direction 

• Surge: Horizontal movement, parallel to the wave advancing direction 

Rotation motion 

• Yaw: Rotation around z-axis  

• Pitch: Rotation around x-axis 

• Roll: Rotation around y-axis 

  

Figure 2-16 Wave parameters [8] 
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The waves main forces are heave and surge. Heave will be used for the power 

generation while some part of surge could be used. Both forces are applied at 

WECs and they need to be studied for geometrical and materials reasons. Heave 

is mainly produced by buoyancy force of the floating platform while surge is 

caused by wind, ocean currents and the orbital motion of the water particles. 

Ocean currents [10], [11] 

Ocean currents are divided in surface currents, up to 400m, and deep currents. 

Surface currents are mainly caused by wind and deep currents are caused by 

density difference due to water salinity and temperature. When ocean currents 

encounter the shore line, the water flow turns describing circular patterns known 

as gyres. Gyres flow clockwise in the northern hemisphere and the other way 

around in the southern hemisphere. The ocean floor also affects the currents. 

Figure 2-17 Body movements in waves. 

Figure 2-18 Ocean currents [14] 
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Monster or rogue waves 

Monster waves are a strange phenomenon occurring both in deep and shallow 

water. The height of these waves is several times bigger than a normal one, up to 

30 meters, what can cause great damage on the bodies interacting with it. There 

are not many studies about rogue waves, which were considered as a myth for a 

long time, and are not possible to be predicted.  

2.2.3 Calculations for ocean waves 

For the calculation of waves forces in the direction of the wave, the Morrison 

equation is used. “Morrison equation is a semi-empirical formula based on flow 

theory and has been widely used in calculations of waves loads. The theory 

assumes that the marine structure has no effect on the wave motion”. This equation 

is only valid if the relation between the object length in the direction of the wave 

and the wave length is less than 0.2. [12] 

 “This method divides the total force into a drag force, which is numerical 

proportional to the horizontal components of the water particle velocities, and a 

mass or inertia force proportional to the horizontal components to the water 

particle accelerations”. [13] 

When the body is not moving on the direction of the flow the equation is as follow:  

𝑓𝐻 = 𝑓𝐷 + 𝑓𝐼 =
1

2
∗ 𝐶𝐷 ∗ 𝜌 ∗ 𝐴 ∗ 𝑢𝑥 ∗ |𝑢𝑥| + 𝐶𝑀 ∗ 𝜌 ∗ 𝑉𝑜 ∗

𝑑𝑢𝑥

𝑑𝑡
 

(2.6) 

  

𝑓𝐻 : Horizontal wave forces acting on certain height [N] 

𝑓𝐷 : Drag force acting on certain height [N] 

𝑓𝐼 : Inertia force acting on certain height [N] 

CD : Drag coefficient [-] 

A : Projection area of unit height, perpendicular to the wave motion direction [m2] 

𝑢𝑥 : Velocity in horizontal direction of water particle [m/s] 

CM : Inertia coefficient. Ca=CM +1. Ca: Added mass coefficient [-] 

Vo : Volume of displacement of unit height [m2] 

𝑑𝑢𝑥

𝑑𝑡
 : Water particle acceleration [m/s2] 
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Drag force [14] 

Drag force is a mechanical force produced when there is a relative motion between 

a body and a fluid. The force is applied in the relative direction of the fluid in 

respect to the body. It is affected by the dimensions and geometrical shape of the 

body, the density of the fluid and the relative velocity between body and fluid. 

Drag coefficients for the different shapes are empirically determined with 

experiments on flow simulators.  

Inertia force [15] 

Inertia force is the resistance of a body against an external force trying to change 

its initial state which can be steady or moving with constant velocity. When a 

relative acceleration or deceleration between a body and a fluid occurs, a volume 

of fluid need to be displaced. Due to this fact, an added mass opposing the motion 

is added. This added mass is characterized by the added mass coefficient which 

changes with the geometry of the body. It is determined with empirical procedures. 

Water Velocity 

Horizontal water velocity during time is another factor on Morrison’s equation. 

There are several theories to calculate the velocity of the water particles for 

different wave conditions: Airy wave theory, Stokes wave theory, solitary wave 

theory and conical wave theory. The most used ones are Airy and Stokes wave 

theories. These theories calculate different parameters but for this project only the 

horizontal velocity and acceleration along the system are used. 

  

Figure 2-19 Drag coefficients [37]  
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Airy waves theory is useful to predict the wave velocity in deep waters but it does 

not work for shallow waters. 

𝑢 =
𝐻𝜋

𝑇

cosh[𝑘(𝑧 + 𝑑)]

sinh(𝑘𝑑)
  cos(𝑘𝑥 − 𝑤𝑡)   

(2.7) 

d : Water depth at the measure location [m]  z : Depth of the measure [m] 

By derivation, acceleration is calculated. 

𝑎 =
2𝜋2𝐻 

𝑇2

cosh[𝑘(𝑧 + 𝑑)]

sinh(𝑘𝑑)
  sin(𝑘𝑥 − 𝑤𝑡)  

(2.8) 

When the body is moving with or against the flow direction, a relative velocity 

appears. 

𝑢𝑥 = 𝑢𝑤𝑎𝑝 − 𝑢𝑏𝑜𝑑𝑦 (2.9) 

𝑢𝑥  Relative velocity [m/s]  𝑢𝑏𝑜𝑑𝑦 : Velocity of the system [m/s] 

𝑢𝑤𝑎𝑝: Velocity of the water particle in the horizontal plane [m/s] 

There is a modification of the Morrison’s equation that can be applied, but in the 

case under study, as the system horizontal movement and velocity are not 

expected to be big, the following simplification is made. 

𝑢𝑥 ≈ 𝑢𝑤𝑝 (2.10) 

2.3 Composites 

In this paragraph is information given about composites. There is a preference for 

using composites since it is light, strong where it needs to be strong and has good 

resistant against the sea environment. A short history is given in the first sub 

paragraph. In the second sub paragraph is explained how to design with 

composites. In the last sub paragraph is written which production methods are 

available. 

2.3.1 Why Composites? 

The first composite was used around 3400 B.C. in the construction of houses with 

gluing wood strips at different angles to create plywood. In 1942, the first dinghy 

was made from fiberglass and polyester resin. The first car with fiberglass body 

panels was made in 1953 and new manufacturing methods were developed. These 

days composites are used every were we look. Below are some properties that 

make composites a smart choice. 

Strong: Composites have a high specific strength (strength to weight ratio). The 

maximum tensile stress of composites is high because the forces are directly 

transmitted to the fibers which can be up to 2000 MPa for carbon fibers which is 

three times higher than the strongest steel. The maximum shear stress of a 

composite can be controlled with the fiber orientation, the sequencing of layers, 

the type and volume of fibers, type of used resin and more. Compression stresses 

are as well not naturally well absorbed by composites but with the right 

combination of fibers, resin and layer built-up it can be made strong.  
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Light: as mentioned before the weight related to the strength is low. The weight 

of reinforced carbon fiber composites is 70 percent lighter than steel. A great 

advantage of using lightweight composites is the easy handling, transportation and 

installation what saves time and money. 

Resistance: In a proper made composite, the fibers are totally covered with the 

resin. So, when the resin is resistant to its environment, the composite will not 

degrade. Since a lot of different resins are available there is always a resin that can 

withstand its environment. The ASTM C582 standard can be used for choosing 

the right resin. 

Design flexibility: A big advantage of composites is the ability to mold them in 

complicated shapes without the need for high-pressure tools. Herby new shapes 

can be easily made and where two parts were needed with steel it can be made in 

one with composites.  

Durability: Composites are well resistant to fatigue because of their little 

elasticity. A composite hold the force or breaks when the forces are too high. The 

fatigue resistance is 90% of the static fracture strength instead of 50% for steel and 

titanium alloys. By their high resistance to corrosion, the maintenance costs are 

often lower with a part made out of composites instead of steel [16].  

2.3.2 Designing with composites 

There are several types of steel with their own specifications. Based on the needed 

specifications a type of steel is chosen. This approach is different for composites 

since the choice of a fiber, resin and layer built-up need to be made. So instead of 

choosing a material, a material is ‘made’ to meet the requirements. The following 

basic steps need to be made to be able to make the required composite. 

• Define forces on the part 

• Find the stresses in every direction 

• Define environmental requirements  

• Choose fiber, resin and layer built-up based on the stresses and environmental 

requirements  

For defining the forces the known way can be used. This a very important step 

because the stresses will be the outcome of the forces. So, when the forces have a 

wrong magnitude, direction or point of applying the stresses out from a FEM 

simulation software package will be wrong. With the FEM simulation, the stresses 

can be found in every direction. When it is known in which direction stresses are 

applied, the needed layer built-up can be made or the design can be changed, if 

possible. Combined with the environmental circumstances like corrosion and 

abrasion the best fiber and resin combination can be selected. Software, which can 

simulate the stresses in each layer of the composite, has been developed by several 

companies. 

It is also possible to use a core. This increases the stiffness rapidly and add a little 

weight. This is called a sandwich structure. Depending on the need different type 

of cores can be chosen. This is shown in Figure 2-20. 
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Composite has a low terminal resistance, low wear resistance and no electric 

conductivity. Coatings are available which gives the composite a higher wear 

resistance or makes the surface electric conductive.  

 

2.3.3 Fabrication of composites 

There are different methods for fabricating composite parts. The most basic 

fabrication method is hand layup. Typically, layers are placed by hand onto a mold 

and resin is applied to the dry layers. A variation of the dry layup is the wet layup. 

In this second one, each layer is coated with resin and compacted after it is placed. 

Compacting can be done by hand with rollers but most fabricators use a vacuum-

bagging technique. A plastic sheet is placed over the mold and sealed at the edges 

after which the air is evacuated. This is also called open molding. A semi-

automated alternative with an open mold is the spray-up method. Chopped fibers 

are blown in a sprayed resin stream so both materials are applied at the same time. 

The strength is lower but the process is less labor intensive. 

Closed molding production process is used for production series. Dry 

reinforcement is placed into the mold after which it is closed and the resin is 

pumped or sucked into the mold. There are lot of variations in speed, moment of 

mixing the two components, etc. Because in this project there is no series 

production applicable no further information is given. For round products is it 

possible to use a filament winding method. A so-called mandrel is horizontally 

suspended between end supports. The fiber application instrument moves back and 

forth along the length of the rotating mandrel. Computer-controlled machines are 

available with two to twelve axes of motion. The mandrel can be removed or 

become part of the product and works as a core. Figure 2-21 shows the process in 

a schematic way. For tube rolling the fibers are placed in a cylinder after resin is 

added when the tube is rolling. By the centrifugal forces is the resin ‘pushed’ 

trough the fiber layers. Since, ten years ago, the pultrusion is also a production 

method for composites. 

Figure 2-20 Several types of core materials and their application [35] 
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Curing  

For curing are also several methods available. The most basic is curing at room 

temperature by using a resin of two components. Cure can be accelerated by 

applying heat and vacuum. For high performance composite parts, which are used 

in the aerospace for example, is heat and high consolidation pressure required to 

cure which is obtained by the use of an autoclave. This limits the size and is a very 

expensive operation. A new resin is developed which cures at room temperature 

and gives the same quality of a part cured in the autoclave. This resin is used in 

the aerospace and is not on the market yet (written April 2017). Alternative 

methods for curing are using an electron-beam, X-ray and microwave which 

causes polymerization and crosslinking. Ultraviolet curing is possible with light-

permeable resins and reinforcements [17]. 

2.4 Sealing 

Seals have three different functions. The main function is to close a gap between 

two close surfaces and make joint leak tight. Also, they prevent leaking out from 

the system. And, last but not least important, they make possible force 

transmission within the system.  

Seals are indispensable for a piston-cylinder device to work in an effective way 

and have long life. There could be two ways of sealing. Having the seals on the 

rod or on the piston.  

Rod sealing: prevents leakage out the system. It is made up by more than one 

seal with sub-functions, see example in Figure 2-22. The rod seals are the ones 

depicted with a 3 and a 5, its function is to maintain the system pressure. They are 

design to be single acting, what means that they only maintain the pressure from 

one of the sides. Number 6 is a scraper ring. It will prevent external particles, 

which could damage the cylinder or piston, to go into the system and keep it clean. 

The rest are wear rings or also called piston rings, that prevent contact between 

the surfaces of the rod and the cylinder. They will also make the piston concentric 

to the cylinder wall and act like a guide for the reciprocating movement. The 

needed dimensions of these components could be calculated considering the 

working temperature and the side load they will absorb.  

Figure 2-21 Filament winding process [36] 
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Piston sealing: In case that the piston is not in contact with the out-

system environment having a scraper is pointless, in other cases it may be 

considered. It consists of a piston seal, which, in this case, it is double-acting, what 

means it will seal pressure from both sides of the piston; of a number of wear rings 

that have the same function as the former described and as mentioned before 

a scraper if necessary. An example is shown in Figure 2-22.   

  

  

 

When it comes to design a reliable hydraulic sealing system there are some 

requirements that should be considered such as pressure and life-length. A crucial 

factor into achieving the desired service life is how the hardware is designed.  

Among the design considerations it is crucial to think about whether the system 

will resist abrasive particles or extrusion, the cost-efficiency of the system in 

terms of production, low friction, whether it is easy assembly 

and maintenance, stability towards chemicals and temperature, reliability in terms 

of performance or if it follows the industry standards.  

Considering all these requirements will lead a designer to an optimum 

result. [18] 
 

  

Figure 2-22 Ways of sealing a hydraulic cylinder. a) Rod sealing, b) Piston sealing [18] 
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3 Research methodology 

In this chapter, the approach and methods applied during the project are described 

and explained. 

3.1 Scientific view 

There are two antithetical, but compatibles, perspectives when talking about 

scientific view. 

Positivism (objective) 

Positivism is an epistemological position that advocates the application of the 

natural sciences’ methods to the study of social reality and beyond. It determines 

the effect of a cause basing on measurements and observations of phenomena. 

Data are collected and analyzed in order to establish a certain outset without being 

influenced with pre-existing theories or research. Science must be conducted in a 

way that is value free (that is, objective), focused on facts, look for fundamental 

laws, reduce the phenomena to the simplest elements, formulate hypothesis and 

test them. [19]and [20] 

Positivism has evolved to another philosophical position that pretends to provide 

an account of the nature of scientific practice. 

