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Abstract 

It is not a coincidence that over half the world‟s population live in coastal areas using the sea 

as a mean to develop its industry, thus the sea is present in most aspects of daily life. Because 

of the vital relationship with the marine environment, for many years mankind is aware of 

the high energy potential contained in waves. During the last hundred years, thousands 

patents of devices for the extraction of the energy from waves have been published. 

However, the researching still faces the challenge of develop the optimal wave energy 

converter that matches robustness, to withstand extreme marine conditions, and sensitivity, 

to respond the different sea states.  

In this thesis a scale model of a wave overtopping converter has been designed, built and 

tested. In this type of wave electricity converter the waves ascend a ramp, filling a reservoir 

located at a certain height above sea level. The stored water in the reservoir is discharged 

back into the sea, powering a turbine, thus generating electricity. The system is composed of 

a wave energy converter, at a scale of 1:100 without turbine, a test channel and a plunger 

type wave maker. Different sea conditions have been simulated, to assess how the different 

configurations of the device influence the obtained hydraulic power and flow. 

It has been concluded that there is an appropriate configuration of the wave electricity 

converter for each wave period and height. The simulated sea conditions were composed of 

wave periods of around a second and wave heights of about two centimeters. Finally by 

applying scale transformations, an estimation of the hydraulic power that the wave 

electricity converter would extract with this configuration in the deep waters of Tenerife 

South has been calculated. Summarizing, in this thesis the methodology of testing and the 

comparison with real conditions has been developed.  
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Abstract in Swedish 

Det är inte en slump att över hälften av världens befolkning lever i kustnära områden med 

havet som ett sätt att utveckla sin industri. Med anledning av den vitala relationen med den 

marina miljön är mänskligheten också medveten om den stora energipotential som finns i 

havets vågor. Under de senaste hundra åren har tusentals patent kopplade till utvinning av 

energi från vågorna tagits fram och publicerats. 

Dock står forskningen fortfarande inför utmaningen att utveckla en optimal 

vågenergiprocess som både kan tåla extrema marina förhållanden, men även vara känslig för 

de olika tillstånden havet kan ta form i. 

I denna avhandling har en modell av en våg overtoppingomvandlare utformats, byggts och 

testats. I denna typ av våg till el omvandlare leds vågorna vidare upp i en ramp, för att 

därefter fylla en reservoar placerad på en viss höjd över havet. De lagrade vatten i behållaren 

toms tillbaka i havet, driver en turbin, vilken genererar elektricitet. Modellen består av en 

vågenergi omvandlare, i skala 1:100 utan turbin, en test kanal och en kolv av typ wave 

maker. Olika sjöförhållanden har simulerats för att bedöma hur de olika konfigurationer av 

enheten påverkar olika kraftiga vattenflöden och krafter. 

Det har tidigare bevisats att det finns en lämplig konfiguration för att omvandla vågorna till 

energi för varje sort av vågfrekvens och våghöjd.  

Den simulerade sjöförhållanden bestod av vågfrekvenser på cirka en sekund och våghöjder 

på cirka två centimeter. Slutligen, transformeras modellen för att estimera den hydrauliska 

kraft som vågkonverteraren skulle kunna utvinna i de djupa vattnen utanför södra Teneriffa   

Sammanfattningsvis, utvecklar uppsatsen metoden för att testa och undersöka processen vid 

energiutvinning av vågor med verkliga förhållanden 
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1.  Background 

1.1. Aim of this Master Thesis 

Lately, nearly every day there is news about the climate change and the threat that it 

represents to humanity and to the ecosystem, caused mainly by emissions of greenhouse 

gases. All this added to rising power consumption, and the limitation of resources, has 

motivated the investigations on new and cleaner energy sources with a positive impact on 

the environment. 

Moreover in the developed countries is becoming more frequent the implanting of new 

renewable energy policies for inflict a sensitization in the population in order to reduce 

pollutant emissions. The more common clean energies are: solar energy, wind power, 

hydropower, biomass energy, geothermal energy and wave energy.  

Currently many projects are being developed with the sole objective to use the energy of 

waves to generate electricity. The motivation to develop technologies to extract power from 

the waves comes from the high density of energy besides the sea alone as a resource for easy 

access and be available for much of the world population. Note that the energy potential of 

waves is higher than in other types of renewable energy, like wind or solar.  

However, the development of these technologies is still in development, and needs a strong 

financing to be competitive with other renewable energy sources. Although many devices 

have been designed to be built, many others have shown promise and work is continuing in 

its optimization. 

The intent of this thesis is to conduct a study on the optimization of the configuration of an 

overtopping wave converter whilst working with different sea conditions. What has 

developed here is a guide on how to calculate overtopping discharges with different 

geometries of the WEC.  For this target has been constructed a wave converter at a scale of 

1:100 and a wave maker capable to generate the desired waves. These two machines are 

located at the wave tank of the Energy Laboratory of KTH. 

The wave electricity converter is designed for deep water, so it is suitable for installation in 

places where the sea is composed of waves of large wavelength and high periods, which 

behavior it is not influenced by the seabed. Although the device is designed to float on the 

sea surface, this scale model is attached to the walls of the wave tank.  

The second objective, seek to make an estimation of the energy available in the south coast of 

Tenerife to determine the potential of the scale model when working at such a place with a 

specific configuration. 

It is worth mentioning that the evaluation of the behavior of WEC in the waters south of 

Tenerife, it is done as an example that aims to extrapolate the data obtained in a scale model 
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of a real model. This means that here just have been set the procedure to carry out once the 

proper configuration of the device for a specific place has been set.  

1.2. Idealized wave 

The mechanism of the wave‟s formation and how they travel along the ocean is a complex 

subject that has been studied by several authors over the years. Sea waves have different 

shape depending on where they are located. For example, waves in shallow waters don‟t 

have a permanent shape; owing to their height is influenced by the sea bottom and other 

shore conditions like beach slope and local winds. However, wave motion is easier to explain 

when studying deep water waves. Since the WEC object of this work was designed as a deep 

water device, this chapter will be focused in the study of deep water waves. 

An idealized sea wave can be defined by a sinusoidal wave form. It is a useful simplification 

when facing the theory of surface waves. The curve and its parameters are showed in Figure 

1 

 

Figure 1 : Sinusoidal shape of an idealized ocean wave.[ Waves, tides and shallow water process] 

H: Wave height refers to the overall vertical change in height between the peak and the trough  

A: Amplitude is a half of the wave height  

L: Length is the distance between two consecutive peaks or troughs. It will be also referred to as 

λ. 

H/L: Steepness is defined as wave height divided by wave length. Not to be confounded with 

the wave slope between the peak and the trough. 

T: Period is the time interval between two successive peaks passing a fixed point 

f: Frequency number of peaks passing a fixed point per second 

 

In a wave, the energy is transported across a material without any significant overall 

transport of the material itself. In reality, it is only the energy that is propagated almost 
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without mass transfer. To describe the wave motion there are two aspects that should be 

considered. The first one is the progress of the waves caused by the wave motion; the second 

is the movement of the water particles themselves. Following these two phenomena are 

explained.[ Waves, tides and shallow water process] 

1.2.1. Water particles motion 

Water particles define a nearly circular way in a vertical plane parallel to the direction of the 

wave movement. They are displaced from an equilibrium position and then to regain that 

position they require a restoring force. In deep waters the water particles describe circular 

paths, where the diameter of the circumference drops exponentially with depth. Thus the 

water particles at the bottom are almost in stand still. On the other side shallow water waves 

are greatly influenced by the distance to the bottom. In this case the water particles describe 

elliptical paths and more energy is dissipated due to the interaction with the bottom. The 

motion of the water particles is an important aspect to take into account when studying take 

off energy systems that work thanks to the relative movement between two bodies, for 

example: buoys. Circular and elliptical trajectories are shown on Figure 2. 

 

Figure 2 : Trajectories described by water particles. A deep waters waves. B shallow water waves.[ Webster´s 
online dictionary] 

1.2.2. Wave motion 

Wave motion is the propagation of regular oscillations around that equilibrium position. As 

it has been said above a restoring force is needed make the motion possible. In surface waves 

the two restoring forces are:  

 The gravitational force exerted by the earth. 

 The surface tension 

Sea waves with a length lesser than 1.7 cm the principal restoring force is the surface tension. 

These short waves can be identified as small ripples that travel across the surface. As they 
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are governed by surface tension they are known as capillary waves. On the other side waves 

with a length higher than 1.7 cm are gravity waves, since their principal restoring force is the 

gravitational force. Figure 3 shows the distribution of different waves as function of primary 

disturbing force (red) and primary restoring force (blue). 

 

 

Figure 3 : Classification of waves depends on period and restoring forces. [Educationally only-waves] 

 

As will be explained later, the amount of energy contained in a wave is a function of wave 

period. Most of the wave energy is commonly concentrated in wind waves with periods 

between 0.01 and 10 seconds as can be appreciate at figure 3. Tides are also waves with 

periods of 12 and 24 hours. They are caused by the gravitational interaction with the moon 

and sun and their restoring force is the coriolis force. [Tom Garrison] 

1.3. Origin of the waves 

Wave energy is considered as a concentration of solar energy. The transfer of solar energy is 

highest between 30o   and 60o latitude, near the equator, and in high altitudes because of polar 

storms.  

Since the maximum amount of energy is transferred to waves in storm zones, storm waves 

can travel thousands of kilometers in long-sinusoidal waves that contain a high percentage 

of the initial energy. The wave‟s energy drops about one-third of the level it had when it 

reaches shallow water, less than 200 m deep. However this energy remains almost constant 

when waves are traveling across the deep ocean. 
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In order to explain the relation between the wind and waves more accurately, first is 

necessary to understand the sources that cause them, as the wind and the sun, and their 

behavior. 

1.3.1. Sun and Wind 

Sun radiation that reaches the Earth‟s surface is approximately 235W/m^2.  Depending on 

the latitude, there are areas where the energy reaches the Earth´s surface with a higher or 

lower intensity. Thus the difference of energy between the input (sun radiation) and output 

(earth radiation) vary in the range of [-80, 40] W/m^2. It causes a heterogeneous warming 

up of the earth surface that causes differences of the atmospheric pressures. 

Since the temperature depends on the radiation, E ~T^4, to keep an energy balance, a 

horizontal flow of energy is created on earth surface between different pressures zones. Its 

transfer is carried out by convention thanks to the wind, together with sea currents and 

rains.  

To summarize, these winds currents are the responsible of the wave‟s creation. [Dr J Floor 

Anthoni. ] 

 

1.3.2. Waves 

As it has been explained above waves are caused by wind blowing over the sea surface. All 

waves where energy moves through or across the surface are progressive waves. Particularly 

waves that travel through the material are body waves as the sea waves. Sea waves occur at 

the interface between atmosphere and ocean.  

The theory of wave formation was described by Harold Jeffreys in 1925. Since wind is in 

contact with the sea surface and water and wind have different speeds, a frictional stress is 

produced. Wind stress exerted upon the sea surface transfers of a momentum and energy 

into the water, thanks to the wave aerodynamics that make this transfer possible.  The 

mechanism of this transfer of energy is the sheltering effect provided by wave crest. It means 

that the creation of waves is due to different pressures of the air on the front and rear slopes. 

