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Abstract

Research of gravity foundation

Parham Barati

The material consumption of the foundation of a WEC is a big part of the total
material consumption of the entire power plant. To reduce these consumption, it is
required to optimize the foundation. To find out how small the foundation could be
constructed and still be able to cope with the requirements, it is necessary to know
about the various forces that affects the foundation. The focus in this thesis is on the
forces acting on the buoy. The forces are calculated theoretical with experiments
conducted to reach conclusions about the size of the gravity foundation.

Experiments will also be conducted to investigate experimentally whether there is any
difference between the suction force of sand and clay soil.

Results from experiments with buoys show that the theoretical calculations are
reasonably close with results from experiments. Conclusion of the differences
between theory and experiment is found that this may be due to the wave tank ability
to reproduce waves, and the angle between the buoy and the wave direction.

Results from experiments of the suction force shows that there is no difference
between sand and clay. The conclusion from this experiment is that the results apply
only to the clay that was investigated in this experiment and cannot be compared with
other clay types with different properties.

A discussion about the foundations is carried out where the conclusion is drawn that
the foundations for the minimum mass to maintain equilibrium at 4 m wave height is
approximately 33 ton.
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Sammanfattning 
 
Materialförbrukningen för fundamentet på ett vågkraftverk utgör en stor del av den 

totala material förbrukningen för hela kraftverket. För att minska förbrukningen av 
material krävs att fundamentet optimeras med avseende på massa. För att ta reda på 

hur liten massa som krävs för att fundamentet ska kunna klara av kraven, dvs. att 
vågkraftverket står stilla på botten krävs att man vet om de olika krafterna som 
påverkar fundamentet.   

 
I detta examensarbete ligger fokus på krafter från boj som påverkar fundamentet. 

Krafterna på bojen beräknas teoretisk, samt experimentellt  för att sedan komma fram 
till slutsatser om fundamentet.  
 

Utöver krafter på boj undersöks även experimentellt om det föreligger någon skillnad 
av sugkrafter mellan sand- och ler- bottenunderlag.  

 
Resultat från experiment med bojar visar att de teoretiska beräkningarna stämmer 
relativt bra överens med resultat från experiment. Slutsats från de skillnader mellan 

teori och experiment som förekommer är att detta kan bero på vågtankens 
egenskaper att reproducera vågor, samt av vinkel mellan boj och vågens riktning.  

 
Resultat från experiment gällande sugkrafter visar att det inte finns någon skillnad 
mellan sand- och ler- bottenunderlag. Slutsats från experimentet är att resultaten 

endast gäller just den leran som undersöktes och kan inte jämföras med annan lera 
med andra egenskaper. 

 
Med ovan nämnda krafter som underlag förs en diskussion om fundamentet där 
slutsats dras att fundamentets minsta massa för att behålla jämvik t vid 4 meter 

våghöjder är 33 ton. Beroende på underlag kan massan på fundamentet eventuellt 
minskas. 
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Nomenclature 
 

D m  Diameter 
A m2   Area 
V m3   Volume 

λ m  Wave length 
H m  Wave height 

h m  Water dept 
T s  Period time 
k m-1  Wave number 

v m/s  Velocity 
u m/s  Vertical water particle velocity 

a m/s2  Vertical water particle acceleration 
c m/s  Phase velocity 
f s-1  Frequency 

ώ rad/s  Circular frequency 
ρ kg/m3   Density (1000 for water) 

g m/s2  Force of gravity (9.81) 
m kg  Mass 
F N  Force 

M Nm  Torque 
n -  Scale factor 

R -  Reynolds number 
Fn -  Froude’s number 
Sn -  Strouhal number 
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1.0 Introduction 
 

1.1 Wave energy  
 

In many parts of the world the main subject regarding energy production is to find 
alternative energy sources that are renewable. One reason is that a big part of many 
countries energy consumption is fossil and pollutes the environment as it incinerates. 

Besides form this it does not last forever. With the perspective of fossil energy not 
lasting forever, energy produced by ocean waves could be a good alternative to foss il 

energy. As the wave produced energy has no pollutions, is renewable and has relative 
small effects on nature while the extraction befalls. The environmental benefits with 
this kind of energy are huge compared to fossil energy.  

Wave energy production does not contribute to global warming, with the exception 
of the transport and by maintenance. As the global warming being a big topic in most 

countries, wave energy is a good alternative regarding energy production.  
 

A wave energy converter (WEC) is being developed at Uppsala University, Centre 

for Renewable Electric Energy Conversion. The conversion is done by a linear 
generator placed on the seabed. The generator is attached to a buoy on the surface via 

a rope. The main difference with a linear generator compared to a conventional 
generator is that the translator of a linear generator moves up and down in contrast to 
the conventional generator, where the rotor rotates inside the stator. This linear 

motion will give the generator some advantages appose to the rotating generator. A 
direct conversion of the motion without having to convert the linear motion to a 
rotating motion is one advantage. The mechanical advantages will be fewer moving 

parts leading to less maintenance and higher survivability.  
 

The wave project at Uppsala University started in 2002 and is called the Lysekil 
project. Since 2004 the project also has a research site near the city of Lysekil and a 
measuring station on an island called Härmanö, outside Orust. The aim of the 

research is not only the development of linear generators, but also to investigate how 
a wave-power plant could affect the habitat of species living in the area where the 

plant is installed [2].  
 

1.2 Purpose 
 
Since the WEC (Wave energy converter) developed in the Lysekil project are placed 

on the seabed, they will be affected by forces due to motions of the ocean waves. The 
buoy will move up and down along the surface by forces of the waves. Besides the 

force necessary to move the buoy, the waves can generate some extra force that can 
result in a torque motion of the WEC. 
 

The forces preventing the WEC from tilting are the self-weight of it. The WEC could 
also be affected by a force called the drag force and a suction force depending on the 

soil.  
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In a situation when the force due to the weight of the WEC is smaller than the 
buoyancy and the forces from the buoy, there are other forces that could help 
neutralizing the movement of the WEC. These forces are the drag force, the mass 

force and a suction force between the soil and the foundation.  
The greater these forces are, the foundations resistance of tilting will be greater and 

the foundation could be dimensioned smaller.     
 

