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Introduction

1 Introduction

Day and night, all over the world, the power of the sea can be seen and heard, crashing on
beaches and rocky shores. The infinite cycle of waves, tides and currents is driven by the
wind, by the gravitational effects of the moon and, ultimately, by the power of the sun.

After decades of research, the ability to tap into this source of energy is growing strongly.
What promises is very precious: an unlimited and reliable supply of clean energy that helps
reduce our dependence on fossil fuels and therefore our footprint on planet earth [1].

Tapping into the power of waves and tides to generate electricity also promises to create a
new energy sector, offering jobs (up to 420000 by 2050) and economic growth, especially for
areas affected by the decline of traditional fishing industries like shipbuilding and fishing.
Estimates suggest that wave and tidal energy could meet 15% of European electricity
demand; by 2050 it could help Europe to avoid 136 MT / MWh of CO, emissions [2] [3].

The wave power density is very variable around the world and its highest values are detected
in the Oceans between the latitudes of 30° and 60° on both hemispheres (see figures 1 and 2).
In Europe the West coasts of the U.K. and Ireland along with Norway and Portugal receive
the highest power densities [4].

Figure 1: Wave power density World map (values in kW/m)[4]



Introduction

Figure 2: Wave power density Erope map ( values in kW/m)

ISWEC (Inertial Sea Wave Energy Converter) is a converter of wave energy, which
transforms the oscillation induced on the buoy, into electrical energy, through gyroscope
effects produced by a rotating flywheel located inside it [4]. One of the main advantages of
the ISWEC compared to the already existing WECs is that no moving mechanical parts are in
contact with sea water, because externally it is composed only by the hull. This is the
principle behind the idea that led to the development of the gyroscope assembly, in order to
achieve a greater reliability and therefore lower maintenance and operating costs.

The main purposes of this thesis are:

1. To carry out a study on the geometry of the sailing ship hull in order to determine its
construction peculiarities and above all to check its stability whether in stationary case
or when the boat is moving with different forward speed in a fixed sea state.

2. To design a gyroscopic model in 1:7 scale in order to evaluate the behavior of the
system and perform a feasibility analysis when it will be realized. This study will
allow us to identify the critical issues of the system and try to solve them in order to
avoid the same errors when a prototype of bigger dimensions will be designed.

3. To define a mathematical expression of power losses that occur in a gyroscopic
system with the variation of the scale factor, establishing a trend that will then be

verified when the 1:7 scale prototype will be realized.
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2 Wave Energy

Wave energy, also known as oceanic energy or marine wave energy, is energy that is
exploited by ocean or sea waves [5]. The vertical movement of surface ocean waves is made
up of a lot of kinetic energy that is accumulated by wave energy technologies to perform
useful tasks, for example, electricity generation, desalination of water and pumping of water
in tanks. The wave energy or the waves power is the power absorbed by the waves. When the
wind blows on the surface of the sea, it transfers energy to the waves. The energy emitted is
measured by the velocity of the wave, the height of the wave, the wavelength and the density
of the water. If the waves are stronger they will produce more energy. The captured energy
can then be used to generate electricity, feed plants or pump water. When we look at a seaside
and see the waves crashing against the beach, we are witnessing the power of the waves. It is
not exploited or used for the benefit of anyone in that state, but it is producing energy.

But how are these waves formed? When the wind blows hard enough on the surface of the
water it creates waves. This occurs more often and more forcefully on the ocean due to the
lack of land surrounding that resists the force of the wind. The types of waves that are formed
depend on where they are affected. Long and constant waves that run endlessly against the
beach are probably formed by extreme storms and extreme weather conditions. When we see
high waves and moves that rise and fall very quickly, we are likely to see waves created by a
nearby meteorological system. These waves are usually newly formed occurrences. The
power of these waves can then be exploited by a wave energy converter (WEC).

