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“You see, we should utilize natural forces and thus get all our power. Sunshine is
a form of energy, and the wind and tides are manifestations thereof. Do we use

them? Oh no!, we burn up wood and coal, as renters we burn up the front porch
for fuel. We live like squatters, not as if we owned the property.”

Thomas A. Edison 1916



Abstract

In this thesis the possibility of combining wind and wave power was investigated.
A literature study on different concepts of wind power, wave energy converters
as well as combined wind and wave power devices has been performed. A brief
introduction on the origin of wind and waves are introduced. The physics of how
wind and wave power is extracted will be discussed. From the obtained knowl-
edge, a design proposal combining the two power sources with common underwater
storage tank, was elaborated and analyzed. In addition, a suitable offshore site
in the North Sea with a joint distribution has been proposed. The offshore site
investigated has a water depth of 29[m], an average wind power density of 872.03

[W/m?] and an average wave power density of 14.29[kW/m)|

The analysis can be divided into three main parts. In the first part, a wind
turbine blade was designed using optimal BEM (Blade Element Momentum) the-
ory in MATLAB. The power output was then calculated for a three bladed wind
turbine using the designed blade. The diameter of the turbine was set to 126
meters, which gave an average power output of 3.92MW at an operational wind
speed of 10m/s and a TSR (Tip Speed Ratio) of 8. To analyse the performance
of the designed wind turbine in a more realistic manner, the software ASHES was
used, which resulted in a power output of 4.35MW. The average power output of
the wind turbine was also calculated, using a Rayleigh distribution. This resulted

in a average energy production of 3.22MWh.

The second main part of the analysis investigated the time average power out-
put of a WEC (Wave Energy Converter) in frequency-domain for both regular
and irregular sea. In this regard, the CorPower WEC was chosen. The hydro-
dynamic coefficients for the WEC were obtained using the software WAMIT. In
addition, the WEC was equipped with a new technology called WaveSpring. To



calculate the power output for different sea state conditions, a scatter diagram of
the North Sea site was used. The calculations made in MATLAB showed that the
WEC is able to produce between 10-320(kWh], depending on the sea state con-
dition. In average the WEC is able to produce 127, 61[kWh]| when placed at the
aforementioned offshore site. The calculations also showed that the efficiency of
the device capturing wave power increased with approximately 30% for the most
occurring sea states due to the WaveSpring. In addition, a model of the WEC was
established in the software SIMA. However, running and analysing this model has

not been a high priority in this thesis and has, therefore, not been performed.

The third main part of the analysis estimates the required size of the under water
storage tanks. As expected, the WEC proved to have low energy production com-
pared to the wind turbine. Based on this, it was decided to find out how many
WECs are needed to produce the same amount of energy as one wind turbine.
This resulted in 25 WECs per wind turbine. When combining the two power
sources we get a total amount of 6407.21[kWh]. This resulted in a total required
volume of 58901.58[m?] at a water depth of 29[m].

Since the wave power density of the offshore site is rather low, different sites
have to be investigated before deciding whether the proposed system is feasible.
One should also reconsider the site with regard to water depth. The volume of
the under water tank decreases exponentially when entering deeper waters. The
total required volume of the tank reduced to less than half when installed at for

example 80[m)].



Sammendrag

I denne master oppgaven ble muligheten for a kombinere vind- og bglgekraft
undersgkt. Det er blitt utfert et litteraturstudie pa ulike konsepter av vindkraft,
bolgekraft og kombinert vind- og bglgekraft. Basert pa den oppnadde kunnskapen
i litteraturstudiet, ble det utarbeidet og analysert et konsept som kombinerer vind-
og bglgekraft. Konseptet gar ut pa a ta i bruk undervanns tanker som lagrer po-
tentiel energi. Det ble ogsa foreslatt et passende omrade med felles distribusjon i
Nordsjgen. Det underspkte offshore omradet har en vanndybde pa 29 [m], en gjen-
nomsnittlig vindkraft tetthet pa 872,03 [W/m?] og en gjennomsnittlig belgekraft
tetthet pa 14,29 [kW/m)|

Analysen kan deles inn i tre hoveddeler. I forste del, ble et vindturbinblad designet
i MATLAB ved hjelp av BEM (Blade Element Momentum) teori. Utgangseffek-
ten ble deretter beregnet for en trebladet vindturbin sammensatt av det designede
bladet. Diameteren pa turbinen ble satt til 126 m, noe som ga en gjennomsnit-
tlig effekt pa 3.92MW ved en operativ vindhastighet pa 10 m/s og en TSR (Tip
Speed Ratio) av 8. For a analysere ytelsen til vindturbinen pa en mer realistisk
mate, ble programmet ASCHES brukt, noe som resulterte i en effekt pa 4.35MW.
Den gjennomsnittlige effekten av vindturbinen ble ogsa beregnet ved a anvende

Rayleigh-fordelingen. Dette resulterte i en gjennomsnittlig energiproduksjon pa
3.22MWh per time.

Den andre hoveddelen av analysen undersgkte gjennomsnittseffekt over en tispe-
riode av en WEC (Wave Energy Converter) for bade vanlig og uregelmessig sj¢
i frekvens-domene. I denne forbindelse ble det valgt a bruke modellen til Cor-
Power. De hydrodynamiske koeffisienter for WECen ble funnet ved bruk av pro-
grammet WAMIT. T tillegg ble WECen utstyrt med en ny teknologi som kalles
WaveSpring. For a beregne strgmproduksjonen for forskjellige sjgtilstander, ble et

vil



scatter-diagram av omradet brukt. Beregningene som ble gjort i MATLAB viste
at WEC er i stand til a produsere mellom 10-320 [kWh] per time, avhengig av
forholdene pa. WECen er i gjennomsnitt i stand til @ produsere 127,61 [kWh] per
time nar den plasseres pa det nevnte offshore-omradet. Beregningene viste ogsa at
effektiviteten av a hgste bglgekraft okte med ca. 30 % for de mest forekommende
sjotilstandene pa grunnet av WaveSpring. I tillegg ble det laget en modell av WEC
i programmet SIMA. For a avgrense omfanget til oppgaven, ble det bestemt a ikke
ga videre inn i analysen av denne modellen. Dette kan vare et emne for videre

arbeid.

Den tredje hoveddelen av analysen anslar den ngdvendige stgrrelsen pa under-
vanns tankene. Som ventet, viste WECen a ha lav energiproduksjon i forhold til
vindturbinen. Pa bakgrunn av dette ble det besluttet a finne ut hvor mange WECs
som er ngdvendig for a produsere den samme mengden energi som en vindmglle.
Dette resulterte i 25 WECs pr vindturbin. Nar man kombinerer de to kraftkildene
far man en total energi pruduksjon pa 6407,21 [kWh] per time. Dette resulterte i
et total ngdvendige volum av 58901,58 [m?] pa en pa 29 [m] vanndypde.

Siden bglge energi tetthet i det undersgkte offshore-omradet er noksa lav, burde
forskjellige omrader undersgkes for a finne mest optimal plassering. Man bgr ogsa
ta vanndybden i betraktning da, volumet av undervanntankene minsker raskt nar
en oppsgker dypere vann. For eksempel vil det totale volumet som kreves av
tanken reduseres til mindre enn halvparten nar tankene blir instalert pa 80 meters

dypde isteden.
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Chapter 1

Introduction

1.1 General Background

Natural resources are normally harnessed in such a way that a maximum output
is obtained by a minimum input. Similarly, the energy resources presenting the
highest energy density are, from an economical standpoint, most interesting. Oil,
coal and wood are typical candidates. However, distribution, availability and pol-

lution are decisive factors, which have to be accounted for.

According to the International Energy Outlook 2013 (EIA, 2013) the world’s en-
ergy demand is expected to increase with approximately 56 percent from 2010 to
2040. This is mainly due to increased population and growing economy in devel-

oping countries.

The main energy sources we depend on today may be divided in three categories:
Nuclear fuels (4.3%), Fossil fuels (86.3%) and Renewable energy(9.3%) (BP, 2014)

as shown in Figure 1.1.

The share of fossil fuels is expected to remain nearly constant until 2040. From
Figure 1.1 it is seen that the share of renewables has to increase by 3.8 percent until
2040, which means that the energy produced from renewables has to be doubled
within the next 25 years. In addition to this challenging task, climate research
has shown that the current consumption of fossil fuels has resulted in a negative
impact on the environment. It should therefore play a much smaller role as a

global energy resource in the future. Renewable energy is clean energy in terms

1
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Future Global Energy Demand
The world will require 56 percent more energy in 2040 than in 2010.
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FIGURE 1.1: World consumption (EIA, 2013)

of no or little contribution to greenhouse emissions, and the access to renewable
energy sources is inexhaustible. The need for research into alternative renewable

energy sources has therefore become a growing issue in the recent years.

1.2 Marine Renewable Energy

Marine renewable energy resource are still in an early stage of development. Marine
renewable energy will most likely play a major role in the challenging task of
providing the growing population with electricity in the future. This type of

energy can be divided into seven groups:

e Tidal energy

Marine current energy

Ocean thermal energy

Osmotic power (Salinity gradient energy)

Marine bio energy

Offshore wind

Wave Energy



Introduction

In this thesis offshore wind and wave energy was investigated as a contribution to

the growing power demand.

1.2.1 Offshore Wind and Wave Energy

Wind and ocean waves represent major forces of the nature. Mankind has fought
against their devastating effect and tried to utilize the forces given by nature as
a substitution for own muscle strain. They soon learned how to master the forces
of the wind for moving vessels across the seas. People explored one another’s
coastlines, helped by wind. But the wind generates waves, and storms make the
ocean rough and dangerous. The waves still have to be tolerated and are still
challenging modern shipbuilders. Wind soon proved to be a reliable energy source
and is nowadays supplying many households with electricity. It is, however, not
until recently men began to wonder how to extract energy in waves for useful
purposes. As of yet, wave energy is difficult to harvest in a way which makes
it cost competitive. Wind energy has been one of the fastest growing renewable
energy sources in recent years (Wang, 2015). It plays a vital role in combating
global warming, environmental pollution and the energy crisis all over the world.
Presently, offshore wind power makes up only a minor percentage of the total
wind energy produced, but it has probably become the most promising renewable
energy source. Wave energy, however, still remains almost unexploited and it still
has not reached full industrial recognition as an energy source. No solution has
yet sufficiently been proven successful. Many ideas have been supported finan-
cially without having succeeded in the end. This fact reflects of course badly on
harvesting energy from waves. Regardless of this, many inventors and engineers
still have hope in wave power as a renewable energy source. The energy density of
ocean waves is high, compared to wind or sunshine. Wave energy may represent
an interesting potential for generating energy in many developing countries with
isolated coastal settlements. To absorb this energy flow has, however, proven to
be more difficult than converting continuous flows of waterfalls or wind. This is
because of the intensity of the energy flow waves being small in relation to the
strength of the structure required to withstand the forces of the moving masses of

water. This creates major challenges to survivability in extreme conditions.



Introduction

1.3 Scope and Objectives of the Thesis

A combination of wind and wave power could reduce the installation and mainte-
nance cost by occupying common infrastructures. The aim of this Master Thesis
was therefore to elaborate a design proposal, which combines these two power
sources and to calculate the power output of the proposed system. To realize this

objective, the following sub-objectives have been defined and achieved:

e A detailed literature research, to ensure an up to date overview of technolo-

gies.
e FElaborating a concept which combines wind and wave power.
e Finding a suitable offshore site with high wind and wave energy distribution.

e Establishing an aerodynamic model of a wind turbine blade to calculate the

aerodynamic loads on a horizontal axis wind turbine and the resulting power
output in MATLAB.

e Testing the design blade in the software ASHES.

e Establishing a numerical model of a wave energy converter (WEC) in MAT-
LAB. Sea state information was used to obtain numerical results for the buoy

behavior, heave motion and absorbed energy.
e (Calculating the total combined power of the proposed system.

In addition, a model representation of the WEC was set up in SIMA. However,

due to time constrains, further analyses were not performed in this thesis.



Chapter 2

Wind Power

Wind power is one of the most environmentally friendly large-scale power sources
available today. There are several hundred thousand windmills in operation around
the world, many of which are used for water pumping (Manwell, 1988). Attempts
to generate electricity from wind energy have been made since the end of the
nineteenth century.Yet it was not up to the 1980s that the technology has matured
sufficiently (Manwell, 1988). Wind energy is now one of the most cost-effective
methods of electricity generation available (Quaschning, 2013). In this chapter

the origin and the utilization of wind is explained.

2.1 Origin of Wind

The sun is responsible for the origin of the wind in the troposphere. The earth
is constantly absorbing huge amounts of solar radiation energy. The earth has to
radiate this energy back into space to not continuously get warmer. Due to the
different distances that the solar radiation energy has to travel, the earths surface
is heated unequally (Quaschning, 2013). This results in the poles receiving less
energy than the region around the equator, which causes a gigantic energy trans-
port from the equator to the pols. In addition the dry land heats up and cools
down more quickly than the ocean. This energy transport is primarily the reason

for wind to occur.
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The differential heating powers lead to a global atmospheric convection system
reaching from the earth’s surface to the stratosphere, which acts as a virtual ceil-
ing (Manwell et al., 2010). The rotation of the earth deflects this air current and
creates relatively uniform winds, the so called trade winds. This is illustrated in

Figure 2.1. Because of the earths rotation the wind is deflected to the right in the

FIGURE 2.1: Global circulation of wind
(EOM, 2013)

northern hemisphere and to the left in the southern hemisphere. This is called the
Coriolis effect.
Additionally to this gigantic energy transport, high and low pressure regions con-

tribute locally to the wind generation. Yet on a much smaller scale than the trades.

All of our weather and the greenhouse effect occur in the troposphere. In Figure
2.2 the entire atmosphere is shown. It is estimated that 1-3% of the energy from
the sun that hits the earth is converted into wind energy (Manwell et al., 2010).
Most of this wind energy can be found at high altitudes where continuous wind

speeds of over 160 km/h occur (academia, 2015).
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2.1.1 Wind Probability Distribution

To determine the wind energy for a specific site annually, it is common to use
a wind probability distribution function. These distributions are either deter-
mined from comparative measurements or statistical parameters (Quaschning,
2013). Distribution of incidence of the wind speed can be presented graphically
as a histogram. The wind speed histogram can also be interpolated with the use
of analytic distribution functions, such as the Weibull and Rayleigh distribution
functions (Quaschning, 2013). The Weibull function is described as

pweinar(V) = g(s)klexp[—(g)k] (2.1)

where v is the wind speed and a and k are the parameters that determine the
function shape (GreenPower, 2015). These parameters are dependent on the site

one is investigating. The mean wind speed can be estimated numerically by

O.434>
k

el

v = a(0.568 + (2.2)

In Figure 2.3 a sample histogram of wind speeds for a random site is shown,
together with a Weibull-distribution. If a and k are replaced by k=2

T2
0,886 /7

Ap—2 = U (23)
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FIGURE 2.3: Wind speed histogram (GreenPower, 2015)

then the Rayleigh-distribution is obtained,

m™ v 7TU2

pRayleigh(U) = Eﬁexp(_Zﬁ) (24)

which means that the wind distribution function can be expressed by the Rayleigh-
distribution for a site, by introducing the mean wind speed v (Quaschning, 2013).
In Figure 2.4 the Rayleigh-distribution for varying mean wind speeds is shown.
From the figure it should be noted, that the probability distribution p(u) is de-

creasing for increasing mean wind speeds.
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FIGURE 2.4: Rayleigh distribution for varying mean wind speeds
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2.1.2 Influence of the Terrain and Altitude

For a power estimation of wind turbines, the mean wind speed at hub height is
required (Quaschning, 2013). Offshore wind turbines typically have there center of
rotation at 80-90 meters over the sea bed (Jonkman and Scott, 2009). The mean
wind speed v is typically measured at a height of 10 meters. To determine the
wind speed v at a height hy (e.g. at 80m), the Log wind profile can be used

ha—d

In
U(hg) = U(hl)ln& (25)

where v(hy) is the wind speed at height hq, d is a parameter taking into account
obstacles slowing down the wind (which can be set 0 for offshore sites) and z
is the roughness length (zy ~0.0002 at offshore sites (Quaschning, 2013)). The
roughness length determines, at which height the wind speed is slowed down to

Zero.

2.2 Offshore Wind Turbines

In general a wind turbine produces electricity by converting the wind’s kinetic
energy into electrical power by transferring it through a drive shaft to a generator
in the nacelle. The nacelle and wing blades can be rotated and adjusted on the
basis of wind direction and strength, for optimal use of energy (Statkraft, 2015).
Figure 2.5 shows an illustration of the major components of a horizontal axis wind
turbine (HAWT), being the most common modern wind turbine type.

Wind turbine rotors consist of two or three blades designed with a low area of the
wind being swapped solid. This design results in a high rotational speed relative
to the incoming wind compared to other turbine types (Manwell et al., 2010). In
addition, it matches well with the frequency requirement of the electrical genera-
tor it is connected to, hence reducing the need for big gear boxes. It also shows
superior efficiency potential compared to other wind turbine types .

Most installed wind turbines are horizontal axis wind turbines based onshore.
Among the available technologies for offshore renewable energy, wind technology
is the most mature(Muliawan, 2014). Approximately 2% of the global installed
wind power is installed offshore in water depth of less than 20 [m] (Muliawan,

2014). The most common foundations are bottom fixed, such as mono-pile or
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How Wind Power Works Horiz{|ntal-axis Turbine
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FIGURE 2.5: Horizontal axis wind turbine (Layton, 2015)

jacket foundations, which can be seen in Figure 2.6.

Due to visual pollution and noise even deeper water offshore sites are now be-
ing considered. This makes it difficult and more expensive with a bottom fixed
solution. Floating wind turbines are therefore expected to be the future within off-
shore wind (Wang, 2015). There are, however, no commercial wind farms based on

floating turbines yet. In Figure 2.7 the concepts of floating devices are presented.

10
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FIGURE 2.6: Bottom fixed wind turbines (SINTEF, 2014)

C- Bouyancy Stabilized B

FIGURE 2.7: Floating wind turbine concepts (NREL, 2011)

11
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2.3 Energy and Power

As mentioned, wind is driven by a pressure drop between a low and a high pressure
side of a weather system. The energy in the wind is only found in the motion of
the air, the kinetic energy. The contained kinetic energy in wind can be calculated

in general with the following equation:
Lo
E = 5mY [J] (2.6)

where m is the mass of air in kilograms and v the velocity of the wind in meters
per second [ms~!]. We know that energy per unit of time is equal to power. Then
the power in the wind, P is equal to kinetic energy in the wind per second and

can be written as
P =F = _m*[W] (2.7)

The mass flow of air 7 [kgs™!] can be expressed by the air flowing through an

area A with a density p,;, and velocity v
m = pairAvlkg s~ (2.8)
Hereby we can express the power contained in the wind by

p- %pmﬁ W] (2.9)

The main relationships, which can be seen from the formulas above, are that the
power in the wind is proportional to:
e The area through which the wind is passing

e The cube of the wind velocity. The wind velocity has therefore a strong
influence on power output. If the wind velocity is for example 4 ms~?! instead

of 3 ms™1, the power increases by a factor of more than two (Manwell, 1988)

e The density of air, which at sea level is 1.2256 kg s~!; but average densities
in cold climates may be up to 10% higher than in tropical regions (Manwell,
1988)

12
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Wave Power

In this chapter, the origin and the fundamental physics of ocean waves are pre-
sented. Aditionally, the mathematical background for the calculations made in
MATLAB for irregular waves based on the potential flow theory is presented (see
Appendix B.1). On this basis, an initial estimation of the potentially available

energy in waves can be made.

3.1 Origin of Ocean Waves

Before continuing the discussion about ocean wave energy it is necessary to men-
tion a few words about the physical setting. The sun and the atmosphere drive
almost all dynamical processes in the ocean. As explained in Chapter 2 the imbal-
ance in the heat exchange between the ocean and the atmosphere leads to wind.
These winds then generate most of the waves due to friction on the ocean surface.
There are other reasons for waves caused by for example the interaction between
earth and moon, but because of lesser relevance for this thesis, it will not be con-
sidered in detail.

Most of the waves seen on the ocean surface are called ocean surface waves, or
wind waves. It is common to differ them into classes like the swells and wind
seas. Waves seen in the oceans are, however, often combinations of wind seas and
swells. (Myrhaug, 2006) Wind seas are waves created or affected by a local wind
system, while swells generally can be described as the waves seen after the wind

has stopped blowing or as waves large enough to not be affected by local wind

13
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systems. The size of the swells depend on the strength of the wind and the fetch,

which is the distance over that the wind has built up the swells.