Hermeneutics (subjective) 

Hermeneutics refers to an approach that was originally conceived in relation to the 

understanding or/and interpretation of texts. Nowadays is more used for the 

interpretation of theological texts. The main idea behind hermeneutics is that the 

person who analyses a text must seek the meanings of it from the perspective of 

its author taking into account the social and historical context within which the 

text was written. Hermeneutics is seen by its supporters as a strategy that has 

potential in relation both to texts as documents, to social actions and other 

nondocumentary phenomena. [20] 

Scientific view of the project 

This project will include both the positivism and hermeneutics view. New 

concepts for the parts which need to be 

designed are made according to the 

information from the company and product 

development process describe in ‘Getting 

Design Right’ by Peter L. Jackson. 

Regarding this part of the project, the view 

is hermeneutic as some qualitative 

information is collected into this process. 

In order to validate the design a 3D cad 

model is implemented. This added to the 

part of calculations and testing is almost 

positivism. In Figure 3-1 is shown that the 

bigger part of the project has a positivism 

view. 

Hermeneutics 

Positivism 

Figure 3-1 Scientific view of the project 
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3.2 Scientific approach 

There exist two different theories to base a scientific approach in, induction and 

deduction. And if a mixture between both is done it is called abduction theory. 

Deduction 

Deductive theory represents the most common view of the relationship between 

theory and social research where theory guides research. The deductive approach 

starts studying general aspects firstly and then move to more specific aspects and 

details. The researcher, based on what is known about in a particular discipline 

and of theoretical considerations in relation to that discipline, deduces a hypothesis 

that must then be subjected to empirical scrutiny to reject or confirm the alleged 

hypothesis: ‘’The person who makes the approach needs to specify how data can 

be collected in relation to the concepts that make up that hypothesis.’’ 

The sequence that this theory follows can be depicted as one in which the steps 

outlined in Figure 3-2a) [20] 

Induction 

By using the induction approach theory is an outcome of research. Researchers 

often use a grounded theory approach to the analysis of data and to the generation 

of theory, or in other words, inductive approach involves formulating a general 

theory from specific data. 

After experiencing or observing things, researches using this theory will 

generalize their results. After several observations, a pattern should be sought. 

This pattern will be concluded as a hypothesis from which the person who makes 

the approach will develop a theory. In Figure 3-2 are the different approaches and 

their process shown. [20]  

 

  

Figure 3-2 : Process of: a) deduction, b) induction. ( [20] p.24) 



 

27 

          Adrián Tajadura, Rodrigo de Miguel, Teus Westeneng                                               May-2017           

Abduction 

Abduction is a mixture of the two approaches mentioned before.  

The researcher sets a theoretical understanding of the context gathering 

information and data to start the research. The crucial step in abduction is that, 

having described and understood the context from different perspectives, the 

researcher must come to a social scientific account of these context as seen from 

those perspectives. [20] 

 

Scientific approach of the project 

This project the design theory has a deductive approach. The general concept is 

decomposed in minor concepts that will have some requirements that will affect 

the main concept. Different concepts will come up after which the best one will 

be developed and then validated by a 3D prototype with for example stress 

analyses. As it is noticed this follows a deductive approach theory.  

3.3 Research Methods 

Data collection methods can be classified into qualitative and quantitative 

methods. This is a conventional classification as a distinction it can be helpful, but 

it can also be misleading. A useful way to distinguish between these methods is to 

think of qualitative methods as providing data in the form of words or pictures, 

and quantitative methods as generating numerical data. 

Quantitative studies 

The objective is to test hypotheses that the researcher generates. Data that can be 

analyzed using the techniques of the statistics is known as qualitative data. [21] 

All the quantitative concepts are in the form of distinct variables that could be 

measured. Measures should be systematically created before collecting data and 

should been standardized as far as possible. The researcher’s theory must be 

largely causal and deductive. [22] 

Qualitative studies 

The objective is to discover and summarize meanings once the researcher becomes 

immersed in the data. A lot of useful information cannot be reduced to numbers. 

People’s judgements, feelings of comfort, emotions, ideas, beliefs and so on can 

only be described in words. These record qualities rather than quantities, hence 

they are called qualitative data. Data is in the form of words from documents, 

observations, and transcripts that cannot be manipulated mathematically. 

However, the objective is still to generate concepts. Theory can be causal or non-

causal and is often inductive. Analysis proceeds by extracting themes or 

generalizations from evidence and organizing data to present a coherent and 

consistent picture. These generalizations can then be used to generate hypotheses. 

[21], [22] 

Used Research method in this project 

In this study, the main used method is the quantitative as almost every requirement 

is collected in numbers: pressure, stresses, distances, weights, life length, etc. But 

also, the qualitative method is used since some requirements are not measurable 

in numbers. 
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3.4 Research strategy 

By the time a research is done, many types of research strategies can be used. 

Among the most used are surveys, case studies or experiments. 

Survey 

Survey research comprises a cross-sectional design in relation to which data and 

information are collected predominantly by questionnaire or by structured 

interview on a wide range of participants and at a single point in time in order to 

collect quantitative or quantifiable data which are then analyzed to detect patterns 

of association [19].  

Case study 

Case study researchers tend to argue that they aim to generate a deep examination 

of a single case. After analyzing this, they can conclude whether the written theory 

is correct and if it is applicable in that single case [20].  

Experiment 

This is a research design that excludes alternative causal explanations of findings 

deriving from it. This is done having an experimental group, which is exposed to 

treatment, and a control group, which is not. Most researchers using an 

experimental design, use quantitative comparisons between experimental and the 

control groups regarding the dependent variable. 

The experimental method is very valuable because the researcher can constrain or 

control the situation and various variables [20].  

Research strategy in this project 

In this research, the method “Case Study” will be used. As this is a new idea it is 

difficult to make surveys which can show up information. Multiple literature and 

former projects about similar concepts or systems working in the same conditions 

were read before starting the project. 

3.5 Data collection 

In order to perform a research data must be collected. Compiled data can be of two 

types.  

Primary data 

The researchers collect the data for the first time by themselves. This information 

has not been gathered before.  

 

Secondary data 

Whereas, this data has been compiled by other researchers. The researcher can 

base his or her new conclusions or theories on data which was gathered by other 

researchers. The reliability of the sources is important and should be checked 

somehow. Secondary data can often be found in books, articles or other literature.  

Regarding the different methods to collect primary data three of them are going to 

be described in this report as it is done in “Research Methodology Step by step”, 

[23] 
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Interview 

An interview is a dialogue where there are two parts. The interviewer, who makes 

the questions and records the conversation, and the interviewee who gives the 

information asked by the researcher. The purpose of an interview is to collect the 

information which will be useful for the research. It is important to select carefully 

the interviewee so that accurate and truthful information will be gathered. The 

interviewer should try not to influence in the interviewee’s answers to get the 

objective information. If possible this information should be contrasted before 

using it in a research. [23] 

Observation 

It is one way to collect primary data. Observation is a purposeful, systematic and 

selective way of watching and listening to an interaction or phenomenon while it 

is taking place. In many situations observation is the most appropriate method of 

data collection; for example, when the researcher wants to learn about the 

interaction in a group, study the dietary patterns of a population, ascertain the 

functions performed by a worker. It is also appropriate in situations where full 

and/or accurate information cannot be elicited by questioning. So, observation is 

more useful when the researcher is more interested in behaviors than in personal 

thoughts or when the problem lies in the objectiveness of the individuals. There 

are two types of observation; participant observation, when the researcher gets 

involve in the group activities, or non-participant observation, when the researcher 

remains as a passive observer [23] 

Questionnaire 

A questionnaire is a written list of questions. Then the answers are recorded by 

respondents. In a questionnaire respondents read the questions, interpret what is 

its meaning and then answer them. There is only one difference with an interview, 

that in the former it is the interviewer who asks the questions and explains them 

to get the short of answer needed and records the respondent’s replies on an 

interview schedule. In the second one, the respondents are the ones who record the 

replies themselves.  Here the questions should be clear and concise so that they 

cannot be misunderstood by the respondents. [23] 

 

Documents 

For secondary data, documents can be used for research. Anything which has been 

written down could be known as a document. In qualitative research, it usual to 

extract descriptive and narrative information and in quantitative research the 

information gathered is categorical or numerical. It could be former research made 

in the same topic, government publications for public usage, reports in magazines, 

standards, newspapers, Internet, encyclopedias, etc. 
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Data collection in this project 

In this project, the most used technique has been taking the information from 

different documents provided by the several companies involved in this project 

and Jan. Also, many other reports about close topics have been used to obtain a 

better understanding and some guidelines. 

3.6 Reliability and Validity 

Validity and reliability help to determine the quality of a research. 

Reliability 

When something is reliable it means, it is dependable, consistent, predictable, 

stable and honest. So, rephrasing these words into research terms, if a research tool 

is consistent and stable, hence predictable and accurate, it is said to be reliable 

[23]. 

Reliability can be defined as a term that refers to the consistency of a measure of 

a concept. A study or research is reliable if, when it is done under the same 

conditions, the outcome does not fluctuate no matter who the researcher 

performing it is, this is also known as stability. A research needs to also have inter-

observer consistency. Which implies not having a big amount of subjective 

because this will lead to have a lack of consistency and can arise in many different 

contexts [20] 

 

Validity 

Validity is the ability of an instrument to measure what it is designed to measure: 

“Validity is defined as the degree to which the researcher has measured what he 

has set out to measure” [23]. A study has validity if the observations are made in 

a correct way and verifying that the intended measurement is carried out. An 

observation is unacceptable if the instrument used is wrongly calibrated or 

designed or if a wrong process is used leading to inaccurate designs [20]. 

 

  

Figure 3-3 Methods of data collection  [23] 
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Validity and reliability in this project 

In this project, all the calculations are done with existing and proven equations. 

This increases the reliability, at the same time will some equations be used in a 

situation where it is not used before. This will affect the reliability but with good 

explanation why and how the equation is used part is made base on more than one 

literature book which treat these topics, so it is highly reliable although the product 

development process will not always lead to the same final concepts. It depends a 

lot in the wit of the people involved in the process. In this aspect, more than one 

solution could be acceptable. To see if the study is valid all the requirements stated 

must be fulfilled by the final concept. 
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4 Application 

A product development process is carried out in order to make the design. 

Different product development process models are used to come up with the 

process shown below. The used models are Getting design right by P. L. Jackson 

[24] and Product development by A. Mital [25]. Also a WEC development process 

shown in Appendix 2 is used. The process shown below is followed in this project 

made out of the different product development process models.  

  

Figure 4-1 Product development process 
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4.1 Discover concepts 

The first step in the product development process is to define the project which is 

done in the introduction. The next step is to define the design specifications. The 

design specifications are enclosed in the context, product objectives and 

requirements of the product. To make sure the task and output of this project is 

clear it is again shown below. 

Task: Pump water to a turbine using a floating platform and a fixed point in the 

sea bottom. 

Output: A detailed design of this concept will be the output of this project. 

4.1.1 Context  

The system will be operating at open sea. The ocean depth will be at least 40 meter 

deep to be sure that the waves do not break. The maximum depth is limited to 80 

meter. A rare but possible wave height of 30 meter can occur at open sea. These 

are also called ‘monster waves’. At the location of the device, the tide difference 

is 2 meter. The wave height and wave periods are changing all the time. The figure 

below describes the contexts. 

  

Figure 4-2 Context of the waverider 
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4.1.2 Product objectives 

The product objectives are found by using a checklist approach found in the 

product development book of Anil Mital [25]. Out of this checklist the following 

product objectives are defined and sorted as shown in  

Table 4-1. 

 
Table 4-1 Defined product objectives  

The system shall perform 
Make the system pressurize water  

Performance stands above other aspects 

The system shall withstand 

the environment  

 

Make the system withstand ocean 
movements (heave, surge, wave length)  

Make the system withstand the sea live  
Make the system not harmful for 

the environment 

Make the system withstand the salty water 

The system shall be 
manufactured 

Make the length of the system 
manufactural 

The system shall be cost 
effective 

Make the system cost effective 

The system shall be durable 

Make the system work 30 years, 10.000 

cycles per day 

Make the system withstand a monster wave 

Make the system maintenance free 

 

4.1.3 Establishing functions and setting requirements 

In this step, the functions are established and the requirements the system had to 

fulfil are set. The functions are found by using the black box. 

In Figure 4-4 the black box is opened what shows the steps the system has to 

perform.  

Input

•Wave motion 
(energy)

•Salt water (material) 

Black box

Output

•Pressurize water flow 
(material, energy)

Figure 4-3 system flow diagram 
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4.1.4 Requirements  

The requirements are taken from two sources, the company and the behavioral 

descriptions of two use cases, one under normal conditions and the other one under 

heavy conditions, which means the system is heading a monster wave. Also, the 

problem definition and product objectives are used to define requirements. The 

behavioral descriptions can be find in the Appendix 3. The length of the rod is 

defined considering the minimum needed dimensions when a monster wave 

appears, a drawing of the situation can be seen in Figure 4-5. The requirements are 

given separately for each component of the system below. 

Piston rod 

• Shall hold vertical and horizontal forces 

• Shall be able to have a stroke of Xm 

• Shall perform at a sea bottom depth of Xm 

• Shall be able to be manufactured 

• Shall be transportable 

Piston 

• Shall hold a pressure of at least X bar 

• Shall prevent water going from the bottom to the top 

• Shall have a diameter of X meter 

• Shall transmit axial movements 

• Shall keep the rod concentric with the cylinder 

• Shall erase sea life stick on cylinder walls 

Cylinder wall 

• Shall work together with the piston (low wear, no conductive corrosion, etc.) 

• Shall avoid sea life 

  

Figure 4-4 Open flow diagram 
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Bushing 

• Shall prevent water going out of the cylinder 

• Shall keep the rod in the center of the cylinder 

• Shall allow axial movement between cylinder and rod 

Every part 

• Shall have a life length of 30 years. 

4.2 Pre-analysis 

To have more information about the dimensions of the system a pre-analysis is 

done. First the length will be defined and after the forces in the system. 

4.2.1 Defining rod length 

Since the sea bottom depth and stroke are known, the rod length can be clearly 

defined by sketching the situation. It is shown in Figure 4-5 that a stroke of X 

meters for monster waves, a tidal difference of two meter and a connection space 

of three meter makes a minimum total rod length of X meters. It is also shown that 

the minimum sea bottom depth X meters is to allow a stroke of X meters. With a 

sea bottom depth of X meters the rod length become X meters if the lower 

connection is made on the sea bottom.  

Figure 4-5 Situation sketch for defining rod length 

Confidential   
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4.2.2 Force analysis 
At this preliminary stage of the project some calculations are needed to understand 

the order of magnitude of the forces the system will be subjected to.  