To make this transfer possible three conditions are needed: 

▪ Wind speed should exceed wave speed.  

▪ Wave speed exceeds 1m/s. 

▪ Waves are steep enough to provide a sheltering effect.  

The force that is exerted by the wind is proportional to the square of the relative speed 

between the wave and the wind. However in deep water wave speed is no so related with 

the wind speed but it is with the square root of the wave length. So the greater the wave 

length is, the faster the wave travels on deep sea. [Waves tides and shallow water process] 

Equation 1 shows this relation.  
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   √   

Equation 1: deep water waves speed 

  

Notice that this equation matches what have been said before: surface tension doesn‟t have 

influence and distance to the bottom is irrelevant in the propagation of long waves in deep 

water. 

1.4. Types of waves 

Owing to ocean floor changes in shape as it approaches the coast, the waves suffer this 

variation when they reach shallow waters. In order to explain what effect the sea has on the 

shape of the waves, first it is necessary to differentiate between deep and shallow waters. If 

the distance from the surface to the bottom is denoted as “d”, then the next classification can 

be done: 

Deep waters if: 

  
 

 
 

Equation 2 : condition deep water waves 

In this case the wave motion is unaffected by the ocean bottom and the vertical 

motion of water particles becomes negligible at depths greater than one half the wavelength. 

It means that the speed of deep water waves is independent of the depth, so it is just 

determined by wavelength and period. 

Shallow waters if: 

  
 

  
 

Equation 3 : condition shallow water waves 

Here circular trajectory of water particles turns more flat due to the interference 

of the bottom. The speed of shallow water waves is independent of wavelength or wave 

period. Therefore the speed is controlled by the effect of the depth. [Earth science Australia] 

1.4.1. Swell waves 

In order to explain which kinds of waves have been looked at when testing the WEC, deep 

water long waves, known as swell waves, and their characteristics need to be study more in 

depth. 

Swell waves travel out of a stormy or windy area where they were created and continue on 

in the direction of the winds that originally formed them as sea waves without been 
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influenced by the local winds. As the swell wave advances, its crest becomes flattened and 

rounded acquiring thus a sinusoidal shape. Swell waves are characterized by a relatively 

long and regular period. They travel for thousands of miles before disappearing.  

Swell waves normally come from a direction different from the direction of the local wind 

and sea waves at the moment.  But sometimes they match up with sea wave‟s directions and 

if sea waves are high enough it makes it difficult to distinguish the two systems.  

Diagrams shown on Figure 4 make a relation between wave speed and period for different 

depths and wave length and period.  For example:  a 16 second swell in 60 m deep water 

travels at 24 m/s approximately (left  diagram).  By checking this 16 second swell in the right 

diagram, it can be observed that such swell has a wave length of 350 m. 

 

 
Figure 4 :  Diagrams for deep water waves. Left:  relation between speed and period. Right: relation between 

length and period. [Dr J Floor Anthoni] 

 

1.4.2. Shallow Water Waves 

When deep water waves reach shallow waters, they become higher and change shape. It 

starts to occur when sea depth is a half of its wave length. In a wave the energy from the 

wind is dissipated when it breaks upon the shore break.  Some energy is reflected back and 

the rest is dissipated as sound and heat in the break shore. The total amount of energy that is 

reflected back to the sea depends on the slope of the beach. The shallower the angle of the 

beach slope is the less energy is reflected. Note that waves change shape in depths 

depending on their wave length, but break in shallows in relating to their height. 

Despite of their period remaining the same, their wave length and speed, decrease. 

Theoretical limit of wave stability is approximated by a wave height to wavelength ratio of 

1/7[Earth Science Australia]. There are three major types of breaks: 
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 Spilling breaks:  result from waves of low steepness and long period, as swell waves, 

over gentle slopes.  They are the most common on the beaches with low slope. 

 Plunging breaks: convex at the back and concave at front. 

 Surging breaks: occur where the beach slope exceeds wave steepness. Wave breaks 

one at a time. [Dr J Floor Anthoni] 

1.5. Sea State 

1.5.1. Significant Wave Height 

To define a particular sea state it is necessary to set a significant wave height. In physical 

oceanography, significant wave height (Hs) is defined as the average height of the one-third 

part of the measured waves having the largest wave heights. The most of the waves are 

lower than this significant height but it is over passed when encountering two different wave 

phases. Figure 5a shows the distribution of different wave heights. The majority of the waves 

have the most probable height H. 

 

Also the specific wave height can be calculated as: 

   
 

 

 
  

 ∑   

 

 
 

   

 

Equation 4 : Significant wave Height 

Where 

N is the number of measured waves  

Figure 5a: Statistical wave distribution [Wave statistics. Comet Program, NOAA] 

http://en.wikipedia.org/wiki/Physical_oceanography
http://en.wikipedia.org/wiki/Physical_oceanography
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Hm is the individual wave heights. With m=1 and m=N for the highest and lowest wave 

respectively. 

This parameter it is quite useful when setting, sea conditions in a particular places, with data 

obtained for a data base.  

The significant height is useful to establish a relation between wind speed and sea state. As 

the wind speed increases the significant height increases. The relation between these two 

parameters is expressed by the Beafourt scale (Table 1). Furthermore World Meteorological 

Organization WMO sea state code uses the Douglas Sea Scale to establish a sea definition 

that is useful to estimate the roughness of the sea for navigation (Table 2). 

 

 

 

Table 1: Beaufort scale Developed in 1805 by Sir Francis Beaufort of England 
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Table 2: Douglas Sea scale: 

 

 

 

 

 

 

 

Notice that for waves higher than 2.5 m the sea state is defined as rough. It is important 

because one of the most important features when designing sea devices is the robustness.  

1.5.2. Fully developed sea 

It is considered that waves are developed into a fully developed sea when they start to 

become more rounded and harmonious. This means that when they became swell waves. It 

occurs far off of the shore where the distance that wind has traveled, called fetch, is long. 

Here sea state has reached its maximum. Since wind speed is variable, the real developed sea 

is not so ideal. Variations in wind speed produce variations in wave size, thus a fully 

developed sea is composed by different wave size. This range of wave sizes is known as a 

wave field.   

 

Figure 5 b: Energy contained in a wave as function of height. Horizontal axis: Wave period seconds; Vertical 
axis: Amplitude squared.[ Dr J Floor Anthoni] 

 

Figure 5b shows the evolution of the energy of each particular wave field as a function of the 

wind speed. It shows the wave energy spectra for three fully developed seas related to wind 

DESCRIPTION  
State of the sea 

 

WAVES 
AVERAGE HEIGHT 

0 Calm (glassy) - 

1 Calm (rippled) 0 - 0,10 metres 

2 Smooth 0,10 - 0,50 metres 

3 Slight 0,50 - 1,25 metres 

4 Moderate 1,25 - 2,50 metres 

5 Rough 2,50 - 4 metres 

6 Veryrough 4 - 6 metres 

7 High 6 - 9 metres 

8 Veryhigh 9 - 14 metres 

9 Phenomenal over 14 metres 



Chapter 1. Background 

 
 

21 
 

speeds of 20, 30 and 40 knots. The area under the curve represents the energy contained in a 

wave field that is proportional to the square of height. 

The wave growth has a rapid increase in size and length until wave speed is a third of the 

wind speed. When wave speed has reached a third of wind speed the evolution becomes 

lower. However wave speed never achieves the same speed as the wind. It is, in one part, 

due to the friction losses where some energy is dissipated as heat and sound by friction. [Dr J 

Floor Anthoni.] 

1.6. Wave Energy 

The energy contained in deep water waves is proportional to the square of the wave height. 

So the total energy per unit area of a wave in joules per square meter is: 

  
 

 
           

 
Equation 5 : Wave energy per unit area 

Where 

ρ= the density of seawater = 1028 kg/m3 

g = acceleration due to gravity = 9.8 m/s2 
H= Wave Height 

This energy is the sum of the kinetic energy present in the orbital motion of the water 

particles and the potential energy caused by the displacement of the particles around their 

equilibrium position.   

Defined the wave length in deep waters as: 

     
    

   
 

Equation 6: wave length in deep waters 

The angular frequency as: 

 

      
   

 
 

Equation 7 : wave frequency 
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The wave number as: 

  
  

 
 

Equation 8 : wave number 

The wave speed known as celerity propagation then is: 

  
 

 
 

 

 
 

Equation 9 : wave celerity 

The celerity of a group of waves, Cg, in deep water is approximately a half of the wave 

celerity. 

   
 

 
 

Equation 10 : celerity of a group of waves 

Therefore the common measure of wave power, P, in watt per meter (W/m) of crest length 

units is:  

  
    

 
   

      

   
                

Equation 11: Wave power per wave length 

It is the flux of power contained in a wave per crest length. Furthermore it is the maximum 

available power per wave crest that a WEC could take off supposing an efficiency of 100%. 

This value is useful when designing sea devices in order to make sure that they are able to 

support the conditions to which they going to be exposed and when calculating the 

efficiency. 

1.7. Wave Energy around the world 

The subject of this section will be the study of the wave energy available worldwide giving 

special attention to Europe. This section also includes an overview of the wave resources in 

the Canary Islands and in the Baltic Sea.  

According to Thorpe´s calculations energy from the waves represents a source of power of 

2TW (2*10^12) which is equivalent to a 1750 TWh annual energetic capacity. [Thorpe 2000]  

Furthermore according to calculations of the International Energy Agency wave energy 

could supply over 10% of the world‟s current electricity. [IEA]. 

Figure 6 shows the power distribution of energy per wave front length around the world in 

kW/m. 
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Figure 6: Wave power levels given as kW/m of wave front. 2003 Tom Thorpe 

It is important to remark that these values represent an average of the wave power during a 

whole year, taking into account all the seasons. Therefore it is useful to make an estimation 

of which places would be more profitable when placing a device. 

 However to calculate the wave power in a specific place the procedure will be to  check the 

specific wave height and period in an official data base of that place and apply Equation 11: 

Wave power per wave length  

There are several estimations about the amount of the energy around the world. The fact is 

that the most powerful coasts are located on the latitudes between 30º and 60º.  

Notice that places like Chile, Canada, Australia, United States and Scotland are the ones that 

contain the highest flux of energy in comparison with the rest of the world.  

1.7.1. Wave Energy in Europe. 

Figure 7 shows that the western coast of Europe has a higher energy density. Recent studies 

assign to the area of the north-eastern Atlantic (including the North Sea) available wave 

power resources of about 290 GW. [Pontes] 

Summarizing, in Europe the range of power varies from 25 kW/m on the Canary Islands up 

to 74 kW/m on the coasts of Ireland and Scotland. The total availability of wave energy 

resources in the European coasts is estimated in 320 GW. [Centre, 2006].  
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Figure 7 : European distribution of wave annual power kW/m. 

1.7.2. Wave Energy in Spain 

Since Spain is a country surrounded by sea, wave energy resources play an important role. 

Moreover Spain has 7880 km of coasts with high potential zones such as Galicia, the Basque 

Country or Cataluña coasts. 

