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Abstract

Wind-wave interaction has been an important aspect of environmental conditions to be
considered for offshore wind turbine performance, especially in deeper water at stable
atmospheric conditions such as North Sea. It is gelyesaldersbod that ocean waves are
thought to be influenced by the surface wihdt transferenomentum from the atmosphere to

the waves. However, recent observations have suggested that when swaliwigrdaster
propagation than the surface wind, momentum from waves can also transfer to the atmosphere.

It is not uncommon for the wind and waves to be misaligned, and this situation can result in
interesting features thatay have anmpacton the powe production, turbulence generation,
andfatigue damag® the wind turbine. In general, there are misalignments between the wind
and waves at all wind speeds: small misalignments at large wind speeds and large
misalignments at lower wind speeds. The latgaisalignments are associated with stable
atmospheric conditions (Bachynski et al., 20)cthermoreBachynski et al. (2014)sing
observations from the North Sea suggest that misalignment of ug s 80mmon, while
misalignment larger than 6@ccur less than 5% of the time

In this thesiSMATLAB analysis ofl1years of data from FINO dnd 8 yeardlata from FINO

3 has beertonducted to determine the frequency of occurrence of wind wave misalignment
under swell and wind wave condition&aves are usually aligned with the wirdowever,

swell do not alwayscorrelate to the direction of the wind. Inigtstudy, the frequency of
occurrences of wingvave misalignment are studied and the effesft the aligned and
misaligned winewave on distribution of wind speedave also ben checked. Total
misalignmentand opposing misalignmefar platforms FINO 1 and=INO 3 were observed
higher in FINO 11In the other hand, iwd-wave misalignment under swelkre found taccur

less than the oseinder windwave.

Turbulence intensities in easite wasanalysed according to the classification of winave
misalignmentand itwasfound that the turbulence intensity under opposing wiage was

lower compared to the perpendicular and aligned conditions. Wind profile at FINO 1 was
observed as well, taking into account the lower heights measurement at OBLEX campaign.
1-month period between September and October 2015 was selected basedaiility of
data.Observatiorby plotting mean wind speed data from FINO 1 and OBLEX redirtwind
profiles as expected. However, an interesting point to see is thatedn@vind speed at the
lowest measurement 15 m LAT is higher than the wind speed at 20 nwh&h may well

get an acceleratedvind speed because of the position of sonic anemometer at 15 m height
relative to the position of sonic anemometer at 20 m.
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OCCURRENCE OF WINBWNVAVE MISALIGNMENT USING FINO AND OBLEX DATA

1. Introduction

1.1 Background

Waves can have a significant influence on wind profiles and the performance of offshore wind
turbines. This phenomenon and its effects have not been considered yet in the design and
calculation phase, as wel$ avhen estimating the power production of wind turbisend-

wave misalignment is defined as the temporal difference between the wind direction and the
mean wave direction of wingenerated wave&ihn, 2001; Vledder, 2013pituations where

the wind and the waves are out of phase and misaligned to each other can result in interesting
featureghatmayhavean impact to the power production, turbulence generation, and fatigue
damage to the wind turbinkelowever,analysis of these concepts is a fairly young field, and
much of the researelBhave been limited to environmental conditions (ECs) where wind and
wawves arrive from the same directi(Bachynski et al., 2014)t is not unusual for wind and

waves to be misaligned, padiarly in stable atmospheric conditions.

Model experiments show that waves influence wind field above {&erflivan et al., 2008)

The effect is notable up to the marine atmospheric boundary layer (MABL) and depends on
the wave state and the direction of waves and wind. Asuli,rasvind turbine rotois exposed

to wind profiles and turbulent levaalvhich arenot predicted with the conventional assumption

of logarithmic wind profile and low turbulence levels over a flat surface. Model simulations
with a coupled setup further®l that wave influenced wind affexthe turbine performance,

as well as the load and fatig(i€alvig, 2014) A wide range of mebcean conditions were
investigated, and the extreme loads were found to occur at the maximum significant wave
height and for high wind/wave misalignmefiBarj et al., 2014)Thereforeit is important to
assess the statistical significance of wwmalve misalignment using lortgrm measured

offshore wind data.

1.2 Objective

This master thesis intendsitwestigatehe occurrence afind-wavemisalignment cases using

long term dataneasurement from the FINO 1 and FINO 3 platforms. Thmititesaverage

wind speed, wind direction, wavheight, wave period, and wave directi@ve beemused to
determine the prevalence of wind and wave misalignment, especially during the swell wave

conditions (long period wavesDther objective include analysing the wind profile and

1
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turbulence intensjtby introducingower heightmeasurement from the OBLEKL (Offshore
Boundary Layer Experiment at FINO 1) campaign by NORCOWE, with several new
instruments added to investigate atmospheric surface and boundary layer.

Ultimately, the collected and anabd data regarding the occurrence of windve
misalignmentcan be used to validate and improve numerical models and toolarious
application fronts such aseather forecasting, marine operations, power performance, and

wind farm layout and accessibility.

1.3 Thesisstructure

The structural outline of thithesishas been presentedhigurel.1 below. Most of the steps
was dependent to the previous milestone, since this study was a continuous tiskstudy,
a large number of data was processed, therefomgprehensivevork was performed to avoid
errors The processed data were doublecked to ensure the validity.

[ Occurrence of windwave misalignment using FINO and OBLEX data ]

[ Literature Reviewfind the related journals and papers]

[ Compile and quality check theng term FINO1 and FINOdata from BSH ]

[ Compile and arrange month of high frequency OBLEX dafieom NORCOWE ]

[ Generate WindRose and WaveRose chart for FINO1 and FINO3. as well agtamcel of their Iocations]

[ Combinethe FINO1 and OBLEX datat the corresponding data point:]

[ Classify and determine the occurrence of wind wave misalignment under swell and Wind]

[ Analysis on speed distribution for different misalignment conditic]

[ Analysis on turbulence intensity and offshore wind profﬂ

Figure 1.1 Thesis Stucture.
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2. Basictheory

2.1 Offshore wind energy

Onshore wind turbireehave been the main infrastructure to capture wind energy for nearly the
entire history of wind power. The conventional horizontal axis, thtege wind turbing

placed on open space suctiaasns, grassy plains or desert surfaceslb@en a reliable choice

in terms ofinstallation, structure stabilit, and costHowever, they do not produce energy
constantly throughout the year due to low wind speedetheced performande the presence

of physical obstacle such as hills or buildin@s. the other hand, without physical restriction
such as those on the land, offshore wind turbine can be built much bigger and taller, capturing
higher wind speed, thus allowing for more power production.