3.2 Characteristics of ocean waves

Focusing on a propagating wave or a group of waves, it can be observed how an
individual wave appears in the beginning of the wave train and travels to the front
of the wave train, where it dies out. What actually is seen is the difference between
phase and group velocity, which means the difference between the speed that a
particular phase of the wave propagates with and the speed that the wave group
propagates with. However, when looking at shallow water waves this phenomenon
is not as obvious. In linear wave theory the waves propagating change their wave-
length, but the frequency, or the period remains constant (Myrhaug, 2006). For
regular wave progressing on deep water the water particles move approximately in
circular orbits. A particular water particle moves once around its circle in a time
T, the period. For a stationary wave field, the following equations determine the

change as the water depth changes.

w? = gk * tanh kh = constant (3.1)
ok, Ok,

S 3.2

ox 0y (32)
1

Ec,b = constant; E = ipggi (3.3)

The dispersion relation 3.1 describes the interrelation between the different wave
parameters such as wavelength, wave height and frequency and therefore deter-
mines how the waves change as the water depth changes. With help of the disper-
sion relation it can be shown that the phase velocity is twice the group velocity in
deep waters whereas they are identical in very shallow waters. Since the periods
remain constant while the wavelengths decrease, as the wave travels into the coast,
individual wave crests stack up, causing the wave heights to increase. As a result
wave braking and white water may occur (Myrhaug, 2006). Focusing on a single
particle in a wind wave, it will be noticed that its orbital motion changes as the
water depth decreases. In deep-water waves the particles path is as mentioned
circular and the orbits are closed. As depth decreases, the influences on the waves
from the sea floor increases. A rule of thumb defines deep water when the water

depth is greater than half the wavelength. Hence, the definition of deep water
14
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WAVE MOTION IS INFLUENCED BY WATER DEPTH AND SHAPE OF THE SHORELINE
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FIGURE 3.1: Wave motion (Welland, 2011)

depends on the length of the waves. In shallow water, the orbital motion becomes
disturbed due to the influence of the sea floor. The particles in motion do not
return to their original position and differ therefore from the properties of linear
wave theory. This drift of the particle is called Stokes drift, since the Stokes wave
theory is taking the nonlinear motion of the particle into account. The circular
particle paths in deep waters become elliptical in shallow waters (Myrhaug, 2006).
However, when looking at wave energy, the particle’s path and detailed informa-
tion about the waves are generally not of great concern. It can be concluded that
when waves travel into the coast one need to take notice of the changing physical
setting. The sea floor influences the waves, resulting in the particle paths becom-
ing more elliptical. In shallow water, linear wave theory is no longer valid and a
more complex non-linear theory is needed to describe the waves. The non-linear
wave theory will not be presented here, instead it is concluded that waves loose
energy as they travel into shallower water due to sea-floor interactions and that
the surge component of the particle motion increases relatively.

The sea states, which usually are described by statistical parameters, are of much
greater interest. A wave buoy is the most common equipment used for measuring
waves, which records the elevation of the sea surface. With these recordings the
power spectral density function can be established for a given data set(Myrhaug,
2006). This function is commonly referred to as the wave spectrum and it is

derived by Fourier transformation of the time traces of wave elevations.

15
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3.2.1 Wave Spectrum

A wave spectrum S, (w), which can be seen as a graph of how wave energy is
distributed on frequencies, can be derived from wave amplitudes and vice versa
(Myrhaug, 2006).

(o= A=+/28,(w)Aw (3.4)

where (, = A is the amplitude of the wave component corresponding to the fre-
quency w for a frequency band Aw and 5, is the wave spectrum. The wave spec-
trum used in the calculations is the JONSWAP (Joint North Sea Wave Project)
spectrum. The JONSWAP spectrum is often used for design purposes in the North
Sea for constructions on deep water in fully developed sea. Another, and a maybe
more suitable, wave spectrum to use would have been the Torsethaugen spectrum.
This spectrum takes into account low frequency waves such as swell (Myrhaug,
2007), which are of high interest when dealing with WECs. However, for simplicity
the JONSWAP spectrum is used in the following.

The JONSWAP spectrum is a 5 parameter spectrum and is based on the Pierson-
Moskowitz (PM) spectrum, a 1 parameter spectrum for the North-Atlantic only
dependent on wind velocity (Myrhaug, 2007). The PM spectrum is defined as

A

S(w) = Ee_wj (3.5)

A =0.0081g7 (3.6)

B=074(—L ) (3.7)
Vwind

Where vy,i,4 is the wind velocity 19.5 [m] above MWL. In the JONSWAP spectrum

the wind velocity is replaced by the peak frequency w, = 2T—: and parameters A
and B are redefined as
A=ag’ (3.8)
5
B = Zw;; = ﬁwf) (3.9)
— w, = 0.87—2 (3.10)
Vwind

16
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Where § is a form parameter. In addition the the JONSWAP spectrum is multi-
plied by a peak factor,

w—wp

’_yeﬁp[*%( cwp )2] (311)

which varies between 1 and 7, and when v = 1 the spectrum equals the PM
spectrum. The equation for the JONSWAP spectrum is then found by combining
Eq. (3.5),(3.8),(3.9) and (3.11).

2 L/.)—Lu)p

S(w) = a9_5€_5(%)47mp[,%( 2] (3.12)
W

In the calculations made in this project it was decided to reformulate this ex-
pression with respect to f = 3= [Hz=s"!]. The spectrum can then be written

as:
g’ Iy (-1

S(f) = 2%&—6_’3(7)476“)[_ 20

R (3.13)

Where f is the frequency and S(f) is the spectral density function. In the figure
below the JONSWAP spectrum and the PM spectrum can be seen. The spectral

S(8) / Spuel£5)

0 1 t/1, 2 3

FIGURE 3.2: JONSWAP vs. PM spectrum (Myrhaug, 2007)

parameters a and o are seen. « determines the shape of the spectrum in the high

frequency part, while sigma is the standard deviation:

Oq for w<w,
O’:

op for w>w,

3.2.2 Wave Statistics

The wave spectrum holds all information needed to derive parameters such as:

17
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e H,, the significant wave height or H,,o the zero-moment wave height, which

today is more common to represent a certain sea state

e Hy/3, the significant wave height defined as the mean of the one third highest

waves
e T}, the peak wave period

e T, the zero-crossing period

e T, the wave energy, which corresponds with the energy transported

H,, is derived as:
H,o = 4y/myg (3.14)
where my is derived through the spectral moment function:
m, = /n frS(f)df (3.15)
0

The wave energy period, T, is also derived through the spectral moments,

m_q

T.(f) = e (3.16)
To(w) = 2#% (3.17)

3.2.3 Energy Density in Regular and Irregular Waves

The energy stored in waves includes the kinetic and potential energy. In regular

waves, the averaged wave energy density, F' (per unit surface area) is given as

1
E = EpgA2 (3.18)

where A is the amplitude of the incident wave. The average rate of energy flux,
or wave power, across a fixed control surface is product of the group velocity and

the product of the energy density.

— =V,E (3.19)

18
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where Vj, is the wave group speed and is calculated
Vo= — (3.20)

when deep water is assumed. In Eq. 3.20 w is the wave angular frequency and &
the wave number (Eq.3.1). The wave power in deep water can then be expressed

as

dE 1,
— = —pg*H?’T 21
o = 399 TW/m)| (3.21)

where H = 2A is the wave height of the regular wave and 7" the wave period.

3.2.4 Irregular Waves

Once T, is calculated from Eq. (3.16), the energy flux per meter wavefront for
irregular waves can be calculated with the following formula also only valid for
deep waters (Falnes and Todalshaug, 2012).

dE  pg® .. .
= T = KT oW /m) (3.22)

However, when the 2D spectrum is used for deriving various statistical parameters,
the directional information about the sea state is lost. As mentioned earlier in this
chapter, ocean waves are a result of different weather systems. A swell might enter
from one direction, while the wind of a local weather system might create waves
from a completely other direction. The result is an irregular sea state with waves

traveling in all directions.

3.3 The Wave Energy Resource

The power per meter wave front of a unidirectional sinusoidal wave is given by Eq.
(3.23) (Multon, 2012).

Py’
327

P = "Z-TH?*[EW/m)] (3.23)
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FIGURE 3.3: Global annual mean power (SWECO, 2007)

Where T is the wave period and H the wave height. This formula yields for a
single sinusoidal wave, and cannot be used to predict the power from a sea state
with irregular waves. A typical wave in the North Sea has a wave period of T=10
s and a wave height of H=3 m. The power per meter wave front can then be

calculated as

2 2
_PI 2 PY s 2 _
P = & TH® = 2 105 (3m)* = 88[kV/m] (3.24)

In an irregular sea state with the same input parameters as for the regular wave,

the power per unit meter wave front is exactly half, as seen from Eq. (3.25)

P= p—g2TeH2[kW/m] (3.25)
647 s
Where T, is the wave energy period, and H; is the significant wave height(EIA,
2013). From Figure 3.3 it is seen that the average annual wave power is 40-60
kW per meter wave front along the Norwegian coast. The wave energy potential
along the Norwegian Coast is according to (7) estimated to be 600 TWh per year,
where 12-30 TWh is assumed to be exploitable.

3.4 Wave Absorption

In wave energy, the term absorption refers to the conversion of the incoming wave
energy flux to mechanical power. Figure 3.4 explains the basic principle of absorp-

tion of waves (Falnes, 2005). The first curve a indicates an undisturbed incident
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FIGURE 3.4: Absorbtion of waves (Falnes, 2005)

wave. Curve b shows the wave radiation pattern by a WEC oscillating in heave
while curve ¢ shows the wave radiation pattern by a wave energy converter oscillat-
ing in surge. The last curve d shows the resultant wave field after the superposition
of all three waves a, b and ¢. The most important knowledge when designing a
wave energy converter is easily seen through this figure. In order to absorb a
wave it is necessary to generate a wave. Hence the known statement of the highly
respected wave power explorers Johannes Falnes and Kjell Budal: ”"To absorb a
wave means to generate a wave!” or 7 To destroy a wave is to create a wave!
”(Falnes, 2005) A detailed NTNU research in the early 80s of these two explorers
has shown that it is not of economic interest to build a wave power device, which is
designed for more than 300kW. That brings up the question whether wave power
is an alternative energy source at all. The answer Falnes and Budal came up with
was that, in order to operate in a profitable manner, wave power stations have to

be mass-produced.

3.4.1 The Budal Diagram
If the wave-power level is as in Eq.(3.21) and the wave length is
A= (g/2m)T? (3.26)

then the maximum amount of power that can possibly be extracted from the wave
per unit length is the total amount of power in the wave which is given in (3.27)
(Falnes, 2002).

B ngHZTiS

P,
6472

(3.27)

However, in reality a lower amount will be absorbed by the WEC. This was the-
oretically described by Budal and Falnes. They argued that the total volume V
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of the body sets limits for both the maximum excursion, velocity and excitation
force in heave. They found a theoretical upper bound for the power P, which is

given in 3.28. This is illustrated in Budals diagram in Figure 3.5.
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FIGURE 3.5: Budal diagram (Falnes and Todalshaug, 2012)

TpgHV TPg
py— P9y TPY 3.28
B AT =7y (3.28)

From the formula it becomes apparent that the power outtake is dependent on
the volume. Larger volume will shift the curve to the right. The goal is to design
a WEC where the volume is as small as possible and at the same time absorbs
as much as possible energy. This is done by creating the cross point for the most

frequent wave periods.

"It should be considered as an advantage that practically all the volume, of e.g
a heaving — float system could be used to displace fluid and thus to generate
outgoing waves. Several proposed wave — energy converters have, however,
relatively large proportions of ”dead’ volume not participating in such wave

generation”. (Falnes)

If a power take off machinery only applies a simple breaking force to the motion,
the response one would get in terms of power is represented by the lowest line
(passive loading), which is often used as a reference case. Most of the PTO’s
installed in modern WECs apply a solution that behaves similar to this curve.

However, if one would be able to control the motion optimally, one would achieve
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the black line (reactive control). To achieve this the machinery has to apply forces
to the buoy, which make the system move differently in relation to the incoming
waves than it would naturally. In order to apply these forces one has to predict the
incoming wave before it hits the buoy. Some kind of prediction tool is therefore
needed with this kind of phase control. This kind of control, however, faces more
challenges than solutions. Jgrgen Hals Todalshaug has nonetheless, developed a
solution which introduces negative stiffness terms and negative mass terms in your
control actuation of the machinery. The machinery adds some forces that behave
like a negative spring and like a negative mass, the inventor called it therefore the

WaveSpring.

3.5 Power-Take-Off

The wave conditions do not only set the size of the WEC, it also determines the
characteristics of the PTO (Elforsk, 2011). Most WECs are designed to have a
relative motion between two or more bodies induced by the interaction with the
waves. The relative motion or the wave-induced mechanical power is what drives
the power process (Muliawan, 2014). This is usually referred to as the Power-Take-
Off (PTO), and eventually the generator. As discussed earlier, the wave energy
flux is dependent on the wave height and the wave period. Machines working
in ocean swells need PTOs that are able to manage the large, but slow, forces
associated with such waves (note: hydraulic systems have these qualities)(Elforsk,
2011). In smaller wind driven waves a directly driven system, like for example
a linear generator, is to be preferred since it responds to velocity changes more
rapidly. In order to maximise economic returns, all wave energy converters try to
absorb as much of the incoming wave energy as they can to convert the energy
to electrical power. The amount of absorbed energy is regulated by the control

system.

3.6 ”It’s All about the Phase”

Figure 3.6 shows firstly how the energy in the seas is distributed (orange curve).
As can be seen waves have typically a period of 5 to 20 seconds. In addition the

heave response for different marine structures is seen. Typical marine structures
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FIGURE 3.6: Energy distribution of the seas and response of different marine
structures

are designed to not absorb any of the wave energy and for this reason they have
there resonance period outside of the energy spectrum. A structure with resonance
at a period of for example 10 seconds would not survive and probably collapse
within the first storm. They are therefore designed to be in resonance outside of
the sea spectrum. Some at larger resonant periods and some at lower periods,
like the tension leg platform (TLP). A wave energy converter is, however, only
efficient if it is inside of the energy spectrum. It needs to have good response,
wherever wave energy is available. A resonant WEC in heave would typically have
a response curve like shown in Figure 3.6 (black curve). Resonance is when the
system is in its best condition to absorb energy, yet it is not really the resonance
that is important for a WEC. It is more the phase that is relevant. If one would
be able to improve the phase response of the WEC one would get a system with

a large bend width as shown in Figure 3.7.

The WEC would then be able to respond to both the resonance period of the
device and to all the neighbouring periods of the incoming waves (blue curve).

Phase control is therefore one of the main challenges when designing a WEC.
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FIGURE 3.7: Energy distribution of the seas and response phase controlled
WEC

3.6.1 Control systems of WECs

The control in wave energy devices can be been categorized into three types;
e Geometry control
e PTO control
e Power regulation

When designing a wave power device it is important to consider which control
type is the most suitable. Geometric control changes the shape and therefore the
added mass-damping. It is also possible to change the mass by the use of flume
tanks, to control the centre of gravity and the buoyancy in order to transform the

response characteristics of the device.

PTO control of the device is carried out to maximise the absorption force compared
to the incident wave force (Cruz, 2008). Many WECs are using a PTO with a
single damping coefficient or in other words real control. This form of control is
the easiest as it only involves a force that is proportional to a damping coefficient
times a velocity (Elforsk, 2011). A more developed type of control system is that
of reactive control. Here two or more coefficients are used in the PTO, generally
spring-damping coefficients. Using this type of control it is possible to get both

the absorption force and wave excitation force in phase. In theory, this is very
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easy to implement but in order to execute it in a physical WEC, it requires more
complex and expensive components and a power take off that can both produce

and consume power (Muliawan, 2014).

3.6.1.1 Latching

One type of PTO control is that of latching. Here the WEC is held (latched) in
position at both the trough and peak of a wave and released at a time in order
to achieve maximum power absorption like the wave power buoy of Falnes (Falnes
and Budal, 1978). In Figure 3.8 the curves indicate incident wave elevation and

vertical displacement of a heaving body as function of time (Falnes, 2002). Curve

T )
Curve b S
—_———
Curve ¢ - o
) i,
ff !
Curve 3 — ! y
Y i W 3,
— -IIJ- E T T -
5 =
J — L
ER 4
- _l'l LRl
] A
e — "

FiGure 3.8: Latching, resonance and phase control
(Falnes, 2002)

a shows the elevation caused by the incident wave. Curve b shows the vertical
displacement of a heaving body with a mass so large that its natural period is
equal to the wave period (resonance). Curve ¢ shows the vertical displacement of
a body with smaller mass and therefore a shorter natural period. We obtain phase
control by keeping the body in a fixed vertical position during a certain interval.
To summarize, latching control aims to control the phase that the device oscillates
with, whilst in reactive control both the phase and the amplitude of the oscillations
are controlled. The difference between latching and reactive control is that the
device itself has to arrive at the holding position in latching control. In reactive
control the PTO is allowed to function as a motor and drive the device to the
optimal holding position.

Power regulation control refers to the quality and quantity of the delivered electric-
ity. This form of control can include power smoothing via energy storage, control

of the voltage and frequency.
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3.6.2 WaveSpring

There is, however, a new and promising technology developed by Jgrgen Hals
Todalshaug, which one could classify as a PTO control system. The following
is based on a conversation with (Todalshaug, 2015). In Figure 3.9 a buoy in
equilibrium, downwards and upwards heave motion was sketched in 2D to give
an idea of how the WaveSpring technology is working. It can be seen that two
pneumatic cylinders are mounted to the buoy on the one end and to the center
road which is connected to the sea bottom. The CorPower buoy is equipped with
three of these pneumatic cylinders with an angle of 120 degrees in between them.

The cylinder chambers are filld with high pressurised air. In equilibrium position

Equilibrium ]
Pneumatic

Q@J l .........................................................
/ Feressure Fpressure /

Frressure

FIGURE 3.9: WaveSpring phase control

the air will give a force outwards in both directions, respectively. In order to
effect the buoy the system has to be set in motion. For the vertical motion of the
buoy it will not give any force to the buoy, but ones the buoy starts moving for
example in heave a vertical component will be acting on the buoy. The buoy will
feel an upwards force pushing it even further than it would naturally as can be
seen from Figure 3.10. As it moves even more the force will increase. As can be
seen the force is a function of the angle and increases therefore with increasing
angle. The same happens when the buoy is moving downwards but in opposite
direction. Since a negative spring would do exactly the same, the inventor named
his invention WaveSpring. The WaveSpring widens with this additional force to

the WEC the response bandwidth of the point absorber. There are, however,
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some more major benefits with this technology. Real time wave information or
prediction algorithms are not needed anymore, since the WaveSpring answers to
any kind of incoming wave. In addition the buoy is moving continuously then
for example with reactive control like latching. The result is a smoother power
curve. Since the device is spared from abrupt energy transmissions due to the
unnecessary latching of the system, fatigue and wear challenges of the PTO are
reduced significantly. This reduces the cost of the PTO and improves reliability
and component lifespan. Since no real-time information on the incident waves is
required for making the buoy resonant, the number of sensors and active control

loops can be reduced as well, making the system less complex (CorPower).

3.7 Wave Power Technologies

Many different options have been presented to convert wave energy in the last
decades. The amplitude of the waves and their phase direction are irregular and
highly weather dependent. Such variations have to be compensated by the power
supply system. Wave power plants are exposed to extreme weather conditions,
which can cause damages. Furthermore corrosion resistant materials have to be
used which makes their production even more expensive (Graw, 1995). Another
challenge is to pair the energy generated from wave motions with a frequency of
less than one Hertz to electrical generators with a few hundred Hertz (Elforsk,
2011). This and more challenges make it difficult to harvest energy from the
oceans. However, many inventors and engineers have tried to come up with a

feasible technology. In the following the operation details of different concepts are
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explained further and some of the advantages and disadvantages are presented.

3.7.1 Classification Of Devices

The waves of the oceans represent an enormous energy potential. Yet the utiliza-
tion of wave power is limited. Offshore wave power devices can roughly be divided

into three different categories:
e A Point Absorber (axisymmetric and small in relation to wave length)

e A Terminator (large horizontally and the main axis is perpendicular to prop-

agation direction of the waves)

e A Attenuator (also large horizontally, but the main axis is in line with the

propagation direction of the waves)

A schematic showing the incoming wave and the scale and orientation of a Termi-

nator, Attenuator and Point Absorber is shown in the figure below.

e
L > O
‘ ‘ T
Faint
Incident waves Terminatar Attenuator Absaorber

FIGURE 3.11: Schematic of Terminator, Attenuator and Point absorber (Cruz,
2008)

However, the classification system above is not sufficient if all device categories
are to be encompassed, since the above is only targeted at floating devices. Thus,
although the usual method of classification is primarily based upon the mode of
operation, it is more informative to add more detailed qualifiers to describe the
device (Cruz, 2008). All the concepts presented below should have the possibility
to be combined with wind power (apart from the Pelamis), without discussing the

economical feasibility.
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3.7.1.1 Point Absorber

This device is a buoy floating on the water surface that is referenced to a fixed
system. The devices are usually axisymmetric about a vertical axis. Compared
to the incoming wavelength they are smaller then the Terminator or the Atten-
uator. The concept of such a device is very appealing from a modelling point of
view because the scattered wave field can be neglected and forces to the body are
only to the incident waves (Cruz, 2008). Point absorbers are capable of absorbing
the energy from a wavefront multiple times the key horizontal dimension of the
absorber and so possess a large potential capture width.

The point absorber extracts power from the waves due to the heave displacement
caused by the incoming wave and due to the relative heave motion between the
buoy and a the mooring system. The PTO system used is often hydraulic due to
high forces and slow motion, but there are some concepts using linear generators
as well. The WEC concept Typ E of Johannes Falnes and Kjell Budal from 1974
and the quite new concept called Wavebob (2010) are classic examples of a point

absorber.