The gravity foundation is a cylindrical block made of concrete, which only purpose 

is to neutralize the forces of the water by its own weight due to gravity, preventing 
the WEC from moving. The gravity foundation is constructed on land, and lowered 

down to the seabed. The lifting points consist of three or four u-shaped tubes that are 
secured in the concrete see Figure 1.0. Lifting slings are drawn through the tubes, 
and used to lift the WEC and place it on the seabed, as shown in Figure 1.1. The 

tubes are used in this way because this solution renders the lifting points less 
sensitive to corrosion. 

 

   
 
Figure 1.0: Concrete reinforcement and                    Figure 1.1: W EC being lowered to the seabed  

u-tubes  

 
 

The calculations for estimating the weight of the foundation do not consider the 
suction force and the drag force which might have resulted in over-dimensioning.  

 
If it is possible to reduce the weight of the foundation benefits can be achieved, such 
as reduced material leading to smaller effects on the environment. The effects on the 

environment by the transportation and installation will be smaller. In addition to the 
environmental benefits, the reduced cost of transportation, installation and material 

costs will make the project more economically profitable.     
 
The purpose of this thesis is to investigate how the wave-power plant will be affected 

by the forces of the water, with main focus on the forces between the buoy and the 
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rest of the WEC, resulting in conclusions about the dimensioning of the gravity 
foundation.  
These conclusions will be reached by theoretical calculations as well as conclusions 

drawn by experiments of scaled down prototype.  
The experiments will be conducted in a water tank, where the waive-height and the 

wave-period can be varied. 

 

1.3 Delimitations 
 

Some aspects that will not be considered in this thesis are electrical forces due to the 

movement of the translator. The radius of the foundation, as well as the depth of the 
water, that will be held constant. Only one type of buoy will be examined, (cylinder 
buoy). The waves analyzed will all be assumed as linear and only the linear wave 

theory will be implemented. The buoy will be regarded as stationary and the forces 
acting on it will be calculated by Morisons equation. There are different methods of 

these calculations, but Morisons equation is the only one being treated in this thesis. 
The skin friction due to friction between the roughness of the buoy surface and the 
water is assumed to be negligible and will be disregarded.  

 

1.4 Method 
 

The methods being used in this report are: 

- Studying wave theory, fluid mechanics, mechanism of materials and studying other 
reports in the area of the thesis  
- Calculations done by the methods being studied 

- Experiments to investigate the difference in calculations and the real model 
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2.0 Background 
 

2.1 Three categories of WEC 
 

Wave energy converters can be classified into three main categories according to [1]. 
These three categories are OWC (oscillating water columns), overtopping systems 
and wave activated bodies.  

 
There are several types of OWCs, but the main principle of these generators is that 

they comprise air in a pocket above the water surface. The pocket consists of a front 
wall, a back wall and walls on the sides. The “floor” of the pocket is the water 
surface. As the waves move in to the pocket, the water level in the pocket will rise 

and force the air to flow through a turbine transforming the kinetic energy into 
electrical energy. Limpet shown Figure 2.0, is of these devises. 

 

 
 
Figure 2.0: Example of an OWC located in Islay, Scotland. It is called Limpet and is d riven by two 

contra rotating Well’s turbines, coupled to a 250 kW induced generator. [3]  

 
 

The overtopping systems principle is to convert the kinetic energy of the water into 
potential energy and there after convert this energy into electrical energy. This is 

done by forcing the incoming water to elevate by a ramp into a reservoir. In this way 
the water level of the reservoir will be higher than the water level of the ocean. The 
water in the reservoir will then flow through a turbine and back into the ocean ones 

again. The Wave Dragon shown Figure 2.1 is an overtopping system. 
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Figure 2.1: The Wave Dragon. Consists of a double curved ramp were two wave reflectors consenters 

the wave to, resulting in overtopping a reservoir where a hydraulic head produces  energy throw a 

number of turbines.  

 
 

The system called wave activated bodies is the one where the motion of the water is 
directly transferred to the motion of the system.  

The system used in the Lysekil project is a wave activated body. In this case the 
motion of the water is transferred to the device by a point absorber connected to the 
generator via a rope. A point absorber is a buoy that has a small horizontal length 

compared to the wave length. The pressure from the water waves forces the point 
absorber to elevate. Since the point absorber is attached to a translator via a rope, the 

translator will naturally move up whit the same motion. Around the translator there is 
the stator which does not move, and the relative motion of the moving translator will 
result in transforming the kinetic energy into electrical energy. [1] [3] 
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2.2 The generator and PA 
  
The WEC studied in this report consists of a linear generator, a Point Absorber (PA) 

and a foundation.  
 

The generator basically consists of a translator, stator, springs located at the bottom 
and at the top of the generator which is placed in a pressured vessel. 
On the translator there are very strong permanent magnets attached. The stator is 

composed of thin steel sheets and three phase windings. Between the rotor and the 
stator there is an air gap which the magnetic flux passes, from the rotor to the stator. 

The flux is then led back to the magnets on the rotor via the teeth and the yoke of the 
stator. 

  

The device shown in Figure 2.2 converts the motions of waves to electrical power.  
This is done by the PA moving up and down due to the forces of the water, resulting 

in the same motion in the translator.  
 

 
 
Figure 2.2: Principle image of the WEC without the gravity foundation. 
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3.0 Theory 
 

3.1 The linear wave theory 
 

To estimate the properties of waves, different theories can be used. These theories 
are called the Linear Wave Theory and the Non-Linear Wave Theory. An 
approximation used by [4] is that the Linear Wave Theory can be used if  

 
 H / λ ≤ 1 / 50    (3.1) 

 
Where H is the wave height and λ is the wave length.  

 

In deep water where the wave height is much smaller than the wave length the water 
particles move almost in a perfect circular motion. Deep water is defined as  

 
h  ≥  λ / 2     (3.2) 

 

where h  is the water depth  
 

or 
 

 k ∙ h ≥ π     (3.3) 

 
where k is the wave number. 

 

If these equations are fulfilled the kinematic properties of waves can be calculated as  
 

 c = g ∙ T / 2 ∙ π    (3.4) 
 

where c is the phase velocity  of the individual wave, g is the acceleration of gravity  

and T is the period time . 
 

The period time can be calculated 
 

T = 1 / f = 2 ∙ π / ώ     (3.5) 

 
where f is the frequency and ώ is the circular frequency. 