The generation game

M In operation © New project  Price per megawatt-hour

" W Under construction
3 UK offshore Nuclear Gas
Hornsea 2, world's wind projects (Hinkley plant*
largest wind farm Point C)
i j £114.39-
ormsea £119.89
Cable £66
Hall U potendial gs780: i EIS0 Ul
'.‘ o turbine £74.65 -
Gnmsby """"" . henght 276m
| Shard
°
Skegness 310m —
February  Prices Awarded Current
2015  awarded 2015 estimates
50 miles

yesterday

BEIS, Dorg Enaryy. Renewable UK *povernment estimates for Matime cost of

Figure 2.1. Schematic of Hornsea Projecif$shorewind farm(Gosden, 2017)

Those advantages were considered as théngrferce for thegrowing rumber of offshore
wind turbine installatiogin the world, especially in Europe, whenel991Vindeby Offshore
Wind Farm beame the pioneer of offshore wind farm installation that coetiiri units wind
turbine with total capacity 4.95 MW and hub heigeight from SWL to the axis of wind
turbine rotor) 35 fEWEA, 2009) Meanwhilein 2020 and 2022he ongoing Hornsea Project
1 and 2, the world biggest offshore wind farm projects beljin operation in North Sea off
coast of UK whichareclaimed to be cheaper than gas and nuclear en&@ggden, 2017)The

schematic of location, status and estimated price per megaoaibf the Hornsegrojectsis
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shown afigure2.1above We can see that offshore wiedergy isslowly beconng aserious
competitive form of alternative enerdgiherefore, research in terms of offshore environmental
seastate (i.e. windwave interaction,wind-wave misalignment) and marine operatisn

gainingmore impetusfor offshorewind turbine performare

2.2 Planetary Boundary Layer

The pganetaryboundary laye(PBL) is the lowest part of the atmosphere which is directly

Tropopause

influenced by the earthssurface. o

Therefore, much of the weather tiat

Free Atmosphere

experiencd is a result of PBL Troposphere

changesDue toaerodynamic draga

e ™

flow several hundred meters above
Figure 2.2. Planetary Boundary Layer (RB
the Earthos sur (shodor.org, accessed 2017).

increases with increasing height
aboveEat 6 s surface, start i nglipconmdibon(Stdl,988., because

At some point in the atmosphere, there is a zone where friction goes from significant to
insignificant (Stull, 1988) The lower layer of air which is subjected to turbulent (frictional)
processes is known as the planetary boundary layer (PBL). The remaining air in the troposphere

is known as the free atmosphast is free of frictional influences

Below is the comparison between the PBL and the free atmosphere characteristics.

Table2.1 Comparison between PBL and Free Atmosphere

Property Planetary Boundary Layer Free Atmosphere

Friction Significant drag against earth's surface. | Up to 10km above the ground

High energy dissipation (due to friction)

Turbulence | Continuous turbulence throughout layer | Less friction

Low energy dissipation

Thickness Between 100 and0®0 m, diurnal variation| Only near jet stream and
over land convective clouds




OCCURRENCE OF WINBWNVAVE MISALIGNMENT USING FINO AND OBLEX DATA

Mixing Rapid turbulent mixing in vertical and Low mixing in vertical
horizontal Mixing in horizontal
Wind Profile | High vertical wind shear Low vertical wind shear

2.2.1 Atmospheric Boundary Layer

Atmospheric boundary layer (ABL) enother term to explaithe layer where atmosphere
in contact with ground surface, land, or sea. The swdacmteraction is the trigger of the

ABL formation and is occurring in two primary forrlGushmarRoisin, 2014)

1 Mechanical:

o Avrises from the friction exerted by wind against ground surface; causes wind shear
and creates turbulence

o When ABL is said to be in neutral condition, we expect wind profiléeclwh
characterized by friction velocity and roughness length, see Chapter 2.3

1 Thermal:

o The origin is solar radiation. Sun light is electromagnetic radiation iwviflilele
range, which is visually transparent in the atmosphere. Therefore, most of the solar
radiation passsthrough atmosphere and reackadgace.

o Most of the solar radiation is absorbed immediately below earth surface, which
heats up and then radiates heat back. This radiaiemitted upward into the
atmosphereandwhile some portion espas to space, mucbf it is retained in the
atmosphere because of water vapor, carbon dioxide and other gases. This heat

retention is called thgreenhouse effect
2.2.2 Marine Atmospheric Boundary Layer

Marine AtmosphericBoundaryLayer (MABL) simply means atnspheric boundary layer
which exist on the surface of the sea. MABhows significant differences compadite the
ABL over flat homogeneouground Wind speed are higher and turbulence intensiteE®
lowerin the MABL compard to those in the onshore ABRAdvantages of wind conditions in
offshore can also be seen by the lower vertical wind shear codnpasashore. This means

that the wind speeds over the ocean are much more consistent.
Main differences of MABL and ABL arsummarisedelow(Arya, 1988)

1 Large differences in the energy balance of sea and land
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0 Heat Capacity
Water has a higher heat capacity than lanitheiteforeneeds more heat to raise the
temperature of one gram of water by one degree than it does to raise the temperature
of land

1 Non-stationary lower boundary of sea vs. stationary lower boundary of land

o Ocean waves vs. flat homogeneous ground
On flat homogeneous ground, the boundary layer affects the wind profile in a
smooth increment as seen in the-Bfte wind profile in Figure 2.3Vleanwhile, at
sea, the lower boundary layer is not stationary due to wave, therefore the influence
of shear stress on the surface of the sea will be either reinforcing or diminishing the
wind speed at near surface. This phenomenon is illustrated logritraland the

right wind profileshownin Figure 2.3.