FIGUure 3.12: Concepts of Typ E (Falnes and Budal, 1978) and Wavebob
(Wavebob, 2008)

Point absorbers can be designed to operate at near and offshore sites and at
most sea states. When choosing a small diameter and light weight the point

absorber allows a high absorption for small and high waves (short 7, and high
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H,) and is ideal for North Sea climates. As waves become longer (7, increases)
absorption starts to drop rapidly for systems without active control absorption.
Active control can be used to tune a small buoy into higher absorption even for
longer waves (T, > 12s). How much more absorption is unknown at this stage, but
it is estimated that for a system without active control the absorption is usually 10-
30%. Heavy (100s of tonnes) and big (10-25m) point absorbers like the Wavebob
are designed to harvest energy from longer waves (7T, < 7s). The diameter of a
point absorber should be less than 1/6 of the wavelength, otherwise it will notably
start counteracting itself. Active control has however shown absorption of 40%-
50% for specific wave sites (Elforsk, 2011).

3.7.1.2 Overtopping Devices

Over topping devices can be referred to as terminators. Overtopping devices, re-
flector arms or slopped surfaces to drive the waves to a reservoir of stored seawater.
The difference in water head is then used to derive low head turbines (wavedragon).
A good example for this kind of device is the joined EU research project called the
Wave Dragon, which is shown in the figure below. A big advantage for this kind of

overtopping
reservoir
/ 1 m 1
Turbine*ou’rle’r

FIGURE 3.13: Illustration of the Wave Dragon (wavedragon)

device is that the turbine technology is well understood and used in hydropower.
Overtopping devices are often large and heavy installations and can be installed on
the shore line as well as offshore. To increase the range of sea states the reservoir
is typically built up in several vertical heights to extract more energy from higher
waves. In order to adjust for different wave heights the wave dragon uses mass
to stay in place while changing height through an air cushion(wavedragon). The
PTO is, as mentioned before,a low turbine (Kaplan type) coupled to a generator.
The turbine efficiency can go up to 90% and the generator efficiency is 85-98% ac-
cording to the Wave Dragon website(wavedragon). Overall wave to wire efficiency

has been reported to be 18-20%.
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3.7.2 Oscillating Water Column (OWC)

The Oscillating water columns can also be referred to as terminators. They are
partially submerged structures that encloses a column of air above a column of

water as shown in the figure below. The water level inside the chamber rises and

Oscillating water column

Generator
Turbine m 1] -~ Air out Airin }..I‘{
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water column Falling
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FIGURE 3.14: Illustration of an OWC (OpenEi)

falls due to wave action, alternately pressurising and rarefying the air within the
chamber. Pressurized air escapes from the chamber through a turbine-generator
unit producing electrical power. On the other hand, when the water level falls, the
air is sucked back into the chamber through the turbine-generator assembly to con-
tinue power production. The turbine generator most commonly used is the Wells
turbine (OpenEi). OWCs are suitable for shoreline installations, where mooring is
not an issue and maintenance is more cheaper compared to offshore installations.
Offshore OWCs are usually catenary moored devices (Elforsk, 2011). To combine
an OWC with a wind power device seems convenient. Ideas of integrating an OWC
into an offshore wind turbine foundation are yet to be put to practice. The PTO
system used for OWCs usually suffer from high noise levels and have a quite nar-
row bandwidth. Depending on working conditions the efficiencies for the turbine
are in the range of 40-70%. The generator efficiency is usually somewhere between
85-95% (Elforsk, 2011). Active control of the PTO is difficult to implement to

these kind of devices, nonethless possible.

3.7.2.1 Attenuator

Attenuators are aligned with the incident wave direction with their beam much

smaller than their length (Cruz, 2008). Attenuators are floating devices. The
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energy is extracted as waves pass along the length of the device. The most known

example for an attenuator is the Pelamis from Scotland. Devices like the Pelamis

f | {
/ .
|J. b

FIGURE 3.15: Tllustration of the Pelamis (Falcao, 2009)

are floating semi-submerged on the surface of the water and are always facing the
direction of the incoming waves. This is usually achieved by a mooring system
attached to the front of the device. As waves pass down the length of the device
and the sections bend in the water, the movement is converted into electricity
via hydraulic PTOs housed inside each joint of the device tubes. The power is
transmitted to shore using standard subsea cables and equipment (Falcao, 2009).
The length of an attenuator segment should be smaller than 1/4 of the incoming
wavelength otherwise the segment will start counteracting itself notably (Falnes,
2005). An attenuator can therefore only be designed to suit specific wave climates.
The Pelamis for example, is most suited to relatively long waves T, > 7s.

The hydraulic PTO systems drive an electric generator. The PTO can be equipped
with active control to increase the energy absorption. This active control can
double or triple the absorption from 20% without control to 40-80% with active

control according to the Pelamis website (Falcao, 2009).
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Chapter 4

Combined Wind and Wave Power

In the previous chapters, wind turbines and wave energy converters were explained
separately. In this chapter different already existing technologies, which combine
wave and wind power are briefly presented to give an overview of the state of art.
Their profitability is uncharted to this point, as the combination of wave- and

wind power is still in a trial phase and is still being researched.

4.1 Why Combining Wind and Wave Power?

The idea of combining wind and wave energy devices to use the synergy effects and
reduce cost of electrical energy from offshore units while increasing the quality of
the delivered power to the grid seems tempting. In the last decades more and more
offshore wind farms have been installed in the ocean. Hence, the possibility of inte-
grating other marine renewables, such as wave energy converters or ocean current
turbines has increased. The combination introduces several advantages, such as
better utilization of the ocean space and decreasing the associated costs. Instal-
lation (substructures) and maintenance costs, as well as sharing infrastructures
between the devices are some of the key advantages (Karimirad, 2014). Adding
a wave energy device to a floating support structure of a wind turbine is with-
out a doubt increasing the stability. The motion of the structure will be damped
by extracting the energy of the incident wave. This will increase the produced
wind power while making simultaneous use of the wave power. It is questionably,
however, whether this attempt is economically feasible. The floating wind energy

industry is compared to the wave energy industry more mature, but none of them
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are yet fully developed. The combination of these two underdeveloped technolo-
gies seems therefore far-fetched. Many engineers believe, however, that a hybrid
system could be the key to success, since a combination could improve the surviv-
ability and stability in harsh environmental conditions. In the following some of

these hybrid devices are presented.

4.2 The Floating Power Plant Poseidon

In 2008 FPP launched a 37 meter test- and demonstration plant at an open sea test
site in the southern part of Denmark. Poseidon is an example of hybrid platforms
combing wave energy and wind power in one unit to use the synergy and increase
the power production as mentioned above. The floater absorbs the inherent energy
from the waves, and by use of a double function piston pump it transforms the
energy from the wave into water pressure that is then sent through a turbine, thus

generating electricity. The wave absorption from the floater reduces the height

FIGURE 4.1: Floating Power Plant Poseidon (FPP)

of the waves and creating calm waters behind the front of the plant making the

platform easy to access for maintenance purpose. The wind turbines are standard
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offshore wind turbines. The mooring system ensures that the waves always meet

the front of the plant (Wanan Sheng, 2012).

4.3 W2Power

The W2Power is a concept combining standard wind turbines and wave pumps in

semi-sub platforms.
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FIGURE 4.2: W2Power (W2Power)

Arrays of wave pumps are installed along the 90 meters at each of the platform
sides. According to the W2Power website the pumps will deliver an additional
3[MW], thus bringing the total installed capacity of [IMW]. The platform itself
is a triangular, standard semi-submersible. The mooring system is supposed to
ensure that the wind turbines will be operating under optimal wind direction
conditions. The wave pumps can be lifted when the wave height gets to high and

will therefore withstand storm waves.

4.4 Wave Treader

The Wave Treader is attached to the transition piece of an offshore wind turbine.
It is designed to provide easy access to the turbine and in addition to power

smoothing in the offshore farm (Treader).
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image courtesy of Green Oceart Energy

FIGURE 4.3: Wave Treader (Treader)

The attached floaters are 50 meters long and have 20 meter beams. If one of the
floaters fails the other can still be used. The device has a fore arm, aft arm and
sponson, which together function through a submerged structure at the foundation
of the offshore wind turbine. The energy is converted by hydraulic pumps between
the arms and the submerged structure. It is projected to have 500-700[kW] of
peak rating. As waves pass, the floating bodies are lifted up and fall down, which
pressurises the hydraulic fluid. The hydraulic motor turns a generator to produce

electricity.

4.5 NEMOS

The NEMOS-system consists of an elongated floating body which is connected to
the seabed by three ropes as can be seen in Figure 4.4. Excited by the movement of
the waves, it transmits mechanical energy to a generator positioned at a monopile
where it is protected from the sea water. Due to innovative trajectories and control
algorithms, up to 80% of the incoming wave energy can be used to drive electric
generators. Conventional systems with vertical movement only achieve efficiencies
up to 50%. With a change in the wave direction the orientation of the body and
it’s trajectory can be adapted by a patented system. For protection from extreme

wave loads in heavy storms, the system can be lowered to calmer water.
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FIGure 4.4: NEMOS (NEMOS, 2013)
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Chapter 5

Design Proposal of a Combined

Wind and Wave Power Device

In the following a proposal for combining wind and wave power with an underwater-
electrical energy storage tank as a possible offshore energy harvesting system is
presented. The elaborated system relates to a pump storage power plant for tem-

porary reversible storage of potential energy developed by (Schramm, 2013).

5.1 The Concept

Combined wind and wave power is a demanding challenge for several reasons.
Wave energy converters need motion, while offshore wind energy is most efficient
at little motion. Common wind power parks are therefore installed at sites with
little waves. The work of Torgeir Moan and Made Jaya Muliawan (Muliawan,
2014) has shown that by mounting a torus shaped WEC device directly to a float-
ing wind turbine it can result in a positive synergy effect. This is due to the WEC
damping the motion of the wind turbine (as mentioned in Chapter 4), which results
in a smoother power curve of the latter. In other words, the WEC is acting as a
protector against incoming waves. The additional effect the wind turbine achieved
was, however, not more than approximately a 100 [kW] according to (Muliawan,
2014). The economic feasibility of such a combination is therefore questionable.

In Chapter 4 some of many different attempts for combining wind and wave power
were presented. None of them have shown promising results yet. The reason for

this might be that the proposed solutions are not technically developed enough.
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The authors opinion is, however, simply that wind energy is extremely difficult to

harvest at sites with high wave energy occurrence.

The proposed solution in this thesis is therefore not combing the two power sources
directly, but rather through a common energy storage tank. Sea water is flowing
into one or several underwater tanks. The kinetic energy of the flowing water is
harvested by a Kaplan water turbine similar to the power generation procedure in
common hydroelectric power plants. The idea is to use wind driven electric cen-
trifugal pumps and wave driven piston pumps to empty the tanks of the inflowing
sea water. This allows a continuous flow of water into the tanks. A sketch of the
concept is shown in Figure 5.1, developed in the CAD software Rhinoceros version
5. The sketch is not taking into account dimensions or technical details, but is

supposed to give a basic understanding of the authors idea.

FIGURE 5.1: Sketch of the developed concept

From Figure 5.1, one can see that the author has chosen to use several WECs. As
discussed in Section 3.4, wave power is only profitable when mass-produced. The
amount of WECs was, however, not set when elaborating the concept. A typical
approach is to install 3 WECs per wave length which is typical for the investigated
offshore site (Todalshaug, 2015). It was also decided to have a local "small” tank
under each WEC. This will make it easier to spread the buoys, instead of pumping
the fluid directly out of the main tanks. The wind turbines need to have a certain
distance from each other, depending on the rotor size. This is due to the wake
behind a wind turbine. A typical approach is to install the wind turbine with
200 meters in between. The picture illustrates floating wind turbines. This is,
however, not a requirement. The wind turbines could be fixed to the sea floor as

well.
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According to the author of this thesis, there are several potential benefits with

such a system:

e The HAWT can be installed at deep offshore sites, while the WEC can be
installed near shore (However, the power cable connecting the HAWT to
the centrifugal pump is expensive. The distance between HAWT and pump
should therefore be kept as short as possible)

e The installation of expensive batteries is not needed since the tanks store

the energy from both wind and waves.

e Only one power cable connecting the energy storage tank and the power

supply system onshore. This should cut down the total power cable length.

e The tanks can be pumped empty at night time, when the power demand
is lowest in order to store potential energy for times with higher power de-

mands.

e Generating power through the Kaplan turbine and pumping sea water can

be done simultaneously.

e Several tanks can be installed with power producing turbines in between, to

harvest as much kinetic energy as possible.

e Reducing the hours of zero produced electricity, which is one of the major
concerns with renewable sources. In addition a smoother power output can

be expected.

In the following a more detailed explanation of the system and the different com-

ponents will be given.

5.2 Choice of Offshore Site

Before deciding what kind of wind turbine and wave energy converter should be
considered, an appropriate offshore site has to be chosen. One necessary step when
evaluating different geographic ocean sites would be to analyse wind and wave

resources, as well as finding pumping heights and overall power requirements.
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5.2.1 Evaluation of the Wind and Wave Resource

The power in the wind varies with the cube of the wind speed. Thus, if the
wind speed doubles, the available power increases by a factor of eight. Wind
speed increases with elevation above ground, usually by 15-20 percent with every
doubling of height. A rule of thumb recommends that the average wind speed at
the height of the wind rotor should be at least 2.5m/s (Manwell, 1988). In this
thesis the wind and wave data was obtained from (Li, 2015). The paper (Li, 2015)
examines joint distributions of environmental conditions at five European offshore
sites for the design of combined wind and wave energy devices. The five sites

investigated are circled out in Figure 5.2. The results for all sites can be found in
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FIGURE 5.2: Location of potential European offshore sites

Appendix B.4. To estimate the power output of the proposed system, site 15 was
chosen. This is because of a relatively high average wind power density. As can
be seen from the results the average wind power density at 80m above sea level
was 871.03 [W/m?] and the average wave power density 14.29 [kW/m]. The wave
power density is not particularly high compared to the others, but site 15 has a
water depth of only 29 meters, which should be suitable for our water pumping
WEC. In Figure 5.3 a joint distribution of the significant wave height H, and the

wind speed U, for the chosen offshore site is shown. Figure 5.3 was established
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FIGURE 5.3: Joint distribution of wind speed U,, and significant wave height
H, from 10 years hindcast data

in MATLAB and is based on hindcast data over a period of 10 years. The joint
distribution which Figure 5.3 is based on can be found in Appendix B.2. Hindcasts
are historical weather data that provide valuable information for the analysis of
marine environments at specific sites (Solutions, 2015). The whole wave scatter
diagram for the site can be found in the Appendix B.3. The wind speed U,, was
measured at a height of 10 meters above sea surface. From the figure it can be
seen that a wind speed of 10 [m/s] is occurring the most. By using Eq.(2.5) the
maximum wind speed at the offshore was calculated to be 27.2 m/s at 80 meters
above sea surface, which is approximately the height of an offshore wind turbine
nacelle. (Bachynski, 2015) proposed an operational wind speed of 10 m/s, for a
wind turbine placed in the North Sea. This values is significant when designing a

wind turbine.

5.2.2 Pumping Height and Total Power Requirement

The total elevation, or head, that the pump must work against is always greater
than the static depth where the water is pumped from. The power required to
pump water is proportional to its mass per unit volume, or density, the acceleration
of gravity, the total pumping head, and the volume flow rate of water. This can

be expressed as a formula:

Power = Density - Gravity - Head - Flowrate (5.1)
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If we for example assume a water density of 1025 kg/m?, a tank 29 meters above

the sea surface and a pumped volume of 50m? a day it would require:
Power = 1025kg/s® - 9.81m/s? - 29m - 0.000579m> /s =~ 168.83 Watts  (5.2)

The actual power required ...would be higher, caused by losses due to pump ineffi-
ciency and the pressure difference between the tank and where the water exits the
pump. Eq.(5.2) will, however, be used in this thesis to determine the maximum
pumped volume for both the wind driven centrifugal pump and the wave driven

piston pump.

5.3 Choice of the Wind Turbine

Wind energy has historically been used for many different purposes like grinding
grain, sawing wood and pumping water (Manwell, 2009). Applications for wind
water pumping dates back to 13" century Europe. Earlier wind pumps were purely
mechanical devices. There are, however, fundamental limits to the efficiency of
mechanical wind pumps. Due to the mechanical pumping system the windmill
must be located directly over the source from which it is drawing water (Argaw,
2003). Mechanical wind technology devices are often designed with as many as
twenty blades. This high rotor solidity provides high torque at low wind speeds,
but limits their productivity as wind speed increases (Ackermann, 2000). In ad-
dition high inefficiencies of the mechanical pumping process have to be expected,
even with modern design improvements. Modern mechanical wind pumps are still
limited to an overall conversion efficiency of 7-27% (Argaw, 2003). Nowadays there
are other possible arrangements as well, which include electric water pumps and
conventional water pumps in a hybrid power system (Manwell, 2009). Electric
wind pump systems can be designed with lower solidity rotors than traditional
wind pumps. This makes them more suitable in regards to offshore wind power
devices - especially if the HAW'T is floating. With lower solidity rotors the nacelle
is lighter, capable to generate higher tip speed ratios and able to produce more
power (Ackermann, 2000). Further, they have fewer moving parts, reducing the
need for maintenance. Since electricity can be transmitted over long distances, the
device can be placed far away from the site of water pumping as well. In Figure

5.4 two onshore wind water pumps are shown, the mechanical system to the left
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and the electrical system to the right. Applications for offshore wind pumps have

not been developed to this date.
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FIGURE 5.4: Mechanical and Electrical Wind Pump (Ziter, 2009)

Since the mechanical wind pump system seams less suitable for offshore sites, an
electrical system driven by the wind should be the best choice for this concept
proposal. Key components of an offshore electrical wind pumping system include
the tower, the floater, the mooring, the turbine rotor, an electrical generator,
a motor and pump as well as electrical wiring. Generally a three blade design
is selected, with composite airfoil blades for optimal performance and durability
(Ziter, 2009). The wind turbine chosen for this concept is a NREL 5MW wind
turbine. The reason for this choice is mainly because of available data from the
software SIMA, which is needed for the later analyses. Other wind turbine types
should, however, be considered, since the choice of a floating wind turbine is highly
dependent on the wind and wave distribution of the offshore site. Due to the high
workload of this thesis it was, however, decided to stick to the NREL 5MW wind

turbine.

5.3.1 Generator

A synchronous generator is ideal for wind pumping applications, as this type of
generator is capable of outputting AC current at variable frequency, which is
directly proportional to the rotor speed of the turbine(Ackermann, 2000). As the
turbine rotor accelerates, the rotational speed of the generator increases, providing
a corresponding increase in output frequency and more power is therefore delivered

to the pump (Muljadi, 2000). Variable speed systems are ideal as they require no
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gearbox and can operate at high rotor speeds with less structural loading on the
turbine. They are considered more reliable and less costly to maintain, which is
important in offshore applications where maintenance can be difficult (Ackermann,
2000).

5.3.2 Motor

To power the electric pump, an induction motor which is capable of operating
according to the frequency provided by the generator is needed. The torque sup-
plied by the motor is a function of its RPM for a given operating frequency. This
means that the generator output changes with the ratio of torque to speed based
on the new operating frequency. This makes it possible that the motor always can
respond to changing wind speeds to produce a desirable output torque (Muljadi,
2000).

5.3.3 Pump

An appropriate pump must be selected to match the output conditions of the mo-
tor. There are many pumps that are designed with built in multi-stage motors.
These can operate over a range of input conditions from the motor. A possible
solution could be the KDT Series Multistage Split Casing centrifugal pump by
(Shandong). This pump has a capacity of 6000 m?3/h and can be placed under-
water. The type and size should, however, be investigated more in detail. A
large pump will pump more water at high wind speeds, however, it will pump less
or even nothing at low wind speeds. A detailed investigation of the pump will,

however, not be performed in this thesis.

5.4 Choice of the WEC

5.4.1 Historical Investigation of Wave Driven Piston Pumps

The paper (Nielsen, 1986) investigated the possibility of pumping water due to the
motion of a floating buoy connected to a piston pump. The danish wave power

explorer had the idea to create artificial waterfalls through pipelines by utilizing
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I

FIGURE 5.5: Experimental set up

the depth of the ocean. The kinetic energy of the flow was then supposed to be
extracted by a turbine. When the water reached a tank at the ocean floor, wave
driven piston pumps pushed the water up again. In Figure 5.5 the experimental
set up of the proposed system is shown. Other attempts of pumping water and
utilizing the kinetic energy in a water flow are not known to the author. Earlier
work on wave energy converters have been performed more in relation to directly

generating energy.

5.4.2 Design Criterias for the WEC

WECs are usually designed to perform at certain frequency ranges. These fre-
quency ranges are often quite narrow because they are designed for specific sea
states at specific ocean locations. The most occurring significant wave height of
the chosen offshore site was found to be approximately 2[m]. A small WEC should
therefore be suitable for the chosen offshore site. However, a wave energy converter
will still be able to produce energy in other sea state conditions; although not as
much in waves of other frequencies then it is designed for. The full frequency
range that the converter can produce in is called the bandwidth of the machine
(Falnes, 2005). Wave energy converters are in other words designed to operate
in certain wave climates or sea-states, and most of the device developers today
have machines designed for Atlantic conditions where the wave energy potential
is the greatest (Graw, 1995). There are some developers however, that aim to
provide wave energy converters designed for low to moderate energy seas, what is

incidentally recommended by (Falnes, 2005).
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5.4.2.1 List of Fundamental Requirements for a WEC

Over the years many lessons have been learned about the conversion of wave en-

ergy. Many different devices have been tested in small scale and some even reached

full scale trials in the ocean. Many of the test results are often kept confidentially.