The Mediterranean Sea, located on the east coast, is the calmest one with power levels in the 

range of 4 to 11 kW /m.  On the Mediterranean coast of Europe the annual deep-water 

resource is estimated in 30 GW. [Centre, 2006] 

The Technologic research institute of Pontific University of Comillas, has carried out an 

assessment for Greenpeace in November of 2005 on renewable energies in Spain. They made 

a technical analysis of the viability of the electrical generation with a maximum contribution 

of renewable energies. It was based on the electrical demand by the population in 2050.  

Although in Spain this kind of energy has not yet achieved a market penetration, with the 

appropriate economic and technical support, in 2050 it would be possible to install 

84.400MW of electric power based in wave energy. It would mean a generation of 296TWh 

per year that is 105.7 % of the national electrical demand expected for 2050. [Greenpeace 

2005]. 

Figure 8 shows the results of this assessment. 
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Figure 8 : Green peace 2050 

1.7.3. Wave Energy in Canary Islands 

The Canary archipelago is composed of seven islands with a total population of around 2 

million of people unequally distributed. Gran Canary and Tenerife supporting the 80% of the 

total population of around that means 800.000 people each.  

The northern coastline of the Canary Islands (20 kW/m) is the third place with most wave 

power available around the Spanish coasts. The north face of the archipelago has a higher 

flux of energy, due to the currents. Meanwhile the southern coastline of this archipelago 

presents mean annual values below 10 kW/m [IDAE]. 

Furthermore the Technological Institute of Canary has carry out a project called Eracmac 

[Technologic Canary Institute] to identify the wave power resources through the utilization 

of three buoys. Two of them are located in the north of Gran Canaria and the other one in 

Tenerife South.  

There are also two WANA simulation points that use the WAN simulation of wave 

generation, one in the north of Tenerife and the other one in the north of Gran Canaria.  

The distribution is showed on Figure 9 and the average values are shown on Table 3. 
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Table 3 Average Power on the Canary coast 

Localization Type  Latitude Altitude Period of Analysis Average Power 

North-West. GC Buoy 28º 8.5' N 15º 27.5' W 1986-2001 15,52 kW/ m 
North – East GC Buoy 28º 11.4' N 15º 48.6' W 1997-2001 16,32 kW/m 
North-East GC Simulation point - - 1995-2001 21,25 kW/m 

South Tf. Buoy 28º 0.0' N 16º 34.8' W 1993-2001 5,15 kW/m 
North Tf Simulation point - - 1995-2001 31,65 kW/m 

 

Furthermore in the north face of Gran Canaria, the flux of wave energy diminishes in respect 

to the north of Tenerife due to its shadow effect.   

Although some places of the Canary coasts have a high potential, the implementation of 

these technologies has had a slow implementation. 

 

Figure 9 Distribution of buoys (yellow) and Simulation points (red) on the Canary Islands: 

1.7.4. Wave energy in the Baltic Sea  

In the Swedish coasts the places with a greater energy flux energy flux are located in the west 

coasts. 

The highest energy flux place seems to be the off shore sites of Skagerrak, with 

approximately 5.5 kW/m. However this energy flux changes significantly when the waves 

move close to the land. In places such as Kattegat waves are less energetic, with an average 

energy flux of approximately 2.4 kW/m, but this value increases when moving towards the 

north. [Rafael Waters, Jens Engström, Jan Isberg, Mats Leijon. 2009] 

Although the energy flux in the Baltic Sea is lower, there are waters close to Gotland and 

Ӧland islands with a relevant energy flux.  
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2. Technology 

Currently there are several literature works that explain and classify the technology that has 

been developed. However the target of this chapter is not to introduce all the present 

technologies but to make an analysis of technologies that are closely related with the scale 

model that have been tested.  

Since the WEC prototype is an overtopping converter, this chapter will be restricted to the 

study of such technologies.  

2.1. Overtopping Converter 

2.1.1. Work exerted by a fluid 

As a consequence of the energy contained in a wave is proportional to the square of its 

amplitude, the energy extraction involves an attenuation or total absorption of the wave. 

It is needed to highlight that the scale WEC is only able to absorb waves in unidirectional 

way. This means that the device should be oriented perpendicular to the direction of the 

wave‟s advance, so that in this way the absorption can occur. 

Moreover in order to extract energy from a fluid, it has to do a work. In this way the fluid 

exerts a force in one direction.  

According to the classification of Manuel Pinilla [Manuel Pinilla] the work carried out by an 

overtopping device is performed in two stages. 

First Stage: Utilization of the kinetic energy. 

It is done by forcing the wave to go up a ramp and fill up a reservoir which is at a certain 

height above MWL, this height is known as float level, h.  

Second stage: Processing of potential energy into electrical energy by driving a turbine. 

 

At this stage the principle of conversion is the same as the one in a hydroelectric plant, where 

the potential energy is extracting. Water is discharged back into the sea through a pipe in 

which there is a turbine. Equation 12 shows the hydraulic power of the turbine. 

            

Equation 12 : Hydraulic Power of the turbine 
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Notice that the power extracted by the turbine is directly proportional to the flow rate and 

the pressure difference between the input and output of the turbine. 

Furthermore in order to obtain energy from a fluid, like sea water, the fluid needs to exert a 

force in a mobile body to produce an energy transfer. When a fluid is moving inside a 

conduct, such as a pipe, it is the inertia of the movement that causes an increase in the static 

pressure when the fluid crashes with a surface. Thus the force that activates the movement is 

produced by the action of   the dynamic pressure. Therefore dynamic pressure is a function 

of speed and density of the fluid. It is expressed in the following equation. 

  
 

 
         

Equation 13 : Dynamic pressure exerted by a fluid 

Thus the mobile body, turbine blades, stores the energy as kinetic or potential energy. The 

power that is capable of extracting a turbine is given by the equation: 

             

Equation 14 : Hydraulic power extracted by a turbine 

Mention that this equation is equal to equation 12, owing to the pressure difference, is 

proportional to height difference between the MWL and the water level in the reservoir. 

Furthermore this difference in heights is equal to the float level, when the system reaches the 

stay state. Figure 10 shows the configuration of the system 

 

 

Figure 10: Configuration of an overtopping type wave converter 

2.1.2. Classification of the wave converter 

As a classification system, the one that is presented at Julia Fernandez‟s Thesis [Julia 

Fernandez 2008] is used, so the WEC tested is classified according to its way of getting 

energy and its location.  

Regarding the relative position between to the wave propagation and the device, an 

overtopping wave converter is a terminator converter, because after it the wave amplitude 

becomes zero. On the contrary, converters that are oriented parallel to wave‟s advance 

direction are known as dimmers. Finally, small dimension converters, such as the buoys, are 

classified as punctual absorbers. 
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Depending on the type of energy that extracts an overtopping device, it is a potential energy 

wave electricity converter. The rest of energy extraction systems are: floats, pneumatics, rafts 

or mobile devices. 

According to the relative position with the shore, converters can be off shore or on shore. The 

real scale WEC is designed to be located off shore in deep waters. However each option has 

its own advantages and disadvantages that will be explained later. 

Attending the interaction between fluid and device the overtopping converter is an active 

system. The energy is produced due to the pressure exerted on the mobile parts by the water. 

Systems where the air, displaced by the water, is the fluid that produces the work are also 

active systems. On the contrary passive systems are those where the structure remains 

immobile during the energy conversion. 

Finally potential converters can be fixed to the sea bottom in a way that waves cannot move 

them or floating on the sea surface integrated with a system that allows making a regulation 

of the float level.  

It is important to remark that at the tests carried out by Martinelle and Frigraad with a 

floating model, the results indicated that the overtopping discharge was reduced by up to 50 

% because of the movement, in comparison with fixed structures. Nevertheless it is 

influenced by the configuration of the structure. On the other hand the comparison made by 

Kofoed between his two tests with either fixed and floating structures, showed that there is 

almost no difference in the obtained results with this two configurations.  

2.1.3. Comparison between off-shore and on-shore constructions 

The majority of projects nowadays are located off shore because there is a high potential of 

wave energy. However off shore devices have to be designed to support harder conditions 

and also the access is more difficult.  Off shore devices aimed at the creation wave farms that 

sometimes can reach potentials of 50 MW.  

Since an on shore device is usually an individual project, it is not able to generate this 

amount of energy. However one positive feature of them is that the average unit capacity is 

generally higher than for offshore technology. A useful location for these constructions could 

be the archipelagos where, for example, an individual unit of 4 MW would have a high 

impact.  

Nevertheless shoreline devices only account for 8 % of forecast capacity between 2004 and 

2008. Although on shore devices have some advantages such as easy access and maintenance 

commercial wave energy will grow on the back of modular offshore wave energy devices 

[Westwood 2004]. 
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2.2. Potential energy converters worldwide 

There are four main potential energy transformers worldwide. TAPCHAN and SSG are fixed 

on shore devices and the Wave dragon and Wave Plane are deep water floating devices. 

Nevertheless Only the Wave Dragon and the TAPCHAN will be analyzed.  

2.2.1. Wave Dragon 

Owing to the fact that the Wave Dragon is the more similar technology in design and 

principle of working to the WEC, this section pays a special attention to it. What is more, 

several works regarding with the wave dragon technology, were consulted and they were a 

reference for this thesis. 

Although there is not yet a full-scale model working, a Wave dragon 1:4.5 scale prototype 

launched in 2003 located off the coast of Denmark at Nissum Bredning was the first grid 

connected deep water wave energy conversion device. It has a total weight of 237 tones. 

That prototype was instrumenting in order to monitor power production, wave climate, 

stresses in the structure and movements of the Wave Dragon reservoir and reflecting arms.  

Regarding with the latest news (August 2009) available at Web Dragon official web page, a 

full-scale commercial demonstration unit in Pembroke with capacity of 7 MW is ready to 

construct and deploy. However as a consequence of the lack of update information at the 

official web page, the author couldn‟t find information about the develop stage of that full 

scale model. 

The technology present in Wave Dragon follows the same principles from traditional hydro-

power plants, but implemented in an offshore floating platform in this case. Since its 

principle of working has been explained at the introduction chapter, here will be only 

discussed its most important features and how they can be applied to the WEC. 

Particularly the Wave Dragon consists of three main elements [Frigraad, Kofoed, and 

Rasmussen] : 

 Two wave reflectors focusing the waves towards the ramp. 

 Doubly curved ramp and floating reservoir  

 Set of low head Kaplan- propeller turbines. 

 

Figure 11 shows the configuration of the Wave Dragon. 
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Figure 11 : Sketch of the principle of the Wave Dragon (Illustration by Marstrand taken from Kofoed 2002) 

 

Furthermore Wave dragon has some features that make its design complex but at the same 

time make it robust and efficient. These innovations integrated in the Wave Dragon and how 

they can be applied to the WEC are following discussed. 

The two wave reflectors are one of the patents of Wave Dragon. It drives waves that reach 

the reflectors toward the ramp. It has a verified effect on increasing the significant wave 

height substantially, and thereby increases the captured energy by approx. 100% in typically 

wave conditions. [Frigraad, Kofoed, and Rasmussen]  

Another Wave Dragon patent is its curved ramp with elliptical shape. This design maximizes 

the amount of water that reaches the reservoir. The ramp can be compared with a beach. 