Wave energy is, essentially, a condensed form of solar power produced by the wind action
blowing across ocean water surface, which can then be utilized as an energy source [6]. When
the intense sun rays hit the atmosphere, they get it warmed up. The intensity of sun rays
hitting the earth’s atmosphere varies considerably in different parts of the world. This
disparity of atmospheric temperature around the world causes the atmospheric air to travel
from hotter to cooler regions, giving rise to winds. As the wind glides over the ocean surface,
a fraction of the kinetic energy from the wind is shifted to the water beneath, resulting in
waves. As a matter of fact, the ocean could be seen as a gigantic energy storehouse collector
conveyed by the sun rays to the oceans, with the waves transporting the conveyed kinetic
energy across the ocean surface. With that in mind, we can safely conclude that waves are a
form of energy and it’s the same energy, not water that glides over the surface of the ocean.
These waves are able to travel throughout the expansive oceans without losing a lot of energy.
However, when they reach the shoreline, where the depth of water is considerable shallow,
their speed reduces, while their size significantly increase. Ultimately, the waves strike the

shoreline, discharging huge quantities of kinetic energy.
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2.1

Advantages and Disadvantages of Wave Energy

Advantages are:

Wave formation and characteristics are parameters that vary constantly but are highly
predictable. Waves crash against the beach day and night and host more energy than
other renewable sources such as wind and solar. Wind energy and solar energy, on the
other hand, are highly unpredictable. Wind speeds fall unexpectedly, which affects the
generation of electricity. Solar energy depends on sun exposure, which means that
cloud cover and night time significantly reduce this exposure, leading to lower
efficiency.

Wave energy is a completely clean energy source, which means it does not emit
dangerous greenhouse gases into the atmosphere. For example, fossil fuels, oil, coal
and natural gas contribute significantly to environmental pollution by releasing
harmful greenhouse gases into the atmosphere, including carbon dioxide, nitrous
oxide, methane and ozone

The exploited wave energy can be channeled to remote locations, and this means
giving rise to industries and businesses. These remote areas will show strong
economic growth going forward.

The creation of a strongwave energy infrastructure can greatly help a country
overcome the excess of dependence on fossil fuels. The fossil fuel market is largely
volatile and could damage a country's economy in the event of a shortage. Wave
energy is the foolproof way to fill this gap of volatility because it is cheap, reliable and

efficient.

Disadvantages are:

The construction of wave energy plants requires huge capital. Maintenance of energy
plants, connection to the electricity grid, wave resources, reduction of the expected
energy costs once the infrastructure is operational and in progress and the duration of
the technology are just some of the variables that drive the cost of wave energy.

The wave magnitude is so unpredictable in the seas. Sometimes it comes with a
vengeance and could cause heavy wear and tear to the wave energy generation
turbines. Damage to these equipment can be costly in terms of repair.

Offshore wave energy projects are a lot more sophisticated than onshore ones. The
projects include platforms, cables, turbines, interconnections, dredging and much
more. From ecological standpoint, shallow waters are fertile breeding and resting
grounds for most marine life. So, activities from construction and operation of the

wave energy plant greatly affect marine ecosystem.
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2.2  Worldwide wave energy

In order to evaluate the application of wave energy for electricity production it is essential to
estimate how much is large the potential for utilization. When considering wave states
(characterized by statistical wave parameters covering e.g. periods of 1000 waves) these are
steadier than the wind field which generates the waves. The wave energy flux may exhibit
significant variation in time and space, ranging from a few W/m up to some MW/m in
extreme conditions (stormy). The wave level is also characterised by a significant seasonal
variation[7].