However, many articles and reports have been published. In the following a list

of the most important requirements for a wave energy converter is presented. The

list is based on literature research and several educational conversations with well

known profiles at NTNU, like Professor Torgeir Moan, Professor Johannes Falnes,

Jorgen Hals Todalshaug, Professor O.M. Faltinsen and my supervisors Professor

Dag Myrhaug and Bernt Leira.
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e The most fundamental task of a WEC is to generate a wave that interferes

destructively with the incident wave (Muliawan, 2014, Falnes, 2005, Hals,
2010, Cruz, 2008). In principle wave energy absorbers have to be good
generators (Hals, 2010). This means that the radiation resistance is the
key factor for the income side of wave energy conversion. It influences the

amount of power that can be absorbed and consequently the earnings.

A WEC should rather consist of many small units than a few large ones.
The WEC will most of the time operate in sea states with low or moderate
wave heights. A to big and heavy WEC will not be able to harvest energy
from this sea states because of to little convertible movement. It will lie
motionless on the ocean surface. (Falnes and Budal, 1978) introduced a rule
of thumb in the late 70’s. The WEC should not have a bigger volume than
300 m? and should not be designed for a power output of more the 300 kW .

The WEC has to resist extreme loads as well as repetitive influences due to
storm waves. A device that can lower itself over or under the ocean surface
during a storm is probably the best survival measure. For convenient point
absorbers it is obvious that lowering the WEC is the best choice. However,
the land based Wavestar, e.g., lifts the floating devices up during storm
(Wavestar).

The point above brings us to the next preferable requirement. Controlling
mass, stiffness or/and volume of the WEC. Some WECs that are designed
for several sea states can control their shape by changing their mass, which

is called tuning. WECs designed for large ocean swells will experience large
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forces and low velocities compared to moderate wind driven sea states (Hals,
2010). WECs within these conditions require larger masses and more inertia
to produce power instead of just following the waves. In moderate sea states
it is instead, preferable to have smaller and lighter device that can exploit
the velocity of the motion (Hals, 2010).

e To predict the incoming waves some other device like a heave based, acoustic
surface tracking or pressure based measurement device can be considered

implementing. This will make the tuning more efficient (Hals, 2010).

e Since power is a product of force and velocity it is important, that a WEC is
designed to endure a combination of relatively large forces and large motions,

so as to minimise forces and motions (Hals, 2010).

e All wet surfaces should be smooth, to avoid viscous losses through vortex
shedding (Falnes, 2002).

e Station-keeping moorings should not reduce the power capture (Muliawan,
2014).

e Phase control should also play a major role when deciding the WEC type.

5.4.2.2 The Chosen Wave Energy Converter

One WEC that shows promising experimental results is the already mentioned
CorPower buoy. The small size should be suitable for the aforementioned offshore
site. The company strictly followed the proposed design criteria elaborated by
Johannes Falnes, Kjell Budal and other wave energy experts. In addition the
CorPower WEC includes modern technology like the WaveSpring. In Figure 5.6
the chosen CorPower WEC is shown.
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FIGURE 5.6: CorPower buoy and PTO (CorPower)
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The CorPower buoy is, however, not designed to mechanically drive a piston pump.
This has to be accounted for when modeling the wave pump system. The Cor-
Power technology should be suitable to electrically drive a centrifugal pump. This
will not be examined in this theses, but one should look further into this before

implementing a potential experimental test of the system.

5.4.2.3 Piston Pump

From Figure 5.1 it can be seen that each WEC is connected to an additional smaller
tank further away from the main tanks. These smaller tanks are connected to the
main tanks by pipelines. The water is directly pumped out of these tanks by the

wave driven piston pump, see Figure 5.7 The piston pumps have two valves to
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FIGURE 5.7: Sketch of the wave driven piston pump

insure unidirectional flow. In the upward stroke the piston has to pull against the
pressure in the tank. On the downward stroke, when the valve toward the turbine
side is closed, the wave driven pump has to press the water through the outlet
valve. The design of valves are essential to ensure a good performance, as return

losses should be minimized.
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5.4.3 The Storage Tank

The idea of using a storage tank at the bottom of the sea was adapted from

(Schramm, 2013). In Figure 5.8 the proposal is illustrated in basic.
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FIGURE 5.8: Storage power plant on the seabed (Benjaminsen, 2013)

In an interview with Gemini.no Schramm explained his idea as following: ” Imagine
opening a hatch in a submarine under water. The water will flow into the
submarine with enormous force. It is precisely this energy potential we want
to utilize. Many people have launched the idea of storing energy by exploiting
the pressure at the seabed, but we are the first in the world to apply a specific

patent — pending technology to make this possible.” (Benjaminsen, 2013)

To exploit the pressure on the seabed in practice, the power is captured in a
turbine as in normal hydroelectric dams storing energy by keeping water at a high
potential. To pump the water out of the tanks the turbines are running in reverse
functioning then as a pump. In this thesis the water will, however, be pumped out
through additional piston pumps driven by the waves and wind driven centrifugal
pumps. The storage power tanks designed by Schramm are supposed to be placed

at a water depth of 400-800 meters. This is, however, to deep for a mechanical
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wave driven piston pump. The water depth of the chosen site is 29 meters. This
will drastically reduce the pressure difference, and therefore the kinematic energy
of the water flowing into the tank. The reduced pressure the pumps have to over-
come should, however, compensate for some of the lost power. When choosing
deeper waters it would probably be more rational to use wave driven electric cen-
trifugal pumps to pump out the water. In Figure 5.9 a summary of the proposed

concept is schematically shown.
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FIGURE 5.9: Schematic concept description
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Chapter 6

Wind Power Model

The purpose of this chapter is to predict the power output for a three-bladed wind
turbine which is connected to a centrifugal pump. To calculate the power output
of a wind turbine, optimal geometric properties of a blade were established in
MATLAB by using the Blade Element Moment (BEM) method. Additionally the

software ASHES was used to check the blade in a more realistic setting.

6.1 Simplifications and Predefined Parameters

Due to the complexity and time limitations of this thesis, simplifications had to
be made. The BEM method used to calculate the power output in this thesis
is a simplified approach. It will never give the exact blade performance, and
it will not reach the same level of accuracy as is possible with using for example
Computational Fluid Dynamics (CFD). The advantage, however, is that the BEM
method is considerably faster and typically takes only a few seconds to calculate
the performance of the blade. The BEM theory assumes for instance steady state
wind speed, which means that the wind profile is uniform and that abrupt changes
in wind speed are not taken into account. In addition, it was assumed that there
is no flow between the blade elements and that the blades are stiff (not effected

by the forces acting on it).
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6.1.1 Choice of Blade

The NREL 5MW wind turbine from the software SIMA was used as a reference
(MARINTEK, 2014a). The reference wind turbine has a radius of 63m, where the
NACAO0064 airfoil profile was used for the last 20,5m of the blade. The last 20,5
meters are the main contributors to the performance of the blade, since the thrust
distribution increases with increasing radius. This will be discussed in Chapter 7 in
detail. For simplification it was therefore decided that the entire blade is composed
of a NACA0064 airfoil (Figure 6.1) for which the lift and drag coefficients were
known from the software SIMA at Re = 107.
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FI1GURE 6.1: Geometry of the NACA0064 airfoil
(SIMA, 2015)

In reality a wind turbine blade is composed of many different airfoil profiles and is
experiencing highly varying Reynolds numbers. The NACA0064 airfoil is typically
used for the last 20% of a wind turbine blade. In Figure 6.2 it is illustrated that
the Reynolds number increases with increasing turbine diameter. The chosen
Reynolds number of Re = 107 is most likely too high, but should give a reasonable
estimation of the lift and drag coefficients (Bachynski, 2015).

Due to the optimization of each blade element by using the BEM theory it is,
however, justifiable to just use one airfoil profile for a first power output prediction.
The operational wind speed for the chosen offshore site was set to 10 m/s (Section

5.2.1) and the blade is therefore optimized for this wind speed.

6.1.2 Choice of the Tip Speed Ratio

The optimal tip speed ratio (TSR) of the rotor is partly chosen from Figure 6.3.
In this figure the power coefficient C;, as a function of the T'SR for different wind
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FIGURE 6.2: Increasing Reynolds number
(Doolan, 2013)

machine designs is shown.

06

Power
Coeflicient,

P
03

Savonius Rotor

02

0.1

\r\ldeal Betz limit for

multiblade turbines

'High speed two blade

turbine
Darvins Rotor

Dutch four arms windimill

7

1 2 3

4 6 L 7

Ratio of Blade Tip Spesd 10 Wind Speed

FIGURE 6.3: Power vs TPR (Schubel and Crossly, 2012)

It can be seen that the maximum efficiencies of the multibladed turbines, the

Darrieus concept and the Savonius reach levels above 30 percent but below the
Betz limit of 59%. The American multibladed design and the historical Dutch four

bladed designs peak at 15 percent. These are not suited for electrical generation

but are ideal for onshore mechanical water pumping (Schubel and Crossly, 2012).

For a multibladed wind turbine it can be seen that a TSR of over 5 is optimal.

The T'SR is defined as the relationship between rotor blade velocity and relative
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wind velocity.

QR
Vwind

TSR = (6.1)

where () is the rotational speed of the rotor, R the radius of the blade and V,,;,q
the wind velocity.
Wind turbines must be designed to operate at their optimal wind tip speed ratio

in order to extract as much power as possible from the wind stream (Schubel and
Crossly, 2012).

The T'SR is the primary design parameter around which all other optimum rotor
dimensions are calculated (Boyle, 2004). If the TSR is increased above or below
the design T'SR it will affect the turbine performance. The relative velocity vector
will move the blade elements angle of attack towards a condition of lower lift to
drag ratio and possibly toward a situation with stall.

The efficiency of a turbine can be increased with higher Eventough higher tip
speeds increase the efficiency of a turbine, effects of torque, mechanical stress,
aerodynamics and generated noise are primarily considered when selecting an ap-
propriate T'SR (Ragheb, 2014). Table 6.4 gives an overview of how decreasing or
increasing the TSR effects the blade.

Tip Speed Ratio

g Tip speeds of one to Tip Speeds higher than

alue . : i
two are considered low 10 are considered high
2 : Mainly single

Utilisation traditional wind mills and water pumps i

or two bladed prototypes

Torgue Increases Decreases

Decreases significantly below
Efficiency five due to rotational wake Insignificant increases after eight
created by high torque [4]

Centrifugal Increases as a square
Decreases ] 3
Stress of rotational velocity [4]

Aerodynamic Increases proportionally with rotational

Decreases

Stress velocity [4]
Area of Solidity Increases, multiple 20+ blades required Decreases significantly
Blade Profile Large Significantly Narrow
Aerodynamics Simple Critical
Noise Increases to the 6th power approximately [4]

FIGURE 6.4: TSR desgin considerations
(Schubel and Crossly, 2012)

An increase of the TSR demands a reduction in chord widths, which leads to
narrow blade profiles. This leads to reduced material usage and lower production
costs (Schubel and Crossly, 2012). Although an increase in aerodynamic and cen-
trifugal forces is associated with higher TSRs. The increased forces signify that

difficulties exist with maintaining structural integrity and preventing blade failure
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(Quaschning, 2013). As the tip speed increases the aerodynamics of the blade
design become increasingly critical. A blade which is designed for high relative
wind speeds develops minimal torque at lower speeds. This results in a higher cut
in speed (Duquette, 2001) and in difficulties when self-starting. A noise increase
is also associated with increasing tip speeds as noise increases approximately pro-
portionately to the sixth power (Gasch, 2002, Oerlemans, 2006). Modern HAWT
generally utilise a tip speed ratio of six to nine for three bladed rotors (Hau,
2006). This setting turned out to produce efficient conversion of the winds kinetic
energy into electrical power (Hau, 2006, Burton, 2011). Due to Figure 6.3 and the

argumentation above it was decided to optimize the blade at a TSR of 8.

6.1.3 Summary of Predefined Parameters

e Reference wind turbine = NREL 5MW
e Turbine diameter = 126[m]

o Airfoil profile = NACA0064

o Average wind speed Viyerage = 12[m/s]
o Temperature Typerqge = 10[C°]

e Density of air pu;, = 1.204[kg/m?]

e Tip speed ratio TSR =8

e Kinematic viscosity v =1.48-1075[m?/s]

e Reynolds number Re = 107
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6.2 Maximum Wind Turbine Power Output

The wind turbine extracts the energy from the wind by transforming it into me-
chanical energy in the device. If all of the kinetic energy in the wind was captured
by the wind turbine, the wind velocity behind the rotor would be zero . This is
physically impossible, which is why a wind turbine can never achieve 100% effi-
ciency. If knew the magnitude of how much the wind behind the wind turbine is
slowed down, we would be able to find out how much kinetic energy in the wind is
absorbed by the wind turbine. By considering three different sectors of the airflow,
we can find out how much the wind velocity is slowed down by introducing the
axial induction factor. In Section 6.2.1 the momentum theory is used to derive
the so called Betz Limit.

6.2.1 Betz Limit

The maximum power output from a wind turbine is capped by the Betz limit
(Quaschning, 2013). The law is derived from the principles of conservation of
mass and momentum of the air stream flowing through an idealized ”actuator
disk”, which extracts energy from the wind stream. According to this law, no
turbine can capture more than 59,2% of the kinetic energy in wind. Modern wind
turbines achieve their peak at 75% to 80% of the Betz limit.
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FIGURE 6.5: Schematic of fluid flow through a disk-shaped actuator (Quaschn-
ing, 2013)

As mentioned the Betz theorem is derived from the principles of conservation of
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mass and momentum of air flowing through a tube as can be seen in Figure 6.5.

Since incompressible flow is assumed we get
ViA; =V,A, =V A (6.2)

where Vj is the velocity when entering the tube (the free stream velocity), V' the
velocity through the disc and V5 the velocity leaving the tube. Since the areas
Ay, A and A, change, the velocities have to change due to the assumption of

incompressible flow. After Newton’s second. law we can balance the forces as

ImpulseForce — PressureForce = ImpulseForce (6.3)

pViALVi — (po — pa) A = pVaAsVs (6.4)

which leads to the energy flux over the wind turbine:

V2 V2
Py indturbine = (p71V11‘11 +poViAy) — (P%VzAQ + poV2As) (6.5)

By expressing Vo = aV; where a is an axial induction factor representing the
change of velocity from V; to V5 it can be shown that the power efficiency, C,

becomes:
1 2 3
Cp:§(1+a—a —a”) (6.6)

Hence, we get the maximum efficiency at

0C, (=3a®—2a+1) B 1
which gives us the Betz limit of
1 1 1., 15
C, = 5(1 + 37 (g) — (5) ) = 0.5926 — 59.26% (6.8)

The maximum power can then be calculated through the formula
L3 1o
pP= épU TR*C,, (6.9)

where p [kg/m?] is the air density, U [m/s] the wind velocity, R[m] the turbine
radius. For a wind turbine with a swept area of 1m?, Eq.(6.9) (with C,=0.59) is

plotted exemplary in Figure 6.6 over a range of wind speeds.
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FIGURE 6.6: Maximum power output for wind turbine with swept area
Aswept:1m2

6.2.2 Thrust Force and Thrust Coefficient

By using Bernoulli combined with continuity the thrust force can be derived. The
thrust force Fr is the force in the axial direction that is acting on the wind turbine

(Frgyd, 2010). This force is expressed as:
L o o
Fr = SpUnR*Cr, (6.10)

where C7 is the thrust coefficient. To find C'r an empirical relation has to be used
to find out how the thrust force develops with respect to the axial induction factor.
The ideal expression for the thrust force can be found by a similar deduction as
done with the power coefficient C'p in Section 6.2.1. C7 can then be expressed as:

CT:%:él-a-(l—a) (6.11)
This expression is only valid for very small values of the axial induction factor a.
For most applications a correction based on an empirical relation is needed. This
is discussed more in detail in Appendix A.2.3.2. The thrust force is mainly used
to calculate the structural parameters, such as strength and material, for the wind
turbine blade (Bachynski, 2015). It will also affect the overturning moment which
affects the tower- and support structure. This will, however, not be investigated

in this thesis.
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6.3 Aerodynamics of a Blade

To understand how the HAWT produces power it is necessary to briefly take a look
at the blade aerodynamics of wind turbine blades. The HAWT produces power
by manipulating the wind the same way boats and airplanes do. A wing is shaped
in such a way that free stream airflow hitting the trailing edge is separated into
two different streams. One is going over and the other is going under the wing.
The distance the upper stream is traveling is longer than the distance around the
lower side. For the airflow to meet up at the trailing edge at the same time, the
air at the upper surface must travel faster, which leads to a pressure difference, as

illustrated in Figure 6.7.

Lift

Wind
Velocity

Piesciire
Pressure

FIGURE 6.7: Pressure and velocity field around an airfoil

In order to extract energy, the blades must receive a force from the airflow around
them. Newton’s third law states that a body affecting another body with a force
will experience an equal and opposite directed force. Newton’s second law states
that an uncontained body that experiences a force will accelerate. In this case the
airflow around the blade is inducing lift and drag forces on the blade, while the

drag force is mainly due to the skin friction on the surface of the airfoil.

6.3.1 Forces on the Blade

The magnitude of the lift and drag force depends on the angle of attack. The
angle of attack is defined as the angle between the chord line and the relative air

velocity U, as can be seen from Figure 6.9. The lift force is defined as:

1
Fr = 5 " Pair - U -Cp- Lo - dr (6.12)
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where (', is the lift coefficient, Lo is the chord length and dr is the depth of the

airfoil or the span of the wing. The drag force is defined as:

r

1
Fp = 5 Pair U2,-Cp-L¢-dr (6.13)

where Cp is the drag coefficient. The lift and drag coefficients are found by wind
tunnel experiments or CFD, since they are dependent on the Reynolds number
Re. Cp and Cp are mainly given with respect to a certain Re. The Re for a wing

is defined as:

o LC . Urel
B v

Re (6.14)

where v is the kinematic viscosity [kgm?|, which changes with temperature and
pressure. Re is highly dependent on the angle of attack, but for a first attempt
on analysing a wind turbine blade, one can disregard Reynolds number effects
without much error. The Reynolds number is therefore chosen to be constant over
the hole airfoil and blade.

The lift and drag coefficients are as mentioned taken from SIMA at Re = 107.
Because of the airfoil being sensitive to variations in Re, it is appropriate to use
the constant Re at approximately 80% of the blade radius. One would expect
the most influence of the blade performance here. As we will see later this fits

approximately for the chosen Re.

6.3.2 Rotational Induction Factor

Since the turbine is rotating, we have to consider the rotational speed of the
airflow behind the rotor. This is done by introducing the rotational induction
factor a’. The rotational induction factor is defined in much the same way as the
axial induction factor a, but here we have to add the induced velocity as we have
acceleration, not declaration of the air in the tangential direction. The difference is
in this case that the turbine is not extracting the wind for energy but transferring
energy to the airflow through the rotational induction. The rotational induction
describes therefore a source of energy loss (Froyd, 2010). The tangential velocity

U of a blade at radius r is defined as:

U=w-r (6.15)
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The rotational velocity U which the blades experience at a given radius can then

be derived as:
U+d -(wr)=Uy=(1+d) w-r) (6.16)

where o'[-] is the rotational induction factor, w [m/s| and r [m] the radius. In
Figure 6.8 it is shown how the combination of wind speed and the rotational

speed results in the relative velocity U,..

A

(p-1)="%

"

FIGURE 6.8: Velocity diagram with the induced velocities

6.3.3 Blade Element Theory

The lift and drag both push the turbine backwards and forces the blade to rotate.
From Figure 6.9 it can be seen that the lift force is normal on the relative velocity,
which is the sum of potential wind velocity U and peripheral velocity 2r. The
velocity triangle contains also the angle of attack, «, the twist angle, 6§ and the
flow angle .

An important characteristic for HAWT blades is seen through Figure 6.9. As the
radii r increases and U remains constant the magnitude of the peripheral vector
increases. This causes the flow angle to reduce. To maintain an angle of attack of
high lift and low drag with increasing radii the blade has to decrease the twist in

the peripheral direction.

6.3.4 Design of the Blade

The blade is fully defined when a set of chord lengths, twist angles, airfoil ge-
ometries and airfoil alignments are found. For this purpose, the Blade Element

Momentum (BEM) theory is used, which is explained more in detail in Appendix
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FIGURE 6.9: Airfoil
(Quaschning, 2013)

A.

To predict the power output of a wind turbine, it was decided to design a optimal
blade with BEM theory. The details of this theory are, however, not discussed
in this Chapter due to its complexity. The theory used in this thesis is described
in detail in Appendix A. This method combines momentum theory and blade-
element theory to analyze how a wind turbine operates. By expressing velocities
with respect to the axial and rotational induction factors, a and a’, as in Figure
6.10, BEM develops expressions for the forces on each blade element and the rate
of change of momentum.

The BEM method is most commonly used for analysis of wind turbine blades
(Manwell, 2009). One of the many different computer tools that do blade analysis
using BEM theory is ASHES, which has been used in this thesis. BEM method
can also be used to design an idealized turbine. The method used in the follow-
ing is based on (Gasch, 2002) and is developed in MATLAB. The method has
been developed based on creating an initial design disregarding drag, which was

suggested by Glauert (for more details see Appendix A).

6.3.5 Universal parameter table

By using ideal BEM theory with a given T'SR it is possible to create an ideal

parameter table consisting of local speed ratios, d,, induction factors a and a’, flow
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R - Rotorplane
\

FIGURE 6.10: Velocity Triangle (Frgyd, 2010)

angles ¢ and blade element parameters Bgp, which will be used in the algorithm
creating an initial blade design (Gasch, 2002). The parameters are found by the

following equations.