Wind Velocity Profiles

Figure 2.3. Nontstationary lower boundary

1 Surface roughness offshore is lower than onshore
0 The lower surface roughness offshore results in a veigrelift vertical structure of
the boundary layer.e. the depth of the surface layer can be as low as 30m

1 Relevant measurements over the ocean are sparse-exilsumt

For wind energy calculati@nthere are a lot of variables and aspects thatstebéconsideed
which areoften changing rapidlylherefore, gnerally neutral stratification and a flat, smooth
sea surface are routinely used as #ssumptions in wind energy calculatiofisalvig,
Gudmestad, et al., 2014)

Knowledge of theMABL is importart in offshore industryin terms of (a)assessg wind
resource (e.g. wintvave misalignmentanddefining design criteria for structural load (e.g.
occurrence of extreme winds)the planning phas¢b) defining weather windows favourable

for marine opergonsduring the construction phage.g. heavy lift operationsfc) measuring

6
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actual flow conditionssuch aswind speed, turbulence intensitg well asaccessibility for

operation and maintenanirethe operatioal phase

2.2.3 Wind Boundary Layer

As shown n previously inFigure 2.2the Planetary Boundary Layés the layerclosesto the
earth surfacand thereforehe most relevantor wind turbineoperation This boundary layer
is divided into Surface Layer and Ekménansition)Layer, illustrated inFigure 2.4, which
also showshe way in which the wind speettangesvith height This characteristic is called
velocity shear and the shape of the curve is known as the wind shear (viafiken, 2010)
The design of wind turbirsgs engineered according to the ch&eastics of the Surface Layer
sincethe height of most wind turbinege ranging from 50n up to 200m. However, in the
MABL, the surface layer height can be as low agrBOnder stable atmospheric conditions
(Emeis, 2014)

i Free atmosphere
Zg 2000m Gradient height
Ekman layer
Planetary boundary layer
Zg 50-100m £

Surface layer

1900 4 dndaegll]

[ -

Source: Garrad Hassan

Figure 2.4 The atmospheric boundary layer shear prgfilassan, 2018)
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2.3Wind profiles

Free Atmosphere 1 Geostrophc wind

The variations of the mean win

speed with height above the still wat:
level is called wind profile. It is
affected by several factors, such . 'l SO v
roughness length, friction velocijty

and atmospheric stability.

Surface layer Near) loganthme wind

In a noncomplex terrain and

-

u
atmospheric conditions, wind speen ) . o

' Figure 2.5. Typical windprofile in the boundary
profile may berepresented by ar layer.
idealised wind profile. There are three
common wind profiles namely logarithmic wind profile, power law wind profile, and stability

corrected wind profile.

2.3.1 Powerlaw wind profile

In wind power assessments, the power law is often uge asnplified form when estimating
the wind speed above the surface lay#wever, there is height limit whidk considered to
producereliable resultsand alsas accourgdfor lower heights above sea water level (SWL)
up to 50 m(Peterson & Jr., 1978Relationship between wind speeds at different heights with

power law is calculated as below:

Ya Y — P
Where,
"Ya = wind speed at height z
Y = meanwind speed afl
a = reference height
Q = target estimated height

| = power law exponent
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The power law exponent is an empirically derived coefficient which value is depends on the
stability of the atmospher@nd surface roughnedsor neutral stability conditions, is 1/7 or

0.143, assuming constant sea surface roughness of 0.002 m.

2.3.2 Logarithmic wind profile

Logarithmic wind profile isa semiempirical relationship of wind profile whicits used for
neutral atmospheric conditismwvithin the lowest section of boundary lay&he logarithmic
wind profile is considered more reliable estimator of mean wind speedpared tgower

law wind profile in the lowest 220 m of the surface boundary lay@ook, 1986)Generally,
reliable result can be obtained up to 100 m alfse@ Water Levg|SWL) depending on the
height of thesurface layerThe relationship between wind speeds at different heights with

logarithmic law isgivenas below:

. Y. L

Yo o Td; Q<

Where,
% = friction velocity
ko) = Von Karman constant (0.4)
o} = roughness length
Q = target estimated height
If the wind speeslat certainheight is knevn, then equation above can beaétten as:

Yo —— &

2.3.3 Stability corrections wind profile

The \alidity of wind profile estimatorss affected by the atmosphestability. Thereforewe
need to adjust the estimator formula to achieveafiopriate valuenderdifferent stability

conditions. Stability correctionsind profile are madéom the logarithmic wind profile with
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anadded stability correction ternithe elationship between wind speeds at different heights

with stability correabnslaw is givenbelow:

Ya Zi |E 9 c8
: Q «q 0]
Where,
= stability-dependent function
(+) for unstable conditions;)(for stable conditions, (0) for neutral conditions
0 = Monin-Obukhov length L

DNV-RP-C-205 refes to Stull (1988)for the relevant expressions betweenand0. It was
stated thathe Monin-Obukhov length L is related to the Richardson number which is a
dimensionless parameter whose value determines whether convection is free dciblrad

et al., 2012)

2.4 Atmospheric stability

Stability in the atmosphere can be defined as the tegaddmdr to resist vertical motiofStull,
2000) As a general definition, atmospheric stability refers to the tendency for air parcels to

move vertically, eitheto rise or sink depending on its temperature relative to thewuimngs.

To understand this situation, consider the condition that makes air parcel rise (method of lifting)
and the type of environment the air parcel is rishrgugh. The environment is characterized

in terms of its static stability. Static stabildgtermine whetheran air parcel remagbuoyant

or not.An imaginary parcel of ainitially at rest(i.e. static)at some level in the atmosphere
when givera slight upward push can either keep rising (unstable case), stay where it is (neutral

case) osink back down (stable case).

One of the most common means of lifting air is referred to as buoyant lifting. When an air
parcel at the surface of the earth becomes warmer than the surrounding air, it will become less
dense than the surrounding air. Thetéigtiower density air will tend to rise, andisoefered

to as "buoyant". The air will continue to rise as long as it remains warmer than its environment.

Likewise, wheraparcel of air sinks, it compressasd the temperature increases.

10
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Turbulence dudo atmospheric stability is often referred as buoyagmyerated turbulence

The atmosphere can be classified into three stability classes: stable, neutral, and Bustable.
(2016)described the main differences between the three classes in Figutésadbe noted

t hat thbut enme®t uefers to summa tcy-generaten f me c

turbulence, unless otherwise stated.