Chapter 2: Technology 

 
 

32 
 

When a wave breaks it means a loss of energy, because of that the ramp must be designed in 

a way to avoid breaking of the wave before reach the deposit. So the Wave Dragon ramp is 

sort and with relative steep to achieve minimizes the loss of energy.[ Wave Dragon]   

Moreover, Kofoed 2003 tested different slope layouts so as to establish an optimal structure 

with the maximum overtopping. His study verified the significant positive effect of a doubly 

curved ramp. 

Nevertheless the WEC have been designed with a plane ramp as a consequence of the 

complexity of the construction that elliptical ramp suppose at so reduced scale. However 

thanks to the adjustable slope of the ramp, maximization in the amount of water that reaches 

the reservoir can be also pursue. 

To regulate the flotation of the structure, the Wave Dragon has a pneumatic system. It is 
integrated by open air chambers. Changing the air pressure inside the chambers the floating 
level of the structure could be adjusted with the chaining wave heights.  

The height of the WEC will be also adjustable vertically fixing it to the tank walls at a certain 
level, due to the problems that supposed to implement a pneumatic system at the WEC scale. 
But the full scale model of the WEC it is supposed to be floating. That‟s the reason why the 
influence of the float level was studied at the tests.  

 

Table 4 shows the technical specifications of the wave dragon prototype located in Nissum 

Bredning with a potential about 0.4 kW/m. The three columns on the right are the 

hypothetical values that the full scale model should have if it would be placed in a 24 kW/m, 

36 kW/m and 48 kW/m power zones. 

 

Table 4: Specifications of the Wave Dragon prototype 

Wave Dragon key figures:    0.4 kW/m  24 kW/m 36 kW/m 48 kW/m 

Total width and length [m] 58 x 33  260 x 150  300 x 170  390 x 220  

Height [m] 3.6  16  17.5  19  

Reservoir [m3] 55  5,000  8,000 m3 14,000  

Number of  low-head Kaplan turbines 7 16 16 - 20 16 - 24 

Permanent magnet generators [kW] 7x2.3 16x250  16-20x350-440 16-24x460-700  

Rated power/unit [MW] 0.020  4  7  11  

Annual power production/unit [GWh/y] - 12  20  35  

Water depth [m] 6  > 20  > 25  > 30  
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2.2.2. Tapchan 

This overtopping wave converter is an on shore fixed structure with a rated output of 350 

kW. The TAPCHAN started its operation in 1985 at Toftstallen in Norway. The device 

functioned successfully until the early 1990's when work modifying the device and storm 

conditions destroyed the tapered channel. 

The TAPCHAN device (TAPered-CHANnel) is based in a walled channel that gradually 

narrows as it rises from the mean water level. As waves reach the channel the wave height is 

amplified until the wave crest spills over the walls to a reservoir. Once the water is stored it 

flows back into the sea (behind the reservoir dam and turbine house) through a conventional 

low-pressure water turbine running a 350 kW generator connected to the local grid.   

  

Figure 12 TAPCHAN 

 

TAPCHAN concept is an adaptation of the traditional hydroelectric generation. It counts 

with a small number of mobile part and all they are integrated in the generation system, 

Maintenance costs are lower. Moreover this technology don‟t represent problems when 

facing the energy demand due to it can store water to produce energy when were necessary. 

Nevertheless these systems are not appropriated for any cost region.  The place requires 

continues waves and a water level variation up to 1 meter.  Moreover the TAPCHAN should 

be located in close to deep waters. [Textos Cientificos] 

It is important to remark that the Wave Dragon combines ideas from the TAPCHAN and Sea 

power from Sweden. 
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3. Model Set up 

3.1. System Configuration 

The tests have been carried out in the wave tank at the Heat Transfer Laboratory, ETT, of 

KTH. This wave tank is 2.5 x 0.70 m of section with 0.7 m of depth. The wave tank has the 

shape of a narrow channel, with the wave maker placed at one extreme and the WEC fixed at 

the opposite extreme. The configuration can be shown on Figure 13.  

 

 
 
In addition an aluminum frame has been built around the structure, to stabilize the group 

and reduce the vibrations of the engine. This frame is fixed to the ground and both, the wave 

maker and the WEC, are attached to it. A picture of the construction can be seen on Figure 

14. 

 

Wave tank 

Wave maker WEC 

Figure 13: Drawing of the test system  
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Figure 14: Picture of the test system  

Although the aluminum frame has rails on the upper part that allows the WEC to move 

along the wave tank, the WEC remains fixed to the extreme during the whole test. However 

the float level of the device over MWL can be adjusted. This adjustment was made by 

varying the height of metal bars. These metal bars are linked to the aluminum frame and 

hold the reservoir and the ramp of the WEC. 

This construction can be seen on Figure 15 

 

 

 

 

Figure 15: Attaching of the WEC to the metal frame 



Chapter 3: Model Set up 

 
 

36 
 

Although most of wave crest was intercepted by the WEC, the gap between the structure and 

the device has been filled with sponges to increase the absorption of the wave at the 

receiving end. Moreover it reduced wave reflections and the WEC vibrations it can be 

observed on figure 16. 

 
 

Figure 16 : Sponges between WEC and glass to diminish reflections and vibrations 

 
Actually there are different absorption methods that can be used in these kinds of 

installations. One useful method is the installation of beaches on the edges of the tank. 

However its use is more common in big tanks where the device covers a small portion of it, 

so that the wave is still spreading once it has passed the WEC until it is attenuated at the 

beach.  

This is not the case with this model as the device takes almost the entire width of the tank, 

ant the propagation of the wave finish in it. 

Finally it is important to remark that volume of water in the tank was kept constant, during 

all measurements, to a depth of 50 cm, d = 50. This was so except for a small percentage of 

error that will be explained later. Moreover note that, either the wave maker or the WEC are 

made of PVC (Polyvinyl chloride) 

Following is detailed the construction and operation of the main parts of the system. 
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3.2. Wave Maker 

The aim of building up a controllable wave maker was the generation of periodic wave trains 

of permanent form in the tank. As generated waves depend on the configuration of the wave 

maker, it was needed to be controllable and adjustable to achieve the desired waves.  

Usually wave generators are integrated with a mechanical and an electrical part. The 

mechanical part usually consists of a wall, or more, to push the fluid. On the other hand, the 

electrical part consists of an engine, and electronic devices to control it, which produces the 

motion. Following will be briefly described the different types of wave generators and their 

operation 

3.3. Types of wave makers 

For reasons of cost and space, at this study a plunger type wave maker with vertical motion 

has been chosen. This type of generator was suitable for the tank depth, and allows an easy 

control. Within the plunger generators are two types: Those, where the wedge is moved 

vertically by a rails in and out the water, that is the type used at this study (Figure 17), and 

those where the wedge is inserted into the water sliding down a surface with an inclination 

of 30 degrees typically (Figure 18). 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 18 : Plunger type wave maker - Ramp slip 

Figure 17 : Plunger type wave maker-vertical motion 
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However wave makers installed in test tanks today are usually either flap type, Figure 19, or 

translating piston type, Figure 20. Flap type wave maker consists in a wall that rotates about 

a pivot point below the still water level. On the other hand the translating piston type wave 

maker, the wall in contact with the fluid is moved horizontally in the direction of 

progression of the wave. Moreover they both can be composed of one or more blades, whose 

motion is controlled by electronic devices. 

 
 

 
Figure 19 : Flap type wave maker 

 
 

 
Figure 20 : Piston type wave maker 

 
 
Regarding to their utilization, flap wave maker are typically found in deep-water tanks 

where water depth is large compared to typical wave lengths. On the contrary translating 

piston wave makers are found in shallow water tanks to study the coastal waves like the 

tsunamis. 
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The explication of this choice is easy: since the motion of the wave maker face is primarily 

horizontal, the motion should ideally approximate the variation of the horizontal wave 

orbital motion with depth below the free surface. In deep waters this variation will tend to be 

exponential with depth, while in very shallow water there is little decay of the horizontal 

orbit from the surface to the bottom. For hinged flaps in deep tanks, the linear variation of 

horizontal motion with depth is chosen as a compromise to approximate the desired motion 

over the design range of wave lengths. [O‟Dea and Newman] 

 

3.4. Plunger type wave maker: Design and Construction 

This kind of design has particular advantages such the simple construction of the triangular 

shape. Furthermore a change in the immersion depth does not change the geometry of the 

wave maker cross section. The control of the wave maker performance is thus possible 

simply through adjustment of the wave maker variables. 

Mechanical Part  

The mechanical part is integrated by a crank rod connecting system and the wedge. The 

crank rod mechanism is responsible for translating the rotary motion of the rotor, to a linear 

movement in the wedge. Figure 21  shows the configuration of the system. 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ϴ 

Connecting rod 

Crank shaft  

Wedge  
S 

engine 

motor 
l 

Figure 21 : Wave maker- Mechanical unit. Connecting rod system draw (left). Front view of the wave maker (right). 
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Where: 

l is the length of the connecting rod and it is on the range of [0-25]mm 

S is the Stroke of the wedge 

α is the opening angle of the wedge, is on the range  [0-30] degrees  

In addition the motion of the system meets: 

      

It says that the stroke of the wedge it is twice the length of the crank-shaft. So that length was 

adjusted in order to neither to take the wedge out of the water nor completely submerged it. 

Regarding to the wedge‟s design, the opening angle, it was adjusted by the turn of a screw. 

Thus the front wall was moved forward and backward, increasing and reducing the angle 

respectively. The system is shown on Figure 22 

 

 

 

 

 

 

 

 

As have been said above the connecting rod has a rail to adjust the distance to which is 

attached to the crank shaft, that allows changing its length, l. It can be appreciate on figure 

23. 

Figure 22 : Adjustment screw opening angle of the wedge 
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When designing the wedge was decided that it interior to be hollow because the design 

pursued to make the system as light as possible. In addition the back wall was designed not 

to produce flat waves in the opposite direction. Figure 24 shows a rear view of the wave 

maker.  

 

Figure 24: Rear view 

 

 

Figure 23 : Adjustment screw on the length of the connecting rod. Lateral view (left). Front view (right) 
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The dimensions of the wedge, in cm, are showed on Figure 25 

 

 

 

Mention that the opening angle was set in order to the screw didn‟t touch water to not cause 

harmful interference in generated waves. Figure 26 shows a cross section of the wedge. 

 

 

To summaries, variables that can be adjusted at the mechanical part are: l and α. 

 

Electrical unit 

 
The electrical part consists of an asynchronous motor with a reduction gearbox and a 

frequency driver that allows variation of the engine‟s speed. 

Figure 26 : Cross section of the wedge 

Figure 25 : Dimensions of the wedge in cm 
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This combination gives the nominal torque available until the nominal speed is exceeded. At 

this point, for design reasons, the voltage cannot keep increasing with the speed and there is 

a weakening of the flux. Figure 27 illustrates this relation. 

 

Figure 27 : Torque- Speed curve Asynchronous motor with inverter 

 

 

Table 5 : Engine specifications 

Vn =230V In=1,32 A P=180 W p=1 

f= 50Hz cosα= 0.92 n1= 48t/min Gearbox ratio: 1/59 

 
 
On figure 28 the system used to connect the motor with the crank can be appreciated, it has 

had to extend the shaft, putting a wall in the middle where the rails were fixed. 
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The equation that relates the frequency set at the adjustable frequency driver with the output 
speed is: 

 
 

       
 

  
      

  

  
    

 

 

It is noted that the rotor speed is nearly equal to the frequency s, which suggests that up to 

50 Hz or so it will work at nominal torque or less. This is an advantage when producing fully 

sinusoidal waves. 