This paragraph is structured in three sections. At the beginning, how the working 

pressure is obtained and a simplified analysis of the external and internal forces 

the system is subjected to is explained. After that, theory about a WEC numerical 

calculation method (Time-domain Numerical method//BEM) is include. The last 

part of this chapter contains the force analysis explaining how the external forces 

are applied to the system. Fatigue factor is not considered on this analysis. Figure 

4-6 shows the coordinate system used during the process.  

Data about the pressure and the piston diameter are provided by the company, the 

weight of the platform is also known, but other information such as wind and ocean 

currents velocity will depend on the final location of the device; however, when 

the location is decided, research can be done to know the average measures onto 

that region of the Ocean including then this data in the calculations. For a precise 

calculation, the final shape of the platform and penstocks would be also necessary. 

Because of the complexity of waves, in this analysis, the magnitude of some forces 

will appear but for others only the direction, relevance or how to consider them 

will be known.  

As said before, these are preliminary calculations; the lack of information, the 

simplifications made and the complexity of the waves movements make the results 

only useful as a reference to use during the design process. This information will 

be used to have a general understanding of the forces involved in the system. 

y 

x 

z 

Figure 4-6 Coordinate system  
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4.2.2.1 External forces affecting the system 

The main external forces going into the system are buoyancy, waves movements 

(surge), wind and ocean currents. In Figure 4-7 they are shown. 

Axial forces 

The piston function is to generate a flow of pressurize water in the bottom of the 

cylinder which will be directed to the penstocks and finally to the turbine. The 

pressure and flow will be determined by the wave height and the Pelton turbine 

(Pressure-Flow) diagram.  

Once the operating pressure is selected, it is controlled by the injectors on the 

turbine. Injectors hold the water in the penstocks until the pressure inside them 

reaches the chosen value. For a better understanding, Figure 4-8 contains a 

hydraulic representation of the system. 

Wind 

Buoyancy 

Drag & inertia 

Ocean 

Currents 

Above water 

Under water 

Figure 4-7 Main external forces on the system 
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The connection between the cylinder and the penstocks is made by a ball check 

valve. The water can go from the cylinder to the penstock but not the other way; 

it is necessary that the pressure inside the cylinder is higher than the pressure on 

the penstock for the water start to flow. As the water is incompressible, the 

cylinder stays steady until the pressure is reached; the cylinder is attached to the 

platform and make it sink at the beginning increasing the buoyancy force until the 

required pressure is achieved. 

From the total buoyancy force produced by the platform, only a part is used to 

produce pressure, the rest is lost because of friction and re-equilibrating forces. 

The buoyancy force does not have the same value along the platform, instead a 

force distribution appears. The jet thrusters orientate the long side of the platform 

(y axis) parallel to the wave, what makes an equal force distribution on y axis.  

For the side which is perpendicular to the wave length, the x axis, the situation is 

different. If waves arrive in x axis direction, the left part of the platform gets under 

water earlier than the right side. This situation cause an uneven vertical force to 

appear along the x axis. This force distribution will cause a bending moment on 

the y axis. Figure 4-9 shows the situation. 
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Figure 4-8 Hydraulic schema of the system 

T 
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This can be solved modifying the shape of the platform. Because of this and due 

to the small steepness of the waves, the bending moment produced by the 

vertical forces will be 0 for the calculations.  

 

Platform moving up 

As explained above, the force to generate the pressure comes from the upwards 

movement of the platform, which is transmitted to the cylinder, causing a relative 

axial motion between it and the piston. This motion provokes a pressure under the 

piston which is transmitted as a compression stress to it and as a tensile stress to 

the rod, Figure 4-10. 

There is also a small amount of vacuum at the upper part of the cylinder, which 

would depend on the diameter and number of holes for the intake/outtake in the 

upper part of the cylinder as well as on the vertical velocity of the piston. At this 

stage of the calculations it is not considered. 

 

  

Figure 4-10 Forces caused by pressure 

Figure 4-9 Bending moment on “y axis” 
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Calculations for the pressure on the piston are as follow: 

𝑃1 =
𝐹1

𝐴1
 

(4.1) 

𝐹1 = 𝑃1 ∗ 𝐴1 (4.2) 

𝐴1 = 𝜋 ∗ (
𝐷𝑝2 − 𝐷𝑟2

4
) 

(4.3) 

𝐹1 = 𝑃1 ∗ 𝜋 ∗ (
𝐷𝑝2 − 𝐷𝑟2

4
) 

(4.4) 

  

𝐷𝑝 : Diameter of the piston [m] 

𝐷𝑟 : Diameter of the rod [m] 

𝑃1 : Pressure under the cylinder [Pa] 

𝐹1 : Force in the rod due to pressure [N] 

𝐴1 : Area of the piston in the lower side [m2] 

 

Once the force transmitted to the rod is calculated, the stress that it produces can 

be also known. 

𝜎1 =
𝐹1

𝐴𝑟
=

𝐹1

𝜋 ∗
𝐷𝑟

2

4

 
(4.5) 

Friction forces will occur because of the sealing at the piston and the bushing. This 

makes the force which will be converted in pressure a bit smaller than the total 

lifting force. 

Platform moving down  

Forces in this direction are small compared to the previous ones, but the length of 

the rod makes it sensible to buckling under compression forces and they need to 

be analyzed. 

The calculation process is similar to the upwards movement. In this case, a vacuum 

force appears in the lower part of the cylinder which makes water to refill it. A 

small pressure is generated in the upper part. This pressure is lower than the one 

produced by the other movement. The maximum compression force will be the 

platform weight. 

Weight and Friction 

In addition to forces caused by the pressure, other axial forces are applied to the 

rod in both movements; weight and friction. 

Weight forces are transmitted from the piston to the rod. Weight force, in this case, 

is apparent weight because the piston is under water and it is subjected to buoyancy 

forces. 
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The apparent weight is the real weight minus the buoyancy force of the piston as 

it is explained in the theory.  

𝑊a𝑝𝑝 = 𝑔 ∗ 𝑉𝑝 ∗ (𝜌𝑤 − 𝜌𝑝) (4.6) 

𝐴1 : Area of the piston in the lower side [m2] 

𝑊𝑎𝑝𝑝 : Apparent weight [N] 

𝑉𝑝 : Volume of the piston [m3] 

ρ𝑤 : Density of water [kg/m3] 

ρ𝑝 : Density of the piston material construction [kg/m3] 

This force could be of significant importance depending on the piston material. 

The apparent weight can be pointing down, if the material density is higher than 

water density, or it can point up, if its density is lower than the water density. 

When designing, this will be an important consideration; long shafts suffer from 

buckling under compression forces, which will appear when the cylinder moves 

down. This calculation shows that with a lighter material the compression stresses 

on the rod decrease. 

These stresses due to buoyancy are: 

𝜎2 =
𝑊𝑎𝑝𝑝

𝐴𝑟
=

𝑊𝑎𝑝𝑝

𝜋 ∗
𝐷𝑟

2

4

 
(4.7) 

The connection between the rod and the cylinder is made by a bushing. Having a 

bushing, allows axial movements but not radial ones. These movement restrictions 

make radial forces to appear. These radial (horizontal) forces provoke friction 

forces in the connections. 

Figure 4-11 Axial forces on the piston and rod 
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The value of the friction force depends on the horizontal force and the friction 

coefficient between the rod and the bushing and between the piston sealing and 

the cylinder wall. 

𝐹𝑓𝑟𝑖𝑐 = 𝐹𝐻 ∗ µ (4.8) 

𝐹𝐻 : Horizontal force [N] 

µ : Friction coefficient [-] 

The axial forces on the rod will be: 

𝐹𝑟𝑎 = 𝐹1 + 𝑊𝑎𝑝𝑝 + 𝐹𝑓𝑟𝑖𝑐 (4.9) 

𝐹𝑟𝑎 : Total axial force in the rod [N] 

All the axial forces are produced by the buoyancy force of the platform.  

𝐹𝐵 = 𝐹1 + 𝐹𝑓𝑟𝑖𝑐 (4.10) 

From these forces, F1 is the force that can be converted into electrical power, the 

friction force has to be as minimum as possible. 

Buoyancy force depends on the density of the fluid, its gravitational acceleration 

and the volume under water. The cylinder is also attached to the platform but its 

density is equal to sea water density and will not affect the buoyancy force.  

  

Figure 4-12 Friction forces in bushing and sealing 
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𝐹𝐵 = 𝐸𝑝𝑙𝑎𝑡 − 𝑊
𝑝𝑙𝑎𝑡

= 𝑔 ∗ (𝐴𝑝𝑙𝑎𝑡 ∗ 𝑑𝑝𝑙𝑎𝑡 ∗ 𝜌𝑤 − 𝑚𝑝𝑙𝑎𝑡 ∗ 𝜌𝑝𝑙𝑎𝑡) (4.11) 

𝐹𝐵 : Buoyancy force[N] 

𝐸𝑝𝑙𝑎𝑡 : Platform lifting force [N] 

𝑊𝑝𝑙𝑎𝑡 : Platform weight [N] 

𝐴𝑝𝑙𝑎𝑡 : X-Y platform area [m2] 

𝑑𝑝𝑙𝑎𝑡 : Height of the platform underwater [m] 

𝑚𝑝𝑙𝑎𝑡 : Mass of the platform [kg] 

𝜌𝑝𝑙𝑎𝑡 : Density of the platform [kg/m3] 

Using these equations, the depth of the platform needed to obtain a certain pressure 

in the cylinder can be calculated. 

Friction and weight forces are affected by the material characteristics and their 

values are negligible compared to the vertical force. Because of this, they are not 

considered in the calculations. 

4.2.3 Horizontal forces 

In this paragraph, the horizontal forces are analyzed. 

Wind and ocean currents 

These two variables depend on the geographic location of the system, climate 

conditions and have a strong correlation with the final shape of the device. Its 

values are not considered during this force analysis. 

Moorings [26] 

Mooring systems are used to make a floating element steady on water. In this case, 

Figure 4-13, the moorings have two main functions: reduce the horizontal 

movement of the platform under normal working conditions and hold the system 

in place when extraordinary events occur. An extraordinary situation can be the 

breaking of the connection between the platform and the seabed; the moorings 

must keep the platform on its position until reparations are made. 

Moorings are attached to the platform on both sides of the x axis. Moorings only 

work under tensile forces, what means that only the moorings on one side are 

working at a time when the system is moving right and left. They work similar to 

springs; its force can be calculated with the displacement and the stiffness 

coefficient. The stiffness coefficient depends on the initial tension force the 

moorings are pre-set. A damping term is added to the equation. 

𝐹𝑚 = 𝐾𝑚 ∗ 𝛿 + 𝐶𝑚 ∗ 𝑢𝑠𝑦𝑠𝑡𝑒𝑚 (4.12) 

𝐹𝑀 : Mooring force [N] 

δ : displacement [m] 

𝐾𝑚 : Mooring stiffness factor [-] 

𝐶𝑚 : Mooring damping coefficient [-] 
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Re-equilibrating force from the floating platform 

Buoyancy force is always working in the opposite direction of gravity, on y axis 

direction. When the rod is on y axis the buoyancy force is generating tensile 

stresses on it. However, when the platform moves to one side, the rod oscillates 

creating an angle between it and the y axis. As the buoyancy is always on the 

vertical direction, a restoring force appear on the rod making it rotate back to the 

straight position. Figure 4-14 shows the forces. 

The restoring force can be calculated if the platform buoyancy force, the distance 

A-B and the horizontal displacement are known. 

First the angle between the rod and the y-axis is calculated and then the horizontal 

restoring force. 

sin(𝛼) =
𝑥(𝑡)

𝐿(𝑡)
 𝛼 (4.13) 

𝐹𝑅𝐻
= 𝐹𝐵 ∗ sin(𝛼) ∗ cos (𝛼) (4.14) 

𝐹𝑅𝐻
 : Restoring force [N] 

𝐹𝐵 : Buoyancy force [N] 

𝛼 : Angle between rod and y axis [degrees] 

L : distance between the platform and the lower joint [m] 

Notice that 𝐹𝐵, x and L vary with wave conditions and time. The maximum 

horizontal displacement of the water particles is equal to the wave amplitude.  

This force will depend on how much the moorings let the platform move in the 

horizontal direction. It is not considered in the calculations. 

  

Figure 4-13 Mooring system  
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Waves movement 

As explained in theory, ocean waves are complex phenomenon difficult to 

analyze. However, during the last one hundred and fifty years more precise studies 

have been made to understand its behavior.  

Morrison equation [13] [12] 

For the rough calculations, the Morrison, O’Brien, Johnson and Shaaf method 

(1950), which is more known as the Morrison equation, is used. As explained in 

theory, Morrison divides the horizontal force in two components, drag force and 

inertia force: 

𝑓 = 𝑓𝐷 + 𝑓𝐼 =
1

2
∗ 𝐶𝐷 ∗ 𝜌 ∗ 𝐴 ∗ 𝑢𝑥 ∗ |𝑢𝑥| + 𝐶𝑀 ∗ 𝜌 ∗ 𝑉𝑜 ∗

𝑑𝑢𝑥

𝑑𝑡
 

(4.15) 

Velocity 

The velocity and acceleration of the wave particle at different depths and instants 

can be calculated using different theories. The most common ones are the Stokes 

and Airy waves theories previously explained in theory. For these calculations, 

Ayris’s theory is used. 

  

Faxia

Fbuayancy
Flift 

Fsurg

Figure 4-14 Re-equilibrating forces from platform 

Confidential   



 

47 

          Adrián Tajadura, Rodrigo de Miguel, Teus Westeneng                                               May-2017           

𝑢 =
𝐻𝜋

𝑇

cosh[𝑘(𝑧 + 𝑑)]

sinh(𝑘𝑑)
  cos(𝑘𝑥 − 𝑤𝑡) 

(4.16) 

𝑎 =
2𝜋2𝐻 

𝑇2

cosh[𝑘(𝑧 + 𝑑)]

sinh(𝑘𝑑)
  sin(𝑘𝑥 − 𝑤𝑡) 

(4.17) 

 

CD CM coefficients [13] [15] 

CD and CM coefficients are calculated using measured values of force, from a 

wave simulator, and theoretical values of 𝑢𝑥. These coefficients depend on the 

body shape. Tabulated values are available for different shapes. 

Going back to Morrison’s equation, the total force, at every instant and water 

depth, can be calculated by solving the equation. 