A = (4a —1) % (6.17)
a = ga_—_?"ll;, (6.18)
¢ = arctan %, (6.19)
Bpp = ﬁzx sin ¢, (6.20)

The origin and derivation of these parameters is discussed in Appendix A.2.5. The

universal parameter Table A.1 is shown in Appendix A.

6.3.6 Determining the twist angle, 0

The twist angle was optimized for each blade element by the following equation.
0= ¢ — aopt, (6.21)

where o,y is the optimal angle of attack for the given airfoil. By choosing the
same airfoil for each blade element, the optimal angle of attack will be theoretically
constant for the whole blade. The optimal angle of attack is where the ratio C'r /Cp
is highest (Gasch, 2002). This is found by identifying which angle of attack that
corresponds to the maximum Cp/Cp ratio, given by the airfoil information from
SIMA.
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6.3.7 Determining the Chord Length, Lo

The chord length was optimized for each blade element by the following equation.

(6.22)

Eq.(A.54) is also found by an approach using BEM explained in Apendix A. It
is desirable having the forces acting in the torque direction to be approximately
constant. The velocity U in rotational velocity, and consequently also the relative
velocity W is increasing with the radius, yielding in a decreasing chord length to
keep the force distribution constant. The chord length will in an idealized design

decrease from root to tip in a non-linear manner.

6.4 Power Output of the Wind Turbine

The torque distribution is given by

1
dM = C’rngQLCde (6.23)

It is desirable having the forces acting in the torque direction to be approximately
constant. The velocity U in rotational velocity, and consequently also the relative
velocity W, is increasing with the radius, yielding in a decreasing chord length to
keep the force distribution constant. The chord length will in an idealized design
decrease from root to tip in a non-linear manner. When the iterative calculations of
the element-wise forces and the induction factors are done for each blade element,

the power output and power coefficient over the entire blade can be calculated as

M = /erdr (6.24)

Protor = Mw (6.25)
Protor

C = 6.26

p %png ( )
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6.5 Electric Wind Pumping

With the wind turbine performance obtained, it can be analyzed how much water
may be pumped out of a tank for a range of average wind speeds. For a wind
resource with probability distribution p(v), the average power available in the

wind for the investigated wind turbine can be calculated as
Pind = /P(v)p(v)dv (6.27)

where P(v) is the calculated power output of the wind turbine (Ziter, 2009). If the
chosen offshore site is assumed to closely follow a Rayleigh probability distribution
p(v) is defined by Eq. (2.4). If we now assume that all of the power in the wind is
used to pump water, the theoretical maximum pumping rate over a given averaging

period can be calculated as

Pwtnp
pgH

"/;wg = (628)
where V,,, [m?/s] is the theoretical maximum volume flow rate of water over the
averaging period, 7, [—] the pump efficiency, p [kg/m?] the water density, g [m/s?]
the acceleration due to gravity and H [m] the head where the fluid exits the pump
(Milnes, 2010). In Eq. (6.28) it should be noted that the power is divided by

hydrostatic pressure ps;, = pgH to obtain the volume flow rate.

Using Eq.2.4 with v ranging from 3 m/s to 12 m/s, V;wg can be calculated numer-
ically (Here Simpson’s rule was used to integrate Eq. (6.27)) for a range of heads.
In Figure 6.11, the theoretical maximum volume flow rate Vmw is shown exem-
plary over a period of one day for a wind turbine with a swept area Agyep=1m?

as in Figure 6.6.

The power output P(v) of the wind turbine in Figure 6.11 is calculated by Eq.
(6.9), also in agreement with the maximum power output used in Figure 6.6. The
black straight line is marking the water depth of the chosen offshore site in the

North Sea and the red curve the mean wind speed of the site.
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Pumping Output per Swept Area per Day
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FIGURE 6.11: Volume flow rate V m3 /day per swept area
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Chapter 7

Results and Discussion of the

Wind Power Analysis

In this chapter the results from the MATLAB script are presented. In addition
ASHES was used to find the power coefficient for different wind speeds and TSRs.

7.1 MATLAB Script

The script for analyzing the power output of the wind turbine was developed by
using MATLAB version R2015a and is based on the BEM method, explained in
Chapter A. In Figure 7.1 the procedure of the wind power analysis conducted in
this thesis is shown. In addition, Figure 7.2 shows the sequence of the BEM theory
calculations made in MATLAB.
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- Input values:
WindPower.m calculates: Free stream wind velocity (V1)
Blade di (d)
Iteration of: Tip speed ratio (TSR)
The axial induction factor (a) Blade elements (N)
The rotational induction factor of (a’) Number of blades (2)
The Glauerts correction (ac) =
The axial force coefficient (Ca) airfoil data.dat:
The rotational force coefficient (Cr) From SIMA:
l Lift and drag coefficients (CLand Co) at Re=10"
for all angels of attack
The optimal chord length (Lc)
The optimal twist angel (6)

l ASHES calculates:

Cefor varying wind speeds and TSRs

Resulting in:

The total torque force (Q)
The total thrust force (T)
The total power (P)

The power coefficient (Cp)

FIGURE 7.1: Workflow

INPUT: wind speed (V;=10m/s), TSR=8, number of

blades (z=3), blade diameter (d), air density (p), 8. Calculate the forces:
number of elements (N=100), chord length L,
1 VE(1l —a)? dT
angel of attack (o) dT = 20, = pLe 1 (' _ ) Fdr
r 2 sin?¢
— . 1 Vi(l-a@)wr(l+a)
1. Initial value of a and a’: i=1; a;=0; a'=0 dM = zC,.EpLC - —— = Fdr dm
Aa=0.0001; Aa’=0.0001 sing cosg
= Calculat f blad
- L (—av; alculation of blade
2. Calculate flow angel:p = tan 7[”“‘,)“"_) performance:
" a+1=a + Ada .
| | aly, = + 0’ M= [ awrar
‘ 3. Calculate blade twist: 8 = @ — & ‘ i—i+1 !
I Protor =M
! = Lo
4, Look up the value of CLand Cp: 7prA
G Gple) NO YES
7. Convergence test: |ai-a| £ 10°®
‘ 5. Calculate C;and C;: €, (a), Cp (&) ‘ la’ra’] 2 10%

I 1

6. Calculate induction factors:

— 1 P 1
= aFsinZg @ = 3Fsingcosq
.t et
Ta e

FIGURE 7.2: MATLAB script sequence

7.1.1 MATLAB Results

Figure 7.3 and Figure 7.4 show the results from the initial and final design after
optimizing the blade with the BEM method for a operational wind speed of 10
m/s and a TSR of 8.

In Figure 7.3 it can be seen that the chord length is decreasing for increasing blade
radii as expected. This is also the case for the twist angle (#) shown in Figure 7.4.
The chord length of the blade decreases from 6.8 meters at the hub, to 1.2 meters
at the tip. The twist angle decreases from 25 to -8 degrees at the tip of the blade.
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FIGURE 7.3: Chord Distribu-
tion

FIGURE 7.4: Twist Distribu-
tion

It can also be seen that the optimal chord length and twist angle are slightly larger
than for the initial blade. This resulted in a total thrust increase from Tjade initial
=620.28kN to Thade optimai= 629.85kN. The total produced power is increased from
Poiade,initial = 3. TTMW to Pyade,optimar= 3-92MW. The power coefficient calculated
by Eq.(6.26) for the initial design increased from 0.513 to 0.528. The torque,dM,
and thrust,dT, distribution for one of the three ”optimal” blades is shown in Fig-

ure 7.5. It can be seen that the torque and thrust are influenced by the tip loss,

12000

torquelfarce]
thrust

10000

8000 [

6000 Tl

4000

20001

0 01 02 03 04 05 06 07 08 09 1
R

FI1GURE 7.5: Torque and thrust distribution over the blade

since both reduce towards zero at the tip. It can also be seen that the thrust
reaches a maximum at approximately 80% of the total blade radius as expected.
The thrust will not The torque is approximately constant over the whole blade

length but dropping at the tip, as expected.
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The chord length and twist angle distribution was then imported to ASHES to

investigate how the wind turbine is operating at different wind speeds.

7.2 Testing in ASHES

ASHES is a software that performs integrated analysis of wind turbines. The input
data is the structural design specifications of the blade for each blade element
including airfoil type, chord length, twist angle and distance from airfoil centre
to the pitch axis. The input specifications are derived from the BEM analysis
done in MATLAB. ASHES utilizes BEM analysis to determine aerodynamic loads
(ASHES, 2014), but the method used in ASHES is not identical to the method
used to determine the design in this thesis. It is a more comprehensive method
resulting in a more correct analysis than what was done in MATLAB. In Figure
7.6 the blades generated by the MATLAB script WindPower.m are shown after
importing them to ASHES.

FIGURE 7.6: ASHES 2.0 simulation

7.2.1 Power Output

In Figure 7.7 the aerodynamic power of one blade is shown. It can be seen that
the aerodynamic power is stabilizing at ~4.35[MW]. The power output of the
optimal blade calculated in MATLAB was Pyqde optimar ~=3.92MW, which means
that the results obtained from ASHES are approximately 10% higher. The blade
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design is chosen with the aim of obtaining a fixed and optimal AoA along the
blade in MATLAB. In ASHES the angle of attack is varying as seen in Figure
7.10. The wind velocity Vi and the twist angle 6 is set, so a varying AoA must be
due to a different simulated ratio of V5/U; in MATLAB and ASHES (see Figure
A.4) resulting in a different angle of the relative velocity W. The lift and drag
coefficients in MATLAB are calculated from the tabulated values at Re = 107.
ASHES calculates more precisely over a wider range of Re, ranging from 2.4-10°
to 8.8-10° with increasing radii. This is clearly seen in the C}, figure, where the
maximum C, is about 2.7, while the largest C, for the tabulated value is 1.452
(see Appendix A.2). This is believed to be the main reason for the much higher
power output of the blade in ASHES compared to MATLAB. If airfoil data for
a wider range had been chosen, a much more realistic MATLAB prediction could
have been made. The ASHES simulation is done with a stiff blade approximation.
The power output variation due to flexible blades were a few watts and therefore
ignored in the ASHES analysis.

Figure 7.9 was also exported from ASHES. It is seen that a T'SR between 9 and
11 would result in a higher power output. This is rather unexpected as the design
optimization was made for a top performance at TSR=8. It can also be seen that
the top area is rather flat, meaning that the airfoils will perform well at a range of
angle of attacks. It was, however, decided to keep TSR=8 even though the power

output would increase. Due to time constrains it was decided to stick with this
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FIGURE 7.8: Wing element performance (ASHES)

result instead of modifying the MATLAB code to get the TSR value on the top
of the slope.

0,6
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FIGURE 7.9: C), vs TSR

7.2.2 Strength analysis

If the decision of blade design and material choice is insufficiently, the risk of blade

deflection will be significant. A blade deflection will lower the total area swapped
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by the blades and alternate the angle of attack. This will lower the power output
(Ziter, 2009). In the worst case the blade will hit the tower as it rotates.

In version 2.0 of ASHES, a flexible blade analysis was used to check deflection.
This simulation utilizes the finite element method together with a co-rotational
beam element formulation to determine the structures’ dynamic response (ASHES,

2014). The test results showed an acceptable level of deflection and insignificant

levels of power reduction, and is therefore ignored in the analysis.

\

FIGURE 7.10: Flexible and stiff blade

7.3 Electric Wind Pumping

Since the turbine output is now obtained, we can calculate the maximum volume
flow rate that can be pumped out of a underwater storage tank. As in Section
6.5 the Rayleigh probability distribution was used to determine the average power
of the wind turbine over one day (see Eq.(6.27)). This calculation was done in
EXCEL and gave an average power at a mean wind speed of 10 m/s of 3,22MW.
The maximum average pumping rate can then be determined by Eq.(6.28), where
it was assumed that the centrifugal pump has an efficiency 7, of 0,8. This gave
a maximum pumping rate of 8,82 m?/s or 762.491,62m3/day. In Figure 6.11 the
maximum flow rate for different mean wind speeds is shown with respect to the
water depth. The red line represents the volume flow rate at a wind speed of 10

m/s, which is the operational wind speed of the investigated wind turbine. The
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chosen offshore site has a water depth of 29 meters, which is indicated by the

straight black line in the figure.

Pumping Output for two hours for NREL 5SMW
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Head [m]
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WVolume Flow Rate of water m3/day

FIGURE 7.11: Pumping output of NREL 5MW

The maximum pumping output of the wind turbine can also be determined from
this graph. For a mean wind speed of 10 m/s and a water depth of 29 meters the
turbine can approximately pump 750.000 m?/day which agrees with the already
stated.
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Chapter 8

Wave Power Model

In this chapter a numerical analysis of the point absorber by CorPower in frequency
domain was performed to find the piston pump performance, driven by the WEC.
The study of the hydrodynamics of a floating WEC is largely similar to dynamics
of ships in wavy seas. The presence of a power take off mechanism (PTO), which
in this case is the piston pump, and the requirement of maximizing the extracted
energy introduces additional issues (Wanan Sheng, 2012). To maximize the motion
of the WEC the WaveSpring technology introduced in Chapter 3.6.2 was included
in the calculations. The numerical validation, which was performed in MATLAB,
rests on (Wanan Sheng, 2012), (Falnes, 2002) and (Myrhaug, 2007).

8.1 WAMIT

To calculate and analyse the interaction between waves and the surface of floating
and submerged offshore structures the program WAMIT can be used. WAMIT
is a hydrodynamic 3D panel code, based on the potential theory. The program
computes the frequency dependent added mass, damping coefficients and excita-
tion force from the geometric description of the buoys. The PTO machinery was
not taken into account in WAMIT. A MATLAB model was therefore developed
to calculate the power output of the device. The MATLAB model is based on the
theory presented in this chapter.
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8.2 Simplifications and Predefined Parameters

The investigated dynamic system is assumed to be fully linear and moving only
in heave direction, thus its motion responses and power capture responses will be
linear with regard to wave heights (Faltinsen, 1999). In case of a nonlinear system,
the motion responses and the hydrodynamic coefficients may be nonlinear. In this
regard non linear viscous damping was also neglected to simplify the calculations.
It is, however, as long as the power capture response is not strongly nonlinear,
possible to provide a reliable assessment of a the power capture capacity of a device
(Wanan Sheng, 2012). The frequency domain analysis was assumed to be valid
for irregular waves, which is not correct. A time domain analysis would give more
reliable results, but the frequency domain has shown to give reasonable results not
only for regular waves if small wave amplitudes and motions are assumed (Falcao,
2010). Since no reference values for the PTO damping of the CorPower WEC were

given, the damping was set to maximum for all sea state conditions.

8.2.1 Geometry of the CorPower Point Absorber

The geometry and size of the wet surface of the CorPower point absorber is shown

in Figure 8.1.

FIGURE 8.1: Geometry of CorPower wave energy converter
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The buoy has a diameter of 8 [m] in the waterline, which was set to 0 [m], hence
the draft of the device is 15 [m]. The buoy has a total weight of approximately 80

tons.

8.2.2 Summary of Simplifications and Predefined Param-

eters

e Analysis in frequency domain

e Assuming deep sea H > (A\/2)

e Dynamic system is fully linear

e Only the heave motion is investigated
e Wave spectrum = JONSWAP

e Reference WEC = CorPower 300[kW]
e WEC diameter = 8[m]

e WEC weight 80.000[kg]

e Density of water pyarer = 1025[kg/m?]

8.3 Hydrodynamic Coefficients

The results of the WAMIT analysis were plotted in MATLAB. Figure 8.2 shows

the added mass and damping coefficient.

x10* Added mass in heave X »10° _Damr:»ingMin heave

4 kg

A

05 1 15 2 25 3 35 05 1 15 2 25 3 35

FIGURE 8.2: Added mass and damping coefficient
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In Figure 8.3 the excitation force and the motion response (RAO) in heave are

shown, which were also assessed from WAMIT. From the heave RAO, it can be

~10% Excitation force in heave RAQ in heave without PTO
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FIGURE 8.3: Excitation force and RAO for heave motion

seen that WAMIT has given a reasonable prediction for the heave motion of the

floating buoy.

The stiffness coefficient was set to be constant in WAMIT and is defined as
S = 033 = pgAw (81)

where A,, is the waterplane area. However, when including the already mentioned
WaveSpring technology the stiffness coefficient has to be modified. This will be

discussed further in Section &.6.

8.4 Mechanical Oscillator

In Figure 8.4 a mass M is immersed in water and suspended through a spring
S = (33 and the mechanical resistances Ry, R, = Rpro and R,, which are

friction losses, convertible useful damping and radiated damping.

We now apply an external force
F.(t) = R{F.e™'} (8.2)
to the body, resulting in a forced oscillatory motion with velocity

ult) = R} (8.3)
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FIGURE 8.4: Mechanical Oscillator

where F, and  are the complex amplitudes of the excitation force and the vertical
velocity of the moving body, respectively. F, is the wave excitation force, the
wave force the body would experiences if it would be kept in position, hence when
u=0. The excitation force is the sum of Froude-Krylov and the diffraction force
(Faltinsen, 1999)

A

Fe - FFroude—K'rylov + FDiffraction (84)
The complex amplitude F, is defined as

|| = | £l Il (8.5)

where f, is the excitation force coefficient obtained from WAMIT and (, the wave
amplitude, which is defined as H/2 in regular waves and as Eq.3.4 for irregular

waves. The equation of motion can then be defined as
Mi = F, — Ryi — Sz + Fpro (8.6)
Where the PTO force is assumed to consist of a linear damper and a linear spring;:
Fpro = —R,& — Kx (8.7)

In this analysis the PTO is, however, assumed to only contribute to damping.

Hence, the force applied by the PTO can be expressed as

Fpro = —Ryi (8.8)
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The useful converted power, which can be extracted from a linear PTO is calcu-

lated as:
P,=-R,u". (8.9)

The wave generated power away from the oscillating body can be determined by

1
P, = §Rrﬁ2 (8.10)

where over bar denotes the average value over time. The power lost by friction is
calculated as

- 1

Rsa® (8.11)
the friction loss was, however, neglected in the following. Since the body is sur-
rounded by water the added hydrodynamic mass, M, = Az3 must be included in
the dynamic system. In frequency-domain, the dynamic equation for the floating
body has a form as (Falnes, 2002)

liw(M + M,) + R, + R, + %]a = I, (8.12)

From the dynamic equation, an expression for the complex velocity amplitude can

now be obtained:

E,
- 1
YT CA(M A M) + iw(Ry + Ry + 9] (8.13)

8.5 Useful Converted Power

With the equation of motion in place, we can now calculate the useful converted
power P,. For simplification we neglect that M, and R, depend on frequency.
Thus, if M, and R, are constants the convolution multiplication is just ordinary

multiplication.
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From Eq.(8.9) we can now determine the average captured power given in frequency-

domain as
_ 1 1 R, F,)?
P, = “R(R,4%) = = ui- e 8.14
2 (i) 2(R, + R,)?* + (wM + wM, — 2)2 (8.14)

note that P, — 0 when w — 0 and when w — oo. Thus there is a maximum of

absorbed power when gg“; = 0 (Falnes, 2002), which occurs if

R, = {R?>+ (WM + wM, — 5)2}

(SIS

- Ru(opt) (815)

The maximum energy absorption P,,,, for different incident wave frequencies can
be reached when the oscillating body is at resonance (Falnes, 2002). The body is

at resonance when
S
wM+wM, ——=0 (8.16)
w

which means that the maximum absorbed power can be expressed as

Ry|F.2

Pmax =~ 5 . 5 9
2(R, + R,)?

(8.17)

Combining Eq.(8.16) and Eq.(8.15) the optimum choice of the PTO damping

becomes
(Ru)opt = Rr (818)

Since we neglected the losses due to friction (including viscous losses in the water),

including friction the optimum choice would be

(Ru)opt = Rr + Rf (819)

8.6 Including the WaveSpring

To include the WaveSpring technology the stiffness coefficient S has to be mod-
ified. As mentioned in Section 3.6.2 the WaveSpring forces the WEC to be in
resonance triggered by the pneumatic cylinders by reducing the stiffness coeffi-

cient S. To include the WaveSpring in the calculations, we have to introduce the
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natural angular frequency, which can be derived from Eq. (8.16) as
wo =/ S/ (M + Mr) (8.20)

In Figure 8.5 an example of a JONSWAP wave spectrum for a significant wave

height of Hy;=4 and a wave period 7,=6 is shown. It can be seen that the spectrum

JONSWAP spectrum with Hs=4.0, Tp=6

351 f
||I
!

25} [ .

S(w) m?s
M

1.5 | |

0.5 1 15 2 25 3 35
w [rad/s]

FIGURE 8.5: JONSWAP wave spectrum

has its peak at w, ~1.1 [rad/s|. If we set wy = w, the wave energy converter will
be in resonance when the wave spectrum has its peak. This can be achieved by

choosing the stiffness coefficient S as
wo =wp, = /S/(M+M,) =S =w’-(M+M,) (8.21)
There is, however, an additional benefit provoked by the new WaveSpring tech-

nology. By also introducing the damping coefficient of the oscillator ¢ (Falnes,
2002),

(8.22)
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we can rewrite Eq.(8.14) as

_ 1 Ry|E.(w)]? 1
P ) — + 2
) = SR T R)? 15 (wo/20)2(w oo — o2 (8.23)
If we now rearrange Eq.(8.23) we get
(R, + R.)? 5 1
ST Pow) = 8.24
BT T (020w — (8.24)

,which is called the frequency response of the absorbed power (Falnes, 2002). By
replacing w with wy we see that Eq.(8.24) has its maximum value 1 at resonance:
1

Pulwo) = 5 T (wo/20)% (woJao — oo few)? (8.25)

(R, + R,)?
Ru’ﬁe(WO)P

In Figure 8.6, Eq.(8.24) was plotted against w/wq for two different values of the
dimensionless damping factor §/wg. One with §/wy=0.05 and one with §/wy=1.

