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Park optimization and wake interaction study at Bockstigen offshore wind power plant

Abstract

Losses for wake effects in offshore wind farms repressmit 10% ta20% of the park

annual energy production. Several analytical wake models have been developed and
implemented to predict the power deficit of a waldéected wind turbine. Validating and
parameterizing the wake models available in the industry is esserietter predict the

wake losses and thus maximize the energy yield of future offshore developments.

In this study, a wake model validation is undertaken for the three models available in the
commercial software WindSim. Data from Horns Rev wind farmsedito that purpose.

Next, the models that show the best agreement with the observations are parameterized to
better describe the power losses of a future offshore wind farm at Bockstigen. To finish
with, an optimization sensitivity study is carried outdaa final optimal layout is
determined according to the seabed depth.

Key words: Wake Wind power, Offshore, Analytical models, Experimental validation,
Atmospheric stability, Layout optimization
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1. Introdu ction

Wind power deploymenthas experienced a steady growth in the power genenatawket
since 2000. In Europehe wind powerinstalled capacity has had an annual increase of 10%,
and it currently accountgor the 13% of the overall powayeneration installed capacity
(EWEA, 2014a) At the end of 2013the wind power accumulatethstalled capacityvas
1173 GW, with 110,7 GW onshore and 6,GW offshore

Offshore wind power development startedvdly. In 2001 only 51 MW were installed,
slightly over 1% of théotal wind powercapacity connected to the grduring that year.
During the following years, the offshore penetratitas increased dramatically, reaching in
2013 the 14% of the total wind pwer installed capacitwith 1.567 MW commissioned
during that year

Only in Europe the European Wind Energy Agendgrecastshat offshore installationsvill
reach235 GW by 2020 (EWEA, 2014b). Worldwide, DouglasWestwood predicts an
average groth of 3,2 GW per year until 2022 growth boosted by the development of larger
offshore wind turbinegDouglasWestwood, 2013)

Offshore wind farmsbenefit from excellent wind conditions, btite limited availability of
locations with appropriate water depihd thecosts otransmission lines force turbines to be
erected in clusters, amimizing the use of shallow areas and reducing the submarine cable
length. Therefore, only wind turbines placatithe edge of a cluster will benefit of those
excellent wind conditions, being the rest of downwind turbines exposed to wake effects.

The enegy losses caused by wake effects can be higher than 20% of the annual energy
production, and strongly depends on the turbine spacing and the atmospheric contihi®ns.

park power deficit under stable atmosphere can be between 50% and 70% higher than under
unstable conditionfPefia and Rathmann, 2013; Wharton et al., 2012)

Several analytical wake models have been developed and implemented in commercial
software Validatingthe models that are already available in the indwstdycalibrating thie
parameterso better fit exgrimental observations very importantfor offshore development.

Better optimizing offshore wind farm layouts will support the market growth, as it will help
minimizing the parkextension while maximizinigs energy yield.

2. Literature review

Offshore windfarms baefit of great wind resources. In most casewal mean wind speeds

are higher than onshore, vertical wind shear lower, and there are no obstacles that interfere
with the wind. The only disturbasze present offshore is the wakem upwind turbine

within the same cluster. Wat is more, the combined wake of an offshore wind farm can
affect a nearby wind farm downstream. Satellites measurements have helped to determine that
the average velocity deficit downwind an offshore wind farm is abou{Qhestiansen and
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Hasager, 2005)and the wind speed recovery distance ranges from 2 to #ramdsen et
al., 20Q1).

Wake effectdhave significant impact on Annual Energy Production (AEP), generating losses
that range from 10% as in the case dfliddelgrundenwind farm,to 20% or even highe€C
as inLillgrund wind farm(Barthelmie et al., 2010)

Several studies have been carried out to quantify the impact of wake effects at offshore wind
farms, beingHorns Rev, Nysted and Lillgrunthe wind farmsamongthe most studied and
documentedBarthelmie and Jensen, 2010; Barthelmie et al., 2004, 2009; Gaumond et al.,
2013; Hansen, 2008a; Hasager et al., 2007; Pefia and Gryning, 2008)

Wake structure

Moskalenko et al.Z010)have clearly defined a conceptual wake and its internahsedgibe
wake structure can be dividedtime near wakethe intermediate wake anthe far wakeas
shown inFigurel.