𝑑𝐹

𝑑𝑧
=

1

2
∗ 𝐶𝐷 ∗ 𝜌 ∗ 𝐴 ∗ 𝑢𝑥 ∗ |𝑢𝑥| + 𝐶𝑀 ∗ 𝜌 ∗ 𝑉𝑜 ∗

𝑑𝑢𝑥

𝑑𝑡
 

(4.18) 

In this equation, the velocity is integrated along the body's vertical length under 

water and the time is a variable. A plot with force against time can be made. 

The system is divided in two different bodies the platform and the cylinder (Figure 

4-15). The rod outside the cylinder is consider not to receive external forces 

because its diameter is small compared with the diameter of the cylinder and it is 

located in the lower part, where the speed and acceleration of the water particles 

is minimum.  

  

Platform 

Cylinder 

Figure 4-15 Bodies for drag force calculations 
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When applying Morrison’s equation to the system, two drag force components and 

two inertia force components appear.  

𝐹𝐻(𝑡) = (𝐹𝐷𝑐
+ 𝐹𝐷𝑝

) + (𝐹𝐼𝑐
+ 𝐹𝐼𝑝

) (4.19) 

𝐹𝐻(𝑡) : Wave horizontal force during time [N] 

𝐹𝐷𝑐 : Cylinder drag force [N] 

𝐹𝐷𝑝 : Platform drag force [N] 

𝐹𝐼𝑐 : Cylinder inertia force [N] 

𝐹𝐼𝑝 : Platform inertia force [N] 

The platform is considered as a rectangular body of 88x11 meter with maximum 

2 meters under water, only the volume of the platform under water is consider. 

The cylinder and the penstocks are considered as a unity and are represented as a 

3 meter cylinder. It is logical to think that the addition of the penstocks to the 

cylinder has a positive effect reducing the drag force by reorienting the water and 

making it to have a smoother flow around the main cylinder. Figure 4-16 explains 

the thought. 

The following graphs show the total force against time, force against depth for one 

instant and the three variables, force, time and depth are shown in the 3D graph. 

The graphs are taken from the calculations run in MATLAB. 

  

Figure 4-16 Flow around cylinder without and with penstocks 

Figure 4-17 Force against time, left, and against deep, right. 
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[depth] [Force] 

[time] 
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Is important to have clear that Morrison’s equation provides the horizontal force 

of the waves at any depth and instant. The Morrison equation is not giving the 

force the WEC is subjected to. As the system is not totally fixed on the sea bottom, 

but connected with a joint that allows oscillating movements, part of the forces are 

dissipated; in other words, those forces are not absorbed by the system.  

Nevertheless, for staying in the safe side, the calculations are done considering the 

system does not oscillate. 

4.2.4 Time-domain numerical method based on BEM 

For more accurate results, the boundary element method can be used. It considers 

the forces explained above as well as other ones that can also affect the forces on 

the WEC. It is a dynamic study, what means that it also considers the movement 

of the WEC in every direction and directly gives the forces on it. It is a complex 

procedure and needs to be run with existing computer programs such as WEC-

Sim. 

It solves the equation of motion for a floating body on its center of gravity. It works 

with vectors and matrices, giving the result as a matrix of the resultant force vector 

at each point and instant. Using that information, the force distribution can be 

known. 

This method is used when the dimension and characteristics of every part of the 

system are known. At this stage, the complexity of the method and the lack of 

information about other parts of the system makes its usage pointless. A more 

detail explanation of this method can be seen in Appendix 4. 

  

[Force] 

[time] 

[Depth] 

[Force] 

[time] 

[Depth] 

Figure 4-18 Force vs depth and time of the cylinder (left) force vs depth and time of the platform (right) 
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4.2.5 System force analysis 

Rough calculations give an idea of the order of magnitude of the forces in the 

system. After doing a wave force analysis, the distribution of forces along the 

system for each instant can be known. Although the accurate calculations of the 

wave forces lead to different results than the rough numbers, both methods have a 

distribution of forces along the system for each instant as their output, what makes 

the analysis below also useful when further accurate force analysis will be 

available. 

The analysis considers first external horizontal forces and calculates the reactions 

they produced. Then, the same procedure is done with vertical forces and finally 

all the reactions are put together. Forces are given as vectors, their sign depends 

on the direction the force its applied, it is negative when it is pointing against the 

axis direction. The direction and dimension of these vectors changes with time. 

4.2.5.1 Horizontal Forces 

For calculating the horizontal forces on the system, the distributed horizontal 

external loads on each instant are calculated as shown in Appendix 5. 

In this calculation, dynamic forces are not considered. It is assumed that all the 

external forces are transmitted to the lower joint in the bottom (B) and by the 

moorings on the water surface (A). When making this assumption, the system is 

considered as static, all the energy from the ocean is absorbed by the supports 

while, in reality, part of the force is dissipated with the system oscillation. 

A schematic representation of the system can be shown in Figure 4-19. In point B, 

horizontal and vertical movements are restricted but not rotation; in point A only 

the horizontal movements are restricted.  

The distance A-B (L) changes with time while the platform moves up and down 

and the cylinder moves respect to the piston. This change in length is an important 

factor when calculating the maximum bending moment. Lengths are explained on 

Figure 4-20. 

Figure 4-19 Simplification on horizontal forces 

Confidential   
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4.2.5.2 Vertical Forces 

Figure 4-21 shows the vertical forces on the schematic representation of the 

system. Point A cannot hold vertical forces what makes all the forces go down to 

B. The calculations are shown in Appendix 5. 

4.2.5.3 Forces on bushing and piston. 

Depending on the connection between the bushing and the cylinder and between 

the rod and the piston, the force transmission changes. When a movement 

restriction is made, a reaction appears. This reaction can be a force or a moment it 

can be seen comparing it with a structural analysis supports. 

The bushing is a device designed to seal the piston and transmit the forces from 

the cylinder and platform to the rod, which transmit them to the sea bottom. There 

are different possibilities for the bushing connection. It needs to hold the 

horizontal forces but it can be designed for holding a moment or not. 

Lrod 

Lcyl 

L 

Figure 4-20 System lengths Figure 4-21 Vertical forces 

Figure 4-22 Cantilever connections 
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If both forces are taken by the bushing, Figure 4-23, no horizontal forces will be 

transmitted to the rod inside the cylinder neither to the piston.  

But if the bushing only holds the horizontal force, Figure 4-24, the rod will try to 

rotate until another horizontal force appears on the piston to restore the 

equilibrium.  

Figure 4-23 Bushing holds horizontal forces and moment 

Figure 4-24 Bushing holds horizontal forces 

Confidential   

Confidential   



 

53 

          Adrián Tajadura, Rodrigo de Miguel, Teus Westeneng                                               May-2017           

In this analysis, the first option is taken. The bushing will transmit horizontal and 

moment forces. In this case and under ideal conditions, no horizontal forces are 

transmitted to the piston. In real conditions, if the bushing gets deformed, some 

forces will appear on the piston. 

Four new equilibrium equations appear. By solving the system of equations, the 

forces on the piston and bushing are known as well as the maximum bending 

moment. Shown in Appendix 5. 

4.2.6 Pre-analysis summary  

To sum up, from the study of the working conditions and the environment where 

the system is placed, the external forces affecting it are known. These forces are 

given as a distribution of force along the system and by applying the system 

force analysis, the maximum bending moment is calculated. This bending 

moment generates the maximum stress on the rod. The bending moment order of 

magnitude is between 106𝑔 and  107[N*m] for the different wave heights.  

4.3 Developing provisional designs 

The first step in developing provisional designs is brainstorming. This is done on 

a whiteboard; first, the functions of the system are defined and after that, different 

ways to perform that function are written down. The functions are: 

• Avoid/remove sea life 

• Avoid water flowing from pressure chamber to non-pressure chamber 

• Diminish wear 

• Transmit axial and radial forces between piston and rod 

• Fix two rod parts together 

The first three functions are especially meant for the piston and bushing. They 

need to seal and have a long life, so low wear and no damage by sea life which 

can be stick on the surface is needed. The fourth is the connection between the 

piston and rod and the last one is the connection between rod parts if the rod is 

decided to be manufactured in more than one piece. Figure 4-25 contains the 

concept fragments tree shown with all the concepts.  
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After the brainstorming, a first prune is done to get out the concepts fragments 

which are not possible to be used as they are too complicated, expensive, 

unreliable or do not fulfill the task they were thought to. In Figure 4-25 the 

pruned concepts are crossed out and Figure 4-26 shows the concept tree which is 

left.  

 

Avoid/remove sea life

Ultrasounds

Electirc arc

Water jet

Scraper ring
Antiadherence material
Chemicals

Avoid water flowing 
from pressure chapber 
to non pressure area 

Tesla valvue

O-ring

Turbulence 

Deforming sealing

Diminish wear

No contact

Wear ring

Lower friciton force
Contact in one derection
High wear resistance piston

Conical shape of cylinder

Transmit axial and 
radial forces between 

piston and rod

Thread 

Pin

Glue

Welding

Flange

Snap function

Dovetail joint

Magnetic

Friction coupling

Bearing coupling

Out of one piece

Ball joint

U-joint

Spring

Constant rotory joint

Fix two rod parts 
togehter

Thread 

Pin

Glue

Welding

Flange

Snap function

Dovetail joint

Magnetic

Friction coupling

Bearing coupling

Out of one piece

Figure 4-25 Concept fragment tree 
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Avoid/remove sea life

Ultrasounds

Water jet

Scraper ring

Antiadherence material

Avoid water flowing from 
pressure chapber to non 

pressure area 

Tesla valvue

O-ring

Turbulence 

Deforming sealing

Diminish wear

No contact

Wear ring

Lower friciton force

Contact in one derection

High wear resistance piston

Conical shape of cylinder

Transmit axial and radial 
forces between piston and 

rod

Thread 

Pin

Glue

Flange

Dovetail joint

Magnetic

Friction coupling

Bearing coupling

Out of one piece

Ball joint

U-joint

Spring

Fix two rod parts togehter

Thread 

Pin

Glue

Flange

Dovetail joint

Magnetic

Friction coupling

Bearing coupling

Out of one piece

Figure 4-26 Pruned concept fragments tree 
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4.4 Explore concepts 

For finding a final concept, the concept tree is divided into the connection of two 

rod parts, the connection between the rod and piston and the piston and bushing 

part. By doing this, a better overview of the different concepts is given. Because 

in this phase of the process the shape is not defined yet, it will not affect the final 

outcome. Later on, the concepts of the piston and rod will be combined so a 

complete concept is obtained. 

4.4.1 Piston and bushing 

The final whole-concepts for the piston and bushing must guaranty that all the 

functions are been accomplished. In the lines below, an analysis of the concepts 

fulfilling one or two functions is done and then are put together giving several 

whole-concepts for the piston and bushing.  

Piston and bushing functions are shown with their concept fragments in the 

morphological chart below. According to this, a second overview is carried out 

looking closer to each concept fragment. 

  
Table 4-2 Morphological chart piston and bushing 
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Despite the piston and the bushing are different elements, the functions they have 

to fulfil are similar. The analysis is written focusing on the piston but most of the 

whole-concepts can be also used for the bushing. 

After doing some research, the ultrasound and the anti-adherence material 

concepts showed their ability to work as a complement with the remaining 

concepts, but they can also work as a concept themselves.  

The conical shape of the cylinder is erased from the concepts because it is more 

difficult to manufacture without showing any significant advantage compared with 

the other concepts. 

The remaining concepts fragments are studied one by one and making, in some 

cases, combinations that results on concepts which fulfill more than one function 

with a single element. 

This analysis classifies the concepts according to the functions they fulfill. 

Avoid/remove sea life 

A scraper ring is a piston ring designed to clean the cylinder wall avoiding the 

sealing and the piston of been damaged. A simplify representation is showed in 

Figure 4-27. 

 

Avoid water flowing from pressure chamber to non-pressure chamber 

The simplest way of doing this is using an O-ring which is a rubber seal widely 

tested for sealing. It always seals in both directions. 

Figure 4-27 Scraper ring 

Figure 4-28 O-ring 
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The deforming sealing is also studied. It consists on a deformable material which 

seals the cylinder chambers when it moves up.  

Diminish wear 

One of the concepts for this part is to have no contact at all, Figure 4-30 shows a 

sketch for the other concepts. 

 

From left to right, the first sketch refers to the wear ring concept where a resistance 

material avoids the piston to be worn out. The middle one shows the lower friction 

force concept and consist of two different parts, a wear ring and a rubber part 

which reduces the forces the piston can take. The last one is the high wear 

resistance piston. 

Avoid sea life and water flowing from pressure chamber  

The water jet concept for avoid/remove sea life, can be combined with the Tesla 

valve or with the turbulence which are intended to seal the piston.  

Water jet-Tesla valve: The tesla valve is a nonmoving elements one direction valve 

developed by Nikola Tesla. Although it was designed for a flow inside a tube some 

modifications can be made to perform this function. Figure 4-31 shows a possible 

design for this. The shapes shown below will be attached to the piston wall. The 

Figure 4-29 Deforming sealing with one material 

Figure 4-30 Wear concepts 
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lines show the water flow from the pressurize chamber to the non-pressurize one. 

The pad the flow has to made to get to the upper part, is more complicated than 

the other way what will generate pressure when it tries to go in that direction. This 

pressure will make water go down again and, as it can be shown in the right part 

of the figure, a “water jet” against the cylinder wall will appear cleaning its 

surface.  

Water jet-Turbulence: The main idea is the same as the previous one. A 

simplification of the shape is made. Figure 4-32 shows different designs for the 

jet-turbulence concepts. 

The second option to avoid sea life and water flowing from the pressure chamber 

is to have two materials, one deformable and other one that is also working as a 

scraper to avoid sea life. The design on the right side of Figure 4-33 shows a 

concept in which rubber acts as the deformable material whereas, on the left side, 

the deformable material is a kind of spring. The other material can be PTFE 

(Teflon) which is a material with a high resistance to wear and a low friction 

coefficient. 

Figure 4-32 Water-jet and turbulence designs  

Figure 4-31 Water jet and Tesla valve design 
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By combining the different concepts explained above until the piston fulfil all the 

functions it has to, different whole-concepts for the piston appeared. After a group 

discussion seventh of them were selected. This seven will be used on the next step 

of the product development process. 

 

Table 4-3 Piston concepts 

Concept 1 Concept 2 

  

This is the usual distribution for a piston 

containing an O-ring two wear rings and 

two scraper rings. 

Ultrasounds are used to avoid sea life getting 

close to the system. A sealing and the wear 

rings fulfil the other functions. 