 
 

The wave length can be calculated as  

 
λ = g ∙ T2 / 2 ∙ π    (3.6) 
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and the wave number  
 

k = 2 ∙ π / λ     (3.7) 

 
The velocity in vertical direction can be calculated by 

 
u = H ∙ π ∙ e k ∙ z ∙ sin (k ∙ x – ώ ∙ t) / T   (3.8) 
 

where z is a reference point, with zero in the highest point of the surface. The highest 
velocity will occur when sin (k ∙ x – ώ ∙ t) equals one. Since the highest velocity will 

occur as z heads toward zero the e k ∙z part of the equation will be one and leading to 
equation (3.9). 
 

u = π ∙ H / T     (3.9) 
 

where H is the wave height (crest to through).  
 
The derivative of equation (3.8) gives the acceleration in vertical direction and can 

be calculated by 
 

a = - H ∙ π ∙ e k ∙ z ∙ ώ ∙ cos (k ∙ x - ώ ∙ t) / T  (3.10) 
 
If sin (k ∙ x – ώ ∙ t) is equal to 1, cos (k ∙ x - ώ ∙ t) will be 0. Equation (3.10) will then 

result 0, i.e. no acceleration. 
 
By the same argument as for equation (3.8), equation (3.10) can be simplified only 

now cos (k ∙ x – ώ ∙ t) equals one leading to 
 

a = - π ∙ H ∙ ώ / T    (3.11) 
 

3.2 Bodies in water 
 

A body in water will be affected by lifting forces due to different density between the 

water and the body (unless the body has the same density). And by forces due to the 
relative velocity between the water and the body. The lifting force FL1 can be 

calculated for a body if the density of fluid is know as well as the volume of the body 
according to Archimedes principle: 

 

FL1 = ρ ∙ V ∙ g    (3.12) 
 

where ρ is the density of the fluid, V is the volume of the body and g is the 
acceleration of gravity. 

 

The body will also be affected by another force Fg, that is the gravity force. This 
force can be calculated by 

 
Fg = m ∙ g     (3.13) 

 

where m is the mass of the body.  
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A body moving through a fluid will besides these forces mentioned above, be 

affected by a third force, Fd that will act in the same direction as the velocity.  
According to [3] d Fd is the hydrodynamic force exerted on a strip of a cylinder. If 

the acceleration is 0, the second part of the equation will result in 0, leaving only the 
first part left. d Fd can be calculated by  
  

d Fd = ρ ∙ D ∙ Cd ∙ u
2 / 2 + π ∙ ρ ∙ D2 ∙ Cm ∙ a / 4   (3.14) 

 

where D is the diameter, a is the acceleration, u is the velocity, Cd is the drag 
coefficient and Cm is the mass constant. 
 

In case of 0 acceleration, equation (3.14) can be simplified to  
 

Fd = ρ ∙ A ∙ Cd ∙ u
2 / 2    (3.15) 

 
where A is the area 

 
The first part of equation (3.14) is the drag force. It is dependent of the velocity of a 

body. This force for a stationary body will be in the same direction as the velocity of 
the water. For a moving body in still water this force will act in opposite direction as 
the moving body. Considering a foundation moving from the seabed due to forces in 

the upward direction, these forces will be a bit reduced by the drag force. The 
magnitude of the drag force will be greater for higher velocities.  
 

According to [5], the drag coefficient Cd is a function of Reynolds number if 
assumptions are made that the forces in the flow direction are only due to inertia and 

friction. This means that the fluid is considered incompressible, and that gravity does 
not have any impact on the free surface. If these assumptions cannot be assumed, Cd 
will also be dependent of Froude’s number and the Mach number.  

 
Equation (3.14) includes besides from the drag force the other part of the 

hydrodynamic force acting on a body, the mass force. It is dependent of an added 
mass (AM) on the body, an acceleration and the mass coefficient Cm. According to 
[3] Cm for Reynolds number smaller than 2 ∙ 106 is about 1.5. AM for a cylinder 

accelerating upward can be described as a mass of water under the cylinder equal to 
the mass of water displaced by the cylinder according to [7], which acts as a force 

downward. For a body that has the function as a gravity foundation for example, 
there could not be any AM as long as the body remains still at the seabed. If the 
distance between the foundation and the seabed increase, theoretically there should 

be space for the AM to take place and thereby act as a downward force preventing 
the foundation to move. 
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According to [3], equation (3.14) can be used if the relation between λ/D and H/D 
locates in the inertia forces area seen in Figure 3.0 
 

 
 
Figure 3.0: Area of dominance of inertia, diffraction and viscous forces. 

 

 
There could also be a suction force between the foundation and the seabed according 

to [6]. This is called the breakout resistance and acts as a force preventing the 
foundation to move. It is dependent of the shape of the foundation, the soil type and 
the embedment in the seabed. The suction force is greater for clay than for instance 

sand. When lifting a submerged object, the reversed bearing failure of the soil has to 
be overcome in addition to the weight of the object. The size of this force is 

according to [9] at least equal to the submerged weight of the object. This 
phenomenon could work as an advantage when dimensioning the foundation. 
 

3.3 Static balance 
 

If a body is desired to remain still, all the forces (shown in Figure 3.1) acting on the 
body in the horizontal and vertical direction with regard to the same point must be 

zero. The first step is to decide which directions are positive and negative. For this 
matter it will be assume that down is positive in the vertical direction, respectively 
right in the horizontal direction and clockwise will be assumed positive for the torque 

motion. 
 

The next step is to add all the forces in the horizontal direction x, and multiplying the 
sum of these forces by the vertical length from the force to any point of the body. 
The torque M in the horizontal direction is found, either positive or negative.  
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The torque in the vertical y-direction can be found the same way, only this time 
multiplying the sum of all forces in the vertical direction by the length in the 
horizontal direction to the same point as before. If the sum of torques in both y and x 

directions is zero the body will remain still.  
 

Considering a body resting on the ground, the sum of torques does not have to be 
zero for the body to remain still. In case of Figure 3.1, the sum of torques can be 
negative and still the body would not move. That is unless the pressure from the 

body breaks the ground.   
 

 

 
 
Figure 3.1: Principle sketch of the forces acting on the WEC.  

 
 
By using equation (3.16) static balance in the situation of Figure 3.1 can be 

calculated by 
(down, right and clockwise being positive direction for x,y and M) 

 
↑:  FL b ∙ cos (α) ∙ Rf + FL wec ∙ Rf + FL f ∙ Rf 
 

↓:  Fg wec ∙ Rf + Fg f ∙ Rf  
 

→: FL b ∙ sin (α) ∙ L  
 
∆↓: ↓-↑ 

 
M: ∆↓ - → 

 
F ∙ D = M     (3.16) 
 

where D is a distance and M is torque. 
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3.4 Scale modelling 
 
To obtain similar conditions on the flow in a scale model experiment, there are three 

main things to consider. 
 