 

So the only variable that can be adjusted at the electrical unit is the motion frequency, f. 

3.5. Two dimensional wave maker theories 

The theory for generation of wave by wave maker has been solved for several authors. 

Haverlock (1929) derived the analytical solution for both two-and three dimensional wave 

makers. His theory was applied by Biesel and Suquet (1954) in a flap type wave maker.  

The linear transfer function between the wave amplitude and the wave maker stroke as a 

function of the angular speed of the wave maker has bees experimentally confirmed in many 

basins (Hudspeth et al (1981)), and also has been extended to nonlinear wave generation.  

Figure 28: Sirem asynchronous motor. Model R1C 245 N BR. 
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However, owing to it is a complex subject and was not object of study in this thesis, the 

following principles were accepted for the regulation of the wave maker. 

The wave height is influenced by: 

 The stroke of the wedge S 

 The angle of the wedge α 

 The superposition of two waves due to reflection 

The speed of wave propagation is influenced by: 

 The motion frequency 

 The encounter with another wave in the opposite direction due to reflection 

It means that a larger wedge‟s angles and strokes lead to higher waves owing to the larger 

change in displaced water volume. Furthermore a higher motion frequency leads to faster 

waves. 

Moreover Tommi Mikkola in his Simulation of Plunger- Type Wave Makers” paper [Mikkola 

2009], obtained the relations between the asymmetries, present in the wave shape, for a 

certain wave height and wedge angle.  

The horizontal asymmetry is the ratio of the height of the crest above the zero level to the 

wave height and. The vertical asymmetry is defined as the ratio of horizontal distances from 

the crest to zero crossing in front and behind crest.  

The results Mikkola paper are: 

 Increased wedge angle leads to higher waves, but also increase the fluctuations of 

vertical asymmetries 

 Amplitude of asymmetries fluctuations is highly dependent on the motion frequency  

 The smallest wedge angle has the smallest asymmetry fluctuations, but requires 

significantly larger motion amplitudes to produce comparable wave height 

 There seems to be an optimal frequency for each wedge angle, which increases with 

increasing wedge angle 

Therefore, the wedge angle will not exceed 20 degrees and the wedge stroke, that is the 

motion amplitude, will not exceed 70 mm. 

3.6. WEC 

Since the work principles of an overtopping converter type, has been described at the 

introductory chapter, this section only will be about its design and construction. 
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Figure 29 shows a picture of the WEC during a test. 

 

 

Figure 29 : Photo of the WEC in action 

 

 In addition Figure 30 shows the dimensions of the WEC in cm. 

 

Figure 30: Dimensions of the WEC in cm 

In the next chapter the design and construction of the ramp and the reservoir will be describe 

with more detail. 

 
Ramp 
 

The ramp should allow as much overtopping as possible, that implies that is better to avoid 

the wave breaking on the ramp. This design is especially different of the others marine 
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structures because instead of try to minimize overtopping, it looks for elevate it to the 

highest possible level.  

Parameters to take in account when design the ramp is: cross section, shape, and curvature 

However, due to the limitations when performing the test, the most important parameter of 

study was cross section shape. 

The reason why the study of other parameters has been avoided is because they couldn‟t be 

incorporated when designed the scale model. A double curve surface as the one present at 

the Wave Dragon was not built because simplicity and costless were desired features when 

building the WEC. 

Therefore it has been designed as a plan surface with an angle that varies in the range of [0-

90]. 

To this end, the ramp is joined by a hinge to the reservoir. Also the ramp is secured by a 

linkage to the aluminum frame. Figure 31 shows this setup.  

In addition, a characteristic that has been implemented is wave reflectors. As stated in the 

introduction, this is one of the Wave Dragon patents and clearly shows an improvement in 

increasing the flow. 

Its design needed to be simply and easy to build. Thereby they are two plain walls of 5 cm of 

height that are stacked to the ramp and are prolonged until reach the walls of the reservoir. 

This construction avoids an overflow of water for sides of the ramp. The wave reflectors are 

shown on Figure 32. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31 :  Hinge (Photos 1 and 2). Cross view of the ramp (Picture 3) 

1 2 

3 

2 
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Figure 32 : Building of wave reflectors 

 

Reservoir. 

The reservoir was designed in a simple way. Its dimensions are shown on figure 30. Notice 

that side and rear walls of the reservoir are higher to prevent water from entering into the 

reservoir by sides.  

The initial design had a hole at the bottom, which was connected to a pipe. The function of 

the pipe was driving the water back to the tank, whilst measuring the flow with a water flow 

meter.  

However, due to the difficulty of finding the appropriated water flow meter was decided to 

block the hole and store the water inside the reservoir. 

So finally the design of the reservoir was a cubic box with a cover on the pipe entrance. It can 

be appreciated on figure 33. 
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Following, at methods chapter, will be briefly explained the designs done for the reservoir 

and the reason why they did not work when measuring the flow. 

 

Figure 33 : Pipe blocked with the cover (left). Cover inside the bottom hollow (right). 
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4. Methods 

This section goes on to describe the methods used in taking measurements. Separately is 

explained how each parameter was measured and the precision with which it has done. 

4.1. Flow 

Flow‟s dimensions are volume divided by time. Thereby these two parameters were 

measured separately. 

It is important to remember that water flow was not evacuated back to the tank. Therefore, 

so as to measure the water volume entering into the reservoir the difference between final 

and initial water height was measured with a rule. It means that after each experiment the 

reservoir was emptied until water‟s height was almost zero. 

Since the area was known and it was constant, and then multiplied by the height difference, 

the variation of volume within the reservoir was calculated. It is expressed at equation: 

           (       )          (       )       

Equation 15: Water volume variation into the reservoir 

Where a is the area of the reservoir and  hw is the variation of the water level inside the 

reservoir. Moreover the time that such a volume of water took to fill up the reservoir was 

taken with a stopwatch.  

This measurement system, was adopted because the error caused by decreasing volume of 

water in the tank during the experiment was not significant. This error was small owing to 

the dimension of the reservoir was quite smaller than tank dimension. The area of the tank is 

A, so assuming that the water volume in the system keeps constant the variation of the water 

depth in the tank cam be expressed as a function of the variation of the water level inside the 

reservoir and the areas 

This error can be calculated as: 

      
  

 
 

     

 

 
 

Equation 16 : Error caused by store the water flow into the reservoir 

In addition there was a certain error caused by the first three or four generated waves. These 

waves weren´t produced at steady state so the flow that they produced were different, 

sometimes higher and sometimes lower , that the one produced by the steady state waves.  

That error must be added to the error when measuring with a ruler directly into water. 
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Following the different attempts that were made when measuring flow, their advantages and 

disadvantages and why they were discarded will be explained briefly.  

Attempt 1 

 

As a first attempt were tried three different water flow meters. All of them were placed 

inside the pipe, of seven centimeters of diameter, in order to measure the flow of water back 

to the tank.  

The main problem was that all of them needed a minimum inlet pressure of 0.01 bar to start 

to generate a signal. Note that 0.001 bar is equivalent to 10 cm of water column (1 mbar = 1 

cm water column). However at the system that pressure was not reached, as long it came to 

be 4 cm of water column (0.004 bars). 

Another problem when looking for the right flow meter was that this need to be waterproof 

because it would be in direct contact with water since the pipe was immersed in the tank. 

So the main reason why this way of measure was discarded was because the water height 

difference when the system reached steady state was not big enough to make the water flow 

meter works. 

New kinds of water flow meters will be presented at the future work section. 

Attempt 2 

 

The second attempt was to put a plastic bag at the exit of the pipe. Thus, knowing the 

volume of the plastic bag, and the time taken to fill it, the flow could be calculated. It was 

known that the bag was full because the water level began to increase at the reservoir. At 

that point the wave maker and the stopwatch were stopped.  

The advantage of this method respect to the method used finally was that the volume of 

water at the tank remained constant, because the plastic bag was expanding while it was 

being filled. 

The main reason why this way of measuring was discarded was due to the poor accuracy of 

the method. Since the bag was located below the WEC, it was too difficult to access and 

knew when it was completely filled. 
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4.2. Wave conditions 

The wave parameters measured were wave height and period. 

4.2.1. Wave height 

In order to measure the wave height, a transparent scaled paper was glued at the tank glass. 

It can be appreciated on Figure 34.  

 

 

Figure 34 : Scale paper used to measure wave height 

When the system was in stand still, the middle thick line of the scale paper matched with 

surface water line. Once the system was reached the steady state, the wave height was 

obtained by measuring the distance between peak and trough at a point near the beginning 

of the ramp. 

 It was measured directly by observation, but the obtained values were after contrasted with 

the aid of photos and video sequences. One of these sequences can be seen on Figure 35 
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This measure has an error because it was very difficult to set a height for each test by direct 

observation of the system or posterior observation of the pictures and the videos.  

Also that error was caused due to the reflection of waves on the ramp. Likewise was 

observed that the waves vary in height along the canal, from the generation at the wave 

maker, until they reached the ramp.  

However was considered the valid value the one taken at the ramp‟s entrance. 

4.2.2. Wave Period  

The wave period was measured by using a stopwatch. Thus counting the number of waves 

that reach the WEC during a certain time, the wave period was calculated. It is known that 

wave period values have an error. This error arises from the lack of accuracy when 

measuring by observation.  

In conclusion it can be said that either the wave height and wave period have an implicit 

error that should be taken into account when discussing the results. 

 

Figure 35 :  Sequence of a wave at the beginning of WEC's ramp 
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5. Results and Discussion 

5.1. Experiment 1 

5.1.1. Target of this set of tests 

Here the aim was to test the WEC with different wave frequencies, f ranging from 48 to 51 

Hz. The float level was set at 1.21 cm. The ramp`s length that was out of the water was 

approximately 7 cm (h / sin (θ)). 

 Another objective of this experiment was to study the influence of the ramp‟s slope. For this 

purpose were also performed experiments number 5 and 6. Later their subsequent 

comparison will be done. 

The values set in this study for the parameters of the system were: 

Wave Maker: l =25mm; α = 25. Wedge’s Stroke = 50 mm 

Tank: d=50cm. 

WEC: θ= 10 degrees; h = 1.21cm;  

These values remained constant during the experiments. 

 

Sea State 

Table shows the sea conditions that were simulated with the wake maker. 

 

Test  f (Hz) H (cm) T (sec) 

1.1 51 2.2 1 

1.2 50.5 2.2 1.02 

1.3 50 2 1.034 

1.4 49.5 2 1.07 

1.5 49 2 1.08 

1.6 48.5 1.5 1.1 

1.7 48 1.5 1.06 

 

The frequency of the motor varies from 48 to 51 Hz. For each of these frequencies, this yields 

a sea state which is given by (H, T). 
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Notice that although the wedge angle and wedge stroke were constant, the wave height 

increases with the frequency. It is due to the reflection existing in the system, which 

influences strongly in the obtained data, and also sets the limits of stability. 