  

Figure 4-33 Deforming sealing with two materials 
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Concept 3 Concept 4 

 

 

A high wear resistance piston in contact 

with the cylinder transmit the forces and act 

as sealing while a scraper ring removes sea 

live. 

The tesla valve works as the sealing and 

generates a waterflow against the cylinder. There 

is contact between the tesla valve parts and the 

cylinder. 

Concept 5 Concept 6 

 

 

There is a two materials sealing in the 

center which also acts as a scraper ring and 

two wear rings in the corners 

This concept consists of two parts, a wearing 

which also acts as a scraper ring and a one 

material deforming sealing  

Concept 7 

 

The lower side shape generates a turbulence 

which seals and remove sea live. There is 

no contact between the piston and the 

sealing. 
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4.4.2 Connection piston rod 

The connection of the piston and rod has one main function, to transmit axial and 

radial forces. Below the concept fragments are shown in a morphological chart. 

 

Based on this function and a critical thinking the pruning shown in the figure 

below was done. 

Because of the stress concentration it would appear, using a pin is not considered. 

The dovetail coupling, although it has great resistance to being pulled apart, tensile 

strength, is pruned due to the fact it would not work in the desired way with radial 

movements. Connecting both parts using magnetic forces would make the system 

Table 4-4 Morphological chart for connection piston and rod 

Connection between piston 
and rod

Thread

Pin

Glue

Flange

Dovetail joint

Magnetic

Friction coupling

Bearing coupling

Out of one piece

Ball joint

U-joint

Spring

Figure 4-34 Pruning of the piston-rod concept fragment tree 

https://en.wikipedia.org/wiki/Tensile_strength
https://en.wikipedia.org/wiki/Tensile_strength
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to have more parts and it would also need electricity for creating the magnetic 

field. The friction coupling is dismissed because it would be difficult to repair in 

case it gets damaged and that could happen when the tensile force exceeds a 

limiting force, thinking in monster waves for example. Bearing coupling or the U 

joint are not suitable ideas because they would not be cost effective, have many 

parts and they may not fulfill all the requirements. The idea of making the piston 

and rod out of one piece is reject as it is thought it would be a long part otherwise 

and so, would be difficult to achieve the desired tolerances on it. A spring would 

allow some bending moment but it would also damp and delay the vertical 

movement.  

 

So, four different concept fragments are left to analyze.  

 
Table 4-5 Concepts connection piston rod  

Ball joint Glue 

  

It lets the rod turn while the piston is 

not. The ball joint does not transmit 

moment what is a benefit for the 

system. 

The rod and the piston are glued 

together so that it becomes a fixed 

joint. 

Thread Flange 

 

 

 

 

 

 

 

 

 

Rod is threaded into the piston. It also 

becomes a fixed joint. Threading 

generates stress concentration in both 

piston and rod. 

The rod and the piston are fixed 

together using a flange with bolts. The 

threaded bolts generate some stress 

concentration.  
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4.4.3 Connection rod-rod 

In this part only the connection between the rod parts which are outside the stroke, 

is considered. If more than one part is needed in the stroke area, it would be glued 

making sure a flat surface is obtained in this operation.  

The function the connection must fulfill is to transmit axial and radial movements 

within all the rod parts. The figure below shows the concept fragments. 

All the concept fragments rejected for connecting the rod parts, are pruned due to 

the same reasons as mentioned before in the connection between the piston and 

the rod. 

 

 

  

Table 4-6 Concept fragments for the connection rod-rod 

Fix two rod parts 
togehter

Thread 

Pin

Glue

Flange

Dovetail joint

Magnetic

Friction coupling

Bearing coupling

Out of one piece

Figure 4-35 Pruned concept fragments tree 
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Four parts are also left to be analysed, see table below. 

 

 

 

 

 

 

  

Friction coupling Glue 

  

The two rod parts are fixed together 

using a third element that will tight 

them using friction force. 

The two rod parts are fixed using a 

glue that will act like welding in steel 

making a fixed joint. 

Thread Flange 

 

 

 

 

 

 

 

 

 

With this threaded joint, some stress 

concentration may appear. The bottom 

part of the top rod is threaded into the 

top part of the rod part which is below. 

The fixed joint is obtained with a 

flange that will fix the two parts 

together. 

Table 4-7 Concepts fixing two rod parts 
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4.5 Ranking 

The next step on the product development process is to choose the final concept. 

Among the remaining concepts for the different functions one needs to be selected. 

In order to do that in an objective way a ranking process is used. For this process, 

the objectives are rank according to its importance. This can be done in several 

ways. In this case, each objective is ranked from 0 to 10 and then their relative 

importance inside the system is calculated. 

After the objectives are ranked, the different concepts receive a score for each 

objective. For doing that, one of the concepts is used as the reference concept and 

has a score of 0 for all the objectives. Now, the rest of the concepts are compared 

with the reference one, if the concept is better at fulfilling an objective than the 

reference one it gets a positive point if it is worse it receives a negative point and 

if it is similar a 0. After that the score is multiplied by the rank percentage of the 

objectives and then sum together. The concepts with the highest values stay and 

go to the second ranking. 

In the second ranking, the score varies between 1 and 5 achieving this way a more 

accurate result. The process is like the first one, one concept is chosen as reference 

and receives a score of three for all the functions and then the other concepts are 

scored. The best concept in this second ranking is the final concept. 

To simplify the ranking process, first the objectives are ranked and then three 

different ranking process take place, one for the piston and bushing, other for the 

connection between piston and rod and a last one with the connection of two rod 

parts. Finally, the winning concepts of each part are put together and the final 

concept appears. 

 

4.5.1 Piston and bushing 

The whole concepts of the piston are ranked. 

  

Table 4-8 First ranking for the piston-bushing 
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The concept 1 was chosen as reference because is a usual distribution for a piston. 

Concept 2 has a plus on avoiding sea life inside the system due to the ultrasounds 

and as a result of that also in maintenance. But, in the other hand, this device would 

make it more expensive. Concept 3 is meant to resist better the wear so as to 

withstand the salty water and sea life, as the piston is in contact with the cylinder 

making the function of a sealer. Concept 4 is worse according to the objective of 

“easy manufacturing” as the tesla valve is not easy to implement. However, with 

the tesla valve some turbulence will appear and will help to scrape the walls of the 

cylinder. Concept 5 and 6 are almost the same as the reference concept and that is 

why they almost have the same rank. Concept 5, two-sealing material ring, will 

perform in a better way than the O-ring, being this the reason why it has a plus. 

Whereas, concept 6 sealing, will last more than the reference sealing ring. Having 

concept 7 shape will generate a flow of water that will prevent water of going to 

the upper part but it may rise the piston cost. 

After the first ranking process is done concepts 1,3,5 and 6 remains and go into 

the second ranking. 

Next step is to use the five-point scale to rate the remaining concepts. 

 

Table 4-9 Rating-scheme relative to reference concept 

Relative performance Rating 

Much worse than reference concept 1 

Worse than reference concept 2 

Same as reference concept 3 

Better than reference concept 4 

Much better than reference concept 5 
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In this second ranking, there is a new reference concept, it is the concept with the 

highest rank in the first ranking so it will have a 3 in everything. The ranking is 

done in the same way as the previous one. 

Concept 5 was given a 4 in the sea life resistance and the life length attributes 

because the scraper ring only take care of the sea life achieving a better perform 

than the scraper on the sealing. 

Concept 3 was ranked with 2 in “pressurizing water” because some leakage could 

occur. As it only has one ring (scraper ring) it is more unlikely to get damaged and 

its maintenance is easier. Being this the reason it has a 4 in those attributes. 

Concept 1 is alike the reference one and that is why it has the same ranking. It has 

a 2 in “working 30 years” as the O-ring could get broken easier. So, according to 

this ranking, concept 5 is the one with the highest score. 

4.5.2 Connection piston-rod  

The flange, ball joint, glue and thread are ranked. 

In this part of the system the reference concept is the one using glue.   

Table 4-11 First ranking connection rod-piston 

Table 4-10 Second ranking piston-bushing 
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The ball joint choice will make it easy to withstand the rotational forces but the 

moving parts makes the connection easier to fail. The threaded joint has stress 

concentration due to its shape that make it more likely to break. Also, some sea 

life could lay on it damaging it. 

The flange concept has stress concentration due to its shape and some plants or 

animals could grow there. However, it is very simple to install. 

As shown in Table 4-11, glue and flange have a higher final score and hence go 

into the second ranking. 

 

In this case, glue still being the reference concept.  

Flange is better in the attributes of “easy to install” and “make it cost effective” as 

it is simple to mount and the glued joint needs an expert to install it. On the other 

hand, it will withstand worse the ocean movements and could let some sea live 

grow in the joint what will make the system fail earlier and need maintenance. 

As a conclusion, glue is the selected one for the final concept. 

Table 4-12 Second ranking connection rod-piston 
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4.5.3 Connection rod-rod  

The flange, friction coupling, glue and thread concepts are ranked for this 

connection. 

 

Flange is going to be the reference concept.  

The friction coupling may be more tedious to install, but it is more resistant. 

Gluing both parts will make a strong joint and will not let sea life grow in the joint. 

Nevertheless, it should be glued outside the water so installing it will be more 

difficult and in case of damaging, repairing it will not be easy. Threaded joint will 

perform in an analogous way when thinking about the attributes of “pressurize 

water” and “withstand sea life”. It will perform worse in the objectives of 

“withstand sea life” as some water can go into the tread and “easy to manufacture 

“because the thread must be done. 

Friction and flange move to the second ranking. 

 

As the friction concept was raked with the highest mark, for this second ranking it 

is taken as reference. 

Table 4-14 Second ranking connection rod-rod 

Table 4-13 First ranking connection rod-rod 
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Having friction coupling or flange will not make a significant difference neither 

in how the system will pressurize water nor whether it would be harmful for the 

environment, reason why, in both attributes, flange has a 3. Flange coupling can 

resist better ocean movements and it could have longer utility life. The flange 

concept will not succeed so good withstanding the sea life. The resistance of the 

flange and the direction the screws are loaded may make it fail earlier then the 

friction coupling increasing its maintenance needs. These two last drawbacks lead 

to say this concept is less cost effective than the friction one. 

Friction coupling is the concept with the highest score for connecting the rod parts 

which are outside the cylinder. However, the flange concept ranking is close to the 

friction and may be consider further on. 

4.5.4 Final concept 

The final concept is form by combining concept 5 for the piston, glue for 

connecting the piston and piston rod and the friction coupling for the connection 

of the rod parts. It is shown in Figure 4-36. In this figure, the thin lines on the rod 

refer to the glue connection of two parts of the rod stroke. 

Figure 4-36 Final Concept 
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4.6 Dimensioning final concept  

Now the final concept is chosen, calculations need to be done to dimension the 

system. For these calculations, the input was checked to make sure that it was 

right. After some communication with the company, it became clear that the 

mooring lines will be attached in the bottom of the platform. Before, they were 

attached on the water surface what changes the force distribution. The figure 

below shows the change in the mooring attachment. Because of this change, the 

reaction forces are changing. The upper reaction force has become bigger and the 

lower reaction force smaller and can change of direction.  

Assumptions  

To be able to do the calculations and find the highest stresses, some assumptions 

need to be made. The assumptions used in the first calculations will be shortly 

repeated.  

Platform is not moving horizontally 

In paragraph 4.2.3 is explained that only the sea water is considered to move in 

the horizontal direction. In reality, the platform and cylinder will be moving which 

will lower the horizontal forces. This assumption simplifies the calculations and it 

is considering a worse scenario than the real one, what makes it a save assumption.  

Platform buoyancy forces are not generating moments 

It is already explained that the moment caused by the steepness of the waves is 

neglected in the calculation because of its small angle. Because of deflection, the 

platform will change its alignment with the water surface, what will generate a 

moment as a result of the buoyancy. Figure 4-38 gives an illustration of it. The 

system is sort to say, taken out of the water for the analysis so the moment 

produced by the difference of buoyancy will not be taken into account. This is 

done because of the small angle the deflection will give. 

Figure 4-37 Old mooring position (left), new mooring position (right) 
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Platform dip is X * wave height till a max of X  meter dip.  

The dip of the platform is found in calculations given by Novige AB see Appendix 

6. On a three meter wave the dip is determined X meter. This gives a relation of: 

𝑅𝑒𝑙𝑎𝑡𝑖𝑜𝑛 (
𝑑𝑖𝑝

𝑤𝑎𝑣𝑒
) = 𝑋 = X  

(4.20) 

Together with Novige AB the maximum dip is set at X meter. This means that the 

relation only is applied for waves smaller than three meter. The table below shows 

the dip related to the wave height.  

 

Constant speed with constant pressure 

It is not totally decided how the system will work regarding the Pelton turbine. 

Until this decision is taken, it is not known how the platform dip (pressure) and 

flow (speed) will act during a wave period. That is why the assumption is made 

that the platform starts moving up with a constant speed when the pressure related 

to the wave height is reached. 

20 meter wave without horizontal movement is equal to a 30 meter wave with 

horizontal movement.  

The system needs to endure a 30 meter monster wave. For the calculations, a 20 

meter wave without horizontal movement of the platform is considered to generate 

the same forces as a 30 meter wave in reality. This assumption is made together 

with Novige AB. 

With these assumptions, it is possible to calculate the reaction forces in the system, 

the deflection due to surge, the critical moment and the stresses in the rod. Using 

this information and depending on the chosen material, a minimum rod diameter 

can be selected.  

  

Figure 4-38 Without deflection (1) Moment because of deflection (2) 

Wave height (m) 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0 4,5 5,0 5,5 6,0 6,5 7,0

Dip (m) 0,42 0,83 1,25 1,67 2,08 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5

Table 4-15 Dip related to wave height 
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4.6.1 Calculation 

The point for highest stress depends on the wave height which affects the pressure 

in the cylinder and the water speed. The pressure affects the dip of the platform 

which has effect on the surge force together with the water speed. This creates a 

deflection in the rod by the appearing bending moment. Because of the pressure, 

a tension force appears during the up-movement, and the weight of the platform 

generates a compression force during the down-movement. Figure 4-39 depicts 

the calculation route which shows that the stress in the rod is related to the wave 

height. So, for finding the highest stress, calculations need to be done for the 

different wave heights. 

From here, the calculations are explained considering a single time instant and 

wave height, afterwards iterations will be made with MATLAB to find the critical 

wave height and instant when the stresses on the rod are maximum.  

The stresses on the rod are calculated with a second order analysis. First the 

deflection due to the horizontal forces is calculated. Because of this deformation, 

the vertical forces are also causing a bending moment so the total bending moment 

caused by them and by the horizontal forces is calculated.  