Height Height Height
Unstable 4 Neutral Stable
Constant
temperature
along height
o - Cold air
Temperature Temperaru;e Temperature
* Also known as buoyant ¢ No net buoyancy, air parcels | Also known as buoyant
turbulence remain at its level suppressed turbulence
* Negative temperature * Positive temperature gradient
gradient * Negative buoyancy, cold air
¢ Positive buoyancy, warm air parcels continue to sink to a
parcels continue to rise to a level with equal temperature,
level where the temperature causing stability
1s equal, causing instability ¢ The sinking air compresses
¢ The rising air expands and as the atmosphere pressure
cools down as the Increases
atmosphere pressure drops ® Less vertical mixing, the
* More vertical mixing, more turbulence is stratified in
vertical turbulence or each layer
buoyancy-generated e More velocity shear, higher
turbulence velocity gradient
¢ Less velocity shear, lower
velocity gradient

Figure 2.6 Atmospheric stability class€Butri, 2016)

During the course of day, cooling and heating of the surface of the earth takes place causing
different stratification. Stability is determined by the net heat flux to the groesulting from

the incoming solar radiation and outgoing thermal radiation, and of latent and sensible heat
exchanged with the air and subsaoil.

On land, the atmospheric stability isliarnal cycle where &ble condition normally occurs at

night and unstable condition occurs abuard daytime. The heat propagation in the ground
through conduction is faster than the heat propagation in the air through radiation, so that
during the nighttheearth surface isold,and the atmosphere is still warm from the sun heating

at the dayMeanwhile during the day, the earth surface is hot, and the atmosphere is still cold.

11
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d

5 7

STABLE AT NIGHT UNSTABLE DURING DAY

!

Figure2.7Diurnalc hanges in temperature due t o (Jénkirst2006)g and co

The medium on which heat from the sun trawafects the cycle of atmosphestability,
because of different heat capacity and energy distribu@ifishore, where the surface is water,

the cycle of atmospheric stability occurs seasonally. It tal@sgyer time for the ocean surface

to heat up or cool down due to larger heat capaTherefore, stable conditions take place
during summer (sea surface colder than air), and unstable conditions take place during winter

(sea surface hotter than air).

In wind power research, atmospheric stability is usually basedabaracterigt length scale

called Monin-Obukhov lengthdenoted byL. It can be interpreted as the height above the
surface at which turbulence produced by heat conduction first starts to dominate over
turbulence produced by sh&&tull, 1988)

As described in Figure 2.6, buoyanggnerated turbulence contributes to air parcel mixing
between air parcelayers,so it decreases the wind shear gradient as observed for unstable
condition. The opposite effect occurs under stable condstitme high wind shear, implying
abrupt change in wind speed with respect to hef{iaty & Sharp, 2013)The effect of

atmospheric stability tthe mean wind speed profile is shown at Figure 2.8 below.

12
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{b)  Meutral (¢} Unstable
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unstable
stable
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9 z
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WIND SPEED, i

HEIGHT, Inz

Figure 2.8 Atmospheric stability effect to the mean wind speed profile/wind gfid@mpson, 1979)

The effect of different atmospheric stability on the wapked profile is apparent from the
figure above, so it is necessary to include stability correction on the wind profile calgulation
as explained in Chapter®3 Motta et al. (2005)mentioned the importance of atmospheric
stability correction through comparison of estimation and measurements where they found that
with the stability correction applied, the error was reduced by 50% (for very stable conditions).
Moreover,Ameya et al. (2011¢oncluded that without stability correction, the measured and

estimated wind profile under stable conditions were-pvedicted.

2.5 Turbulence

Turbulence influences the yields from wind turbines as well as the loads on windgurbine
Increasing turbulence leads to higher yields and to higher loads, where the latter is more
important. Turbulence in the ABL is either generated by shear or by thermal inst&bility.
lower wind speedghermal production of turbulence is domindnif this becomes nearly
negligible for high wind speeds when compared to shear produEnoses (2014)showed

that he shear production is proportional to the surface roughness.

Onshore, the shear production is dependent only on the surface roughness and is assumed to
be independent from the atmospheric conditions. However, in offshore condsticiase

roughness increases with wind speed and therefore increase the wave height.

13
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2.5.1 Turbulence intensity

Turbulence intensity is defined as the ratio of the standard deviation of the wind,speeet,

the mean wind speetl ¢ . It is to be notedherethat, increases with the length of the
averaging intervalEmeis, 2012)For a change in the averaging interval from 10 to 30 min the
increase is negligible a few metres above ground, because the turbulence length scale is small
close to the ground and enough turbulence elements are already containednim ant€rval.

The increase becomes larger further away from the surface where the turbulence length scale

is larger and less turbulence elements pass the measurement instruaggéven time period.

In appendix A ofEmeis (2012)a sample from the FINO1 data B0above the sea surface

showed that nearly doubled when the averaging period was prolonged from 10 to 30 min

By using the logarithmic wind profile law, turbulence intensity equation yields as below
(Wieringa, 1973)

06 =l a&id 0 & &ja c®
Wieringa (1973%et A=1 based on the assumption that the ratio of the standard deviation of the
wind speed over the friction velocity,, ispj I ¢& (Stull, 1988) In principal Emeis (2014)
stated that A should vary with the length of the averaging interval, and the FINO1 data showed
values for the ratiqQ j 6. which were close to 2.5 for wind speeds above 7 m/s using an

averaging interval of 10 min.

For onshorgturbulence intensities increase with decreasing wind speedsated inEC

614003. In this case the same asymptotic behaviour for low wind spefedsidas over land,
leading to higher turbulence intensit{&mneis, 2014)But on the other hand, tleeis a second
influence which is not present onshore: the ocean roughness length increases with increasing

wind speed due to the formation of wayEsreman & Emeis, 2010)

Data evaluation from FINO1 ¥Emeis, 20145hows theelationbetween turbulence intensity

and wind speed #ie mean, maximum, minimum, median"@rcentile, an@0" percentiles.