Reynolds number R is a dimensionless number, a ratio between inertia forces and 
friction forces. According to Reynolds two different objects in two different fluids 
could achieve similar flow, as long as Reynolds number is the same. According to 

[5] this number can be calculated by  
 

R = v ∙ D / υ     (3.17) 
 
where v is the velocity, D is a characteristic length (diameter for a cylinder) and υ is 

the kinematic viscosity. υ for water at 25˚ C is according to [8] 0.967 ∙ 10-5 ft2/s. In 
SI units’ υ is 8.98 ∙ 10-7 m2/s. 

 
The force Fd mentioned in 3.2, is dependent on the drag coefficient Cd. Also 
mentioned earlier, Cd is a function of R. This means that to obtain a correct result 

between a model and a prototype the Reynolds number must be equal for both. 
However, considering Figure 3.2 it can be seen that for Reynolds number 

approximately between R = 4∙103 and 3∙106 the drag coefficient Cd is approximately 
1 for circular cylinders. 

 
 
Figure 3.2: Cd as a function of Reynolds number for a cylinder formed ob ject .  

 

The ratio between the prototype and the model is called the scale factor n. 
Considering a model with a length (Lm) of 1 m and a prototype with same 

geometrically length Lp 0.5 m, the scale factor is 
 
n = Lp / Lm ≤ 1    (3.18) 

 
By multiplying the scale factor by Lm the length of the prototype Lp, will be 

conceded. Velocity is scaled by another way and can be derived by Froude’s number.  
 
The definition of Froude’s number Fn is  

 
Fn = v / √ (g ∙ L)    (3.19) 
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If the result from scaling experiment is desired to be correct, Froude’s number must 

be the same for both model and prototype. This is done by 
 

vm / √ (g ∙ Lm) = vp / √ (g ∙ Lp)   (3.20) 
 
where vm and vp is velocities of model respectively prototype 

 
Since g occurs on both sides, the equation can be rewritten as  

 
vp / vm = √ (Lp / Lm) = √n    (3.21) 
 

By multiplying the model velocity by the square root of the scale factor the prototype 
velocity is found.   

 
Neither time is scaled just by just multiplying the scale factor by the time.  
 

Strouhal’s number Sn is defined as 
 

Sn = f ∙ L / v     (3.22) 
 
Where f is the frequency 

 
The same applies to preserving Strouhal’s number as Froude’s number when 
considering scaling. Sn can then be written as 

 
fm ∙ Lm / vm = fp ∙ Lp / vp    (3.23) 

 
Since f = 1 / T (eq. 3.5) the equation (3.22) can be rewritten as 
 

Lm / Tm ∙ Vm = Lp / Tp ∙ vp     (3.24) 
 

The time scale factor is obtained by rewriting equation (3.23) as according to [4]  
 
Tp / Tm = Lp / Lm ∙ (vm / vp) = √n   (3.25)  
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4.0  Experiment 
 

4.1 The wave tank 
 

The experiment is conducted in a wave tank located in Ångströms labratoriet. This 
tank is approximately 3 m long, 1 m wide and 1 m deep (up to water surface). The 4 
walls are made of Plexiglas, so it is possible to observe the experiment. The waves 

are produced by a steel plate, approximately 1.4 m high and 1 m wide. It is mounted 
on the tank and to a rotating circular disk. The plate and the rotating disk are attached 

by two arms, in a drop arm construction. The two arms have holes drilled into them, 
the one directly attached to the plate has one and the other attached in a fixed 
position to the rotating plate has 5 shown in figure 4.0 and 4.1.  

 

    
Figure 4.0 a: Construction of the                  Figure 4.0 b: The wave tank. 

rotating disk.   

 
Figure 4.1: Principle sketch of the wave tank. 
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By choosing different hole to attach the arms by, the distains the plate moves is 
chosen. The longer the arm is, the further the plate will move and the wave height in 
the tank will increase. At the same time the wave length will be smaller.  

Maximum wave height is about 0.2 m. 
 

The rotating disks velocity can be tuned from A-C, A being the lowest velocity and 
C the highest. The velocity of the disk determines the period time of the waves being 
produced. Increased velocity of the plate will result in shorter period time.  

 
At the end of the tank there is a construction to prevent the waves from reflecting 

back. The construction is made of steel grid and a plastic material with small holes. 
When the waves hit the construction some of the waves are prevented from reflecting 
back. 

 

4.2 Deciding scale factor 
 
In order to decide the scale factor some aspects had to be considered. The option of 
depth for the experiment was 25 m, 50 m or 100 m. In order to get a prototype as 

resemble as the real model as possible the choice fell on 25 m. If 50 m would have 
been chosen, the experiment being conducted in a 1 m deep tank would result in a 

scale factor of 1/50. This would make the prototype too small to work with. Since the 
prototypes used were made by hand in a workshop, there would be harder to get the 
same precision with a too small prototype. The chosen extreme waves referred to 

below could not be produced in the tank, because the smallest time periods able to 
produce was 1.3 s. Scaling down the period time of 7 s to a scale factor of 1/50 

would result in a period time of 1 s, which could not be done by the tank. 
 
If the size difference is too big between the prototype and the model, there could be 

some difficulties while dimensioning the prototype if the Froude number has to be 
preserved. Although this was not a problem in this thesis it can be worth considering 

in the early stages of an experiment. Also, in order to decide what would be defined 
as extreme weather, the highest waves possible to make in the tank in relationship to 
the scale factor had to be considered.  

 
With a scale factor of 1/25, the biggest waves possible to produce in the tank (0.2 m) 

resembles 5 m in real life. However, when producing these waves, the reflection of 
waves coming back after reaching the tank end is too severe. The construction for 
preventing the reflection of waves does not work all correct. The biggest waves for 

this experiment were chosen to speed C and second longest arm. This result in a 
wave height of about 0.16-0.18 m, time period of about 1.3-1.4 seconds (these 

calculations are made by stopwatch and ruler). In real life this would result in a wave 
height of about 4 m, period time of about 7 s. With all this in consideration, the 
definition of extreme waves could be done.  
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Figure 4.2: The left vert ical axis shows significant wave height and the horizontal axis shows the 

period time. The numbers represent hours of wave occurrence per year. Figure 4.2 can be found in [1] 

paper X. 