The lower limit is 48 Hz because below this value the flow was zero. Likewise the upper 

limit is 51 Hz, since above this frequency the sinusoidal shape was lost. 

5.1.2. Results 

Table shows the obtained values for the hydraulic power and flow. 

 

 

Table 6: Experiment 1 

Test f (Hz) θ  (degrees) h (cm) Vf-Vo (l) t (sec)  t (min) Q (l/min) Ph (W) Ph (mW) 

1.1 51 10 1.21 4.056 22.39 0.373 10.870 0.021 21.527 

1.2 50.5 10 1.21 7.533 36 0.6 12.555 0.024 24.865 

1.3 50 10 1.21 15.646 94 1.566 9.987 0.019 19.778 

1.4 49.5 10 1.21 5.679 71 1.183 4.799 0.009 9.504 

1.5 49 10 1.21 2.897 65 1.083 2.674 0.005 5.296 

1.6 48.5 10 1.21 2.549 101 1.683 1.514 0.002 2.999 

1.7 48 10 1.21 0.463 47 0.783 0.591 0.001 1.172 

 

Observations: 

Notice that for each frequency, concerning a certain sea state, the flow and the hydraulic 

power has been calculated by applying the equations:   

     
  

 
  

 

   
  

                      

Each test was carried out for a certain time, t. This time was the one needed for the system to 

reach the steady state, but prevents the water from overflowing the boundaries of the 

reservoir. 

Additionally the variation of the water volume inside the reservoir during the operation time 

has been calculated. 

Furthermore to represent the data properly in the graphics, the hydraulic power has been 

recalculated in mW. 
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5.1.3 Graphics 

The following charts show the relation between the motion frequency and flow. Just as the 

relation between frequency and hydraulic power. 

 

 

Figure 36:  Q vs. f. Experiment 1 

 

Figure 37 : Ph. vs. f .Experiment 1 

 

Observations: 

The trend clearly indicates that the flow increased with the frequency. It was true up to 51 

Hz when the incident wave was attenuated as a consequence of the high reflection. Therefore 

the amount of water that reached the reservoir decreased. 

Notice that the maximum flow rate obtained was 12.55 l/min, which corresponds to a power 

of 24.86 mW. Moreover, it was observed that an angle of ten degrees was good because the 

waves didn‟t almost break, and a large amount of water runs up into the reservoir.  
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Remark that the trend of the two curves is exactly the same except for the axis scale. This is a 

consequence of maintaining the float level constant. Then the hydraulic power is directly 

proportional to the flow, as expressed at the equation 12. 

5.2. Experiment 2 

5.2.1. Target of this set of tests 

The only difference in this experiment compared with the number one is the opening angle 

of the wedge. As explained at the model setup section, this influences the size of the 

generated wave as well as it causes vertical asymmetries. 

The values set in this study for the parameters of the system were: 

Wave Maker: l =25mm; α = 15; Wedge’s Stroke = 50 mm. 

Tank: d=50cm. 

WEC: θ= 10 degrees; h = 1.21cm;  

 

Sea state 

 

Test f (Hz) H (cm) T (sec) 

2.1 47.5 1 1.137 

2.2 48 1.2 1.09 

2.3 48.5 1.5 1.106 

2.4 49 1.8 1.072 

2.5 49.5 1.8 1.043 

2.6 50 2 1.069 

2.7 50.5 2.8 1.015 

 

Although in this experiment below 48.5 Hz the flow was zero, sea conditions between 48.5 

and 47 Hz are shown in the table because of the sensitiveness of the system in this range. 

Moreover the generated wave had very few asymmetries and ripple.  

The upper limit was set at 50.5 Hz owing to generated waves lost all the similarity with a 

sinusoidal form. 
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5.2.2. Graphics 

 

 

Figure 38 : Q vs. f.  Experiment 2 

 

 

 

Figure 39 : Q vs. f. Experiment 2 

Observations: 

The lower and upper limits were 48.5 Hz and 50 Hz. A higher frequency had a considerable 

decrease in the flow. Although for 51 Hz the flow increased again, that frequency 

corresponded to a wave form that was no longer sinusoidal with a height of 2.8 cm. 

Once these considerations have been taken into account the highest flow was obtained for a 

frequency of 50 Hz. It was 3. 35 l/min that corresponds to a hydraulic power of 6.65mW 
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Notice the difference in values obtained for the maximum power and the maximum flow in 

comparison with the previous experiment. Here the values are considerably lower. It makes 

sense because the wave height for these maximum values is also smaller 2 cm versus 2.2 cm.  

These differences will be shown deeply into the 3D graphics at the end of the chapter. 

 

5.3. Experiment 3 

5.3.1. Target of this set of tests 

The objective of this experiment was to study with a constant sea state, the values of 

hydraulic flow and power earned while varying the float level with respect to the MWL. 

Although the scale model of the WEC was not designed as a float device, it is very important 

to study how the float level the flow obtained. The WEC was set at five different heights. 

Setting as the upper limit that height to which the flow was zero and setting as the lower 

limit that height to which the reservoir was almost coincident with the MWL. 

 

The values set in this study for the parameters of the system were: 

Wave Maker: l =35mm; α = 25; Wedge’s Stroke = 70 mm. Frequency = 49 Hz. 

Tank: d=50cm. 

WEC: θ= 10 degrees; 

These values remained constant during the experiments. 

Sea state 

At this experiment the sea conditions remained constant, owing to all the variables of the 

wave maker were fixed constant along the test.  

 

 

Test f (Hz) H (cm) T (sec) 

3 49 2.5 1.071 

 

According to the conclusions of the paper of Tommi Mikkola [Tommi Mikkola 2002]: Higher 

wedge`s stroke (motion amplitude) leads to higher waves. Thus for a motion frequency of 49 

Hz here the wave height is 2.5 cm, corresponding to a wedge stroke of 70 mm, and for the 
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same frequency at experiment 1 the wave height is 2 cm, corresponding to a wedge stroke of 

50 mm.   

5.3.2. Graphics 

 

Figure 40 : Q vs. h .Experiment 3 

Observations:  

The trend of the graphic clearly indicates that, at equal sea states, the flow increases as float 

level decreases.  

The maximum flow was 8.3 l/min and it was obtained for a float level of h=0.87 cm.  

Mention that for a height of 1.56 cm there is a point that leaves the trend.  The reason that 

explains this discrepancy is that in order to obtain the optimal configuration the height and 

slope, should be adjusted but it was not the case.  

Because at this experiment only the height varied, while keeping constant the slope, the 

wave broke at different ramp levels. It influenced the amount of water that was reflected 

back, thus causing a higher reflection as well as atypical behaviors. 
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Figure 41 : Ph. vs. h .Experiment 3 

 

Observations: 

Unlike previous experiments, hydraulic power here is not directly proportional to the flow, 

since h varies. However there are some particularities as the value of h = 1.56 cm is out of the 

trend and the upper and lower limits. 

The maximum hydraulic power was 11.81 mW and was reached at 0.87 cm.  

It should be noted that although h=0.69 cm is a lower float level than h= 0.87 neither a great 

flow nor hydraulic power were obtained. This was because at that point much of the 

structure was submerged and it was moved by the incident waves, thus causing reflections 

and a very unstable system. 

 

5.4. Experiment 4 

5.4.1. Target of this set of tests 

The target in this experiment was to test the WEC at calm sea conditions. 

So as to obtain appropriate values, the WEC was fixed at a height of 0.61 cm above MWL. 

This low height brought very gentle sea conditions that almost did not caused instabilities. 

The motion frequency was varied from 32 to 37 in order to produce higher periods. 

The values set in this study for the parameters of the system were: 

Wave Maker: l =35mm; α = 15. Wedge’s Stroke = 70 mm. 

Tank: d=50cm. 
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WEC: θ= 10 degrees; h=0.61cm 

These values remained constant during the experiments. 

Sea state 

 

Test number f (Hz) Hw (cm) T (sec ) 

4.1 32 0.5 3.012 

4.2 32.5 0.8 2.102 

4.3 33 0.8 2.102 

4.4 34 1 2.304 

4.5 34.5 1 2.083 

4.6 35 1.4 2.006 

4.7 36 2 1.806 

4.8 37 no sinusoidal no sinusoidal 

 

It is necessary to point out that for frequency greater than 36 Hz the sinusoidal shape was 

lost, being replaced by a wave composed by ripples and asymmetries. 

5.4.2. Graphics 

 

Figure 42 : Q vs. f. Experiment 4 
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Figure 43: Ph vs. frequency. Experiment 4 

 

Observations:  

From 32 to 34 Hz the flow increased slightly. It was attributable to soft waves that reached 

the WEC, with a height lower than 1 cm as well as long periods. 

Soon after the system became quite sensitive, suffering a dramatic increase between 34 and 

35 Hz. At this range of frequency the waves were higher than before, with a height of 1.4 cm 

approximately. Here it was observed that the wave hardly broke, which meant that a large 

amount of water ascended towards the reservoir. 

Above 35 Hz the flow leveled off and this situation remained until 36 Hz. This means that 

this configuration of the system is suitable for calm sea conditions with waves of about 1.5 

cm high, and periods of around two seconds. 

Above 36 Hz flow decreased rapidly.  The wave size was about 2 cm that is too high waves 

for such a low float level caused a violent movement of the device.  

Maximum hydraulic power and flow were: 10.38 l/min and 10.36 mW. These values were 

achieved at a frequency of 35 Hz which corresponds to a wave height of 1.4 cm. 

Finally, it is observed that despite the low height of the waves, the maximum values for the 

flow and hydraulic power obtained in this experiment are not so different from the ones 

obtained with higher waves at past experiments. This good result arises from the optimal 

configuration of the system for this sea state 
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5.5. Experiment 5 

5.5.1. Target of this set of test 

Present experiment aimed to make a study of the slope variation. Thereby the only 

parameter that was changed regarding experiment one, was θ: from 10 to 15 degrees. 

The values set in this study for the parameters of the system were: 

Wave Maker: l =25mm; α = 25.  

Tank: d=50cm. 

WEC: θ= 15 degrees; h=1.21cm 

These values remain constant during the experiments. 

Sea state 

 

Test number  f Hw (cm) T (sec ) 

5.1 51 3.5 1 

5.2 50.5 3.2 1.067 

5.3 50 3 1.08 

5.4 49.5 3 1.065 

5.5 49 2.8 1.106 

5.6 48.5 2.6 0.976 

 

It was observed that although the configuration of wave maker was the same that at 

experiment 1, sea conditions were different. There is a reason that can explain this 

discrepancy, despite the generated waves were the same than at experiment 1, they suffered 

a change in their shape and height when encountering the WEC´s ramp. This stems from the 

amount of water reflected back was higher and caused a superposition that resulted in a 

higher wave. 
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5.5.2. Graphics 

 

Figure 44 : Q vs f .Experiment 5 

 

Figure 45 : Ph vs f .Experiment 5 

Observations:  

Maximum flow was 14.38 l/min , and the maximum hydraulic power was 28.49 mW.  