The damping factor of the device is defined as

ARARY |y

R\ (e)l*

(8/w,)=0.05

=]
s g
]

£

e

L]

&

FIGURE 8.6: Frequency response of absorbed power for two different values of
a damping factor §/wy (Falnes, 2002)

O _ _PuthR Bt R (8.26)
wo 2wo(M+ M)  2,/S(M + M,) '
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We now introduce the resonance bandwidth, which is the frequency interval (Aw)es,
where the kinetic energy exceeds half of the maximum (Falnes, 2002). The reso-

nance bandwidth is expressed as

Ry +R.

Aw:wu—wl:m—

26 (8.27)
where w, and w; are the upper edges of the interval. From Figure 8.6 one can
observe, that the curve for 6 /wy=1 has a much bigger resonance bandwidth (Aw); s
then the curve for §/wy=0.05. If we now replace 6 with Eq.(8.26) we get

R, + R,

Aw = (8.28)
S(M + M,)

From this the second benefit of the WaveSpring becomes clear. Since the WaveSpring
is reducing the stiffness S, (Aw),es is getting bigger. This means that the WEC
is able to be at resonance at a larger frequency bandwidth. Hence, the WEC is

capturing power over a larger range of frequencies.

8.6.1 Wave Power Captured in Regular Waves

If we define the complex excitation force amplitude F. in Eq.(8.14) as per unit
wave amplitude, then P, becomes the power capture response H, (Wanan Sheng,
2012).

|F6(W)|
|<aW’

= | fe(w)] (8.29)

where (, = A = H/2 is the wave amplitude in regular waves. We then get for the

power capture response

1 Ryl fel?
H, == 8.30
"O2(R+ Ry A+ (WM +wM, — 22 (8:30)

The captured power in regular waves over a period of time can then be defined as
P,(w,t) = AlHy(w)|cos(wt) (8.31)

for the oscillating device. The problem is divided into time steps, and each fre-
quency component of the irregular sea is treated individually to calculate the

captured power response. The response of each frequency component is summed
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up to a total power response. Thus, we can find the quasi-steady power, before
moving on to the next time step. The thrust is finally averaged over the time
series to find the mean power captured by the WEC. A time series of two hours
with 0.5 second time steps was used in the MATLAB script. The wave energy

capture width W,.. for the device in regular waves can then be defined as

Pre
Wre T S (832)

292 172
327rH T

where P, is the average power absorbed in regular waves. The capture width, or
absorption length, is the width perpendicular to the wave direction, in which the
WEC takes up power from the waves. The maximum capture width for a heaving
body, with no constraints on the amplitude was first derived by Budal and Falnes,
Evans and Newman (Falnes, 2002). A point absorber is of very small extension
compared to the wavelength. The maximum energy, which may be absorbed by a
heaving axi-symmetric body equals the wave energy transported by the incident
wave front of width equal to the wavelength divided by 27 (Falnes, 2002). This

can be expressed as

A
Wonw = — (8.33)

2T

where the wave length \ is defined as

_ T

=7 .34
A= (8.34)

for deep waters. This maximum capture width is, however, assuming that the
WEC is moving in all 6 degrees of freedom. In our case we assume that the WEC
is only moving in heave. Which means that all of the wave energy only contributes
to heave motion of the buoy Falnes (2002). The maximum capture width can then

be expressed as
Winaz = (3/2m)A (8.35)

Early experimenters, not being aware of this relationship, were surprised by mea-
suring absorption widths larger than the physical width of a tested point-absorber
model(Falnes, 2002). The WEC can capture more power because on average the
radiation to the far field is reduced by destructive interference. The radiation

damping of the WEC will be correspondingly reduced (Falnes, 2002). In other
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words, to capture more power the device must move more than the incident wave.

The efficiency of the device capturing wave energy can be expressed by

= 8.36
7 B (8.36)

where B is simply the width of the device. Because of the wave energy capture
width being able to reach values larger than the width of the device, the efficiency
can be over a 100%. The expression efficiency could therefore be misleading, if the

physical background is not understood.

8.6.2 Wave Power Captured in Irregular Waves

In agreement with Section 8.6.1, the captured power of the WEC in irregular waves

over a period of time is obtained by

Py (w,t) Z Cal Hp(w)|cos(wt + €) (8.37)

where (, is defined by Eq.(3.4), the power capture response H, is equal to Eq.(8.30)
and € is a random phase angle uniformly distributed between 0 and 27w. A rea-
sonable approximation for a sea state to last is 2 hours, which was used to find
the mean captured power of the WEC. To find the total energy [kWh/year| the
WEC is producing over a period of one year, the captured power P;,.,. for every
sea state was multiplied by the respective occurrence of the sea state (in %). This
will give an approximate overview of how much produced energy one can expect
from one WEC, if it is operated the whole year. One should, however, not expect
the WEC to produce useful energy more than 1/3 of the year (Falnes, 2015). The
wave energy width, W, for the device can be defined by dividing Eq.(8.37) by
Eq.(3.22), such that

Pzrr
Wipp = —t (8.38)

&HQT

where P,,, is the average captured power over a period of time for one specific sea
state condition. Knowing the capture width, the efficiency of the device capturing

the wave energy is given by

S

Nirr = — (8.39)
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Chapter 9

Results of the Wave Power Model

This chapter presents the results obtained from calculations made in MATLAB.
The hydrodynamic coefficients for the WEC were, as mentioned, obtained by an
analysis in WAMIT.

9.1 Sea State Analysis

To calculate the power output of the WEC both regular and irregular waves were
investigated. The scatter diagram for the chosen North Sea offshore site can be
found in Appendix B.3. The calculated tables were simplified, in the manner of
merging several peak periods and significant wave heights by assigning them to
just one number of occurrence. In this regard, only the upper bound values of 7,
and H, have been utilized. The wave probability distribution for the offshore site
is shown in Table 9.1 with 7}, from 1s to 9s and H, from Om to 3.5m. In addition,
the probability distribution is graphically shown in Figure 9.1.The color bar on the
right hand of the table shows the percentage. The darker the color in the table,

the more common is the sea state.

From Table 9.1 and Figure 9.1 it can be seen that waves with a period of T,
between 4-8s and a wave height Hy between 1-3m have been occurring the most

over the 10 years of measuring.
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TABLE 9.1: Wave probability distribution in [%] measured over 10 years

Hs[m~Tpl[z] 10-20 2030 3.0-40 40-50 5.0-6.0 6.0-7.0 7.0-80 3080

0.0-05 0.00342 0.10553 1136356 153112 0.37080 0.17513 0.24302 0.28865

0.5-1.0 0.00000 0.13463 1458521 0.54012 0.95100

1.0-15 0.00000 0.00000 0.08671 290708 1.29723

1.5-2.0 0.00000 0.00000 0.00000 0.32174 235145 141831 | 2-39%
2025 0.00000 0.00000 0.00000 0.00342 0.95153 215407 099147 | 1-2%
2.5-3.0 0.00000 0.00000 0.00000 0.00000 0.04564 241534 227615 0:90247 | 0.5-1%
3.0-35 0.00000 0.00000 0.00000 0.00000 0.00228 0.45865 238340 0L63550 | <p 5%

jars
=}

Wave Probability Distribution in [%a]

-
wm

10

4

Tpls] I sim]

Hs[m]

FIGURE 9.1: Wave probability distribution in [%] measured over 10 years
9.1.1 MATLAB Results for Regular Waves

The results in this section were obtained by running the MATLAB scribed Reg-
ularWaves.m. The calculations are based on the theory discussed in Chapter 8.
The WaveSpring was, however, not included in the calculations made in Regular-

Waves.m. The damping coefficient of the power takeoff system was set to R,

In table 9.2 the wave power in unidirectional regular waves is shown for the most
common wave periods and wave heights of the offshore site. Since the wave power
calculated by Eq. (3.21) is per meter wavefront [kW/m], the values in Table 9.2
were multiplied by the width of the CorPower buoy, By g, to obtain the power
of the incident wave hitting the WEC. The average power captured by the device
in regular waves is presented in Table 9.3. It can be seen that the wave power is

increasing with increasing H, and T),.

In Figure 9.2 the power captured of the device is shown over a period of 30 seconds.
The wave height was exemplary set to H=2m and the wave period was set to T'=06s.

From this figure it can be seen that the power curve has a period of 6 seconds,
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TABLE 9.2:

T/H 1

1.5

2

2.5

3

Wave power in regular waves [kW/Bwgc] per WEC width

3.5

39.248
47.098
54.948
62.797
70.647

© 00 ~J O Ot

88.309
105.97
123.63
141.29
158.96

156.99
188.39
219.79
251.19
282.59

245.30
294.36
343.42
392.48
441.54

353.24
423.88
494.53
265.18
635.82

480.79
576.95
673.11
769.27
865.43

TABLE 9.3: Average captured power from the WEC [kW]

T/H 1

1.5

2

2.5

3

3.5

FIGURE 9.2: Power over a period of 80s in regular waves for H=2m and T'=6s

206.04
97.737
58.276
39.736
28.625

©O© 00 ~J O Ot

%10°

695.39
329.86
196.68
134.11
96.609

1648.3
781.89
466.21
317.89
229.00

3219.4
1527.1
910.56
392.48
447.26

Regular Waves Power vs. Time

9563.1
2638.9
1573.5
1072.9
772.8

Fower [\W]

10 15
Time [s]

8834.0
4190.5
2498.6
1703.7
1227.3

which agrees with the wave period of the regular wave. The mean captured power

for this specific sea state condition was marked with a red line.

In Table 9.4 the capture width for the device is shown. The capture width is

TABLE 9.4: Wave capture width [m]

T/H 1 1.5 2 2.5 3 3.5
5 52496 7.8745 10.4993 13.1241 15.7489 18.3738
6 20752 3.1128 4.1504 5.1879 6.2255 7.2631
7 10606 1.5909 2.1211 2.6514 3.1817  3.7120
8  0.6328 0.9491 1.2655 1.5819 1.8983  2.2147
9 04052 0.6078 0.8104 1.0130 1.2155 1.4181
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decreasing for increasing 7" and H. At T=5 and H=3.5 the capture width is more
than twice the width of the WEC. As mentioned in Section 8.6.1 the maximum
capture width is expressed by Eq. (8.33). For T'=b5s the wavelength becomes
A ~40m, which means that the maximal capture width is achieved by using Eq.8.35
Winaz=19m. The high capture width values at T'=5 are therefore justifiable. This
results also in the efficiency reaching values over 100% for high wave heights at

T'=5, as can be seen in Table 9.5.
TABLE 9.5: Wave power capture efficiency %

T/H 1 1.5 2 2.5 3 3.5
5 65.62 98.43 131.24 164.05 196.86 229.67
6 25.94 38.91 51.88 64.85 77.82  90.79
7 1326 19.89 2651 33.14  39.77  46.40
8
9

791 11.86 1582 19.77 23.73  27.68
5.06 7.60 10.13 12.66 15.19 17.73

From Table 9.5 it is clear that the capacity of the device capturing power de-
creases with increasing wave period. This is simply because of the WEC moving
slower compared to shorter wave periods. This can be easily seen from the general
equation for kinetic energy

L

E, = gmy (9.1)

where v is the velocity of a mass m. The kinetic energy FEj decreases with the

quadratic velocity v2. Hence, the captured power must decrease.

9.1.2 Wave Power in Irregular Waves

The irregular sea states were assumed to be reproduced by a JONSWAP spectrum
as discussed in Section 3.2.1. The MatLab script JONSWAP.m calculates the
JONSWAP spectrum for each Hy and 7),, from which the wave energy period 7,

for each sea state was obtained. The results are given in Table 9.6.

From Table 9.6 it should be noted that the energy period T, calculated by Eq.
(3.16) is higher then the wave period 7). In Figure 9.3 the JONSWAP spectrum
generated by JONSWAP.m for H, = 3 and 7, = 8 is exemplary shown.

The next step was to calculate the potential wave power in the irregular waves
by equation 3.22, which was also done in the MATLAB script JONSWAP.m.
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TABLE 9.6: Energy period T, [s] values calculated by JONSWAP spectrum

Tp/H, 1 1.5 p 2.5 3 35
5) 5.1330 5.3554 5.4155 5.4155 5.4155 5.4155
6 6.1586 6.1941 6.3913 6.4746 6.4984 6.4984
7 7.1848 7.1848 7.2055 7.4013 7.5064 7.5620
8 8.2111 8&8.2111 8.2211 &8.2111 8.3831 8.5110
9 9.2375 9.2375 9.2375 9.2375 9.2375 9.3365

14 .HS:SD]TPZE‘
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FIGURE 9.3: JONSWAP spectrum for Hg = 3 and T, = 8

The results are shown in Table 9.7. Equivalent to Table 9.2 the wave power was

multiplied with the width, By gc, of the buoy. In addition, the Table 9.7 shows

the percentage of time every sea state is likely to occur.

TABLE 9.7: Wave power in irregular waves [kW/Bw gc] per WEC width
Bw gpc=8m)

Hs[m [s] 1.0-2.0 2.0-3.0 3.0-4.0 4.0-5.0 5.0-6.0 6.0-7.0 7.0-8.0 8.0-9.0
0.0-0.5 1.96 2.86 3.66 4.57 5.49 6.40 7.32 8.23
0.5-1.0 0.00 11.61 15.32 29.29 32.960.00
1.0-1.5 0.00 0.00 34.78 65.92 74.15
1.5-2.0 0.00 0.00 0.00 117.19 131.84 2-3%
2.0-2.5 0.00 0.00 0.00 183.11 206.00 1-2%
2.5-3.0 0.00 0.00 0.00 0.00 208.68 241.05 269.20 296.64 0.5-1%
3.0-3.5 0.00 0.00 0.00 0.00 284.04 330.52 372.00 408.08 <0.5%
3.5-4.0 0.00 0.00 0.00 0.00 0.00 432.81 490.34 541.47
4.0-4.5 0.00 0.00 0.00 0.00 0.00 547.78 624.06 692.67

It can be seen that the wave power is increasing with increasing wave height H

and increasing wave period T}, in accordance to Table 9.2. It can also be seen that

the wave power from regular waves is much higher than from irregular waves -

approximately halve the size. It is, however, understandable since for a same wave

height, the wave energy in regular waves is double the wave energy in irregular
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waves (compare Eq.(3.21) and Eq.(3.22)). In addition, the wave energy period
T, used to calculate the wave power is higher than the wave period T used in
regular sea states.In Figure 9.4 the wave power was plotted for H,=0.5-4.5m and
T,=1-12s.

%10°
10

-

=

Tpls]

Wave Power [W]

, -
Tp [s) 1 Hs [m] 05 1 15 2 25 3 35 4 45

Hs[m]

FI1GURE 9.4: Wave power distribution in irregular waves

From Figure 9.4 it becomes even clearer for increasing wave height Hy and wave

period T,

9.1.3 Power Captured by the WEC in Irregular Waves

The MatLab script WavePower.m reads in the hydrodynamic coefficients obtained
from WAMIT and uses the wave spectra calculated in JONSWAP.m to find the
mean power output for each sea state over a period of 2 hours. Unlike the calcula-
tions made for regular waves the WaveSpring technology was included as discussed
in Section 8.6. The damping coefficient was than defined as in Eq.(8.15). The mean
power captured in irregular waves P;,., for the different wave heights H, and wave

periods 7T}, is shown in Table 9.8 and Figure 9.5.

CorPower promises an average power output of 200-300kW, which is in accordance
to the calculated values in Table 9.8. It can be seen that the WEC captures most
of the power at H,=3.5[m| and 7,,=6]s| and very little at wave heights of 0.5m.
It can also be seen that the captured wave power limit of 300kW, as defined in
Section 3.4, is not exceeded. In Figure 9.6 the power captured by the WEC over a

time period of two minutes and two hours is shown for a sea state condition with
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TABLE 9.8: Power captured of the WEC in irregular waves [W]

Hs[m Tpls]| 0.0-1.0 1.0-20 2.0-30 3.0-40 4.0-50 5.0-50 6.0-70 7.0-80 B8.0-50
0.0-0.5 0 40100 38705 45914 50250 42727 36848 25985 24574
0.5-1.0 0 0 91887 117300 58915 50038
1.0-15 0 0 0 190250 88083 75017
15-2.0 0 o} o} o} 2385830 117430 100400 2-3%
2.0-2.5 0 o o o 265870 235530 145550 122820 1-2%
2530 0 ] ] ] ] 273560 216090 172650 143000 |p.5-1%
3.0-3.5 0 ] ] ] ] 322800 259670 205350 178660 | =0 .5%
3540 0 0 0 0 0 ] 284730 235540 198010
x10%
12 — 4
11
H 15
10 a8
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FIGURE 9.5: Power captured of the WEC in irregular waves [W]

H,=2m and T,=6s, respectively. The red line indicates the mean captured power

of the device over the given time period.
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FIGURE 9.6: Captured wave power over 2min and 2hours

In Figure 9.7 the mean captured power of the WEC over a time period of one
year for all sea state conditions is shown. It was here assumed that each sea state

condition is stable over a time period of 2 hours. The table, which Figure 9.7
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is based on, can be found in Appendix B.6. From Figure 9.7 and Table B.7 it
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can be seen that the WEC is annually producing approximately 1120[MWh/year]

if it would be in operation the whole time.

As mentioned in Section 8.6.2, a

reasonable operating time is one third of a year, which means that the WEC would

approximately produce 375[MWh /year|. This rather low power output value could

be explained by the low wave power density of the chosen offshore site.

9.1.4 Wave Capture Width and Efficiency

The wave capture width for H,=0.5-4.5m and 7,2-9s is given in Table 9.9 and

Figure 9.8.

TABLE 9.9: Wave capture width [m]

Hs[m Tpls] 1.0-2.0 2.0-32.0 3.0-4.0 4.0-5.0 5.0-6.0 6.0-7.0 7.0-8.0 8.0-9.0
0.0-0.5 7.4184 7.22928 | 6.80088 6.25128 5.8672 5.5616 3.5872 3.0336
0.5-1.0 0 6.96 6.624 2.04 1.5928
1.0-1.5 0 o 5.2304 1.3008 1.0224
1.5-2.0 0 o 0 1.0416 0.768 2-3%
2.0-2.5 0 ] 0 0.7864 0.6304 1-2%
2.5-3.0 0 ] 0 0 1.3584 0.8056 0.6632 0.5232 0.5-1%
3.0-3.5 0 ] 0 0 1.1056 0.7576 0.5512 0.4224 | <0.5%
3.5-4.0 0 ] 0 0 0 0.6456 0.4696 0.3728
4,0-4.5 0 4] 0 0 0 4] 0.4112 0.3232

It can be seen that the wave capture width is highest for waves with small heights

and low periods, which is understandable since the WEC will absorb most of the
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FIGURE 9.8: Wave capture width [m]

energy in the wave. The incident wave will have almost no energy after hitting the
WEC, hence the wave will nearly vanish. The WEC is, however, not producing a
noteworthy amount of power since the exploitable energy is low. For larger waves
the preserved momentum increases and the WECs ability of capturing the wave
energy decreases. The radiated wave from the WEC is not sufficient enough to

cancel out the whole incident wave.

The efficiency of the WEC for the different H, and 7, values is shown in Table
9.10 and Figure 9.9

TABLE 9.10: Efficiency n of the device capturing wave energy in %

Hs[m Tpls] 1.0-2.0 2.0-3.0 3.0-4.0 4.0-5.0 5.0-6.0 6.0-7.0 7.0-8.0 8.0-9.0
0.0-0.5 92.73 50.36 85.01 78.141 73.34 69.52 49,84 37.92
0.5-1.0 o g7 82.8 25.5 19.91
1.0-1.5 0 o 65.38 16.26 12.78
1.5-2.0 ] 0 0 13.02 5.6 2-3%
2.0-2.5 o o 0 9.83 7.88 1-2%
2.5-3.0 0 o 0 0 16.58 10.12 8.25 6.54 0.5-1%
3.0-3.5 1} o 0 0 13.82 9.47 6.89 5.28 <0.5%
3.5-4.0 o 0 0 0 0 8.12 5.87 4.66
4.0-4.5 o 0 0 o] 0 ] 5.14 4.04

The efficiency follows the same distribution as the wave capture width, since they
are related to each other by Eq.(8.39). For a sea state condition with a wave
height of 0.5m and a period of 2 sconds the efficiency reaches 92.73%, but decreases

rapidly with increasing wave height and period.
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FIGURE 9.9: Efficiency n of the device capturing wave energy in %
9.1.5 Effect of the Wavespring

In Figure 9.10 the effect of the WEC capturing wave power for a sea state condition

with H;=2m and varying 7}, is shown with and without the WaveSpring.
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~10,00%0° ,
Wave Period [s]
FI1GURE 9.10: Effect of WaveSpring

It is apparent that the WaveSpring has a large effect on the efficiency of the device.
The efficiency increased from 45% to almost 70%. It can also be seen that the
efficiency without the WavesSpring is increasing slower. This might be due to the
WaveSpring increasing the damping factor and therefore the resonance bandwidth

of the device, as discussed in Section 8.6.
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9.2 Wave Driven Pump

To calculate the average pumping rate of the wave driven piston pump, only
the results from the analysis in irregular waves were used. If all of the power
produced by the WEC is used to pump water the volume flow rate can ,according

to Eq.(6.28), be expressed as

. Brrn
Viwg = L 9.2

where V is the volume flow rate,P;,, the mean power produced by the WEC for
all sea state conditions in irregular waves, H the head where the fluid exits the
pump, p the water density and 7, the pump efficiency of the piston pump. The
mean power produced by the WEC can be calculated as

where ¢ denotes the the sea state condition for each Hy and T),, P(i) the produced
power for each sea state condition and p(i) the probability for each sea state to
occur. The calculations done for P,,., were established in EXCEL and resulted
in P;,,=127617[W]. Inserted in Eq.(9.2) we obtain a mean volume flow rate V of
0,35[m?3/s], where H was set to 29[m] and 7, to 0,8. Hence, the WEC is able to
pump 30249,72 [m?/day] on average. In Figure 9.11 the volume flow rate is shown
for varying water depth. It can be seen that the volume flow rate decreases rapidly

due to the increasing static pressure when entering deeper offshore sites.