The deflection is calculated with the beam virtual work method that is explained 

in Appendix 7. The deflection wants to be known at the bushing. This is not the 

point of maximum deflection but gives the new direction of the axial force. With 

the deflection and the lower reaction force a new situation is found. The axial force 

creates a bending moment because of the deflection and the compression or 

tension force. This together with the bending moment caused by the horizontal 

force will give the maximum stress in the rod which will be wher the maximum 

Figure 4-39 Calculation route 
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moment appears. The maximum moment will be in the bushing. Figure 4-40 shows 

the new situation with the axial forces.  

Using MATLAB, these calculations are done for different wave heights. For each 

wave height, the calculations are done along the period with steps of hundreds of 

the period. In this way, the worst-case scenario can be found. This iterations 

process is shown in Figure 4-41. In the Appendix 7 the formulas used in the 

process can be found. The MATLAB program is shown in Appendix 11. 

Figure 4-40 Deflection in bushing which gives the application angle (left) and the new situation (right) 
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4.6.2 Other information affecting the system 

Next to the external forces, there are other factors which affect the system. In this 

paragraph the sea life, sealing, guide rings, scraper and the Pelton turbine will be 

discussed. 

Sealing 

In the previous step of the product development process, a deformable sealing was 

selected. After a deeper research, the spring energized PTFE sealings seem to be 

the most suitable sealings for this application. The main advantages of this kind of 

sealings for this application in comparison with O-rings are: its lower friction 

coefficient, the possibility of sealing only in one direction and the life length. 

  

Figure 4-41 Iteration process for calculating the maximum stress in the rod 
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PTFE (Polytetrafluoroethylene) also known as Teflon is a plastic material widely 

used in sealings and bearings. Some of its most useful properties are: 

• Low friction and self-lubricating properties (lower friction than metal bearings) 

• Extreme chemical resistance. Including salty water 

• Do not absorb water 

• Reduced stick-slip 

• Unlimited self-life 

By filling it with other material such as glass fiber, carbon fiber or polymers, these 

properties can be modified achieving even better performance. 

Spring energized PTFE sealings consist on a polymeric jacket energized by a metal 

spring. The characteristics of the spring can also be chosen according to the 

working conditions. They also include a wiper lip which act as a scraper as shown 

in Figure 4-42 

Appendix 8 contains a catalog with the different available materials for both the 

sealing and the energizer material. 

Cylinder wall 

The inner cylinder wall needs to be wear and corrosion resistant, have minimum 

friction coefficient and able to work without damaging the piston or itself. 

There are many ways of making it such as make a coating or putting a “shirt”. A 

“shirt” is a perforated piece with cylindrical shape through which the piston 

moves. Their inner walls have a smooth surface and they are made to improve the 

wear resistance. 

A PTFE material could be a good solution for this based on the properties already 

mentioned in this report. Combining PTFE with other materials such as glass 

fibers o carbon fibers will improve its properties. If more information from this is 

wanted check “Fiberflon” web page. [27] 

Rotation in Sealing  

As explained before, the platform must be always aligned with the incoming wave. 

Together with the company it is decided to consider the lower connection as a U-

joint. This means that the rotation point is between the piston and cylinder. This 

generates a rotation movement between the cylinder and piston and because of 

friction, a torsion moment appears in the rod.  

Figure 4-42 Sealing wiper lip 
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According to the information provided by mail by Trelleborg Sealing Solutions, 

the torque due to static friction was estimated to be 75000 Nm for a piston diameter 

of X meter with a pressure of X bar. For every 10 bar of reduction in the pressure, 

the torque lowers 10000 Nm. These values are similar to the calculated following 

the PTFE guide, Appendix 8. 

Compare to the bending moment in the rod, the stresses due to the torque will be 

very small. That is why the torque is neglected in the calculations. This finding 

makes clear that no bearing is needed for the rotation of the platform. 

Guide rings 

What was previously referred as wear rings are called guide rings and tapes. Their 

function is to reduce wear and transmit the horizontal forces between cylinder and 

piston and between bushing and rod, it can be shown in Appendix 9. 

Remove sea life  

As shown in the requirements, sea life needs to be avoided in the cylinder so the 

sealing will not get damaged. After talking with people involved in marine biology 

and from Kalmar Maritime Academy, it became clear that one of the most harmful 

“intruders” could be the mussels. 

Water currents are the perfect environment for them as they are plankton feeders.  

Mussel seeds are tiny at their first stages so they would be able to go through the 

filters and stick themselves to anything they can. At the “adult” stage they could 

be 10-20 cm big.  

First suggestions were using ultrasounds or ultraviolet radiation devices to prevent 

them. The first device is ineffective in this situation according to the experts in this 

field. The second idea is not enough developed so it was suggested not to use it. 

The last suggestion is that a mechanical device would be the best solution to clean 

cylinder wall. This information also makes clear that scraper rings are needed on 

the piston to protect the sealing when higher waves occur than the average wave 

height range. Likewise, having them in the rod is a necessity to assure the best 

performance and working life of the system. 

In order to clean the cylinder from all the sand, small particles and sea life that can 

enter the system and then settle in the bottom part, taking advantage of the system 

motion, a purge valve should be opened. This will release all those particles 

helping to the maintenance of the inner part of the cylinder.  

Scraper ring 

A scraper or wiper ring function is to prevent sand, dust and other particles to get 

between the rod and the sealing what can cause a reduction of the life length of 

the components. The sealing has its own wiper which makes the scraper ring a 

backup part that will be necessary depending on the amount of sea life growing 

in the system. Inside the cylinder, the growth of sea life will be limited because 

of the darkness and the intake filters but, in the rod sea life growing will be 

faster.  
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Pelton turbine  

The Pelton turbine working range was studied to find the optimum wave range in 

which the system is producing energy. A Pelton turbine has an efficiency range of 

90% so the Pelton wheel can be designed for the average power output and is still 

efficient with a 45% higher or lower output. To find this range, the power output 

of the Waverider for the different wave heights should be known. As this 

information is not available, a rough calculation is done multiplying the lifting 

force times the vertical speed of the wave. This calculation gives an indication 

about the peak power. The real power output will be different because of latching 

of the system. Table 4-16 is showing that, when the system starts producing at a 

one meter wave, the max power is reached at a X meter wave (range 1). When the 

system starts producing at a X meter wave the 90% range is not even reached at a 

X meter wave (range 2). The rapid increase of power at the smaller waves is caused 

by the change in dip of the platform. From a X meter wave the full dip, X meter is 

reached and it is only the vertical speed who increases the power.  

 

 

Out of this rough calculation, it is conclude that the working range of the platform 

is not limited by the Pelton turbine. This leaves the stress in the rod and the 

mooring force as the limiting factors. 

Table 4-16 Rough power output calculation 
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By increasing the diameter of the cylinder the water flow will become higher and 

the pressure lower. To find the optimum diameter of the cylinder, the application 

graph of a Pelton turbine is used, shown in Figure 4-43. The easiest way to find 

the optimum diameter is with the different power outputs for the different wave 

ranges. By not having a fixed diameter, the “point” could be moved along the 

power output lines (red line) and a diameter can be selected. For deciding the 

diameter, a low pressure needs to keep in mind. A lower pressure gives lower 

friction forces and less leakage.  

As the power outputs are not known, the flow and pressure are found for different 

diameters. The green line shown in the Figure 4-43 gives the application for a 

diameter of X m (area of X m2 without rod). This gives an indication about the 

cylinder diameter. 

 

 

Figure 4-43 Application range of turbines with the power output line red marked  [40] 
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5 Results and analysis 

The main issue faced in this project was to make a conceptual design of the piston, 

piston rod and the parts related to them of a WEC. 

The addressed problem has been faced with a product development process for 

which some general calculations were done. After those concepts were found, the 

best one was selected. With this last concept in mind, new calculations were made 

and some companies were contacted to have more reliable numbers and assure the 

feasibility of the selected concept parts.  

5.1 Validation of MATLAB results 

To check the outcome of the MATLAB, program the deflection is also calculated 

with a FEA and an Excel calculator sheet found on internet [28]. MATLAB uses 

the second order analysis, Excel sheet the Macaulay’s method and FEA a non-

linear approach. In the graph below is shown that the FEA deflection has the 

biggest deviation related with the MATLAB. Possibly, this is because the FEA 

combines the horizontal and vertical forces and MATLAB and Excel uses only the 

horizontal ones for calculating the deflection. In the upwards movement, the 

tension force will decrease the deflection and in the downwards movement 

compression will increase it, what explains the differences in the graph.  

Also, the stress out of the MATLAB program and FEA are compared. Since they 

are related to deflection it was expected to have the same deviation. Figure 5-2 

shows that this is not happening. The reason for this can be that the stress 

concentration factors are not taken into consideration in the MATLAB program, 

while the FEA does it. The point for highest stress is also found by hand in the 

FEA simulation and can differ from the point in MATLAB. As the differences are 

small and they can be explained, this validation shows that the calculation for 

stress with MATLAB is correct. 

Figure 5-1 Deflection comparison 
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5.2 Pelton turbine  

With the calculations made in the application, it could be asserted that the platform 

working range is not limited by the selection of a Pelton turbine; leaving the 

mooring force and the rod stresses as the only factors in which the working range 

depends on. 

5.3 Mooring Force 

For the same dip of the platform, mooring forces increase with the wave heights 

because the water particles speed is higher. When the platform is deeper 

underwater, the forces are bigger. Due to this, the working range and maxim dip 

are limited by the force the moorings can take. 

A maximum dip of X meters and a working range between 1 and 13 meter are set. 

Figure 5-2 Stress comparison [MPa] 

Figure 5-3 Comparison force in the moorings when moving up and down 
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5.4  Maximum stress 

When moving down the platform is only X meters under the water surface. So, as 

it is shown in Figure 5-4, for bigger waves the horizontal forces are bigger and 

hence making the stress in the downward movement (orange) increase. 

In the upwards movement, for the working range, from 1 to 13 meter wave height, 

the dip is calculated to be X times the wave height up to the maximum of X meters 

dip. In that range, the maximum stress appears at around X meter waves. From 

this point, because the place the mooring are attached into the system and the force 

distribution, the deflection and the force in the lower connection decrease making 

the stresses on the rod decrease, as well. From 13 meters, the platform is X meters 

underwater. In this range, the stresses in the rod will increase the higher the wave 

is but still lower than the ones for X meter waves. 

According to these results it came up that the rod should be made to withstand the 

X meter wave stresses.  

 

A figure showing the stresses for waves from 1 to 20 meter in respect with time is 

shown in Appendix12. 

5.5 Implementation and embodiment design 

The different parts of the conceptual design will be analyzed separately. After they 

are shown together. 

Sealing 

An example of an available sealing for the piston and another one for the bushing, 

matching the system requirements, are shown in Appendix 8.  

Guiding tape (piston ring) 

In Appendix 9 a guiding tape example is shown. 

  

Figure 5-4 Stress comparison when the platform moves up and down  
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Cylinder wall 

The inner cylinder wall material must resist the corrosion, sea life and wear that 

may appear. According to these requirements, a Teflon (PTFE) coating could be 

used as it has high wear and chemical resistance and low friction coefficient. 

Another solution could be to have the inner layer made of PTFE-Glass Fabrics. 

This material has better properties than the one mentioned before. Some tests are 

needed so that this issue could be validate and then make a decision. 

Sea life scraper ring 

As the ultrasounds device will not work, neither does the ultraviolet so far, the best 

way of avoiding and removing sea life is with the usage of scraper rings in the 

piston and in the rod, Appendix 10. A purge valve could be used to get rid of all 

those particles which are settled in the base inside the cylinder. 

Connection piston-rod 

The connection between the piston and rod is made by a glued joint. 

Connection rod-rod 

For the stroke part, inside the pressurize chamber, the different rod parts will have 

a glued connection. After the second calculations were done, it came up that, for 

deeper locations of the system, the non-stroke part could increase its diameter so 

that the stress and deflection is less. For fixing together two different sized rods, a 

flange coupling is used. The friction coupling of the final concept is found to be 

too complicated to manufacture because of the small tolerance which it requires. 

Figure 5-5 shows the connection. 

 

  

Figure 5-5 Connection rod in to rod out of the cylinder 
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Parts together 

In Figure 5-6 is shown how the piston is working with the different rings. On the 

outsides are scraper rings to avoid dirt getting between the piston rings and 

sealing.  

The same system is used in the bushing but with more guide tapes to take the high 

moment which is applied on the bushing because of bending. 

Figure 5-6 Piston with scraper, seal and piston rings 

Figure 5-7 Bushing with scraper, seal and piston rings 
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Novige AB have a great preference for composites. Unfortunately, it was not 

possible to make the calculations with composite because of lack of information. 

Despite that, composites were still taken into consideration. In the figure below is 

an example shown how the piston with rod can be made with composites. A core 

material is used to increase the stiffness with adding a small weight. The 

connection between the rod and piston is self-locking so the glue only takes small 

forces. The piston shape is made to withstand bending with a thicker section close 

to the center and a thinner one at the cylinder wall. 

For gluing two rod parts together a big 

surface will lower the stress and made the 

joint more reliable. That is why the 

connection shown in Figure 5-9 is thought of. 

These connections and parts are not 

calculated on strength but give an illustration 

of the parts made out of composites. 

 

 

 

 

  

Figure 5-8 Piston and rod out of composites 

Figure 5-9 Fixing two rod parts with 
composites 
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To prove its ability to manufacture a rod which withstand the forces, a FEA 

simulation is done with aluminum 5083 (DIN 3.3547). This material is used in 

sea structures which are placed underwater. The forces are taken from a 5 meter 

wave which were found to result in the highest stress in the calculations. The 

inner diameter is 800 mm and the outer 1000mm. Figure 5-10 shows that the 

horizontal deflection is maximum 82 mm just below the bushing. The elongation 

because of the lifting force is found to be 23 mm.  

 

  

Figure 5-10 Deflection is system with aluminium rod (1000-800mm) 
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Figure 5-11 shows that the average stress in the rod is around X MPa and 

because of some stress concentration is has a peak stress of X MPa which is still 

half of the yield strength.  

 

Figure 5-11 Stress in system with aluminium rod 
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In the figure below are piston, piston-rod, bushing and the rod part which is out 

of the cylinder shown as one system. The total length of the piston-rod is X 

meter which is for a sea bottom depth of approximately X meter. For deeper sea 

bottoms the rod out of the cylinder can be attached. 