 
 

Figure 4.2 shows that significant wave heights over 2 m rarely occurs on the west 
coast. Wave height of about 3 m and time period of 7 s occurs relatively often. So 

waves heights of 3m and period time of 7 s was chosen as one to investigate as 
extreme wave. The other was chosen by the same argument, with wave heights of 4 
m and time period of 7 s. These waves occur very rarely as seen above, and are 

defined as extreme waves in this thesis.  
 

4.3 Considerations of chosen extreme waves 
 
The waves that were chosen as extreme waves can be reproduced in the tank at a 

scale factor of 1/25, with regard to wave height and period time. However, the wave 
length is very hard to determine. Although the tank is 3 m long, the reflection of the 

water against the end and the turbulent flow made by the steel plate in the front 
makes it very hard to estimate the wave length. By using equation (3.6), it is realized 
that the wave length for a wave with the time period 7 s would be about 76.5 m. 

Using equation (3.24) will result in a wave length of about 3 m for the prototype.  
 

 
 



 

17 

 

4.4 The Wave Tank Experiment 
 
The first experiments where conducted to see if the theoretical calculations do 

correspond with real life experiments. The real buoy has a diameter of 3 m, height of 
1.2 m and a weight of around 5000 kg, including the rope and the translator. In the 

experiments two buoys were made, one with scale factor of 1/25 (A), and one with 
scale factor of 1/30 (B). 
 

A rope attached the buoy to a homemade strain gauge meter. On the bottom of the 
tank, there was a castor where the rope between the buoy and the strain gauge was 

attached (Figure 4.3). The friction between the rope and the castor was assumed to be 
negligible. The wave tank was set and the highest result shown on the strain gauge 
display was observed. This was done 40 times for 30 s of each test. 30 s was chosen 

because the whole behaviour of the buoy did occur during this time.  
 

Properties of the Wave Tank Experiment: 

 
Test 1, buoy A: 

Wave height = 0.16 m Period time = 1.4 s R = 4.8 ∙ 104 
 

Test 2, buoy A: 
Wave height = 0.12 m Period time = 1.4 s R = 3.6 ∙ 104 
 

Test 3, buoy B: 
Wave height = 0.13 m  Period time = 1.3 s R = 3.6 ∙ 104 

 
Test 4, buoy B: 
Wave height = 0.10 m Period time = 1.3 s R = 2.8 ∙ 104 

 

 
 
Figure 4.3: Principle sketch of the wave tank experiment.  
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4.5 Strain gauge meter and the buoys 
 
The strain gauge meter was made out of a “kitchen scale”. The part where the stress 

is applied was constrained to a board seen in Figure 4.4. The stress is converted to 
gram by a PCI and shown on strain gauge meter display. To get the stress in the rope 

the mass shown on the display is converted to kg and multiplied by Acceleration of 
gravity (9.81 m/s2).  
 

 
 
Figure 4.4: Homemade strain gauge meter.  

 
 
The buoys used in the experiments were made by hand in a workshop located at 

Ångströms Laboratoriet. The shapes of the buoys were cut out with a bolt clipper. 
The top, bottom and “walls” of the buoys were constrained by screws and L-bars. To 

get the buoys waterproof silicone was used. The buoys can be seen in Figure 4.5. 
 

  
 
Figure 4.5: Homemade buoys. 
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4.6 Observations of wave tank experiment 
 
In the experiments all the registered results did not correspond with the theoretical 

calculation. There could be a couple of reasons for this.  
One reason could be that the shape of the buoys could not be produced as a perfect 

cylinder, although quite near.  
 
One other reason could be the reflection of the waves hitting the end of the tank. 

How this phenomenon affects the results of the experiments is hard to determine 
without proper equipment. The reflection of the waves could affect the incoming 

waves in two ways. They could either increase the amplitude of the incoming waves 
or decrease the amplitude depending on the distance of the waves from each other.  
 

The angel between the buoys surface and the direction of the velocity and the 
acceleration could also lead to verities in the results. The theoretical calculations are 

done with regard to the buoys surface being perpendicular to the direction of the 
velocity and acceleration. If the surface is not perpendicular with the velocity and the 
acceleration the forces on the buoy could be smaller than the theoretical calculations.  

Figure 4.6 shows some angels in the experiments.  
 

       
 
Figure 4.6: Different angels of the buoy. 
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During the experiment it was observed that the buoys during the 30 s tests, was not in 
phase with the waves all the time. Under a couple of seconds, approximately for 
about 4-7 s, the buoys travelled up and down in phase with the waves. The rest of the 

time the buoys could travel up simultaneously as the wave trough. The highest 
results were observed when the buoys seemed to be in phase with the waves.  

Figure 4.7 and 4.8 shows the buoys in different phases with the waves.  
 

     
 
 Figure 4.7: Buoys not in phase with the waves. 

  
 

     
 
Figure 4.8: Buoys in phase with the waves. 
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4.7 The suction force 
 

To investigate if there are any suction forces between the foundation and the soil two 

experiments were conducted on two different soil types. A foundation was made by 
concrete. The foundation was placed in a box on the bottom of the tank with a soil 

containing sand and fine grained shells. The foundation was then attached by a rope 
via two castors to a bottles containing salt. By filling the bottle with more salt the 
weight that was needed to lift the foundation could be determent. The foundation had 

a height of about 0.014 m, radii of about 0.16 m and a weight of 2.4 kg.  
 

To investigate how the suction force differs between sand and clay soil the same 
experiment was conducted with clay.  
 

Figure 4.9 and 4.10 shows the principle of the experiments and the foundation.  
 

   
 
Figure 4.9: The suction experiment.            Figure 4.10: The foundation. 
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5.0 Results of experiments 
 

5.1 Result of the Wave Tank Experiment 
 

Figure 5.0 shows the results from Test 1 of the Wave Tank Experiment versus 
theoretical calculations. The blue line resembles highest observed forces [N] of the 
experiment. The green line resembles the calculated theoretical force.  

The magnitude of the force is shown by the vertical axis. The horizontal axis shows 
the order of 40 trails in Test 1. 