(a) Near wake has about 42 rotor diametergD) distancedownwind The wake starts
expanding immediately whikle pressure inside gradually recovers and the wind speed
continues to reduceBy the end of the near wake, 2 to 2,25D, thmaximum velocity
deficitoccus (Wharton et al., 2012)

(b) Intermediate wake: its length i@bout2 to 3D. The wale velocity starts to recover,
starting from the wake boundary, and creates a turbulent mixing layer. The velocity at the
wake centerline remains constant until thxing layer meets the center.

(c) Far wake: starts around 5D downwind and stretches for mane 3. The velocity at the
wake centerline increases steadily and asymptotically towards the free wind speed. The
mixing layer generates an almost constant velocity profile, but has higher turbulence
intensity than the free, undisturbed witiBarthelmie et al., 2011p.135 (Vermeer et al.,

2003)

The wake expands downstreaas afunction of several atmospheric and orographic
characteristics. QuotinBarthelmie et al(2010) its expansion ia™” d s | ar g ml md rfc
turbulence, turbineggenerated turbulence, wind speednavidirection,atmospheric stability,

and the point at which the wake impacts the groiitie wake expansion appears to be the

same downwind of stategulated turbines than downwind of pitebgulated turbines
(Barthelmie et al., 2009)
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Figure 1. Conceptal structure of a wake, defining the near, intermediate and far wake
regions. Sourcévloskalenko et al(2010)

To avoid the wake velocity deficit, offshore arrays are aligned towards directions with low
wind frequency, and maintain a downwind distance (spacing) that guarantees an optimal wind
speed recovery. There are park layouts withine spacing that range from 4D to 12D
downwind being 710D a common praxis offshor&heoretically, the higher the downwind
distance the lower the AEP losses, but in some cases a park with 10,5D spacing may show the
same power losses than another ety 7D (Barthelmie et al., 2010)

Wake width

The width of a wake can be measured usBupPARs (Smic Detection And Ranging)
LIDARs (Laser Imaging Detection and Rangingpermanent met masts, or simply by
analysing the power deficit & wakeaffectedturbine in relationto the wind direction.
Barthelmie et al. (2010) define tlveake width as thé&listance on each side of the centreline
at which the power deficit is withing% of the freestream powe

After analysingSCADA data Superisory Control And Data Acquisitionsystem from
Nysted and Horns Rev wind farms Barthelmie et al. prove the wake width to be th@game
offshore conditions. The maximum power deficit occurs when the wind direction coincide
with the array direction. The array direction #filudes only the wake centreline, half of the
wake is comprised within £5°, extending to +i@®ludes most of the wiee, and beyond +15°
also includes nemwake conditions
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Figure 2. Power deficit distribution as function of normalized wind direction for 7D
spacingThe wake centreline is at 0°, which corresponds to a wind directidin(s.
Souce: Risg Final Report WP&arthelmie et al(2011)

Wake models

Wake models startetb develop during 1980sith the purpose to provide optimization tools

to wind farm planning There are mainly two types of models, analytical and field models.
Analytical model®xplain the wake physid®m geometrical or mathematical approximations
to fluid dynamicphysicsFrandsen, 1992; Jensen, 1983; Larsen, 1988y are simple and
run fast in personal computersltdough they cannot compldie define thewake physics
(speciallythe near wake region remains not defineitey are calibrated to give accurate
results in the far wake section, where most downwind turbines interact with wakes.

Field models or CFD-type models, calculate the flow field and its properties all over a
domain. They can describmore accuratelthe flow physicdy solving Reynoldéveraged
Navier Stokes (RANS) equationsEven though they are more complete, field modiage a

wide range of physical descriptiometail ranging from light computemtensive tovery
computerdemanding simulations that can only run in computer clus&testing from the
simplestwe find 2D wakemodels(Ainslie, 1988) parabolized 3Dmodels fully elliptic 3D
modelsusing acuator disc, andnoving onto Detached Eddy Simulations (DES) or Large
Eddy Simulations (LES) we find the most advanced models that use actuator line or real
aerofoil profile{Sgrensen, 2011For acomprehensive wake modelling revithe readeis
referedto Vermeer et al(2003)