The data used is thmeasuring period from September 2003 to August 2000m heightat

the FINO1 Forlow wind speeds, thmean turbulence intensity rapidly decreases with increase
of wind speed to a minimum value around 4.5% at 12m/s wind spbéede this minimum,
turbulence intensity increases nearly linearly with increasing wind speed. The high turbulence
intensity valus at wind speeds below about 12m/s originated from the dominance of thermal

induced turbulence at low wind speeds during unstable atmospheric conditions with water

14
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surface temperatures significantly above the air temperature. When the wind speed (@nd so th
roughness length) increases further, the mechanical part of the turbulence intensity begins to

dominate over the thermal effects and turbulence intensity increase¢Baydnelmie, 1999)

2.6 Wind turbine energy output

2.6.1 Weibull distribution

The first step of determining the potential sites fording a wind farm is by identifying the

wind energy resource at the site. Therefore, being able to estimate and molatdlaeeristics

of the wind energy resource aneportant in different aspects, including the economic aspect
of a wind project. The wid speed is highly variable, both in space and time. In terms of time,
the variability can be divided into three time scdl®srton et al., 2001)First, the large time

scale variability of the variation of the amount of wind in a year scale, up to decades or more.
Second, the medium time scale covering period up to a year, which is more predictable.
Monthly variations often used to assess the wind energy potential by statistical analysis of
several years measurements of wind speed. Finally, thetehworiscale covering time scales

of minutes to seconds, known as turbulence, and high frequency wandagdured by wind

energy research platform are assessed

The wind variation for a site in a year period usually described using Weibull distribation,
probability distribution of wind speed, with the detail description can be fourekiis (1990)

Weibull distribution is a tweparameter function often used in statistical gsial given as
below:

00 U O QU 00O n_?i, A@E)E)F ®

W W

Where c is the Weibull scale parameter, with unit wind speed, k is the dimensionless Weibull
shape parameter, v is the wind spaeds a particular wid speed, dv is the wind speed
increment. The variation of hourly mean speed around the annual mean is decreasing with the
increasing of k, and the variable ¢ shows how high the annual mean speed is. Therefore, in
general, a desirable case is having a vianoh site which characterized by high scale factor (c)
and a reduced shape factor (k).

15
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2.6.2 Wind turbine p ower curve

The power curve of a wind turbine is a graph that shows how big the electrical power that can
be produced by wind turbine at different wind sgs. There are several points that are
important in the power curve such as-tuspeed, rated output power and rated output wind
speed, and ctdut speed. Cun speed is the wind speed at which wind turbine blade starts to
rotate and able to generatenmw, typically between @8nd5 m/s depending on the wind turbine
design. As wind speed increasbeelectrical output will rise and when the wind speed reach
somewhere between 12 and 17 m/s, the power output reaches the limit and will not be increase
anynore, capped by the capability of the electrical generator. This limit is called the rated
power output and the corresponding wind speed is called the rated output wind speed. Finally
the cutout speeds the point at which thine wind speed increases abdhe rated outpwuch

that thebraking system of the rotor of a wind turbinedeployedbringing the rotor to aalt
therebyreduang risk of damage to the rotor of wind turbine.

Power (kilowatts)

A Rated output speed Cut-out speed
Rated output power + e
Cut-in speed
35 14 25
Steady wind speed (metres/second)
Typical wind turbine power output with steady wind speed

Figure 2.9 Typical windturbine power curve.

There is a theoretical limit on the amount of power that can be extracted by a wind turbine from
wind, which is called Betz limit and by calculatibas a value set &9%.

Power curve design of a wind turbine is made according terakewaspects such as the
environmental conditions at the site, the wind turbine capability, as well as ecdaasiidlity

and profitability. In this studyarticularly for FINO 1a German wind farm Alpha Ventus is
located in proximity. As a reference thfe potential speed requirement regarding wind farm
operation near FINO 1, Tabke2 has been presented below tehows the technical data of
typical Alpha Ventus wind turbine related to the power curve ancegsirement ofwind

resource characteristic

16
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Table2.2 Technical data related to power curve of a wind turbine in Alpha Ventus windBamtsch, 2015)

Technical data oflpha Ventuswind turbine
Adwen AD 5116

: : Rated Wind | Cutout Wind
Hub height Cutin Speed Rated Output
Speed Speed
(m) (m/s) (m/s) (m/s) (MW)
90 35 12.5 25 5

In the following sectionsthe above information is relevatut relate the purpose of FINO 1
research platform instalment, for instantiee fact hat the placement of the wind speed
measurement is at 90 m. Moreowes,a basis to understand the FINO 1 researtdin, rated,
and cutout speed are used as referaceimplement the wind speed ranges of the result

presentation of this study.

2.7Waves

Waves that look physically similar might have different characteridépending on how they

are generatedOcean waves are irregular and random in shape, height, length, and speed of
propagation. A real sestate is best descrithby a random wave modd linear random wave

model is a sum of many small linear wave component with different amplitude, frequency and
direction(DNV-RP-C205, 2010)

Stationary seatate isa commonassunption for short term wave conditiomnd can be
characterised by environmental parameters such as significant wave @eggiat peak period
“Y. Significant wave height is the average of the highesttbid (33%) of waves measured
from trough to crest that occur in a given perwwtiereas peak period is the period of the most

energetic wave component.
Wave conditions in a sestate can be divided into tvatasses:

1 Wind sea/wind wavewaves generated by local wind

1 Swell: long period waves generated by distant storms

Wind wave and swells can be distinguished by the ratio of phase speed and wind speed at

reference height (usually 10 o) define regimes of sestate

Wave age:
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Where,
0 = phase speed (at the peak of wave spectrum)
Y = Wind speed at reference height 10 m

Table2.3. Sea State Regime

Sea State Wave Age C Origin
Growing sea <0.8 Slow local wind
(Young or Developing waves)
Mixed sea 0.8to 1.2
(Mature waves)
Swell >1.2 fast distant storms
(Old waves)

Swell waveshave lomger peak period than wind wayeand swellwaves are not locally
generated. ferefore wind wave directionality during swell conditions is interesting since

swell can be completely opposing the local wind direction.

2.8 Fetch

Fetch isthe distance that indates how far wind has travelled over open water. For example,

if a wind is blowing from east to west across a body of water and there are no obstacles, the
fetch of the wind is equal to the eagtst distance of the body of wai{@runo, 2017) The

term fetch length is mostly used, which is the horizontal distance over whichgeaeeating

winds blow. Fetch length is used in geography and meteora@nodyits effects are usually
associated with sestate.

wind

increasing wave intensity

Figure 2.10. Fetch lengti{Ainsworth, 2006)

Wind and waves are dely related. When wind blows over water friction pulls the surface
water along in the same direction. The water gains energy from the wind and waves form

because the water is being compressed by the wind.