They both were obtained at a frequency of 50.5 Hz. At this frequency wave‟s height was 

approximately 3.2 cm and wave period was 1.067 seconds. The upper limit was considered 

51 Hz, with waves of 3.5 cm, because above this value waves were not sinusoidal anymore. 

These results will be deeply commented at the comparison between experiments 1 and 6. 
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5.6. Experiment 6 

5.6.1. Target of this set of experiments 

The target of this experiment was to study the influence of slope variation by making a 

comparison with experiments 5 and 1. 

The values set in this study for the parameters of the system were: 

Wave Maker: l =25mm; α = 25. Wedge’s Stroke = 50 mm. 

Tank: d=50cm. 

WEC: θ= 5 degrees; h=1.21cm 

Sea State  

 

Test  f (Hz) Hw (cm) T (sec ) 

18.2.1 51 3.5 0.987 

18.2.2 50.5 3.2 1.027 

18.2.3 50 3 1.112 

18.2.4 49.5 3 1.078 

18.2.5 49 2.6 1.065 

18.2.6 48.5 2.6 1.123 

 

It should be noted that the values above 50 Hz will not be taken into account, since the wave 

was far from having a sinusoidal shape. This was due to the wave breaking right at the start 

of the ramp, being a very small amount of water which continued its way up towards the 

reservoir. 
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5.6.1. Graphics 

 

Figure 46 : Q vs. f: experiment 6 

 

 

Figure 47: Ph. vs. f. Experiment 6 

Observations 

Note that up to a frequency of 48.5 Hz the flow was zero. 

 Above 48.5 Hz. the flow rate and therefore hydraulic power significantly increased very 

sensitively to frequency variations. 

Above a frequency of 50 Hz, which implies a 3 cm wave height, a sharp flow decline can be 

observed. However this part of the curve will be out of study, because is out of the stability 

limits. 

The maximum flow was 10.69 l/min, and the maximum hydraulic power was 21.17 mW. 

They both were obtained at a frequency of 50 Hz. 
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It is important to remark that despite waves were higher than the ones of experiments 1 and 

5, the maximum values of flow and hydraulic power are lower. This fact will be discussed at 

the comparison´s graphic. 

 

5.7. Experiments Comparison  

5.7.1. Comparison and Discussion of experiments 1, 5 and 6 

At this section a comparison between the results obtained in independent experiments is 

carried out. Then the experiments 1, 5 and 6 which have equal values for all the system 

parameters, except for the ramp slope θ, are combined.  

Constant Parameters: 

Wave Maker: l =25mm; α = 25. Wedge’s Stroke = 50 mm. 

Tank: d=50cm. 

WEC: h=1.21cm 

Variation: 

Theta = 5, 10 and 15 degrees. 

5.7.2. Graphics 

 

 

Figure 48 : Ph vs. f. Comparison 
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Figure 49 : Q vs. f. Comparison 

Observations: 

At this comparison it is concluded that the optimal ramp‟s slope increases when increasing 

the frequency. For higher frequencies a slope of 15 degrees presents better results than a 

slope of 10 degrees. However a slope of 5 degrees it is not appropriate in any range of 

frequencies. It is owing to fixing a slope of 5 degrees with a float level of 1.21 cm the most of 

the ramp is out of the water and just a little amount of water is able to reach the reservoir.  

5.8. Relation of sea conditions with hydraulic power 

Least Squares adjustment 

The aim is to obtain a 3-D graphic to represent a surface that fits as much as possible the 

measurements made. This surface should permit making an estimation of the hydraulic 

power at different operating points from those simulated at the tests. 

It has been done by the utilization of Matlab. Thereby the surface has been generated using 

least squares adjustment of second degree polynomial functions on each axis.  

The function is: 

 

         
Equation 17: Hydraulic power as a function of wave height and period 

 

                          
     

  

Equation 18 : Second degree polynomial function applied to the least squares adjustment 

Where:  

x is the wave height (cm) 
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y is the wave period 

z is the estimated hydraulic power for the point with coordinates [x,y]. 

The code of this program can be consulted at the appendix 2. 

It should be remarked that figures 50, 51 and 52 show estimated values. 

 

 

Figure 50: Estimation of the hydraulic power as a function of wave height and period 

To establish a direct relation between the estimated hydraulic power and wave height, the 

surface has been cut at different sections each of them corresponding to a wave period, thus 

generating different parables. These parables are shown on Figure 51 

Analogously to establish a relation between the estimated hydraulic power and the wave 

period, the surface has been cut at different sections each of them corresponding to a wave 

height. These parables are show on figure 52. 
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Figure 51 : Estimated hydraulic power as a function of the wave height 

The trend indicates that the maximum hydraulic power for each wave period is achieved at 

the maximum height. However, notice that for the parable of T=1.075 seconds the maximum 

hydraulic power is reached at a value close to 2.1 cm, instead of 2.3 cm. 
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Figure 52 : Estimated Hydraulic Power as a function of the wave period 

 

Notice that for a certain wave height, there is an optimal wave period that matches with 

maximum hydraulic power. 

It is important to remark that this optimal period decreases when moving towards lower 

wave heights.  It can be observed that values of hydraulic power vary from 2.5 to 28 mW.  
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6. From scale to real model 

The aim of this chapter is to make an extrapolation of the obtained values to a real model. In 

order to carry out such a study, first it is necessary to set the sea conditions where the real 

model would be located and apply equations to transform the values from scale to real 

model. 

The procedure to carry out this assessment will be the following  

1. Set transformation equations 

2. Chose a location for the WEC 

3. Obtain the sea condition for such location (hydraulic power. wave period and height) 

4. Estimation of wave power at the selected place 

5. Calculation of the scale factor 

6. Calculation of the wave power at the real scale WEC 

7. Calculation of the hydraulic power of the model scale 

8. Calculation of the efficiency  

9. Turbine choice  

10. Calculation of the final efficiency 

 

6.1. Transformation equations 

The transformation equations are those used at the test performed on the Multi Wave Plane 

[Waveplane International A/S]. Note that „s‟ is the scale factor. The equations are the 

following: 

 

                     

Equation 19 :  Length 

                    
 

  

Equation 20 : Time 
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Equation 21 : Power 

                    
 

  

Equation 22 : Flow 

 

6.2. Location Choice 

The location chosen has been the deep waters of Tenerife South.  The reason is that it is an 

ideal location owing to the great impact that would have such power supply in an 

archipelago.  

Although at the European coasts there are places with more power available, it has been 

chosen a place in the Spanish coast because the author possesses the knowledge to obtain 

reliable data from official web pages. Anyhow, the procedure that follows when calculating 

the efficiency can be applied to any places if the sea conditions are known. 

 

6.3. Obtention of the sea conditions  

So as to check the working conditions that the real scale device will be exposed, the official 

web page of Ports of the State has been consulted [Puertos del estado]. In the meteorology 

and oceanography section is where the information of the waves is. Selecting the buoy of 

southern Tenerife, a table with data from 2010 is generated.  
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Table 7: Data of the Southern Tenerife buoy 

 

Left column contains the values of the significant height. The different periods are shown on 

the first row.  

Cell values are the number of times this situation occurs, expressed as a percentage of total 

possible situations. 

It has been chosen a value of wave period of 10 seconds, although it is not the most probable 

it is the one that contains a wider range of heights.  

Moreover a wave height of 2 meters has been chosen. 

In order to obtain the wave length according to this wave period, the figure 4 that has been 

consulted.  

The graphics indicate that this period corresponds to a wave length of 190 m approximately. 

This data of the wave length can be verified by using the equation 6 that relates wave period 

and wave length for deep water waves. The period obtained for this wavelength is 11.025 

seconds, that is a value close to ten and also it suits with the most common periods present at 

the north of Tenerife. 
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6.4. Estimation of the wave power available at the selected place 

Once the Wave height and period are known for a specific place, the wave power per crest 

length can be calculated by applying Equation 11 for a wave height of 2 meters and a wave 

period of 10 seconds. 

  
    

 
   

      

   
                               

 

6.5. Calculation of the scale factor 

The wave period of the generated waves when performing the experiments was around 1 

second in most cases.  

Now, once the real period and the scale model period are known, the scale factor can be 

calculated by using Equation 20, regarding time. 

So the obtained value for the scale factor is s= 100. It means that the model has been built at a 

scale of 1:100. 

By using Equation 19 dimensions of the real scale WEC can be calculated.  

So the width of the real scale model has a length of 61 m. Furthermore the rest of the 

dimensions can be calculated using the same equation.  

6.6 Calculation of the power contained in a wave at the real scale WEC 

However the width of the WEC is the most important dimension since it is equal to the 

length of wave‟s crest that is absorbed. Consequently the power contained in that portion of 

the wave can be calculated as: 

       
[
  

 
]
    

Equation 23: Wave Power per WEC width at Tenerife South 

Where:  

 
[
  

 
]
  Is the wave power that is available at Tenerife South. It´s value is 38.4  kW/m.  

   Is the width of the WEC. 

   Is the hydraulic power contained in the section of wave that runs up through the ramp. In 

addition if the WEC has an efficiency of 100% it would be the total amount of absorbed 

power. 
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Then  

                 

 

6.7. Calculation of the hydraulic power of the model scale 

To calculate the hydraulic power for the WEC at a scale model first it is needed to know the 

scale wave height. With this wave height value, it is possible to choose a parable and read a 

value for the hydraulic power at figure 52. 

It can be done by applying equation 19, since the real wave height is known and equal to 2 

m. Then the wave height for the scale model would be 2cm. Since on figure 52 there is not 

any parable corresponding to a 2cm wave height, the value for the hydraulic power for such 

height is calculated as an intermediate value from the 1.9 and 2 cm wave height parables.  

               

Equation 24 : Estimated hydraulic power of the scale WEC 

 Applying the Equation 21 to transform this value, the hydraulic power of the WEC at a real 

scale is obtained:  

     

                

Equation 25 : Hydraulic Power of the WEC at real scale 

 

6.8. Calculation of hydraulic efficiency 

Hydraulic efficiency can be calculated as: 

 

  
      

    
 

   

      
              

Equation 26 : Hydraulic efficiency of the WEC 

6.9. Turbine configuration  

In order to maximize the energy output of the device, the machine should be equipped with 

the optimal turbine. Using the Wave Dragon turbine configuration as a reference the final 

efficiency for the WEC is calculated.  
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Wave Dragon prototype of Nissum Bredning of a scale of 1:4.5 is equipped with several 

small turbines rather than one large turbine. Whit this configuration it is possible to switch 

only a part of the installed turbine power in sea conditions giving relative small amounts of 

overtopping water. [Frigraad, Kofoed, and Rasmussen] 

It has 3 different types of turbines: a Kaplan turbine with Siphon inlet (with a rated power of 

2.6 kW); 3 Dummy turbines (they are not able to produce power but make a calibration 

letting the overtopped water go back to the sea); and six Kaplan turbines with cylinder gates 

with the same data as the Siphon type. 

So in order to do an estimation of the total efficiency of the system one low head Kaplan 

turbine is chosen for this experiment. 

For this kind of turbine, it will be supposed an efficiency of 8%.  

6.10. Total efficiency  

Finally assuming a hydraulic efficiency for each single WEC  

The total final efficiency is: 

             

Equation 27 : Total efficiency 

 

As has been said before at this section has been established the methodology to carry out 

when extrapolating the values obtained at the laboratory with the real conditions. It means 

that the values shown at the procedure don‟t have special importance due to them change, 

when changing the selected place or the wave height or wave period. Furthermore the 

methodology has been applied to a specific configuration of the WEC that probably it is not 

the optimal one for the sea conditions of the Tenerife South coast.  
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7. Conclusions 

In this chapter the conclusion of the results and the evaluation of placing the WEC at 

Tenerife south are exposed.  