General results indicatalytical wakenodelsused toundeestimatepower lossewhile field
modelstendedto oveestimatepower losseBarthelmie et al., 201,1p. 68). Several studies
have been carried ouwd validate, calibrate and compare the output from different wake
models.As an exampl€el. Sgrensen and Thggersen (2008ye calibrated the wake models
implemented in the commercial software WindPRO to better meet offshore conditions.
VanLuvaneg2006)validated the same against experimental data from Horns Rev wind farm.
Barthelmie et al(2004, 2006, 20022011 have comparedndvalidatedmost analytical with
CFD-type wake modelsHowever still there is no a clegsreferencemeaning that CFD
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type do not outperform analytic modedad as suclanalytical models are stdhn attractive

option for their simplicity and fairaccuracyAs in all tested conditions no modeleldd or
analytical, outperforms the rest, therefore one may conclude that further research has to be
performed.

2.1. Atmospheric Stability

The atmospheric stability has a substantial influence on the wake recovery ratio-\Wakein
velocity deficit is largeaind the wake recovery slower under stabi@spheren comparison
to unstable atmosphere. In addititime effect of stabilitys much higher than the effect due
to surface roughne¢Befia and Rathmann, 2013)

Pefla and BRthmann (2013) compile in their report thatr f ¢ | | say gfficikncy_ | _
reduces from 91,5% under unstable to38bunder stable atmospheric corglim| g %, Qg k g ]
results are shown B/harton et al.(2012)in which the power Isses are reported to be only

16% during unstable conditions whereas under stable atmosphere they reached 24%.

Fortunately, in a long term, most atsheric stability conditions at wind turbine sites are
generally close to neutrdfor onshore sitestmospleric stabilityit neutral with a small
tendency tahe stable sideandfor offshoreto the unstable sid@Pefia and Rathmann, 2013)
The stability conditions over the North Sea, though, appear not to follow that trend and they
slightly lean towards stable atmosph@Pefia and Hahmann, 2012For a formulation to
estimae the average longrm stability of a sitéhe readercan referto Pefia and Hahmann
(2012)

Classifying the atmospheric stability of a site can be done by computing either tha-Moni
Obukhov lengthd or the hulk Richardson Numbely . The kulk Richardson Number has an
advantage over thdonin-Obukhov length: it can be simply calculafeom observations of
wind speed and potential temperature at two different heights. The expresStomeddsas

T

Y

~<l < ﬁi‘

T

where"Qis the gravitational acceleratiort the time averaged potential temperature at a
height z,"Y the time averaged horizontal wind speed at height 2, z the heights of the
measured potential temperatures, and z the heights of measured wind speeds.

The Richardson Number is used in sevetaldies to assess the atmospheric conditions
onshore but specially offshofBarthelmie et b, 2004; Christiansen and Hasager, 2005;
Hansen, 2008a; Pefia and Hahmann, 2012; Vermeer et al.,.2003)

The Bulk Richardson Number is closely related to the Me@ibukhov lengthd (Stull, 1988
p.177:

 Stable conditions: Y Tig u 40 —
1 Neutral conditions: Y  T; GO T
! Unstable conditions:'Y T GO Yg;orY -p po :
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where ais the reference heighPefia and Hahmanr{2012 refer to a simpler, updated
relation betweeiY and0 for stable and unstable conditions:

{ Stable conditions: Y = Tig ; G0 —
! Unstable conditions: p 'Y  m; GO O

withd p randd v.

The Richardson Number, however, has a downside: the accuracy of temperature sensors is
often not high enough for a correct stability categorization. Common values to classify the

atmosphere as neutral ag¥ s > 0,05 (Barthelmie et al., 2004; Vermeer et al., 2003)
Considering the case of temperature sensors with an absolutefet®d °C, the calculated
potential temperature differeacwill have an uncertainty of +0Z. When applied to
standard met tower heights, this uncertainty is large enough toMalt&om the stable’Y >
0,05) to the unstable regioiY( <-0,05) or vice versa.

A more solid approach for offshore applications is to calciYatesing the sea temperature
C as an approximation of the surface temperatvf©tt, 2012).