Once a wave accumulates enough energy and groaséotain sizeit will bump into the

wave in front of it which will cause it to gain height. By gaining height a wave exposes its
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surface to the wind and gains more energy. This cycle continues to produce larger waves as
long as the wind blows in the sandirection and there are no obstacles to stop the waves
(Bruno, 2017)

Ocean wave intensity reflects the characteristics of wind speed, wincdyeatd feth. There
areotherfactors which can influence the development of a wave field. Some of these include:
wind speed and its variation, position and geometry of the coastline, wind direction and water
depth. The combinations of these variabled eaa vast number of situations which cannot be

simply characterized. Two idealized cases are, however, commonly exafeiicbdimited
growthandduration limited growth Although highly idealized, these cases provide valuable

insight into many of thehysical processes responsible for wind wave evolution. In addition,
they form valuable Atest bedso for evaluatin
prediction techniques. These cases also provide estimates of wave conditions which could be

expected at a site and are often used in preliminary engineering €sigmg, 1999)

To describe the empirical dependences of above tBpitaine (2013jtateghatwind waves

are generated and develop with time and space. As the waves grow, wave energy becomes
strongly concentrated in the wind direction and is also highly concentrated around a main
frequency. The wave system can be described by the peak fegdpiand the totaénergyE

of its narrowbanded spectrum

o - %0"QQ Q ¥

Two conditions are important for researchers to examine the surface wave generation exposed
to steady wind force. They are fetcdnd duratiodimited growth ondition, which will be

explained at the following suthapter.

2.8.1 Fetch-limited

Fetchlimited is situation in which wave energy (or wave height) is limited by the size of the

wave generation arg&imm et al., 1996)

Young (1999)explains thatetch limited growtloccurs when a wind of comsit magnitude
and direction blows perpendicular to a long and straight coasflinis. case is shown
diagrammatically in Figure 21. The water is assumed deep and the wind blows for a

sufficiently long time that the wave field reaches steady state (indepeof time). Hence, for
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the given wind speed, the wave field becomes a function of the distance from the shoreline,
which is termed théetch x (Stiassnie, 2012)

Fetch, x

Land

 —
Wind Direction

Figure 2.11. Schematic diagram showing fetch limited growth. The wind blows perpendicular to the infinitely
long coastline shown to the left. Tfetch,x is measured offshore in the direction of the wind. For a constant
wind speed, the wave field develops as a function of fgfoling, 1999)

Fontaine (2@3) describs thatthe fetch case corresponds to a steady wind blowing normal to
a straight shore and generating an offshore directed forcing as illustrated in Figuirst 2
given distance from the shore (fetcthje windwaves reach a statisticalljeady state after a
long enough time. Assuming that the total enefggnd peak frequenc®Rdepend only on
fetchx, wind stress velocitydgi and gravity'Q dimensional analysis enables it to be concluded
that:

O Owwe® Qw (¢]]
where the nowimensional energ®, peak frequenci, and fetb ware defined as:

' nQ ‘O . é z nQ o , “Q(b
O —hQ ——he@ —
o Q 0

€N

The dependency of the energy and the peaguency with the fetch has been studied
experimentally by numerous researchdabanin and Soloviev (199&)nd Badulin et al.
(2007) providesdetailed discussion dncomparative analysis of the different fetch dahat
have been proposeds stated byFontaine (2013)the most weltknown dependencis as

follow:

00 Qe WO & 7 BT
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T U“ zone (A)

Gliil shore jiiil td DL nIRUGORGRILEIE LTI t

Figure 2.12. Wind is blowing offshorg¢Fontaine, 2013)

2.8.2 Duration-limited

A related problem to fetelimited growth isduration limited growth This case considers the
development of the wave field from an initially calm ¢¥aung, 1999) Ideally, the water

stays calm until the sudden start of a steady wind reaching rapidly to a set speed. The wind
direction may stay steady for a long period of time but ramping up @f sgaed from zero to

a set speed usually takes some time. Moreover, in the open ocean, background swell is almost

always presentHwang & Wang, 2004)

All land baundaries are assumed sufficiently distant that there is no fetch limitation to growth.
The wind field is of constant speed and direction and spatially homogeneous. The Wsder is a
assumed to be infinitely deep. For the given wind speed, the resultire figky will be
spatially homogeneous and only a function of the duration or time that the wind has been
blowing, t. As indicated above, reasonable approximations to fetch limited condition
commonly occur, particularly at short fetch. Duration limited ¢omaks are less common and

hence the available database is significantly sm@fleang, 1999)

In contrast to the fetehmited growth,Fontaine (2013)lescribs that the duratictimited case
corresponds to a uniform wind arising at0 and blowing over an unlimited fetch far from the
influence of the shore. In this case, the wave spectrum at a given time does not depend on the
position but only on the duratio As with fetchlimited sea, for limiteeturation seas,

dimensional analysis enables it to be concluded that:

S, U O o)
0O OW®H:t T "Qonh Uml(ﬁéz cPHp
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Experimentally, the following relations, also called duradianited laws, have been proposed:
00 oF Ot @0 7 PG
The fetch or th duration can be eliminated in equation (2.9) or (2.11):
0JQ M GEEi 00E O cpo
Equation (2.12) above has been hypothesizeddiya (1973)and resulting in the relation
between significant wave heigHt and wave perio Ty:
'O 8JYR 0Mi&R g pm CPT
This is namedhe threesecond power law for wind waves of simple spec{floba, 1973)

In this equation, the nedimensional significant wave height and wave period are defined as:

0O —®tW piQ U
0
However, the as s usplpusibleonlyithih givEroconati@iat-olerample,

Badulin et al. (2007 e c o v e rLawlas la padtisular case of the weakly turbulent law
(Fontaine, 2013)The takeaway from above topic that energy increases with fetch or duration
is intuitive, considering that energy is transferred from the wind to the waves.