Early estimates of the global available wave power indicated a total potential of 2,7 TW [8].
In “Assessing the global wave evergy potential”’[9], an updated study of the world wide wave
energy potential is presented, broken down into regions of the world. Here, the global gross
theoretical resource is estimated at about 3,7 TW, where 3,5 TW is the computed resource
excluding areas with a benign wave climate (areas with less than 5kW/m), and the net
resource (where also areas with potential ice cover is excluded) is about 3 TW; the total
reduction from gross to net resource is the about 20%. In Europe there is a decrease of 25%
from gross to net resource, mostly a result of ice coverage, the gross and net values being 381
and 286 GW, respectively. Thus, the total wave energy resource exceeds the global

consumption of electricity[10].
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Figure 3: World energy map
In many regions of the world more local studies of the wave energy resource have been
performed[11]. Here, not only the gross theoretical resource is estimated for the US, but also
the total recoverable resource (under specific assumptions) is estimated to be 44% of the gross
theoretical resource. So, if it is assumed that the numbers for the US can be applied
worldwide it is reasonable to expect that the total recoverable global wave energy resource is

approximately 2/3’s of the global electricity consumption.
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The interest in wave energy as a source of renewable energy is growing worldwide. This
growing interest has led, over the past ten years, to investments in analysis of the sea state on
the world’s coastlines. An example of that is given in the quantification of the availability of
energy from wave motion on a European scale that has been assessed in WERATLAS[12]. As
a part of this project offshore wave energy statistics have been developed. The main data
sources are the forecasts made with the mathematical model WAM and satellite altimetry data
from ECMWEF. A similar project named ONDATLAS was developed [13]. It consists in an
atlas of energy for the Portuguese coast with a 20 meters depth focus. Today, the attention of
the scientific community, is also focused on the development of protocols for the evaluation
of the efficiency of the WECS and the potential of coastal sites. In the project EUROWAVES
[14] some methods for the calibration of satellite data have been developed. Recently
MEDATLAS, an atlas of the wind and waves for the Mediterranean sea, has been published
by WEAO. It is also worth mentioning the project PRIST 2007 (Research Project of Relevant
Interest Science and technology) in which a useful assessment of wave energy along the
Italian coast was carried out. The main objectives of the project were to provide an accurate
estimate of the potential energy around the Italian coast through the definition of a wave

resource atlas and to increase the knowledge on this issue in Italy.

2.3 Wave characteristics

The assumptions that are made in order to linearized the wave equation are:

e The fluid is ideal;

e Surface tension effect are negligible;

e Waves are small.
The wave motion can be represented by a sinusoidal progressive wave and its characteristic
are represented in the figure below[14].

A

A
n(x,t)

A
Y

Crest

Water Sea Level /
a
A J

Trough

Figure 4: Wave characteristic
e Wave elevation n(x,t) [m]: is the water surface profile and depends on the time and

the position;

L
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e Amplitude a [m]: is the magnitude of the maximum displacement from mean sea
level;

e Height H [m]:is the difference in surface elevation between the wave crest and the
previous one. For a simple sinusoidal wave is H = 2a ;

e Wavelength A [m]: is the horizontal distance between two crests;

e Period T [s]: is the time interval between two crests;

e Phase speed ¢ [m/s]: is the speed at which the wave profile travels. For a simple
sinusoidal wave is ¢ = A/T'
So the equation of a wave can be expressed as:
H
n(x,t) = gsin(wt — kx)

Where k is the wave number and ® the wave natural frequency:

k=" [rad
—7WM/m]
w = ZTH [rad/s]

The wave moves with speed ¢ that is the ratio of the wave length by the wave period.
Moreover it is related to the wave angular frequency and the wave number as follows:
A w
Tk
The main wave parameters are influenced from the water depth /4. Indeed both the sea surface

c

and deeper water particles are in motion when the wave propagates. The water particle
describes orbital trajectories with highest diameter at the surface and reducing exponentially
with depth. In deep water waves the particle paths are circular and the orbits are closed. As
depth decreases, the sea floor begins to influence the waves and the motion becomes elliptical

until it will be disrupted. The wave steepness is defined as H / 21 If such parameter is greater

than 7 the wave becomes unstable and its crest breaks. As well as the if the velocity of the
wave period is reduced the wave steepness increase. If such value overcome 7 the wave

breaking occurs and this is what happens when the sea waves reach the beach. Below a depth
corresponding to )L/z, the influence of the water particles at the bottom can be considered

negligible and the wave is considered travelling in deep water.