Qa -+ vy
uY':‘Y

whered is the reference heighandd anda the heights of wind speed and temperature
measurementst is possible to comput®onin-Obukhov stability parameter frorY . The
expression for MonirDbukhov intensive lengttpj 0, or its form ¢ O, which is more
convenient thar reads as follows:

a Y | '|'ge; r a [
- p 5

‘ a
0 0

ala

with & the roughness length, and and[ stability functions fothe heat flux, which are
both functions ofpj 0. It is obvious that the equation above cannot be solvegjfor as
several parameters are a functiorpjod; the solution has to be found though an iterative
process. Risdlational Laboratory,at Technical Unversity of Denmark has developed a
useful tool that calculatgs O andthe sea roughness s qgl e Af _ p | (sea pabqg

pcj

2.3 for more detailsfor all time series of an offshore met mast with measurements of wind

speed, air temperature and sea temperd@ite 2012).

The values applied to classify the atmospheric stability vary ndtatiiyone publication to
another. Ashrafi and Hoshyaripou(2008) have arranged a stability classification table
comparing the values of different stapil parameters.Monin-Obukhov length and
Richardson Numbers are always negative for unstable and positive for stable cohtbions.
to define the neutral regiois always left to the authocsiterion. In Table 1, Ashrafi and

Hoshyaripourtabulate astandard value for neutral atmosphdrgs 10°.
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Table 1. Atmospheric stability classification by different stability parameters. Source:
(Ashrafi and Hoshyaripour, 2008)

INTERPRETATION OF FOUR DIFFERENT ATMOSPHERIC STABILITY SCHEMES [5, 9]

Stability condition Richardson Monin-Obukhov Pasquil-Gifford PTM
Extl;erll:lely unstable Ri < -0.04 -100 <L <0 1}; é
e ‘ -10° <L <-100
Slightly unstable -0.03 <Ri<0 C 3
Neutral Ri=0 L] >10° D 4
Slightly stable 0<Ri<0.25 5 E 5
<L<
Stable . 10=L<10 F 6
Extremely stable Ri>0.25 0<L<10 7

Barthelmie et al(2011) in their Risa final report WP8 define also seven stability classes but
the criterion for neutral atmosphere drops radicallyLtp> 500 (se€lable 2). Same values
were used biPefia and Gryning2008)when they computed the sea roughness in relation to
the atmospheric stability.

Table 2. Atmospheric stability classes usikpnin-Obukhov length according to Risg
final report WP8 Source(Barthelmie et al., 2011)

Class | Obukhov length [m] | Atmosperic stability class
cL=-3 -100 <L <-50 Very unstable (vu)
cL=-2 -200<L <-100 Unstable (u)

clL=-1 -500 = L £-200 Near unstable (nu)
cL=0 |L|>500 Neutral (n)

cL=1 200 <L <500 Near stable (ns)
cL=2 50 <L <200 Stable (s)

cL=3 10<L <50 Very stable (vs)

In an earlier publicationBarthelmie and Jensef2010) used a little higher criterion for
neutral atmospherel.| > 1000. Andmore recentlyHansen et al(2014)have defined neutral
stablity conditions at Horns Rev by using a much lower valug3>|200.

2.2. Atmospheric turbulence and'urbulent Kinetic Energy

Hasager et a(2007F g | rfcgp qrsbw 8/ 0KU Fmplg Pct cv
during an experimental campaign at Horns Rev. The campaign included wind measurements
using LIDARs and SoDARs, and those measurements were compared with data obtained
from cupanemometers from permanent met masts.

One of the outputs of that campaign is the assessment of the ambient turbulence intensity
(TI) at Horns Rev.In a later stageiansenet al.(2012)classified the turbulence intensity at
Horns Rev by atmospheric stabilitiyigure 3 shows the measured turbulence intensity as a
function of the wind speed. The turbulence intensity at Horns Rev during the measurement
period goes from 8 to 7% in the range of wind speeds from 6 to 1Gndorroboratethe

typical values for offshore sites 688 (Barthelmie et al., 2006)

! Other publications such as Christiansen and Hasa(g905, use much higher values to categorize
neutral atmospheres (i.e. , 2Rs & ). In/any caseRs is still too sensitive due to the uncertainty
from temperature measurements.
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Figure 3. Turbulence intensity measured from cup anemometers at 60 m.a.s.l. at Horns
Rev and its reited turbulent Kinetic Energy. Sourddasager eal., 12MW Horns
Rev experimen2007)

Hasanger etl. also propose a model to deduce the atmospheric turbulence from the friction
velocity, where the turbulence is assumed tprbportional in the surface layer to the friction
velocity ,, ® 0z, with @ * ¢l C this concept was first introduced Byandsen(1992)
Combining the previous expression with the logarithmind profile, a variation in height of
the turbulence intensity can be expressed as:

YO Y

I 11—

wherell is the Von Karman constant arid the surface roughness length. Using the above
expression to calculate the turbulence intensityhdi height at Horns Rev, using

it T TOQ the results are a very accurate and consistent with the measurements: 7,4% at 70 m
height.