 
Test 1, buoy A: 
Wave height = 0.16 m Period time = 1.4 s R = 4.8 ∙ 104 

 

 
 
Figure 5.0: Blue line resembles experiment results from test 1, green line resembles theoretical 

calculations. Vert ical axis resembles force (N), horizontal axis resembles order of result from test. 
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Figure 5.1 shows the result from Test 2 of the Wave Tank Experiment versus 
theoretical calculations. 
 

Test 2, buoy A: 
Wave height = 0.12 m Period time = 1.4 s R = 3.6 ∙ 104 

 
 

 
 
Figure 5.1: Blue line resembles experiment results from Test 2, green line resembles theoretical 

calculations. Vert ical axis resembles force (N), horizontal axis resembles order of result from test. 

 
 
Figure 5.2 shows the result from Test 3 of the Wave Tank Experiment versus 

theoretical calculations. 
 

 
Test 3, buoy B: 
Wave height = 0.13 m  Period time = 1.3 s R = 3.6 ∙ 104 

 

 
 
Figure 5.2: Blue line resembles experiment results from Test 3, green line resembles theoretical 

calculations. Vert ical axis resembles force (N), horizontal axis resembles order of result from test. 
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Figure 5.3 shows the result from Test 4 of the Wave Tank Experiment versus 
theoretical calculations. 
 

Test 4, buoy B: 
Wave height = 0.10 m Period time = 1.3 s R = 2.8 ∙ 104 

 
 

 
Figure 5.3: Blue line resembles experiment results from Test 4, green line resembles theoretical 

calculations . Vert ical axis resembles force (N), horizontal axis resembles order of result from test. 

 
 

5.2 Result from suction force experiment 
 

The weight that was needed just for the foundation to remain still on sand soil was 
1.131 kg. 

 
The result of the experiment with clay soil was exactly the same as the first 
experiment with sand soil. For weights over 1.131 kg the foundation lifted from the 

bottom of the tank.  
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6.0  Conclusions and discussion 
 

6.1 Conclusions and discussion of the wave tank 
experiment  
 
The conclusions made by the experiments are that equation (3.14) gives a good 
estimation of the forces, when the purpose is to estimate the highest forces on an 

object in water. The varieties in the results could as mentioned earlier depend on the 
tank ability to produce waves, as well as the angel between the buoy surface and the 

waves. For bigger wave heights, the tank did not behave as linear as for smaller wave 
heights. If the object is not seen as stationary, and other than just the highest forces is 
desired to discover, other methods should be used. In the case of for example a ship 

travelling on the water surface, the ships eigenfrequency should be taken in 
consideration, as it could contribute to a radiation reducing some of the total force.  

 
Conclusions are also made with regard to the wave tank being used. The wave tank 
seems to be sufficient to conduct experiments with regard to the forces applied from 

the waves. Although all waves are not possible to reproduce in the wave tank, some 
waves of interest can be investigated. 

 
If the purpose is to investigate objects on the bottom of the wave tank, such as the 
drag force or mass force, the results in the experiment could be misleading. In deep 

water the water particles are almost at rest on the seabed, with increas ing motion as 
the distance from the seabed increases. The waves produced in the wave tank are 

made by a plate moving forward and backward. This plate reaches from the water 
surface almost to the bottom of the tank. As a result all the water particles will be in 
motion, even the particle near the bottom. The results of the experiments in the wave 

tank could differ from real life deep water situations because of the reasons 
mentioned.  

 

6.2 Conclusions and discussion of the suction force 

experiment 
 
The foundation being used in the experiment was also made by hand in the 

workshop. To estimate the weight of the foundation a scale was used. The scale used 
could not estimate the real weight of the foundation, only an approximation. The 

difference could be up to around ± 0.1 kg. The shape of the foundation was not 
possible to entirely produce, as the height did differ from about 0.012 m - 0.018 m. 
The result was that the volume and the weight, which the buoyancy is dependent of 

turned out to be different from the expected result.  
 

As mentioned earlier the suction force is dependent of the soil type. The clay used in 
the experiment was dug up from a random place. Different types of clay have 
different properties that could affect the suction force. The clay used in the 

experiment dissolved almost immediately, not completely but to a certain degree. 
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When the box containing the clay was placed on the bottom, the water in the tank got 
muddy indicating that the clay was not too firm.  
To come to a conclusion about the suction force from the experiment was not 

possible. The experiment showed that there is no difference between clay and sand 
suction force. It should be pointed out that this conclusion could only be made with 

regard to the clay being used in this experiment, and not for other types of clay.  
 
The suction force is as mentioned earlier dependent also on the methods of 

placement of the object. The suction force phenomenon is described more by [6]. 
 

6.3 Conclusion and discussion of the foundation  

 
With the results from the experiments of the buoys some conclusions can be made 

with regard to the gravity foundation. By studying equation (3.17), it can be realized 
that the mass of scaled prototype will be n3. As the acceleration of gravity cannot be 

scaled down, the force is scaled also by n3. The force from wave tank experiment 
with buoy A and 0.16 m wave height will result in 3.1 / (1/25)3 = 48437.5 N. The 
weight needed for the foundation to remain still when affected of this force should be 

33000 kg. The calculation can be found in Appendix A. These calculations are made 
in the case when the radii and the height of the foundation are constant.  

 
As the density of concrete is about 2800 kg/m3, it would not be possible to produce a 
foundation with the same height or radii. Considering a foundation with a fixed 

height of 0.5 m and weight of 33000 kg made of concrete with a density of 2800 
kg/m3 the radii would be about 2.7 m.  

 
The weight needed for the foundation could be smaller than 33000 kg, depending on 
the suction force between the soil and the foundation. As mentioned earlier the break 

out resistance is different for different types of soils. The drag force as well as the 
mass force could also contribute to reducing the weight. The drag force is dependent 

of the velocity, and as the velocity increases the contribution will be greater. The 
mass force is dependent of the acceleration and with increasing acceleration the 
contribution of this force increases.  