Wave Energy

Deep Water Shallow Water

1
[ C—::' Seabed

Seabed

Figure 5: water particles trajectories for deep water (right) and shallow water (left)

According to the linear theory of gravity waves the phase velocity depend on both wavelength
and water depth:

c =+/gh for shallow water

c= 2%T for deep water
Thus the wavelength could be related to the wave period in deep water as:
A=cT = %TZ ~ 1,56 T?

24  Wave Energy Converters (WEC)

The development of the wave energy converter dates back to a long time ago: the first
attempts were made at the end of 1800[14].

In the modern era it was not considered until the energy crisis after which, in fact, in the '70s,
the industry received a lot of interest, greatly enhanced by a Salter article in a scientific
journal in 1974[15]. However, despite significant research efforts mainly in the UK, activities
were reduced again until the 1980s and early 90's. At the end of the last millennium, activities
have resumed new speed all over the world, although most of the efforts have been made in
coastal European countries. In the last ten years the United Kingdom has again invested
enormous resources in the development of marine renewable energy, including wave energy,
and must now be considered the world leader in the sector.



Wave Energy

2.4.1 WEC classification

There are several wave energy converters that can be grouped in different ways. Often the

most used categorization is that based on [2]:

Terminators are devices with large horizontal extensions parallel to the direction of
wave propagation;

Attenuators have large horizontal extensions orthogonal to the direction of wave
propagation;

Point absorbers are characterized by reduced horizontal dimensions compared to the

predominant wavelength of the prevailing waves.

Wave energy converters can also be categorized by their location:

Onshore, or shore mounted devices are nature terminators and are rigidly connected to
land. Typical examples are oscillating waver columns and overtopping devices;

Near — shore. It is located with ocean depth of 10 — 30 meters and typically has a
distance of 0,5 — 2 km from coastline.

Offshore: will generally be floating and have access to the waves unaltered by the

presence of the seabed.

Classification of wave energy converters is also seen by their main working principles. The

European Marine Energy Center at the Orkney Island is using six main types as shown in the

next figure.
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Figure 6: Six types of WEC

The indicated categories are [16], referring to figure 4:

Attenuator (top left) it is a device positioned on the sea surface, placed in a parallel
direction to the wave. it consists of two mechanical arms that move together with the
wave and energy is accumulated from the relative movement of these two

Point absorber (middle left) it consists of two parts: a float one on the sea surface and
a fixed one on the seabed connected to each other by a mechanical arm. The relative
movement of the floating part with respect to the fixed part is converted into energy. It
is a device that absorbs energy from all directions (not only along the direction of the
wave).

Oscillating wave surge converter (bottom left) is completely immersed in water. It
consists of a fixed part that stay on the seabed and an arm that oscillates like a
pendulum towards the wave. The relative movement between the two parts generates
energy.
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e Oscillating water column (top right) is a structure partially immersed in water. The
movement of the sea waves causes the ascent and descent of the water inside the
column below. This movement generates a compression and expansion of the air
above that goes into a narrower column passing through a turbine and making it rotate.
Energy is obtained from the rotary movement.

e QOvertopping/ terminator device (middle right) the water is captured inside a cistern
where passing through a turbine will then be returned to the sea. The rotary motion of
the turbine generates energy.

o Submerged pressure differential device (bottom right) is completely immersed in the
sea. The movement of the waves makes the device rise and fall. This relative
movement is transformed into energy through the presence of pressure pumps.

e Bulge wave (figure 6) consists of a rubber tube, placed in the direction of the wave,
inside which the water enters. The wave entering in the tube generates pressure
variations that create “bulges” which grow travelling inside the tube. Energy is
collected to drive a standard low-head turbine located at the bow, where the water then

returns to the sea.

© 2012 AQUARET

Figure 7: Bulge wave

e Rotating mass (figure 7) consists of a hull that moves along with the waves. This
movement causes the precession movement of an eccentric mass or a gyroscope

placed inside it. There is also an electric generator that stores energy.
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Figure 8: rotating mass

In order to obtain a more in-depth categorization of the WEC, additional guidelines were
provided 