It is informative to see thlwang and Wang (2004xperimental results of the conversion of

fetch-limited to durationlimited growth functions
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3. Previousresearchon wind-wave misalignment

3.1 Wind-waveinteractions

As we can physicallynderstand, the wd blows over the ocean riface and create waves.
However, there is condition when the wind is driven by the wave. The-graxen wind

regime is found to be prevalent in thegics where wind speeds are generally light and swell

can propagate from storms at higher latituffdanley et al., 2010)Conversely, the wind

driven wave is occurring in the locations where winelexfs are generally high over the.dpa

the open ocean, young wind waves are steeper and can often be higher than old sea or swell.
Therefore, young wind waves generally represent a rougher sea surface than the older swells
(Janssen, 20047 his sea state dependent roughness can be captured in the Chelatomk
(Charnock, 1955)

The roughness length can be considered as the point where the wind speed kecorvben
extrapolated towards the surface using Me@lvukhov theory (Stull, 1988). Stronger wad
produce higher waweand higher sea roughness length. As per ER®/C205, the value of
roughness length is generally between 0.0001 m for open sea anmd thOnear coastal areas

with off shore wind farm

The roughness length is defined by Charnock relation as below:

G 6‘1-%( ot
Where,
a = roughness length
¥ = friction velocity
0 = Charnock constant
Q = gravity aceleration (9.81 m#s

In a physical sense, roughness length is the smoothness of the terrain contour where wind is
blowing. Higher thesurface roughness length of a particular surface, morgheilivindbe
slowed downTable3.1 showing roughness length of various teriaie presented below
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Table3.1 Surface roughness lengih over various terraii'Twin Groves: A Lesson in Wind,026).

Surface Rougness Length, 1
Terrain Description (m)
Very smooth, ice or mud 0.00001
Calm open sea 0.0002
Blown sea 0.0005
Snow surface 0.003
Lawn grass 0.008
Rough pasture 0.01
Fallow field 0.03
Crops 0.05
Few trees 0.1
Many trees, hedgetew buildings | 0.25
Forest and woodlands 0.5
Suburbs 15
Centers of cities with tall buildingg 3

3.2 Causesof wind-wave misalignment

As described in Chapter 2.4, swell is the type of wave that carries high energycadsell
by distant storm, and whendal wind blows above the swell, wagdven wind regime will

not be createdn this casave havewind-wave misaligment

In the ideakedwave situation, the mean wave direction is equal to the wind direction. This is
consistent with the waveriven windlogic, which is generated by local wisdHowever this

is notalwaysthe case. The difference between wave and wind directiop@gigon at sea is
seldom equal to zeroh€re are some physical effects that cansethe mean wave direction

to be misagned with the wind direction. The physical influence includes upwind fetch
restrictions, refraction by spatially varying depth and or currents, spatial and temporal
variations in the wind field, propagation effects in large areas, parameterization waphys
processes, and time step in rsiationary wave model computatiopedder, 2013)

The pheomenon of upwind fetch restriction could be explained by the fact that to a certain
extent wave growth is directionally decoupled implying that the directional wave spectrum is
composed of separate contributions of waves coming from different directitindifferent
fetches and effective wind speeds. In this way upwind variations in fetch result in a mean wave
direction that is different from the overall constant wind direction. Upwind variations in fetch
make it almost impossible to define a represergdetch for simple wave predictions using
parametric methodé$etersson et al., 2010)
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Figure 3.1 Geographical variation of the windiave misalignment in Lake 1Jssel for a situation with a constant
northwesterly wind of 10 m/s and a wind direction of 300°N and 90°NcKBlerow) (Viedder, 2013)

The effects on the windiave misalignment and on the directional sgmegareillustrated for

two output locations (shown in tlireégure 3.1as black/yellow circles) in the FiguBe2.

Wind wave misalignment Lake lJssel, Xp=150 (km), Yp=535 (km)
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Figure 3.2 Wind-wave misalignment and directional spreading in Lake IJssel as a functwinetirection,

and for a situation with (R=on) and without(R=off) refraction activated.

3.3 Magnitude of misalignment

In general, there are misalignments between the wind and waves at all wind speeds: small
misalignments at large wind speeds and large mgisakents at lower wind spee@iSischer et

al., 2011) Wave heights at real offshore sites tend to diminish with increasing wind/wave
misalignment(Barj et al., 2014) The distribution of windvave misalignmenbecomes

narrower with increasing wind speed and/or significant wave h@iigadder, 2013)
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In this thesis the magnitudes of misalignment are classified into 4 group:

Table3.2. Classification of winewave misalignment magnitude

Classification/ Wind-wave misalignment magnitude
di Category
Conditions (deg)
Aligned 0 O d < 30 Aligned
Slightly Aligned 30 O d < 60 Aligned
Perpendicular 60 O d < 120 Misaligned
Slightly Opposite 120 O d < 150 Misaligned
Opposite 150 O d O 180 Misaligned

To be noted that in this thesis, the magnitude of misalignimaiways positivevalue(absolue
value) meaning that thacute angle of the directional difference between wind and wave
directions are considered in the analyS@ce long term data is used in this thesis, the
chronological misalignment will not be the faciHowever, the relative direction can be
considered when necessaRyscher et al. (20113tudy the control concept for mitigation of
load from misaligné wind and waves on offshore wind turbines supported on monopiles, with
the windwave misalignment using absolute values from an example site in Dutch North Sea
close to the existing offshore wind fafBymond aan Zee (OWEZ)he same approadias
beenusal in this study, considering the occurrence of wivadze misalignment aritie relation

to turbulence intensity was the research fobushe other handseveral other researches such
as(Kuhn, 2001)and(Vledder, 2013usethe range180degreego 180 degree of misalignment

in theiranalysis to consider the direction that causes the misalignment
3.4 Statistics of wind-wave misalignment

In terms of research and engineering, single events of-wawé misalignment are not of
interest, rather the statistics of wiadive misalignment. Statistics ofigkwave misalignment

can be considered for the total wave system or by breaking down into sea or swell systems. It
is expected that, the occurrence of misalignment by swell waves should be higher as swell
waves can easily have a different dominant wavectlion than the local winds. Wingave
misalignment has different signatures fearnd sea and swell systems, where broader
directional distributions are found for swell systefvkedder, 2013)In a study byVledder,
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2013) a third-generation wave prediction models WAVEWATCH Il (WW3) was used to
perform wave model based on hindcast, in ordeotapare the observed and predicted mean

wave direction

Vledder (2013)mentioned that the sahstribution is much narrower than the total wave system
and the swell system. As expect#ee distribution of the swell waves is the broadest as swell
waves have a different dominant wave direction than the local winds. Figure 3.4ibedow
graphical representation of the wiméve misalignment for the total wave field, thmd-sea

part, amnl the swell parin the northwest Australian continental shelf.