 

6.4 Discussion about the buoy connected to the 

foundation 
 

In the early stages of the planning of the experiments the idea was to conduct 
experiments of the whole WEC, i.e. connect the buoy to the foundation and 
generator. By estimating the distance the foundation moved as waves were produced 

in the wave tank, and the time for the movement the velocity should be found. By 
taking pictures of the foundation during the experiment the distance of the movement 

was thought to be received. When observing the wave tank it was realized that an 
object on the bottom of the tank did not look the same outside the tank as inside the 
tank. The image seemed asquint outside the tank. Because of this phenomenon the 

experiment of the entire WEC could not be conducted.  
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7.0 Future work 
 
The forces affecting the foundation are partly from the buoy. The hydrodynamic 
forces acting on the buoy are depended by the waves and as the waves in real life are 

unpredictable to a certain degree it would be a benefit if the uncertainties could be 
limited. One way to achieve this could be to change the shape of the buoy. For 

example, the drag coefficient for a sphere is about half the size compared to drag 
coefficient of a cylinder as seen in Figure 7.0. By using the shape of a sphere instead 
of a cylinder the contribution by the drag force would be smaller.  

 

 
 
Figure 7.0: Cd as a function of Reynolds number for a spherical fo rmed object.  

 
 

The contribution by the mass force would also be smaller. According to [7] the added 
mass for a sphere is one half of the mass displaced water by the sphere, in co ntrast to 
the added mass of a cylinder that is the equal to the mass of water displaced by the 

cylinder. If the contribution by the drag and mass force is limited, the main forces 
affecting the buoy would be dependent of the volume and the weight of the buoy 

resulting in more predictable forces acting on the foundation by the buoy.  
 
By experimenting with different shapes of the buoy a design could be found where 

the hydrodynamic forces have less effect and thereby make calculations needed to 
determine the properties of the foundation easier. The wave tank used in this thesis is 

sufficient to conduct the experiments presented here, with some insecurity. 
 
Experiment should be conducted to determine the hydrodynamic forces and the 

suction force acting on the foundation. Conclusions are made that the results 
conceived from experiments conducted on the bottom of the wave tank could 

possibly be misleading depending on that the wave tank is not able to produce the 
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same behaviour of the water as it would be in a real ocean. These experiments should 
be made either without involvement of waves, or conducted in a proper wave tank.  
 

Investigation of all the forces acting on the WEC should be made. As mentioned in 
6.1, the wave tank used in this thesis is not sufficient. The experiment should be 

conducted in a more proper wave tank. To investigate the forces acting on the 
foundation, the wave tank should be equipped with some sensors. Sensors for 
measuring the velocity of the moving foundation is required, as well as sensors for 

measuring the forces of the buoy acting on the foundation. The wave tank should 
also be deeper for experiment with larger prototypes. Smaller prototypes require 

more precision and some information could be lost without proper equipment. The 
wave tank should also be able to vary the frequency of the produced waves. To 
investigate the suction force between the soil and the foundation, more detailed 

investigation of the soil is required.  
 

The forces from the waves acting on the buoy last only for a short period of time, as 
a pulse force. The behaviour of the foundation will be dependent of the magnitude of 
the pulse. Experiments should be conducted to investigate the time period of the 

pulses and how this phenomenon affects the gravity foundation.  
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Appendix A 

 
Properties of real life buoy 

 
Radii = 1.5 m 

Height = 1.2 m 
Mass (including rope and translator) = 5000 kg 
 

Properties of buoy A, scale factor (1/25) 

 

Equation (3.18) gives prototype radii 
 
1.5 m ∙ 1/25 = 0.06 m 

 
leading to 

 
Area = 0.011 m2  

Volume = 5.44 ∙ 10-4 m3 

Height = 0.048 m 
Mass = 0.32 kg 

 
Properties of real life wave, H = 4 m, T = 7 s 

 

The relationship between (3.8) and (3.10) shows that when the maximum velocity 
occurs, the acceleration will be 0. (cos (n ∙ π/2) = 0) 

 
Equation (3.9) gives the maximum vertical velocity 
 

u = π ∙ 4 / 7 = 1.8 m/s 
 

Equation (3.5) gives the circular frequency 
 
2 ∙ π / 7 = 0.9 rad/s  

 
a = 0 

 
Properties of real life wave, H = 3 m, T = 7 s 

 

Equation (3.9) gives the velocity in vertical direction 
 

3 m ∙ π / 7 s = 1.35 m/s 
 
Equation (3.5) gives the circular frequency 

 
2 ∙ π / 7 = 0.9 rad/s  

 
a = 0 
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Properties of prototype wave (0.16 m), scale factor (1/25) 

 
Equation (3.18) gives prototype H 

 
4 m ∙ 1/25 = 0.16 m 

 
Equation (3.25) gives prototype T 
 

7 s ∙ √1/25 = 1.4 s 
 

Vertical velocity is given by equation (3.20) 
 
1.8 ∙ √1/25 = 0.36 m/s 

 
a = 0 

 
Test 1: The forces on the prototype buoy A and wave height of 0.16 m (4 m real 

life) can be calculated by (Cd is assumed to be 1.3) 

 

Equation (3.17)  R = 0.36 ∙ 0.12 / 8.98 ∙10-7 = 4.8 ∙ 104
 

 
Equation (3.15) + (3.12) – (3.13) 
 

(1000 ∙ 0.011 ∙ 1.3 ∙ 0.362 / 2) + (1000 ∙ 9.81 ∙ 5.44 ∙ 10-4) – (0.32 ∙ 9.81) = 3.1 (N) 
 
Properties of prototype wave (0.12 m), scale factor (1/25) 

 
Equation (3.18) gives prototype H 

 
3 m ∙ 1/25 = 0.12 m 
 

Equation (3.25) gives prototype T 
 

7 s ∙ √1/25 = 1.4 s 
 
Vertical velocity is given by equation (3.21) 

 
1.35 ∙ √1/25 = 0.27 m/s 

 
a = 0 
 

Test 2: The forces on the prototype buoy A and wave height of 0.12 m (3 m real 

life) can be calculated by (Cd is assumed to be 1.3) 

 
Equation (3.17)  R = 0.27 ∙ 0.12 / 8.98 ∙10-7 = 3.6 ∙ 104 
 

Equation (3.15) + (3.12) – (3.13) 
 

(1000 ∙ 0.011 ∙ 1.3 ∙ 0.272 / 2) + (1000 ∙ 9.81 ∙ 5.44 ∙ 10-4) – (0.32 ∙ 9.81) = 2.7 (N) 
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Properties of buoy B, scale factor (1/30) 

 
Equation (3.18) gives prototype radii 

 
1.5 m ∙ 1/30 = 0.05 m 

 
leading to 
 

Area = 0.00785 m2  

Volume = 3.14 ∙ 10-4 m3 

Height = 0.04 m 
Mass = 0.185 kg 
 

Properties of prototype wave (0.13 m), scale factor (1/30) 