During the examination of results it was obvious that the test model presented several 

border conditions that created disturbances. These disturbances influenced strongly on the 

obtained values of flow and hydraulic power as well as modified the generated waves.  

Nevertheless, despite the gap of knowledge about the system´s behavior, like the exact 

regulation of the wave maker and fluid dynamics theories, the results present evidences 

about the configuration of the ramp and the float level of the WEC. 

All tests have been carried out exposing the WEC to several sea states. Since it presented a 

different behavior in each experiment, it is clear that an optimal configuration for each sea 

state exists. 

Moreover it has been observed that higher waves do not mean higher hydraulic power, as 

well as lower float levels do not mean higher flows. It brings us to the affirmation of that 

each sea state needs a particular WEC configuration. 

To adjust the configuration of the WEC, first it is needed to know the sea conditions of such 

location to proceed to set the optimal floatation level and optimal ramp slope. 

Furthermore another step that can be carried out to increase the efficiency is a regulation of 

the turbines operation.   

In addition the optimal configuration for a specific place should be performed starting at the 

design stage.  As it has been explained at the design´s chapter there are many parameters to 

consider. However it would be a huge error to avoid taking into account extreme levels of 

energy flux when designing the WEC. 

This extreme situation deserves to be considered since harsh conditions of the oceans have 

been responsible for the destruction of several devices including off shore and on shore 

structures.  
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8. Future Work 

As future work, remains the challenge of improving the system´s instrumentation to obtain 

more accurate data.  

This need derives from the fact that the values of both flow and sea conditions have an 

implicit error.  

In order to simulate certain sea conditions accurately it is necessary to know the exact 

frequency of the generated waves.  

One proposal is to make this measurement using a strobe light. This way, once a wave 

frequency is fixed, a Fourier analysis could be done to know what the fundamental 

frequencies and harmonics classes are in the wave. 

 The next step would be to do an analysis of wave frequencies that produce an increase in the 

flow for a given configuration of the WEC.  

The hydraulic power is also a value that was measured with a considerable error. One way 

to improve this measure would be the use of an appropriate water flow meter.  

This water flow meter needs to be a very sensitive device because it has to be able to start 

working at very low pressures, of about 0.004 mbar (4 cm water column).  

Another advantage would be to measure the change in the height of water within the 

reservoir when it reaches steady state.  

For this, it is proposed to install the same system used in the fuel tanks of vehicles. It is a 

variable electrical resistance, whose impedance varies with the height of the fluid in the 

reservoir.  

Finally an implementation that would bring the system to more realistic conditions would be 

the design of a new WEC with a reduced width.  

This width should be half or even a third of the width of the tank. This new WEC should be 

settled between sponges at each end of the channel. It would allow greater absorption of the 

incident wave. This configuration is more realistic because in the sea, the WEC absorbs only 

a small length of wave crest, and yet in this model scale, the WEC absorbs almost 100% of its 

length.   
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Appendix 1 

TABLES OF EXPERIMENTS 1 TO 6 

Table 8: Experiment 1 

Test f (Hz) θ(degrees) h (cm) Vf-Vo (l) t (sec)  t (min) Q (l/min) Ph (W) Ph (mW) 

1.1 51 10 1.21 4.05 22.39 0.37 10.87047 0.021527 21.52753 

1.2 50.5 10 1.21 7.53 36 0.6 12.55583 0.024865 24.86515 

1.3 50 10 1.21 15.64 94 1.56 9.987127 0.019778 19.77817 

1.4 49.5 10 1.21 5.67 71 1.18 4.799239 0.009504 9.504253 

1.5 49 10 1.21 2.89 65 1.08 2.674615 0.005296 5.296719 

1.6 48.5 10 1.21 2.54 101 1.68 1.514732 0.002999 2.999726 

1.7 48 10 1.21 0.46 47 0.78 0.591829 0.001172 1.172039 
 

Table 9 : Experiment 2 

Test f (Hz) θ (degrees) h (cm) Vf-Vo (l) t (sec)  t (min) Q (l/min) Ph (W) Ph  (mW) 

2.1 47.5 10 1.21 0 No data No data 0 0 0 

2.2 48 10 1.21 0 No data No data 0 0 0 

2.3 48.5 10 1.21 0 No data No data 0 0 0 

2.4 49 10 1.21 1.3908 119 1.983333 0.701243 0.001388 1.388719 

2.5 49.5 10 1.21 3.8247 101 1.683333 2.272099 0.004499 4.499589 

2.6 50 10 1.21 4.9837 89 1.483333 3.359797 0.006653 6.653638 

2.7 50.5 10 1.21 5.4473 156 2.6 2.095115 0.004149 4.149097 

2.8 51.5 10 1.21 7.6494 120 2 3.8247 0.007574 7.574308 
 

Table 10 : Experiment 3 

Test f (Hz) θ (degrees) h (cm) Vf-Vo (l) t (sec)  t (min) Q (l/min) Ph (W) Ph  (mW) 

3.1 49 10 0.69 14.7193 110 1.8333333 8.028709 0.009066 9.066821 

3.2 49 10 0.87 15.35675 111 1.85 8.300945 0.011819 11.81971 

3.3 49 10 1.39 5.3314 101 1.6833333 3.167168 0.007205 7.205202 

3.4 49 10 1.56 11.2423 172 2.8666666 3.921732 0.010012 10.01296 

3.5 49 10 1.73 0 No data No data 0 0 0 

 

Table 11: Experiment 4 

Test f (Hz) θ (degrees) h (cm) Vf-Vo (l) t (sec)  t (min) Q (l/min) Ph (W) Ph  (mW) 

4.1 32 10 0.61 3.9406 199 3.316666 1.18812 0.001186 1.186180 

4.2 32.5 10 0.61 6.3745 260 4.333333 1.471038 0.001468 1.468635 
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4.3 33 10 0.61 10.3151 264 4.4 2.344340 0.002340 2.340511 

4.4 34 10 0.61 15.4147 315 5.25 2.936133 0.002931 2.931337 

4.5 34.5 10 0.61 13.908 85 1.416666 9.817411 0.009801 9.801376 

4.6 35 10 0.61 12.6331 73 1.216666 10.38336 0.010366 10.36641 

4.7 36 10 0.61 15.067 91 1.516666 9.934285 0.009918 9.918059 

4.8 37 10 0.61 13.3285 139 2.316666 5.753309 0.005743 5.743912 
 

Table 12 : Experiment 5 

Test  f (Hz) θ (degrees) h (cm) Vf-Vo (l) t (sec)  t (min) Q (l/min) Ph (W) Ph (mW) 

5.1 51 15 1.21 8.3448 35 0.583333 14.30537 0.028329 28.32988 

5.2 50.5 15 1.21 6.954 29 0.483333 14.38758 0.028492 28.49269 

5.3 50 15 1.21 4.9837 24 0.4 12.45925 0.024673 24.67388 

5.4 49.5 15 1.21 5.9109 82 1.366666 4.325048 0.008565 8.565182 

5.5 49 15 1.21 1.8544 106 1.766666 1.049660 0.002078 2.078712 

5.6 48.5 15 1.21 0 No data No data 0 0 0 
 

Table 13 : Experiment 6 

 

Test f (Hz) θ(degrees) h (cm) Vf-Vo (l) t (sec)  t (min) Q (l/min) Ph (W) Ph (mW) 

6.1 51 5 1.21 1.3908 22.39 0.37316667 3.72702099 0.00738087 7.38086814 

6.2 50.5 5 1.21 4.5201 36 0.6 7.5335 0.01491909 14.9190923 

6.3 50 5 1.21 5.2155 29.26 0.48766667 10.6948052 0.02117964 21.1796357 

6.4 49.5 5 1.21 2.2021 38 0.63333333 3.477 0.00688573 6.8857349 

6.5 49 5 1.21 1.5067 48 0.8 1.883375 0.00372977 3.72977307 

6.6 48.5 5 1.21 0 No data No data 0 0 0 

6.7 48 5 1.21 0 No data No data 0 0 0 

6.8 47.5 5 1.21 0 No data No data 0 0 0 
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Appendix 2 

Matlab code 

% Data 
xyz=[8.1472    1.6218    2.8683 
     9.0579    7.9428    2.4873 
     1.2699    3.1122    3.2522 
     9.1338    5.2853    3.2831 
     6.3236    1.6565    3.7069 
     0.9754    6.0198    3.2763 
     2.7850    2.6297    3.9475 
     5.4688    6.5408    4.7406 
     9.5751    6.8921    2.5489 
     9.6489    7.4815    2.2230 
     1.5761    4.5054    3.8033 
     9.7059    0.8382    1.0534 
     9.5717    2.2898    2.1754 
     4.8538    9.1334    3.2894 
     8.0028    1.5238    2.8899 
     1.4189    8.2582    2.6560 
     4.2176    5.3834    4.9241 
     9.1574    9.9613    0.8101 
     7.9221    0.7818    2.3668 
     9.5949    4.4268    2.8558]; 

  
xdata=xyz(:.1); 
ydata=xyz(:.2); 
zdata=xyz(:.3); 

  
% Repreesentación espacial de los datos  
figure(1) 
plot3(xdata.ydata.zdata.'.') 
xlabel('Eje x').ylabel('Eje y').zlabel('Eje z') 

  
% Ajuste de una superficie a los datos 
ft = fittype( 'poly22' ); 
opts = fitoptions( ft ); 
opts.Weights = zeros(1.0); 
[fitresult. gof] = fit( [xdata. ydata]. zdata. ft. opts ); 

  
% Representación de la superficie junto con los puntos utilizados para el 

ajuste 
figure( 'Name'. 'Superficie de ajuste' ); 
h = plot( fitresult. [xdata. ydata]. zdata ); 
grid on 
% Label axes 
xlabel( 'xdata' ); 
ylabel( 'ydata' ); 
zlabel( 'zdata' ); 
legend( h. 'Superficie de ajuste'. 'zdata vs. xdata. ydata'. 'Location'. 

'NorthEast' ); 

  
% Evaluación de la superficie fuera de los datos 
% z en función de x para varias y 
xx=0:0.1:10; 
figure( 'Name'. 'z en función de x para varias y' ); 
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plot(xx.fitresult(xx.0).xx.fitresult(xx.1).xx.fitresult(xx.2).xx.fitresult(

xx.3).xx.fitresult(xx.4)) 
xlabel( 'x' ); 
ylabel( 'z=f(x)' ); 
legend( 'y=0'.'y=1'.'y=2'.'y=3'.'y=4'.'Location'.'Best'); 
% z en función de y para varias x 
yy=0:0.1:10; 
figure( 'Name'. 'z en función de y para varias x' ); 
plot(yy.fitresult(0.yy).yy.fitresult(2.yy).yy.fitresult(4.yy)) 
xlabel( 'y' ); 
ylabel( 'z=f(y)' ); 
legend( 'x=0'.'x=2'.'x=4'.'Location'.'Best'); 

 