  

Bushing 

Piston 

Rod out 

of 

cylinder 

Connection 

rod-rod 

Connection 

rod-rod 

Figure 5-12 Final conceptual design 
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6 Discussion and conclusion 

In this report, the development process of some parts of the Waverider, a WEC 

concept, has been done. The parts are piston, piston-rod and bushing including the 

necessary connections and the choice of a material for the inner cylinder wall. The 

main objective is to find a feasible solution for these parts of the WEC. 

The objective of the Waverider is to convert the energy of the waves into electrical 

energy. To make the design cost effective the power output must be relevant and 

the life length of the system should be around thirty years. These requirements 

make it necessary for the system to be durable and the maintenance should be as 

low as possible. 

The company, Novige AB, shows its will to work with composite materials. 

Contrary to steel, which has been deeply studied in the last century and whose 

mechanical characteristics are well known, composite materials is a field in 

continue development. The possibility of “build your own material” makes the 

calculations and the search for information about them really complex. This makes 

it necessary work with a company specialized in composites to create and test the 

material. Nevertheless, to guaranty the viability of the design, calculations with 

MATLAB and simulations with SolidWorks were made using steel (S235).   

According to the simulations, a cylindrical rod, with a X mm external diameter 

and an internal one of X mm, will withstand the maximum stresses the system is 

subjected to in a X m ocean depth. For bigger depths, a non-stroke rod could be 

added. This non-stroke rod is recommended to be bigger in diameter in order to 

limit the deflection. With this the stresses on the stroke rod will limited as well. 

For joining together the piston and piston rod as well as the stroke rod segments a 

glue solution has been chosen for composites. If another material is selected, other 

techniques could be used. For the connection of the non-stroke segments a flange 

is used.  

Bushing and piston frame are made out of composites with the needed groves for 

placing the sealing guide tapes and wiper rings. A selection of sealings, guide tapes 

and wiper rings both for the bushing and the piston is made from a sealing 

company catalogue. These are standard parts what will make the cost of the device 

lower than if nonstandard parts need to be made. 

Although the objective of this project was to design some specific parts, the 

information about how forces and stresses change with time and wave heights is 

relevant for other parts of the system such as the moorings. The results of the 

calculations show that the limiting factor of the power output will be the resistance 

of the moorings and not the stresses on the rod. 

The Waverider concept is in a first stage of development what means that the 

results shown here could be different than in the final design. Further tests need to 

be performed in order to collect more data about the forces in the system and be 

able to ensure the resistance of the designed parts. 
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APPENDIX 1 Gantt chart 

 

Figure 8-1 Initial Gantt chart for planning the work  

1/1 
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Figure 8-2 Design strategy for WEC designs [33] 

APPENDIX 2 Design strategy for WEC designs 
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APPENDIX 3 Behavioral description 

System operating under moderate height waves 

Initial conditions 

1. Platform is on the highest point of a wave 

 

User (sea waves) System (cylinder, piston, 
rod, bushing) 

Ocean water 

Wave moves down.   

 Cylinder moves down.  

 XXXXXXXXXXXX 
XXXXXXXXXXX  

 

 XXXXXXXXXX 
XXXXXXXXXXXXXX 
XXXXXXXXX 
XXXXXXXXXXXXXX  

 

 XXXXXXXX 
XXXXXXXXXXXXXXX 
XXXXXXXXX 
XXXXXXXXXXXXXX  

 

  XXXXXX 
XXXXXXXXXXXX  

  XXXXXXXX     
XXXXXXXXXXX 

  XXXXXXXX 
XXXXXXXXXXXX 
XXXXXXXXXXX  

 XXXXXXX  

Wave moves upwards.   

 XXXXXXXXXXXX 
XXXXXXXXXXX 
XXXXXXXXXXXXXXXXX 

 

 Piston sealing prevents 
leakage. 

 

  XXXXXXXXX 
XXXXXXXX 
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  XXXXXXXXXXXXX 
XXXXXXXXX 

 Cylinder moves up.  

 XXXXXXXXXXXXX 
XXXXXXXXXXX 

 

  XXXXXXXXX 
XXXXXXXXXX 

Wave reaches highest position.   

 XXXXXXXXXXXXX 
XXXXXXXXXX 

 

  Water flow stop 

   

Ending conditions   

Platform is on the highest point of the next wave. 
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System operating under hazardous conditions 

Initial conditions 

1. Platform is on the highest point of a wave 

 

User (sea waves) System (cylinder, piston, 
rod, bushing) 

Ocean water 

Wave moves down.   

 Cylinder moves down.  

 XXXXXXXXXXXXX 
XXXXXXXXXXXX 

 

 XXXXXXXXXXXXXXXXX 
XXXXXXXXXXX 
XXXXXXXXXXXXXXX 
XXXXXXXXXXXXX 

 

 XXXXXXXXXXXXXXXXX 
XXXXXXXXXXX 
XXXXXXXXXXXXXXX 
XXXXXXXXXXXXX 

 

  XXXXXXXXXXXXXXXXX 
XXXXXXXXXXX  

  XXXXXXXXXXXXXXX 
XXXXXXXXXXXXX 

  XXXXXXXXXXXXXXX 
XXXXXXXXXXXXX 
XXXXX 

 XXXXXXXXXXXX  

Wave moves upwards.   

 Cylinder moves up.  

 XXXXXXXXXXXX 
XXXXXXXXXXX 

 

  XXXXXXXXXXX 
XXXXXXXXXXXX 
XXXXXXXXXXX 

Wave reaches highest position.   
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 XXXXXXXXXXXX 
XXXXXXXXXXX 

 

  Water flow stop 

Ending conditions   

Platform is on the highest point of the next wave. 

 

Two main use cases are extracted. 

1. Normal operating conditions: When waves have a moderate height, the 

system works producing pressure to operate the turbine. 

2. Heavy conditions: When the ocean conditions are hazardous for the 

system, up to 30m height wave, the cylinder, which its attached to the 

platform moves with the wave without generating pressure. 

4/4 
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APPENDIX 4 WEC-SIM  

For future calculations, complex computer programs can be used. Their 

complexity and required knowledge about programing make them non-viable to 

use during this project. [29] 

This program use matrixes as input and output of the forces. The way of working 

is equaling the dynamic force of the system and the external forces. External forces 

include the power take off radiation forces, drag forces... 

𝑚 ∗ 𝑋¨ = 𝐹𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 + 𝐹𝐵 + 𝐹𝑑 (A.1) 

𝐹𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 = 𝐹𝑃𝑇𝑂 + 𝐹𝑚 (A.2) 

𝐹𝑑 = 𝐹𝑒𝑥𝑡 + 𝐹𝑟𝑎𝑑 + 𝐹𝑣 + 𝐹𝑀𝐸 (A.3) 

𝑚 ∗ 𝑋¨ = 𝐹𝑒𝑥𝑡 + 𝐹𝑟𝑎𝑑 + 𝐹𝑃𝑇𝑂 + 𝐹𝑣 + 𝐹𝑀𝐸 + 𝐹𝐵 + 𝐹𝑚 (A.4) 

m : Mass matrix [-] 

X¨ : Translational and acceleration vector [-] 

𝐹𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 : External force terms [N] 

FB : Buoyancy restoring force vector [N] 

𝐹𝑑 : Hydrodynamic forces [N] 

FPTO : PTO force vector[N] 

𝐹𝑒𝑥𝑡 : Wave excitation force vector [N] 

𝐹𝑟𝑎𝑑 : Wave radiation force vector [N] 

FME : Morrison equation force vector [-] 

𝐹𝑣 : Hydrodynamic damping force vector [-] 

 

Radiation force appears when a body is moving inside water, excitation force is a 

combination between the Froud-Kyrlov and the diffraction force which are 

pressure forces generated by the irregular pressure distribution generated by 

undisturbed waves and the presence of a floating body. Radiation and excitation 

forces are complex phenomenon that are affected by the wave spectrum. 

 

PTO force is the part of the force available for electricity generation and can be 

represented as a pressure force. 

𝐹𝑃𝑇𝑂 = ∆𝑃𝑝𝑖𝑠𝑡𝑜𝑛 ∗ 𝐴𝑝𝑖𝑠𝑡𝑜𝑛 (A.5) 

∆𝑃𝑝𝑖𝑠𝑡𝑜𝑛 : Pressure on the piston [Pa] 

𝐴𝑝𝑖𝑠𝑡𝑜𝑛 : Area of the piston [m2] 

  

1/1 
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APPENDIX 5 System pre-calculations 

Horizontal Forces 

A schematic representation of the system can be shown in the figure below. In 

point B, horizontal and vertical movements are restricted but not rotation; in point 

A only the horizontal movements are restricted.  

Calculating the horizontal reactions, on A and B is considered a static problem. 

The equilibrium equation must be satisfied. 

𝛴𝐹𝐻 = 0 𝐹𝐻 = 𝐹𝐻𝐴
+ 𝐹𝐻𝐵

 (A.6) 

𝐹𝐻 : Total external horizontal force [N] 

𝐹𝐻𝐴
 : Horizontal reaction on point A [N] 

𝐹𝐻𝐵
 : Horizontal reaction component on point B produced by the horizontal force 

[N] 

 

In point B cannot be momentum. 

𝛴𝑀𝐵𝐻
= 0 = 𝐹𝐻 ∗ (𝐿 − |𝑧𝐺|) + 𝐹𝐻𝐴

∗ 𝐿 (A.7) 

𝐿(𝑡) = 𝐿𝑟𝑜𝑑 +
𝐿𝑐𝑦𝑙

2
+

𝐻

2
∗ sin (𝑤 ∗ (𝑡 −

𝑇

4
))   

(A.8) 

𝑀𝐵𝐻
 : Bending moment in B produce by horizontal forces [N] 

L : Distance A-B. (IF for t=0 is in the center of the wave) [m] 

𝐿𝑟𝑜𝑑 : Rod total length [m] 

𝐿𝑐𝑦𝑙 : Cylinder length [m] 

Figure 8-3 Simplification on horizontal forces 

1/4 
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𝐻 : Wave height [m]  

|𝑧𝐺| : Vertical distance from lower part of the cylinder to the force centroid [m]. 

L-|zG| : Vertical distance from B to external horizontal force centroid [m]  

 

The distance A-B (L) changes with time while the platform moves up and down 

and the cylinder moves respect to the piston. This change in length is an important 

factor when calculating the maximum bending moment. 

The vertical distance from B to the force centroid is calculated from the force 

versus depth equation at a particular time instant. 

 

  

𝑧𝐺 =
∫ 𝑧 ∗ (𝐹𝐷𝑐

(𝑧) + 𝐹𝐼𝑐
(𝑧))dz

𝑧𝑝𝑙𝑎𝑡

𝑧𝑐𝑦𝑙
+ ∫ 𝑧 ∗ (𝐹𝐷𝑝

(𝑧) + 𝐹𝐼𝑝
(𝑧))dz

0

𝑧𝑝𝑙𝑎𝑡

𝐴𝐹𝐻

 

(A.9) 

𝐴𝐹𝐻
= ∫ (𝐹𝐷𝑐

(𝑧) + 𝐹𝐼𝑐
(𝑧))

𝑧𝑝𝑙𝑎𝑡

𝑧𝑐𝑦𝑙
+ ∫ (𝐹𝐷𝑝

(𝑧) + 𝐹Ii(𝑧))dz
0

𝑧𝑝𝑙𝑎𝑡
 

(A.10) 

𝑧𝐺 : Force centroid [m] 

𝑧𝑐𝑦𝑙 : Depth of the lower part of the cylinder [m] 

𝑧`𝑝𝑙𝑎𝑡 : Depth of the platform [m] 

𝐴𝐹𝐻
 : Area of the horizontal distributed load [m2] 

Lrod 

Lcyl 

L 

Figure 8-4 System lengths 
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Vertical Forces 

The vertical forces are transmitted from the platform to the cylinder, from there to 

the piston and finally to the lower connection  

𝛴𝐹𝑉 = 0 𝐹𝑉 = 𝐹𝐵𝑉
 (A.11) 

𝐹𝐵𝑉
 : Vertical reaction on point B produced by vertical forces [N] 

 

Forces on bushing and piston. 

By solving the following system of equations, the bending moment on the bushing 

are known. 

Total Reactions on the supports and along the rod and cylinder 

Once the reactions are known is possible to study the horizontal forces and bending 

moment along the cylinder and rod. 

The forces along the rod (FHrod(z)), at any depth are calculated using the equations: 

 

The forces along the cylinder (𝐹𝐻𝑐𝑦𝑙(𝑧)), at any depth are calculated using the 

equations: 

                                                                                                                                                                                                                                  

𝛴𝐹𝐻 = 0 𝐹𝐻𝐴 + 𝐹𝑐 = 𝐹H  (A.12) 

𝛴𝑀A = 0 = 𝐹𝐻 ∗ |ZG| − 𝐹C ∗ 𝐿𝑐𝑦𝑙 − 𝑀𝐶 (A.13) 

𝛴𝐹𝐻 = 0 𝐹𝑐 = 𝐹HB (A.14) 

𝛴𝑀B = 0 = 𝐹C ∗ (𝐿 − 𝐿𝑐𝑦𝑙) − 𝑀𝐶 (A.15) 

𝑀𝑐 : Moment in bushing [N*m] 

𝐹𝑐 : Horizontal force in the bushing [N] 

FHrod(z) = 𝐹𝐻𝐵
 (A.16) 

-L<z<-(L-Lcyl)  

FHrod(z) = 0 (A.17) 

-(L-Lcyl) <z<-Lrod  

𝐹𝐻𝑐𝑦𝑙(𝑧) = 𝐹𝐻𝐵 − ∫ 𝐹𝐼𝑐
(𝑧)

𝑧

−(𝐿−𝐿𝑐𝑦𝑙)

𝑑𝑧 (A.18) 

-(L-Lcyl) <z< zplat  

𝐹𝐻(𝑧) = 𝐹𝐶 − ∫ 𝐹𝐼𝑐
(𝑧) 

𝑧𝑝𝑙𝑎𝑡

−(𝐿−𝐿𝑐𝑦𝑙)

𝑑𝑧 − ∫ 𝐹𝐼𝑝
(𝑧)

𝑧

𝑧𝑝𝑙𝑎𝑡

𝑑𝑧 (A.19) 

zplat <z<0  

3/4 
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The bending moment on the rod:  

 

The bending moment on the cylinder: 

 

  

M(z) = 𝐹𝐻𝐵
∗ 𝑧 (A.20) 

-L<z<-(L-Lcyl)  

M(z) = 0 (A.21) 

-(L-Lcyl) <z<-Lrod  

𝑀𝐻(𝑧) = MC + 𝐹𝐶 ∗ 𝑧 − ∫ 𝑧𝐺𝑐𝑦𝑙(𝑧) ∗ (𝐹𝐷𝑐
(𝑧) + 𝐹𝐼𝑐

(𝑧))
𝑧

−(𝐿−𝐿𝑐𝑦𝑙)

𝑑𝑧 (A.22) 

-(L-Lcyl) <z< zplat  

𝑀𝐻(𝑧) = MC + 𝐹𝐶 ∗ 𝑧 − 𝐹𝑐𝑦𝑙 ∗ 𝑧𝐺𝑐𝑦𝑙
− ∫ 𝑧𝐺𝑝𝑙𝑎1(𝑧) ∗ (𝐹𝐷𝑝

(𝑧) + 𝐹𝐼𝑝
(𝑧))

𝑧

𝑧𝑝𝑙𝑎𝑡

𝑑𝑧 (A.23) 

zplat <z<0  

𝑧𝐺𝑐𝑦𝑙1(𝑧) : Force centroid of the cylinder with z [m] 

𝑧𝐺𝑐𝑦𝑙 :  Force centroid of the cylinder [m] 

𝑧𝐺𝑐𝑝𝑙𝑎1(𝑧) : Force centroid of the platform with z [m] 
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APPENDIX 6 Novige AB calculations 

First a calculation as performed earlier with key parameters:  100 ton float (just 

for reference), 7.8 seconds sine wave period, and 2.4E+07 N*s/m damping coeff 

for pump, but NO limitation in resulting pump force. 