A result byVledder(2013)for awind-wave misalignmerlbcaedon the northwest Australian
continental shelf show that most of the events occur in the difference banelfidio 10°,

slowly becoming smaller with increasing directional differeniglreover, distributionof
wind-wave misalignment becomes narrower with increase of wind speed and significant wave
height(Viedder, 2013)
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Figure 3.3 Misalignment of mean wave w.r.t. mean wind direction at a Dutch North S€&&ha, 2001)

From the database of NorHuropean Storm StuqiNESS) data for two grid points in a Dutch
North Sea site is checked for a continuous recoi@yafars. A seen frontigure 3.3 above,

the misalignment observation of mean wave directioh vaspect to mean wind direction at
this sitesuggest that misalignment of up to 30 deg is common, while misalignment larger than
60 deg occurs less than 5% of the tifK&hn, 2001)
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3.5FINO 1 reseach platform related research

FINO 1 research has been conducted not long after its operation andtertargata analysis

has been performed to a certain ext&ettle (2013wasexplainingfrom the basis of how the
government policy and background is originated, the design, instrument array, data logging,
and communication, as well as the recognized problems in the FINO data seinSights

that might garneinterest in this thesis areast flow distortion, wind direction, anomalies in

the logging system for the slow and fast meteorological data, and most importantly the data
gaps from instrument malfunction, power loss, and computer failure, which will be related

directly to the data ghered for helong term FINOL analysisconducted in this studys for

the latter, some instruments have been detected to be more vulnerable to damage in the extreme

environment compaddo the others. For instance, during the first winter of its operatiere

was damage to the central chain of oceanographic instrument during a storm in December 2003.

Therefore, it can be expected for either a lack of data ecantinuous data set in this period
owing to the fact thamost of the data were slow prafig metocean instruments, except the
sonic anemometers, and were archived withmiQ average. Wind speed is an exception
because it hagood records oftandard deviatiomlong with theminimum and maximum
values over 10 minutes interwahich later carbe used to evaluate the turbulence intensity. In
terms of the wave rider buoy, there is important measurement in the high frequency data
recording that is lost in the lortgrm average statistics. The original high frequency data
recordings from the sloyprofiling instruments at FINO 1 have been lost for the period before
2006. This facts the main reason that the data set processed in this skessst 2006

Another more detailed research in relation to data processing on FINO 1 data set wasgerforme
by (Westerhellweg et al., 201,0)yhoassessdthe uncertainty of mast correction in respect to
wind shear as well as tlnend directionand wind speedependency dheturbulence intensity

There are more dynamics to be considered by installing research platfoffshore, such as

the lateral speedp effects, upwind flow retardation, and downdimwake effects. The
combined wind and wave loads create the necessity to employ differeantdesggms, which

may result in shorter booms as compared to onshore mastglisturbances caused by the
masts was addressed by developing a mast correctiondnetlwoa | | ed fAuni f orm
ma st c or r e Neumann,2Q07)IJ gkddr to investigate the mast correction issue,
additional top anemometer was installed at a 104.5 m LAT hdightatio of the wind speeds

of this additional anemometerand the top anemometer at 103 was presentedyy

(Westerhellweg et al., 2012Yhe result showghe flow distortion of the booms at wind
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directions 0°, 90°, 180°, and 27@onstant speedp effects are present for the original top
anemometer for the wind direction sectors between those directions, which is the effect of the

presence fdightning cage installed at the top of the mast.

Thereforemast correction was evaluated for the unstable data setwasdiich is the wind

speed corrected according to the wind shear was introduced. It has been foundhilghethe
mast corrections concentrated on a certain range of wind direction, neetst direction for

cup anemometers and southst direction for sonic anemometer. Those iardact the
disturbed direction, opposite the orientation of the boom from the mast of both instnisne
which are described in detail at the next chapterTa&ée4.2 andTable4.3. As referenceo
analyse the data in this thesthe mast correction and its uncertaintgre displayed by
(Westerhellweg et al., 2012nd it was shown that the FINO 1 cup anemometers have th
highest mast correction in the range of wind direction 300° to 360°. Meanwhile the highest
mast correction for sonic anemometers in the range of wind direction 100° to 150°. However,
theuncertainty of the mast correction was caused by several otheesauich as wind shear,

and stability effects. Finally, the overall uncertaintiesecalculated from the combination of
sources and the outcornan be seen ifiable 3.3 below. This previous research is important

to understand because this become one consideration of choosing a certain height for data

analysis in this thesis.

Table3.3 Overalluncertaintyof mas correction wind speeds for FINGWesterhellweg et al., 2012)

Anemometer | Overall uncertainty of mast correctio
Cup 104.5 2%
Cup 91.5 2%
Cup 81.5 2%
Cup 715 3%
Cup 61.5 3%
Cup 51.5 3%
Cup 41.5 4%
Sonic 81.5 2%
Sonic 61.5 2%
Sonic 41.5 3%

Another research that would be an interest in relation to this thesis was the dependency of
turbulence intensity on wind direction and wind speed. FB\§bows big dferences of the
turbulence intensity for different wind directions, although in FIN@i% more homogeneous.
(Westerhellweg et al., 201L0However, inthis thesis, the dependency on wind spegsbeen
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observed in more detail since the OBLEX data for lower heights wind speed are going to be
introduced later and offshore wind profiles in regarditad-wave misalignment are presented

as a result. According to the previous research sotireegverage turbulence intensity has a
minimum at approximately 11 m/s and increases for higher wind spsesisown irFigure

3.4. This result is in agreement with the result of this thesis as shawgure5.28 andFigure

5.29, while the difference is that the turbulence intensity wasss®d more towards the effect

regarding winewave misalignment.

Figure 3.4 Average turbulence intensifgr the different wind directions at FINQWesterhellweg et al., 2010)

30










































































































