0 0,5 1 15 2 25

Volume flow rate [m~3/s]

FIGURE 9.11: Volume flow rate [m3/s] vs. head [m]
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Chapter 10

Modelling in SIMA

A model representation of the WEC was set up in SIMA, however, due to time
constrains further analyses were not performed. The intention of the SIMA model
was to describe the behavior of the WEC in a more realistic manner. This chapter

gives a brief presentation of the software and the created model.

10.1 SIMA

SIMA is a simulation and analysis tool for marine operations and floating systems
(MARINTEK, 2014a). The software is built on nonlinear time domain analysis
which makes it able to deal with advanced structures and operations. SIMA is
developed in co-operation between MARINTEK and Statoil. The motivation for
creating this program was the need for a simulator to investigate marine opera-
tions. This could provide important information on quality assurance, feasibility
evaluation, improve HSE performance, give familiarization to participants in the
marine operation and what-if-analysis (Statoil, 2011). SIMA is the graphical inter-
face for the two computer programs RIFLEX and SIMO. SIMO is used to analyze
motions and station keeping of multibody systems. Riflex is a program for static
and dynamic analysis of flexible risers and other slender structures (MARINTEK,
2014b).
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10.2 Modelling in SIMA

The following three ways of modelling the WEC were considered, which were
suggested by (Todalshaug, 2015).

e As a two-body system where one (the rack body) has the mass of the PTO
and one has the mass of the buoy (buoy body). You would have to assume
a somewhat lower centre of mass for the PTO part and a somewhat higher
centre of mass for the buoy part. Such that the pretension force, the PTO
force and the WaveSpring force to work between the two bodies. The rack
body to be connected to the seabed or the floating platform through a taut

mooring line.

e As a two-body system with the rack body having only a small mass and the

buoy the rest of the mass.

e As a one-body system where the pretension force, the PTO force and the

WaveSpring force to work between the body and the mooring point.

In both two-body alternatives, the rack body should be given without hydrody-
namic properties, and constrained to move with the buoy in all modes except
heave (or more precisely constrained to move along the buoy centre axis). It was,
however, decided to go for the one-body system, since this one seemed to be the

easiest to conduct.

10.2.1 The WEC Model

The hydrodynamic coefficients needed to model the WEC in SIMA were obtained
from the WAMIT analysis mentioned in Section 8.1. This step was challenging
and time consuming since SIMA is not directly compatible with WAMIT. The
coefficients and geometry of the WEC were then imported to SIMA to create a
SIMO body. In Figure 10.1 the model of the WEC is shown without having it
connected to the sea floor. The information obtained from WAMIT are purely
hydrodynamics. Mass coefficients therefore had to be applied to SIMA. The mass
coefficients SIMA needs to run an analysis are the total mass of the WEC, the
center of mass and the massmatrix. The precise mass properties of the CorPower
prototype scale are not decided yet, but (Todalshaug, 2015) suggested the following

values, which should give a representative behaviour of the WEC:
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FIGURE 10.1: The model of the WEC in SIMA

e The total mass,m, of the buoy would be about 80 tonnes. About 25 tons are

due to PTO components. The buoy hull and structure make up 55 tons.

e The centre of mass could be taken to lie about 2 m under the mean water

line on the buoy

e The Mass matrix consists of the moments of inertia,/,,,1,.,1yy,1.2,1., and
I... Since the WEC is symmetric only I,,,I,, and I, are of importance.
These can be calculated by Iamszmrg, where 7, is the radius of gyration
about a given axis. (Todalshaug, 2015) suggested the gyration radii to be

chosen as: 1y, =1y, = 2.5m,r,, = 1lm.

10.2.2 The Coupled WEC Model

To fix the WEC to the sea floor a mooring line has to be modelled. In addition
a PTO (in this case a piston pump) and the WaveSpring have to be included to
the model. The PTO will add an additional linear damping and the WaveSpring
an additional hydrostatic stiffness parameter to the system. One way of including
the PTO and WaveSpring is to calculate the effect of these to parameters for each
sea state and then changing the damping and stiffness directly in SIMA, before
running the analysis for the different sea state conditions. The additional linear
damping from the PTO can be calculated by Eq.(8.15) and the stiffness coefficient
by Eq.(8.21). This approach should of course only be considered if one assumes
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linear motion of the WEC, since the calculations done in Chapter 8 are assuming

linear theory to be valid.

To couple the WEC to a mooring line so called super nodes have to be defined.
One at the under site of the WEC and one at the sea floor. The mooring line can
then be defined in between those nodes. The parameters of the mooring line, such
as thickness and material can also be defined in SIMA. In Figure 10.2 the finished

coupled model is shown.

oo
0

|
Iu
0.80

9

—{0.70
0.60

0.50

i
0.40
0.30
0.20
0.10
0.00

Due to time constrains and the high work load of this thesis, the author was
not able to analyse the model in SIMA further. The SIMA file of the model is,

however, ready to be used for a more realistic analysis of the WEC in the future.

R s

Ficure 10.2: The coupled model
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Chapter 11

Combining Wind and Wave

Power Proposal

The large hydrostatic head at the ocean floor provides a unique opportunity for
storing energy as pumped hydro. As discussed in Chapter 5 pumped hydro stores
potential energy by displacing water from the chamber of a subsea tank that rests
on the ocean floor. In this Chapter the size of the chamber is estimated with

respect to the calculated power production of the wind turbine and WEC.

11.1 Simplifications and Assumptions

The density of the water displaced from the chamber is assumed to be constant
with puater=1025kg/m?. In Figure 11.1 the salinity content of the ocean on a per
depth basis is shown. It can be seen that the density is not varying noteworthy,
this assumption should therefore be justifiable. Another assumption is to that we
will assume that the pumping devices are able to evacuate the chamber to a full
vacuum. This assumption should be modified once the capabilities of the pumps
have been investigated further, as was done in this thesis. In addition the ocean
will be treated as a constant pressure head, which means that wave motions on

the sea bed are not accounted for.
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FIGURE 11.1: Salinity content of the ocean

11.2 Chamber Size Estimation

The energy stored by the chamber is equal to the chamber’s volume and the
hydrostatic pressure of its surrounding environment (Greenlee, 2009). This can be

expressed as

E = Vehamber (pwatergH + 105) (1].].)

where Vopamper 18 the volume of the chamber, pyqe- the water density, g the grav-
itational constant and H the water depth. Since the chamber is being evacuated
to vacuum, the atmospheric pressure pu,=10° must be taken into account as the
difference i pressure (Greenlee, 2009). The volume needed to store one kilowatt
hour is therefore directly related to the depth of the chamber and can be expressed

as

‘/chamber C
= 11.2
kW h (PwatergH + 107) ( )

where C' is the conversion factor from Joules to kWh. In Figure 11.2 the amount
of volume needed to store a constant amount of energy is shown. The figure
was established in EXCEL and the table on which it is based can be found in
Appendix C.1. It should be noted that the volume decreases non-linearly with

increasing depth.
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FIGURE 11.2: Volume required per unit of energy as a function of depth

11.3 Estimating the Volume of the Underwater
Chamber

With Eq.11.2 in place we can now determine the required size of the chamber
when combing wind and wave power. The mean power produced by the wind
turbine at a operational wind speed of 10 m/s was determined in Section 7.3 as
3216,78[kW]. The mean power produced by the WEC was determined in Section
9.2 as 127,617[kW]. It can be seen that the difference in power output would be
immense, if only consider one WEC. Installing only one WEC to pump water
is therefore not reasonable. It was therefore decided to multiply the amount of
WECs such that a series of WEC produce the same amount of energy as one wind
turbine before calculating the size of the chamber. This results in 25 WECs per
wind turbine, producing in total 3190,43[kW]. When combining the two power
sources we get a total amount of energy Fy;,;=6407.21[kWh]. This results in a
total required volume of 58901.58[m?] at a water depth of 29m], were Eq.(11.2)
was used. In Table 11.1 the volume and amount, n, of tanks (cylinder shaped)
needed to fulfill this requirement is shown for different diameters, D, with a length,
L, of 150, 100 and 50 meters, respectively.

TABLE 11.1: Volume and number of underwater tanks

L/D,n 2 n 3 n 4 n 5 n
150 1885m3 32 4241m? 14 7540m3 8 11781m* 5
100 1257m3 47 2828m* 21 5027m?® 12  7854m? 8
50 628m3 94 1414m3 42 2513m3® 23 3926m* 15
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11.4 Discussion

From Table 11.1 it becomes clear that one needs to install a large amount high
volume underwater tanks to fulfill the requirement of 58901.58m?|. From Figure
11.2 it can be seen that the volume decreases rapidly when installing the underwa-
ter storage tanks at a greater water depth. The predetermined water depth of 29
meters at the chosen offshore site might therefore be reconsidered. By installing
the tanks at a depth of e.g. 80[m] the tank volumes in Table 11.1 reduces to less
than half. This will, however, complicate the approach of using a wave driven
piston pump, due to higher mechanical losses. It seems more logical to discard the
idea of combining the two power sources through a common storage tank, and look
at the two sources separately. The power output for one WEC is comparatively
small to the wind turbine. Hence, the volume pump rate is low, decreasing rapidly
when entering deeper waters (see Figure 9.11). The depth of the chosen offshore
site could therefore be suitable for locating a wave energy power park equipped

with underwater energy storage tanks.

The intention of CorPower is to mass-produce their buoy and install many WECs
at one wave power farm. If we would assume a wave power farm with e.g. 25
WECSs, we would consequently reduce the calculated volume of 58901.58 [m?] to
approximately 30000 [m?3] (25 WECs per wind turbine). Aforementioned it was
proposed that each WEC has its own local tank from which the water is pumped
out. If we assume that each WEC has a local tank with volume 190[m?®](L=15m,
D=4m), we would have approximately 25000[m?] left to distribute between the
main tanks. In Table 11.2 the volume and amount, n, of main tanks needed for

this new proposal are given. Such a wave power farm would approximately pro-

TABLE 11.2: Volume and number of underwater tanks

L/Dmn 2 n 3 n 4 n 5 n
150 1885m3 13 4241m3 6 7540m? 3 11781m3 2
100 1257m3 19 2828m* 9 502Tm® 5  7854m* 3
20 628m3 39 1414m3 17 2513m3 10 3926m3 6

duce annually 0.03TWh. By using the current Norwegian price level this would

correspond to 9 million NOK a year (norgesenergi).
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Conclusion

The question weather it is economically feasible to combine wind and wave power
still remains. The intention of this thesis was to propose a design of a combined
wind and wave power device. The analysis carried out in this thesis, showed that
the combination through a common underwater energy storage tank is difficult to
conduct. Wind turbines are able to pump large amounts of water and the under
water storage tanks should therefore be installed at deep seas. This will reduce
the required volume of the storage tanks significantly. The volume pump rate of
a wave energy converter is comparatively low. Hence, when using wave power to
pump water the underwater storage tanks should not be placed to deep under
the sea surface. Due to the low power output of WECs, harvesting wave energy
is only possible when the devices are mass produced. The author, is convinced
that the proposed system is suitable for both wind and wave power farms. Es-
pecially for wave power farms an underwater storage tank seems well-fitting and
could be the key to harvesting energy from waves in the future. Using wave driven
piston pumps to pump water instead of implementing expensive and fragile gear-

boxes to the WEC should increase the power output and reduce maintenance cost.

The idea of developimg a realistic, yet feasible solution to reduce the infrastructure
remains tempting. Since ocean waves are primarily generated by wind these two
resources are correlated. Therefore it should be possible to exploit wave and wind
power simultaneously. The connection to the grid is one of the most costly inter-
ventions, when harvesting energy offshore. To combine the two resources should

therefore reduce the cost instead of operating the devices separately.
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Chapter 13

Further Work

In the following suggestions for further work are mentioned.

One could investigate sites with higher wave energy density. This will increase
the performance of the WEC. In addition deeper offshore sites could be analyzed.
This will reduce the required volume of the underwater energy storage tank. In
this regard, one has to investigate whether it is feasible to use a wave driven piston
pump, or if a wave driven centrifugal pump is preferable. In addition, one could
use a Weibull distribution to determine a more realistic average power output of

the wind turbine.

One could look further into what kind of pumpscould be used for the proposed
system. In this regard, more detailed calculations for the maximum pump rate
could be performed. For this purpose a handwritten bond graph explaining the
physical settings of the wave driven piston pump was developed, which can be
found in Appendix B.9. Implementing the bond graph to the software 20-Sim one
could calculate the pump rate more precisely, with regard to pressure differences
and mechanical losses. In addition, one could perform a experimental test of the

wave driven piston pump.

The wind turbine blade was composed of only one airfoil profile, the NACA0064.
To obtain a better power output of the turbine different airfoil profiles should be
used. Another important part of the wind turbine design is to balance the aerody-
namic torque (7,) and generator torque at the design RPM. If generator torque

is too high, the system will stabilize at a lower speed while a too small resistance
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will accelerate the turbine to a higher speed. The generator torque (7}.,) varies
proportionally with RPM, while the blade torque (7}) is non-linear. If the slope
of Tyep is steeper than Ty, the blade will fail to start rotating.

ASHES has the ability to calculate this interaction through varying a parame-
ter defining the slope of the Ty, vs RPM curve. With wind speed and T'SR as
inputs, this could be done to give a better power output for the wind turbine,
since only the aerodynamic power was investigated, and not the delivered power

by the generator.

In general, a more reliable analysis of a wave energy converter with less sim-
plifications could be something to look into further. When investigating the WEC
performance a time-domain simulation could be done, since this will increase the
accuracy of the results. In addition, one should investigate the motion of the WEC
in all 6 degrees of freedom. The software SIMA could be used for this purpose.
As mentioned in Chapter 10 the CorPower buoy was already modeled in SIMA.

Building a WEC is generally very costly since it has to survive highly varying
wave loads and still produce energy at as many different sea states as possible.
Fatigue and high reparation costs have been a big issue in the wind power indus-
try. Combining wave and wind power will cause even bigger costs. To make the
wave power production economically feasible, several WEC’s should be operated
simultaneously due to the already discussed limit of 300[kW]. Since the WEC is
”destroying” the incoming waves, it has to be investigated how far from each other
and in what constellation the WEC’s could operate without interfering with each

other.

The final design of the proposed system must fulfill many functional requirements.
First of all, the units have to maintain structural integrity for at least the lifespan
of 20 years. The underwater storage tank must be able to sustain the high static
and dynamic loads present at the ocean floor. Furthermore, the structures must
resist the abrasion, fouling, and chemical attacks inherent to a marine environ-
ment. Maintenance is cost prohibitive, especially for the storage tank this will
probably be difficult after its initial installation. Another potential problem is the
mooring of the storage tank. The design must be able to accommodate the result-

ing cyclic loading when charging and discharging. These issues should therefore
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be investigated further.
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Appendix A

Wind Power

A.1 Blade Element Momentum Theory

The Blade Element Momentum (BEM) is most commonly used for analysis of
wind turbine blades. The following derivation of the BEM theory is based on
(Frgyd, 2010),(Quaschning, 2013) and (Gasch, 2002).

The blade element theory is two-dimensional for an infinity long wing. If we assume
that this is also valid for a wing element of length dr, we can use two-dimensional
aerodynamics on a finite blade by dividing it into finite number of blade elements.
In Figure A.1 the idea behind the BEM theory is illustrated. In each ring there

FIGURE A.1: Blade elements of a three-bladed turbine (Frgyd, 2010)

are Z blade elements of length dr, where Z is the number of blades assembling
the wind turbine. By using the aerodynamic forces of lift and drag explained in
Section 6.3.3, it is possible to describe the forces on each blade element. To find
the thrust force 7" in the axial direction and the torque force M in the tangential

direction, the lift and drag force have to be manipulated.
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A.2 Forces on the Blade

If we combine F, and Fp to a resultant force Fr we can decompose it into forces
in any arbitrary direction, see Figure A.2. The relative velocity earlier expressed
as U, is here appointed as W. Since we are interested in finding the forces in
axial (T") and tangential (M’) direction we decompose Ffr along these axes. This
can be done by using the flow angle ¢. The flow angle is the angle between the

relative flow velocity U, and the plane the blade rotates in.

FIGURE A.2: Velocities and forces on a blade element (Frgyd, 2010)

Using the trigonometric relations in Figure A.2 we can express 7" and M’ as

T' = Fy, - cosp + Fp - sing (A.1)
M' = Fy, - sinp — Fp - cosp (A.2)

To simplify the expression, two new coefficients are introduced. The axial force

coefficient C, and the rotational force coefficient C,., which are defined as

C, =Cp-cosp+ Cp - sing (A.3)
C,=Cp-sinp — Cp - cosp (A.4)

124



Appendiz A Wind Power

With these new coefficients in place the forces on the blade element in the thrust

direction 7" and the torque direction M can be determined as

dT" =Cy- = -p-Un? - Lo - dr (A.5)

N~ DN

dM' =C, -~ -p- Ui - Lo -dr (A.6)

By multiplying A.5 and A.6 with the number of blades Z the total force on the

rotor can be found:

AT =Co-=-p-Us2 Lo dr-Z (A.7)

dM =C,-=-p- Ul - Le-dr-Z (A.8)

NN NN

Note that the forces dT" and dM are not the force on the whole blade, but the
forces on an annulus of thickness dr, as shown in Figure A.1. In addition, dM is
not to be confused with the moment contribution of the blade element, it is only

the force on the blade element in the moment direction. The moment contribution
would be calculated as dM - dr.

A.2.1 Induction Factors

The next step of the method is to express the relative velocity with respect to the
axial induction factors a, the rotational induction factor ¢’ and the free stream
velocity V. The goal is here to equate the change of momentum in the wake model
with the forces on the element(Froyd, 2010). BEM develops then expressions which
include both theories to find the performance of the hole blade.

According to the Newtonian laws the airflow will experience an equal and opposite
directed force, causing the flow to accelerate. The airflow will in other words
experience acceleration in the opposite direction of the resultant force of the blade.
The change of the direction induces a rotational velocity in the air in the opposite
direction of the blade rotation. The induced velocity increases the velocity U,.;
that the blade experiences. By using the blade-element and a wake model it is
possible to express this velocity with respect to the axial a (section 6.2.1) and
rotational " induction factors to find the forces on each blade element, as shown

in Figure A 4.
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R - Rotorplane
\

FIGURE A.3: Velocity Triangle (Quaschning, 2013)

From Figure A.4 the relative velocity can be expressed in two ways:

W = Urel - ‘/1 : (1 — a> (Ag)
SinY
Wy, dtd) (A.10)
cosp

It can also be seen that the flow angle ¢ between the direction of the rotation and
the resultant speed is changed because of the axial and rotational induction. From

Figure A.4 the flow angle can be determined as

(1+ a;)wr) (A-11)

© = tan"'(
We can now determine the twist angle,which is optimized for each blade element

by the following equation.

0 = © — opt, (A.12)

where a,,; is the optimal angle of attack for the given airfoil. By choosing the
same airfoil for each blade element, the optimal angle of attack will be theoretically
constant for the whole blade. The optimal angle of attack was estimated to be
where the ratio Cp/Cp is highest Froyd (2010). This is found by identifying
which angle of attack corresponds to the maximum C7/Cp ratio, given by the

airfoil information.

The new expressions for U,.; can now be replaced in Eq. (A.7) and Eq. (A.8).
When Eq. (A.9) and Eq. (A.10) are equated with the expression for the rate of
momentum in Section A.2, the expression for the axial direction will only contain
a, while the one in the rotational direction will contain both a and a’. To shorten
the mathematical derivation it was therefore decided to let the expression for T

consist of U,..; = f(a) and the expression for M consist of U,.; = f(a,d’):
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1 2. (1—a)?
dT:Ca-—-p-m—a)-Lc-dr-Z (A.13)
2 sin?p
. —_— . . /
=g, Lo, ilza wrxd) oo, (A.14)
2 51Ny cosp

As discussed in Section 6.1 the lift and drag coefficients are known for the airfoil
at Re = 107, the variables p, w, r, dr and Z are also fixed. The chord length Lc
is also known at least for the initial blade, but has to be interpolated to find the
maximum power output. The only three unknowns are a, a’ and ¢. To solve with
respect to a, a’ and ¢ the rate of change in the wake model is used to derive a set

of equations to finally calculate the forces and the power output of the turbine.