The results are as presented earlier just above 3 MW gross average power 

delivered to the pump by the sea bed anchor force times float speed when lifted 

upwards. 

The peak force is about 16 MN (about 160 ton).  With a 2.5m dia pump piston 

(don’t remember exactly how large you foresee the pump to be?), the peak pump 

pressure becomes about 31 bar.  Se top of spreadsheet input and summary below 

and graphs on next page. 

 

 

Then, if we limit the pressure to for example 25 bar, the pump force vs time curve 

is “clipped” when it reaches a peak pressure of about 10 MN and the gross power 

is down to 2.7 MW. Graphs enclosed on page 3.  This is obviously not a good idea.  

 

Graphs with unrestricted pump pressure.  

Wave power simulation with floating anchored raft Johan A. MürerDate 15/01/2017

Wave period 7.8 s

Wave height 3 m

Rot speed 0.805536578 rad/s

Float area 935 m2 Pistion dia 2.5 m

Float mass 100 000 kg Max pressure 50 bar

Nom float depth 0.106951872 m Max pump force 2.45E+07 N

dens 1000 kg/m3 Pump damp 2.40E+07 Ns/m

Float drag coeff 1 Pump damp fact 120%

Damping float 4.68E+05 Ns2/m2 Aver power 3.057E+06 W

Wave speed max 1.208304867 m Max pump force 1.56E+07 N

Gravity 9.81 kgm/s2 Peak power 1.02E+07 W

Wave phase, start 0 Drag aver power 1.44E+05 W

Periods to be calc 2 Float period 0.66 s

Time steps 0.00156 s

Wave power simulation with floating anchored raft Johan A. MürerDate 15/01/2017

Wave period 7.8 s

Wave height 3 m

Rot speed 0.805536578 rad/s

Float area 935 m2 Pistion dia 2.5 m

Float mass 100 000 kg Max pressure 20 bar

Nom float depth 0.106951872 m Max pump force 9.82E+06 N

dens 1000 kg/m3 Pump damp 2.40E+07 Ns/m

Float drag coeff 1 Pump damp fact 120%

Damping float 4.68E+05 Ns2/m2 Aver power 2.650E+06 W

Wave speed max 1.208304867 m Max pump force 9.82E+06 N

Gravity 9.81 kgm/s2 Max pressure 20.0 bar

Wave phase, start 0 Peak power 1.70E+07 W

Periods to be calc 2 Drag aver power 8.01E+04 W

Time steps 0.00156 s Float period 0.66 s
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Graphs with pump pressure restricted to 25 bar. 
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In the next calculation, I increase the damping factor until the pressure has built 

up to a higher value. 
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Playing a little, I see that it increases the gross pump power if I choose a moderate 

pressure build up and an initial high damping. I get about 3.5 MW.  But I cannot 

choose too high damp factor because the system gets numerically unstable.  

 

A better solution is to latch as you have said is a common method.  I restrain the 

float to the seabed in its lowest position until the pressure builds up. When the 

pressure has built up to a chosen level, I release the float and allow it to rise with 

the damping ratio initially chosen in the first example (1.2E+07 Ns/m). 

The peak power now increases considerably and gets to a maximum when I 

maintain the float stationary until the pressure is about equal with the max pressure 

after release at about 40 bars. 

The peak power is now 5.7 MW for the 3 meter wave.  Seems you were right Jan 

predicting 6MW gross initially. 

 

Wave period 7.8 s

Wave height 3 m

Rot speed 0.805536578 rad/s Max latch depth -1.6 m

Float area 935 m2 Pistion dia 2.5 m

Float mass 100 000 kg Max pressure 45 bar

Nom float depth 0.106951872 m Max pump force 2.21E+07 N

dens 1000 kg/m3 Pump damp 2.40E+07 Ns/m

Float drag coeff 1 Pump damp fact 120%

Damping float 4.68E+05 Ns2/m2 Aver power 5.692E+06 W

Wave speed max 1.208304867 m Max pump force 2.21E+07 N

Gravity 9.81 kgm/s2 Max pressure 45.1 bar

Wave phase, start 0 Peak power 2.04E+07 W

Periods to be calc 2 Drag aver power 2.03E+05 W

Time steps 0.00156 s Float period 0.66 s
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APPENDIX 7 Concept calculations 

Unit load or virtual work method 

The virtual work method is used for calculating deflections and curvatures of 

beams or more complex structures in a point. For doing this the bending moment 

diagram of the system is calculated. After that all the external loads are removed 

and a unit load is applied in the point where deflection wants to be calculated. 

Then equation (A.24) is applied. 

𝑦 = ∫
𝑚 ∗ 𝑀

𝐸 ∗ 𝐼
𝑑𝑥

𝐿

0

 
(A.24) 

𝑦 : deflection [m]  𝑚 : Virtual bending moment [N*m] 

𝑀 : Real bending moment [N*m]  𝐸 : Modulus of elasticity[N/m2] 

𝐼 : Inertia moment [m4]  𝐿 : Deflection measuring point [m] 

In the system under study the calculations will be as follow. 

For the real bending moment, first the reactions are calculated. As shown in Figure 

8-5 the force in the platform is substituted by a force and a moment in A. With the 

reaction forces, the shear forces diagram and the bending moment diagram are 

made. Their shape is also shown in Figure 8-5.  

The bending moment need to be calculated starting from both sides and until the 

bushing position. The bending moment equations written as follow allow this. 

𝑀(𝑧1) = 𝐹𝐻𝐵
∗ 𝑧 (A.25) 

0 < 𝑧1 < 𝐿 − (𝑧𝐺𝑐𝑦𝑙
− 𝑑𝑖𝑝)  

𝑀(𝑧2) = 𝐹𝐻𝐴
∗ 𝑧 − 𝐹𝑝𝑙𝑎𝑡 ∗ 𝑧 − 𝑀𝑝𝑙𝑎𝑡 (A.26) 

1/4 

Figure 8-5 Real system reactions, shear diagram, bending moment diagram 
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0 < 𝑧2 < 𝑧𝐺𝑐𝑦𝑙
− 𝑑𝑖𝑝  

𝑀(𝑧2) = 𝐹𝐻𝐴
∗ 𝑧 − 𝐹𝑝𝑙𝑎𝑡 ∗ 𝑧 − 𝑀𝑝𝑙𝑎𝑡 − 𝐹𝑐𝑦𝑙 ∗ (𝑧 − 𝑧𝐺𝑐𝑦𝑙

− 𝑑𝑖𝑝) (A.27) 

𝑧𝐺𝑐𝑦𝑙
− 𝑑𝑖𝑝 < 𝑧2 < 𝐿  

The virtual bending moment diagram is calculated by applying a unitary load in 

the point where the deflection wants to be calculated, Figure 8-6. The reactions 

are determined and used to calculate the shear and bending moment diagrams. 

In this case, the equations are. 

𝑚(𝑧1) =
𝐿𝑐𝑦𝑙

𝐿
∗ 𝑧 

(A.28) 

0 < 𝑧1 < 𝐿 − 𝐿𝑐𝑦𝑙  

𝑚(𝑧2) =
𝐿 − 𝐿𝑐𝑦𝑙

𝐿
∗ 𝑧 

(A.29) 

0 < 𝑧2 < 𝐿_𝑐𝑦𝑙  

Now the real and virtual bending moments are calculated. There are three different 

sections for the bending moment diagram so the deflections are calculated for each 

one and then added together. 

𝛿𝑐 = ∫
𝑚(𝑧1) ∗ 𝑀(𝑧1)

𝐸 ∗ 𝐼𝑟𝑜𝑑
∗ 𝑑𝑥

𝐿−𝐿𝑐𝑦𝑙

0

+ ∫
𝑚(𝑧2) ∗ 𝑀(𝑧2)

𝐸 ∗ 𝐼𝑐𝑦𝑙
∗ 𝑑𝑥

𝑧𝐺𝑐𝑦𝑙−𝑑𝑖𝑝

0

+  ∫
𝑚(𝑧2) ∗ 𝑀(𝑧2)

𝐸 ∗ 𝐼𝑐𝑦𝑙
∗ 𝑑𝑥

𝐿_𝑐𝑦𝑙

𝑧𝐺𝑐𝑦𝑙−𝑑𝑖𝑝

 

(A.30) 

𝐼𝑟𝑜𝑑 : Rod moment of inertia [m4]  𝐼𝑐𝑦𝑙 : Cylinder moment of inertia [m4] 

Figure 8-6 Virtual system reactions, shear diagram, bending moment diagram 
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There are two different inertia moments, one for the rod Irod, and other for the 

cylinder Icyl. The cylinder moment of inertia is much bigger than the rod one. The 

platform inertia moment is also much bigger than the rod one. In the calculations, 

the platform moment of inertia is considered equal to the cylinder. 

Axial forces application angle 

After deflection at the bushing is calculated, the angle it has in respect to the 

vertical axis is needed. 

The application angle is calculated as follow. 

 

𝛼 = arcsin (
𝐿𝑐𝑦𝑙

𝑑𝑐
) 

(A.31) 

𝛼 : Vertical force angle [rad]  𝐿𝑐𝑦𝑙 : Length of the cylinder [m] 

𝑑𝑐 : Deflection at the bushing [m]    

 

Now the second order analysis is done. The equilibrium equations of the rod are 

calculated for the new distribution, Figure 8-7. 

 

∑FH = 0 FHB=Px+FHC (A.32) 

∑MB = 0 Mc=FHC*(L-Lcyl) +Px*(L-Lcyl) +Py*dc (A.33) 

FHB : Reaction force in B [N]  Px : Horizontal component of pressure [N] 

FHC : Force transmitted by bushing [N]  Py : Vertical component of pressure [N] 

dc : Deflection at the bushing [N]  Mc : Bending moment in the bushing [N*m] 

 

Figure 8-7 Deflection in bushing and axial 
force application angle 
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Mc is the maximum bending force in the rod. Using this and the vertical forces 

produced by pressure the maximum stress in the rod is calculated. 

σ =
𝑀𝑐 ∗ Rrout

Irod
 +

P

Arod  
 

(A.34) 

σ : Stress in the rod [MPa]  Arod   : Rod section area [m2] 

Rrrod   : Rod outer diameter [m]    
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APPENDIX 8 Sealing 

Sealing material (1/2) 

 

  

Table 8-1 Sealing materials 
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Sealing material (2/2)  

Table 8-2 Sealing material 2/2 
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Energizer material  

  

Table 8-3 Energizer material 
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Possible sealing for the piston  

  

Figure 8-8 Piston sealing datasheet (1/2) 

4/8 



 

25 

          Adrián Tajadura, Rodrigo de Miguel, Teus Westeneng                                               May-2017           

 

 

  

Figure 8-9 Piston sealing datasheet (2/2) 
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Possible sealing for the bushing 

  

Figure 8-10 Bushing sealing datasheet (1/2) 
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Figure 8-12 Bushing sealing datasheet (1/2) 

Figure 8-11 Bushing sealing datasheet (2/2) 
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Friction force and friction-torque calculation 

Piston: P=7 [MPA], D=25000[mm], J=7.8, S=5, nu=0.1. 

Linear friction: 60852,65 [N] 

Friction torque: 76065,81 [N*m] 

Bushing: P=7 [MPA], D=1000[mm], J=6.3, S=5, nu=0.1.  

Linear friction: 20052,79 [N] 

Friction torque: 10026,39 [N*m] 

 

Bushing values may change due to the horizontal forces applied to the system. 

  

Figure 8-13 Friction forces calculations 
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APPENDIX 9 Guiding tape 

  

Figure 8-14 Guiding tape datasheet (1/5) 

1/5 



 

30 

          Adrián Tajadura, Rodrigo de Miguel, Teus Westeneng                                               May-2017           

 

 

  

Figure 8-15 Guiding tape datasheet (2/5) 
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Figure 8-16 Guiding tape datasheet (3/5) 

3/5 



 

32 

          Adrián Tajadura, Rodrigo de Miguel, Teus Westeneng                                               May-2017           

 

 

Minimum guide tape length in the bushing. 

F=2*10^6[N], k=19, Q=16[N/mm], d=1000[mm] 

 Lmin=102.66[mm] 

The final length could be bigger, there is space enough. One guide tape in each 

side of the piston and the bushing. 

  

Figure 8-17 Guiding tape datasheet (4/5) 
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Figure 8-18 Guiding tape datasheet (5/5) 
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APPENDIX 10 Wiper ring 

  

Figure 8-19 Wiper ring datasheet (1/3) 
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Figure 8-20 Wiper ring datasheet (2/3) 

2/3 



 

36 

          Adrián Tajadura, Rodrigo de Miguel, Teus Westeneng                                               May-2017           

 

 

 

  

Figure 8-21 Wiper ring datasheet (3/3) 
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APPENDIX 11: MATLAB calculations 
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APPENDIX 12: Stresses on the system 

In the following figure the stresses for wave heights from 1 to 20 meters against 

time calculated with MATLAB are shown. 

 

 

1/1 

[Stress] 

[period] 

[Wave height] 
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