 

Equation (3.18) gives prototype H 
 
4 m ∙ 1/30 = 0.13 m 

 
Equation (3.25) gives prototype T 

 
7 s ∙ √1/30 = 1.3 s 
 

Vertical velocity is given by equation (3.21) 
 
1.8 ∙ √1/30 = 0.33 m/s 

 
 

a = 0 
 
Test 3: The forces on the prototype buoy B and wave height of 0.13 m (4 m real 

life) can be calculated by (Cd is assumed to be 1.3) 

 

Equation (3.17)  R = 0.33 ∙ 0.1 / 8.98 ∙10-7 = 3.6 ∙ 104 

 
Equation (3.15) + (3.12) – (3.13) 

 
(1000 ∙ 0.00785 ∙ 1.3 ∙ 0.332 / 2) + (1000 ∙ 9.81 ∙ 3.14 ∙ 10-4) – (0.185 ∙ 9.81) = 1.8 (N) 

 
 

 

Properties of prototype wave (0.10 m), scale factor (1/30) 

 

Equation (3.18) gives prototype H 
 
3 m ∙ 1/30 = 0.10 m 

 
Equation (3.25) gives prototype T 

 
7 s ∙ √1/30 = 1.3 s 
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Vertical velocity is given by equation (3.21) 
 

1.35 ∙ √1/30 = 0.25 m/s 
 

a = 0 
 
Test 4: The forces on the prototype buoy B and wave height of 0.10 m (3 m real 

life) can be calculated by (Cd is assumed to be 1.3) 

 

Equation (3.17)  R = 0.25 ∙ 0.1 / 8.98 ∙10-7 = 2.8 ∙ 104 

 
Equation (3.15) + (3.12) – (3.13) 

 
(1000 ∙ 0.00785 ∙1.3 ∙ 0.252 / 2) + (1000 ∙ 9.81 ∙ 3.14 ∙ 10-4) – (0.185 ∙ 9.81) = 1.6 (N) 

 
Properties of the WEC 

 

Radii = 0.5575 m 
Height = 8 m 

Volume = 7.8 m3 
Mass = 7500 kg 
 

Properties of the foundation 

 
Radii = 3.84 m 

Height = 0.5 m 
Volume = 23.2 m3 

Mass = 65000 kg 
 
Mass of foundation affected by 48,4 kN from the buoy (α = 30˚) 

 
Equation (3.16) 

 
↑:  FL b ∙ cos (α) ∙ Rf + FL wec ∙ Rf + FL f ∙ Rf 
 

↓:  Fg wec ∙ Rf + Fg f ∙ Rf  
 

→: FL b ∙ sin (α) ∙ L  
 
∆↓: ( Fg wec ∙ Rf + Fg f ∙ Rf ) – ( FL b ∙ cos (α) ∙ Rf + FL wec ∙ Rf + FL f ∙ Rf )  

(Fg f = Mass of foundation (mf) ∙ g) 
 

M : (( Fg wec ∙ Rf + Fg f ∙ Rf ) – ( FL b ∙ cos (α) ∙ Rf + FL wec ∙ Rf + FL f ∙ Rf )) - FL b ∙  
sin (α) ∙ L  
 

mf = FL b ∙ cos (α) ∙ Rf +FL wec ∙ Rf + FL f ∙ Rf + FL b ∙ sin (α) ∙ L – Fg wec ∙ Rf / g ∙ Rf  
 

mf = 48437.5 ∙ cos (30) ∙ 3.84 + 1000 ∙ 9.81 ∙ 7.8 ∙ 3.84 + 1000 ∙ 9.81 ∙ 23.2 ∙ 3.84 + 
48437.5 ∙ sin (30) ∙ 8 – 7500 ∙ 9.81 ∙ 3.84 / 9.81 ∙ 3.84 = 32919.4 kg ≈ 33000 kg 
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Radii of foundation (mass 33000 kg, height 0.5 m) 

 
Density = mass / volume 

density of concrete = 2800 kg / m3   
 
Radii = √(mass / π ∙ height ∙ density)   

 
Radii = √(33000 / π ∙ 0.5 ∙ 2800) = 7.5 m 
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Appendix B 
 
Results from the wave tank experiment, test 1, test 2, test 3 and test 4 [N]. 

 
Order Test 1 Test 2 Test 3 Test 4 

 
1. 3,60 3.77 2.32 1.76 
2. 4,40 3.84 1.75 1.50 

3. 4,41 3.82 2.41 1.54 
4. 5,00 3.68 2.28 1.49 

5. 4,18 3.67 2.02 1.52 
6. 4,67 3.47 2.16 1.59 
7. 4,14 3.86 2.26 1.36 

8. 4,30 3.47 2.38 1.64 
9. 4,79 3.79 2.40 1.40 

10. 4,62 3.74 2.27 1.81 
11. 4,36 3.95 2.19 1.75 
12. 4,64 3.79 2.16 1.62 

13. 4,36 3.25 2.23 1.71 
14. 4,38 3.66 2.42 1.68 

15. 4,44 3.87 2.39 1.63 
16. 4,09 3.60 2.25 1.74 
17. 4,38 3.50 2.30 1.69 

18. 4,35 3.56 2.45 1.65 
19. 4,47 3.46 2.42 1.83 

20. 4,33 3.65 2.46 1.64 
21. 4,46 3.60 2.18 1.75 
22. 4,44 3.71 2.30 1.70 

23. 4,44 3.68 2.42 1.74 
24. 4,35 3.81 2.53 1.80 

25. 4,62 3.46 2.42 1.71 
26. 4,28 2.59 2.23 1.61 
27. 4,38 2.37 2.32 1.81 

28. 4,54 3.50 2.30 1.68 
29. 4,43 3.46 2.38 1.60 

30. 4,69 3.71 2.42 1.81 
31. 4,36 3.51 2.27 1.81 
32. 4,39 3.61 2.35 1.69 

33. 4,44 3.46 2.32 1.61 
34. 4,19 3.75 2.40 1.64 

35. 4,59 3.57 2.47 1.72 
36. 4,48 3.60 2.36 1.72 
37. 4,40 3.81 2.30 1.74 

38. 4,30 3.46 2.06 1.95 
39. 4,43 3.49 2.26 1.64 

40. 4,25 3.31 2.32 1.78 