A.2.2 Wake Momentum

The rate of change of momentum between the cross sections A; and A, is equal
to the total force on the turbine blades. Since the blade is divided into elements,
the cross sections have to be divided into elements as well. The cross sections are

therefore divided into ring elements.

FIGURE A.4: Rate of change of momentum
(Quaschning, 2013)

These ring elements will have an area dA equal to the circumference multiplied

with the thickness dr of the ring element:
dA=2-7-r-dr (A.15)
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This is a simplification, but for small values of dr it is a sufficiently accurate
simplification. The rate of change of momentum in rotational and axial direction,
dM,, and dT,,, is defined as the mass flow in the ring element multiplied with

change of velocity. The mass flow in axial direction dT,, can be expressed as:
AT, =dm-AV =p-V -dA- AV (A.16)

At the turbine cross section A, the rate of change of axial momentum can therefore

be expressed as:
AT, =p-V-dA- (V1 = V3) (A.17)
Using the axial induction factor the velocity at the turbine can be written as:
V=>01-a)-W (A.18)

By using Equation A.18 and the Bernoulli’s equation the velocity V5 can be ex-

pressed as:
Vo=V-(1-2-a) (A.19)
Using Equation A.18, A.19 and A.15, Equation A.17 can be expressed as:
Al =4-7-1-p-VZ-(1—a)-a-dr (A.20)
Likewise for the rotational direction:

dMy, =4-7-1*-p-Vi-w-(1—a)-d -dr (A.21)

A.2.3 Completing the BEM method

The BEM method derived here is only valid for steady-state conditions. Due
to conservation of momentum the blade momentum and thrust must be equal
the wake momentum and thrust at all time. Because of this simplification, the
complete blade element momentum method can finally be developed. This is done
by equating Equation A.13 and A.20 in the thrust direction and A.21 A.14 in the

torque direction. Solving the equations with respect to the induction factors a and
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a’ we get:
Co-Lo-Z
N c (A.22)
(1—a) 8-m-r-sin?p
! w Lo Z
e Ca Lo (A.23)

(1—a) :8'7r~r~sing0~cosg0

These equations are implicit, since the flow angle ¢ is dependent on a an a'.
The equations have to be solved by an iteration loop for each blade element. By
combining the constants into one, this iteration should minimize the computational

time. This is done by introducing the solidity factor o:

_Z'LC
2.7y

(A.24)

g

which is the ratio of the area of the ring section that is covered by the bade.

Equation A.22 and A.23 can now be expressed as:

1
o-Cy
1
[

All equations required in order to calculate the forces on each blade element are
now in place. There are, however, some corrections that must be done to improve
the method.

A.2.3.1 Prandtl Corrections for Tip Loss

The BEM method assumes that the air flows straight across the wing, parallel to
the airfoil. This is only true for the mid section, but the BEM theory is not valid
near the root and at the tip of the blade. Here the air flow is no longer parallel,
which means that the BEM theory overestimates the lift that is generated in these
sections and consequently overestimates the blade performance. The root loss is
neglected in this approach, since very little of the moment is created here. The
tip loss, however, must be taken into consideration since the lift is reduced largely
and power is lost. Additionally a vortex is created by the tip loss in the wake of
the blade tip, which is the reason why a certain distance between wind turbines

has to be accounted for. To correct for the tip loss the Prandtl tip loss factor was
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used:

2 z —r
F=—. 003_1(6_(5'£iw)) (A.27)
7T

This tip loss factor is used to correct Equation A.25 and A.26 when calculating
the induction factors. In addition, Equation A.13 and A.14 have to be corrected
when calculating the forces on each element. When inserting the tip loss factor

A.27 in these equations we get:

1
0= —F—5—— A28
ez rr R .
, 1
“ :(M)_l (A.29)
o-Cyr
1 2. (1—a)?
dT:F-Ca-—-p~V1(—a)-LC~droZ (A.30)
2 sin?p
1 (1 — r-(1+d
iv—F.c L.,z wr-(d+d) (A.31)
2 STTUp cosp

A.2.3.2 Glauert’s Correction for Heavy Loads

From equation 6.11 it is clear that C'r will approach zero when the axial induction
factor approaches 1. In reality the thrust force on the turbine would not approach
zero but increase above 1. The thrust on a turbine can be higher than the static
pressure in the wind. Glauert suggested a model to correct this based on empirical
data. The model should only to be used for values above a certain level of a..
Glauert suggested a. to be 0.2. This model should be used instead of A.28 when
the axial induction factor is higher than the critical limit. The new axial induction

factor can then be expressed as:

a:%-[2+K-(1—2-ac—\/(K~(1—2-ac)+2)2—|—4-(K-a2—1)] (A.32)
4-F - sin*p
K=—— (A
e (A.33)

A.2.4 1deal Situation with no Drag

The BEM method derived above can be used to analyse the performance of a
given blade design with given airfoil parameters (chord length, twist angle)(Frayd,
2010). It is ,however, not intended for creating the blade design. When using BEM
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method to analyse and correct the design, one needs a method of creating an initial
blade design to use as a starting point . Glauert suggested a simplified method,
to create a initial design by disregarding drag (Quaschning, 2013). Since the drag
coefficient is only a tenth of the lift coefficient approximately, this simplification is
justifiable. This assumption will, however, only be used to create the initial design
of the blade and then use the fully developed blade element method to correct it.
The power output for one blade element is defined as the torque contribution

multiplied with rotational speed of the rotor as
AP = dM -7 - w (A.34)
if we now insert Eq. (A.21) we get
dP=4 -7-r-p-Vi-w-r-(1—a)-d-dr)-r-w (A.35)

If we define the ratio between the blade element velocity in the rotational direction

and the far upstream wind speed we get
w-r

A = A.
r= (A.36)

which is called the local speed ratio or at the tip of the blade the tip speed ratio
TSR (Freyd, 2010). By inserting Eq.(A.36) into Eq.(A.37) we get

2

v
dP:(4-7?-,0-V13~w—lz-(l—a)-a’-Af)-d)\r (A.37)
Since we neglected the effect of drag, the only force affecting the blade and causing
wake is the lift. The lift force is perpendicular to the relative wind speed, which
means we get two geometrically similar triangles as can be seen from Figure A.5.

This we can use to determine a relation between the sides of the triangles and get

1—a
t = A.38
an(p (1 + a/) . )\r ( )
and
a -\
tany = - (A.39)

By combining these two equations we get a relation between the induction factors

and the velocity ratio
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Trianglel . e - V1
: iV, =(1-a)-V,

R

U,=(l+a")yo-r

FIGURE A.5: Velocity triangles on a blade element(Froyd, 2010)

a-(1—a)=d -(1+d)-\ (A.40)

From this it is possible to obtain the following relations:

, 1—=3-a

T a1

(A1)

1—a

A=@A-a—1)- (m

) (A.42)

To solve these two equations with three unknowns, we need at last one more
equation in order to solve the equations explicitly. This is done by equating the

force equations and the momentum equation.

A.2.5 Ideal BEM Theory
Since we neglected the effect of drag we can write Eq.(A.3) and Eq.(A.4) as

C, = Cp - cosp (A.43)
C.=Cp-sinp (A.44)
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The new ideal expression for the blade element force (Eq.(A.13) and Eq.(A.14))

then becomes

1 V2-(1-a)

dl'=Cp-cosp-=-p- , Lo -dr-Z (A.45)
2 sin?y
1 (1= e (1+d
i —cy. Lo, dma v drd) o (A.46)
2 Sine cosp

By equating Eq.(A.20) and Eq.(A.45), and Eq.(A.21) and Eq.(A.46) respectively,

we obtain

a  Z-Lo-Cp-p
l—a 8-m-7-sinp
a  Z-L¢-Cp (A48)

l—a 8-7-7-cosp

(A.47)

These two equations are implicit, and to solve them iteration has to be used. To
simplify the Eq.(A.47) and Eq.(A.48) we gather the blade specific factors as

Z - LC : CL %
Brp = A.49
bp = T2 (A9
Substituting this blade element parameter to Eq.(A.47) we get
a Vi cosp
= Bgp - : A.50
a—1 Py 42 ( )
The next step is to rearrange Eq.(A.11)as
Vi (144d)-sing (A51)

w-r (1 —a)-cosp

By inserting Eq.(A.50) we get an equation, which is still not explicit, as ¢ is a
function of both induction factors, but the number of unknowns reduces to one,

as

a 14+d 1

= Bgp - . A.52
1—a A PP 51N ( )

Rearranging this equation we get
Bgp = 4 sing (A.53)

1+da

It is now possible to create an ideal parameter table consisting of \,, a,a’,¢ and
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Bgp, which will be used to create an initial design for the blade. The table is
created by defining a vector of values of a that cover the relevant TSRs. By using
Eq.(A.42) we can find the corresponding vector for .., and by using Eq.(A.41) the
corresponding vector @’ can be found. The optimal values of Bgp are found by
using Eq.(A.53). In Table A.1 the universal parameter table of induction factors,
flow angle and Bgp is shown, which was obtained by MATLAB.

TABLE A.1: Universal parameter table of induction factors, flow angle and Bgp
obtained from MATLAB

AH all a' [ @ldeg]  Ber[]
0.25 0.28 1.264 50.6 0.266
0.5 0.298 0.543 42.3 0.521
0.75 0.31 0.294 35.4 0.555
1 0.317 0.183 30 0.536
1.25 0.322 0.124 25.8 0.497
1.5 0.325 0.089 22.5 0.453
1.75 0.327 0.067 15.8 0.415
2 0.328 0.052 17.7 0.379
2.5 0.33 0.034 14.5 0.32
3 0.231 0.024 12.3 0.2753
3.5 0.331 0.018 10.6 0.24
4 0.332 0.014 9.4 0.213
4.5 0.332 0.011 8.4 0,191
] 0.332 0.008 7.5 0,173

5] 0.33 0.007 0.3 0,143

7 0.33 0.007 5.4 0.125

8 0.33 0.006 4.7 0.109

9 0.33 0.005 4.2 0.097

10 0.33 0.005 3.8 0.088

A.2.6 Determining Twist angle ¢ and the Chord Length,
Le

The optimal flow angle is determined by Eq.(A.11) The chord length can be opti-

mized for each blade element by the following equation.

(A.54)

The twist angle 6 is found by subtracting the optimal angle of attack (Cp/Cp

form airfoil data) from the flow angle

0 =¢— aopt (A.55)
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TABLE A.2: Air Foil Data NACA0064 (SIMA)

00158
00341
QL0855
0_2BO7
03518
0 5085
QLE267
07427
0.B537
0o574
10518
11355

1.207
1 2656
13104

1341
13572
13587
13458
13181
13785
13312
11532
10731
0.oE22

0.EB2
07742

0851
05451
04235
03071
02E14
02556
02257

0204
QL1785
01534
01238
01037
00785
00535
QL0283
00158
00151
00134
00121
00111
0LDD59
QL0051
0LDDES
00082
0.D07e
QD072
0LDDG4
00054

0771
0.724
0.58
0.581
0.431
038
0282
0.159
0.052
0067
-1.184
-3.259
-2.409
41512
0808
-.585
-1.755
-1.E14
-0.85
-0.B5E
-0.85
-0.525
-1.E53
-0.87
-0.85
-2.511
-1.534
-0.858
-1.582
-1.005
-1.082
-1.113
-1.105
-1.078
-1.053
-1.015
-0.504
-0.E07
-0.711
-1.555
-1.478
-3.375
-0.284
42151
-0.017
0.083
0.213

03581
03518
03B38
03743
0 3536
03517
03338
03248
03099
0254
02772
0.2555
02409
02212
02006
01789
01563
01156
0104
00516
00785
0.DE4S
00508
00364
00218
00129
-0.00238
-0.0251
-0.0418
-0.0521
“2.051
-0.0707
-0.0722
-0.0734
00772
-0.DED7
-0.0E25
-0.0832
-0.0841
-0.0B59
=002
-0.0545

oo
WO o e W s W R O

[T
o A

10.5
11
115
12
125
13
135
14
145
15
155
15
16.5
17
175
13
1835
15
185

Ly pd bd Pd Rd Pd Bd B R
P T R TR = I S

fEREBEd2aBBHEEE

QL0052
QD052
0LDD53
QD053
00054
0LD058
QL0051
00113
00124

0.013
00138
00143

Q.015
QL0267
00383
00458
0LDE13
Qo727
QL0B41
00854
0 1065
01178
QL1287
01358
01509
01519
01728
0L1B37
01847
02057
02165
02272
02379

0.258
02738
03004
03204
03377
03554
03516
04254

0.455
05324
QL8452
Q7573
0.BES4
0.or08
10553
11806
13438
13178
1 3E09
14304
14555
14533

0442
0.556
067
0784
0.658
1011
1.103
11351
1357
1353
1328
1356
1352
14
1415
1425
1434
1443
1.451
1453
1443
1444
1445
1447
1443
1444
1433
1435
1443
1452
1443
1433
1423
laoi
1355
13
122
1153
1115
1015
0.526
0.B55
0.3
0.B04
Q.753
0783
0317
0.656
0.582
0455
03548
0251
0176
0053
-0.074

-0.1014
-0.1075
-0.1125
-0.1157
-0.11839

-2.124
-0.1234
-0.1184
-0.1183
-0.1183

42.118
-0.1154
-0.1143
-0.1145
-0.1143
-0.1147
-0.1158
-0.1185
-0.1153
-0.1131
-0.1112
-0.110d
-0.1103
-0.1108
-0.1114
-0.1111
-0.1097
-0.1079

-0.108

-2.109
-0.10815
-0.1077
-0.10939
-0.1183

-2.118
-0.1235
-0.1353

-0.144
-0.1485
-0.1577
-0.16838
-0.1758
-0.1857
-0.212%5
-0.2344
-0.2553
-0.2751
-0.28338
-0.3117
-0.3285
-0.3444
-0.3583
-0.3731
-0_38538
-0.35873
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Appendix B

Wave Power

Velocity potential

Infinite water depth

Q= %e"’zcos (wt — kx)

Connection between wave number & and

w
circular frequency w ? =k
Connection between wavelength 1 and wave § e g T2
period T 2

Wave profile

{ = {,sin (wt — kx)

Dynamic pressure

pa = pglae*“sin (wt — kx)

x-component of velocity

v, = w(,e"sin (wt — kx)

z-component of velocity

v, = w{ze*cos (wt — kx)

x-component of acceleration

a, = w?{e*cos (wt — kx)

z-component of acceleration

a, = —w?{,e*sin (wt — kx)

2m

h = Average waterdepth.

=y k= ETH T = Wave period, A = Wavelength, {, = Wave amplitude. g =

Acceleraiton of gravity, t = Time variable, x = Direction of wave propagation,
z = Vertical coordinate positive upwards, z = 0 mean water level,

Total pressure in the fluid: p; — pgz + p,(p, = atmospheric pressure)

FIGURE B.1: Potential flow theory Faltinsen (1999)
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Appendiz B Wave Power
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F1cUre B.9: Bond graph sketch of wave driven piston pump
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Appendix C

Underwater Storage Tank
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Appendiz C Underwater Storage Tank

TABLE C.1: Volume required per unit of energy as a function of depth

Veolum/kwh

400.00 0.B73341258
3B0.00 09181343
360.00 0967770552
340.00 1.02308041
320.00 1.085095609
300.00 1155114188
280.00 1.234792332
260.00 1326277048
240.00 1.432402537
220.00 1.556989043
200.00 1.705312522
180.00 1.88487103
160.00 2106692259
140.00 2. 387687492
120.00 2755179355
100.00 3.256371407
E0.00 3.98045156
60.00 5118616836
40.00 7168316043
30.00 E 962860148
29.00 9193001317
20.00 1195596221
19.00 1236901939
13.00 12 81163866
17.00 1328711141
16.00 13.79923644
15.00 1435242172
14 .00 1495181156
13.00 1560344706
12.00 15.31447048
11.00 17.09338806
10.00 17.95041199
9.00 1B.8979106
5.00 1995100919
7.00 2112840347
5.00 22.4534792
5.00 23.95588125%
4.00 25.67375785%
3.00 27.65704496
2.00 29.97240041
1.00 32.71084296
0.00 36

148



	Project description sheet
	Declaration of Authorship
	Abstract
	Sammendrag
	Acknowledgements
	List of Figures
	List of Tables
	Abbreviations
	Symbols
	1 Introduction
	1.1 General Background
	1.2 Marine Renewable Energy
	1.2.1 Offshore Wind and Wave Energy

	1.3 Scope and Objectives of the Thesis

	2 Wind Power
	2.1 Origin of Wind
	2.1.1 Wind Probability Distribution
	2.1.2 Influence of the Terrain and Altitude

	2.2 Offshore Wind Turbines
	2.3 Energy and Power

	3 Wave Power
	3.1 Origin of Ocean Waves
	3.2 Characteristics of ocean waves
	3.2.1 Wave Spectrum
	3.2.2 Wave Statistics
	3.2.3 Energy Density in Regular and Irregular Waves
	3.2.4 Irregular Waves

	3.3 The Wave Energy Resource
	3.4 Wave Absorption
	3.4.1 The Budal Diagram

	3.5 Power-Take-Off
	3.6 "It's All about the Phase"
	3.6.1 Control systems of WECs
	3.6.1.1 Latching

	3.6.2 WaveSpring

	3.7 Wave Power Technologies
	3.7.1 Classification Of Devices
	3.7.1.1 Point Absorber
	3.7.1.2 Overtopping Devices

	3.7.2 Oscillating Water Column (OWC)
	3.7.2.1 Attenuator



	4 Combined Wind and Wave Power
	4.1 Why Combining Wind and Wave Power?
	4.2 The Floating Power Plant Poseidon
	4.3 W2Power
	4.4 Wave Treader
	4.5 NEMOS

	5 Design Proposal of a Combined Wind and Wave Power Device
	5.1 The Concept
	5.2 Choice of Offshore Site
	5.2.1 Evaluation of the Wind and Wave Resource
	5.2.2 Pumping Height and Total Power Requirement

	5.3 Choice of the Wind Turbine
	5.3.1 Generator
	5.3.2 Motor
	5.3.3 Pump

	5.4 Choice of the WEC
	5.4.1 Historical Investigation of Wave Driven Piston Pumps
	5.4.2 Design Criterias for the WEC
	5.4.2.1 List of Fundamental Requirements for a WEC
	5.4.2.2 The Chosen Wave Energy Converter
	5.4.2.3 Piston Pump

	5.4.3 The Storage Tank


	6 Wind Power Model
	6.1 Simplifications and Predefined Parameters
	6.1.1 Choice of Blade
	6.1.2 Choice of the Tip Speed Ratio
	6.1.3 Summary of Predefined Parameters

	6.2 Maximum Wind Turbine Power Output
	6.2.1 Betz Limit
	6.2.2 Thrust Force and Thrust Coefficient

	6.3 Aerodynamics of a Blade
	6.3.1 Forces on the Blade
	6.3.2 Rotational Induction Factor
	6.3.3 Blade Element Theory
	6.3.4 Design of the Blade
	6.3.5 Universal parameter table
	6.3.6 Determining the twist angle, 
	6.3.7 Determining the Chord Length, LC

	6.4 Power Output of the Wind Turbine
	6.5 Electric Wind Pumping

	7 Results and Discussion of the Wind Power Analysis
	7.1 MATLAB Script
	7.1.1 MATLAB Results

	7.2 Testing in ASHES
	7.2.1 Power Output
	7.2.2 Strength analysis

	7.3 Electric Wind Pumping

	8 Wave Power Model
	8.1 WAMIT
	8.2 Simplifications and Predefined Parameters
	8.2.1 Geometry of the CorPower Point Absorber
	8.2.2 Summary of Simplifications and Predefined Parameters

	8.3 Hydrodynamic Coefficients
	8.4 Mechanical Oscillator
	8.5 Useful Converted Power
	8.6 Including the WaveSpring
	8.6.1 Wave Power Captured in Regular Waves
	8.6.2 Wave Power Captured in Irregular Waves


	9 Results of the Wave Power Model
	9.1 Sea State Analysis
	9.1.1 MATLAB Results for Regular Waves
	9.1.2 Wave Power in Irregular Waves
	9.1.3 Power Captured by the WEC in Irregular Waves
	9.1.4 Wave Capture Width and Efficiency
	9.1.5 Effect of the Wavespring

	9.2 Wave Driven Pump

	10 Modelling in SIMA
	10.1 SIMA
	10.2 Modelling in SIMA
	10.2.1 The WEC Model
	10.2.2 The Coupled WEC Model


	11 Combining Wind and Wave Power Proposal
	11.1 Simplifications and Assumptions
	11.2 Chamber Size Estimation
	11.3 Estimating the Volume of the Underwater Chamber
	11.4 Discussion

	12 Conclusion
	13 Further Work
	A Wind Power
	A.1 Blade Element Momentum Theory
	A.2 Forces on the Blade
	A.2.1 Induction Factors
	A.2.2 Wake Momentum
	A.2.3 Completing the BEM method
	A.2.3.1 Prandtl Corrections for Tip Loss
	A.2.3.2 Glauert's Correction for Heavy Loads

	A.2.4 Ideal Situation with no Drag
	A.2.5 Ideal BEM Theory
	A.2.6 Determining Twist angle  and the Chord Length, LC


	B Wave Power
	C Underwater Storage Tank