The atmospheric turbulence intensity can be easily related to the turbulent kinetic energy.
The general expression fiurbulent kinetic energyy ‘Q reads as follows:

vo 2., ., .,
C
being, h h the 10min standard deviation of the wind speed componentsduit
directions. Ifisotropicturbulence is assumed ( » ) the KE expressioreduces to:
W~ P 0
vo - " ~
C p P P C

When anisotropic turbulence is considergdand, are assumed to be proportional,to.
Some common values are Ty, ,, TV, (Barthelmieet al., 2011 Appendix A).
The anisotropic expression f§E results in:
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O'ng My o,  Tetw 0

In fact, for anisotropic turbulence KE is proportional fo by a constanfQ -, with the
exceptiorof Q - for isotropic turbulence.

Turbulent kinetic energy (KE) and turbulence intensity (TI) are closely related thrpugh
From the TI definition:

YO ’L—Y 00O QYOY
whereYis the 16min mean wind speed.

2.2.1. Added turbulenicgensity

The turbulence inside a wake increas@h the distance downwind. Aeasy way to quantify
the added turbulence due to the mechanical disturbance of the free wind is totllefiogl
turbulence intensity (in the wake region) as the additionth&f free wind or ambient
turbulence®© and an added turbulenc® . The following expression shows how these
two can be added to obtain the total turbulence intensity:

“YO kO] ‘O

M easurements in wakebow that’'O hasthe same magnitude in-xy-, and zdirection,
being a fully isotropic turbulenceas opposite to the anisotropic ambient turbulence
(Barthelmieet al., 2011p. 135.

The deay of the added turbulence intensgyslower than theecovery of the veldyideficit
(Vermeer et al., 2003FFigure4 shows the evolutigrwith the downwind distancef the total
TI within a large wind farm.

0.2 r
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0.16 | ¢
S 014 .
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o 0.08 |
T 0.06 - —— Correlation Frandsen and Thogersen
- (2001)
0.04
0.02
0 1 1 J
0 2000 4000 6000 8000

X (m)

Figure 4. Evolution with the distance of théotal turbulence intensity tahub height
though a largevind farmcluster The straight line shows the calculated valueafor
infinitely large wind farmSource(Vermeer et al., 2003)

Vermeer et al(2003)have done a comprehensive compilatioiOof turbulence models and
they have compared them with experimental datseir studyconclude that the best fit of
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O dmp rfc d_p u_ic pcegml gg m r _glcb ~w Ap
(Crespo and Hernandez, 1996)

0 rx dh o

el o

where®is the induction factorOther authors relaté© to the turbine thrust coefficieng ,
or to the wind speed at the hub heighthe commercial software WindPROas also
implemented a model based on the frapd addedturbulent kinetic energy.

Lo Frandsen and
04 ‘\ Thogersen
0.35 Quarton
0.3
= = = = Crespo and
3 025 "“N:’ Hernandez
- 02 o Andros
0.15
-4
&= o
0.1 o] Taf Ely
0.05 o Alsvik
0 T T
0 5 10 15 4  Vindeby
x/D

Figure5. Added turbulence intensitp calculated from three experimental models (see
legend) and compared to experimental measurementsic& (Vermeer et al.,
2003)

2.3. Searoughness

To assess the searfaceroughness several publications refeAtb _ p | mlatiorsgch as
Verkaik et al.(2003, Barthelmie et al(2006, Hasager et af2007, or Pefia and Hahmann
(2012), either in its simple oextendedorm:

éZ . N y éZ
o 10 o« I = T 5
wherel Tt px¢ it o () has the higher values for shallow watérs), Tip ¢ Qis the
gravitational acceleratipand’ the kinematic viscosityOtt et al. (2011) describe in their
reportr f _r Af _pl mai %g pcj _r gml gq ml jw t _jgb _r
gc_ pmseflcqgq jclertf _ars_jjw bcapc_gcqg* rf
relation.

a |

Pefia and Gryning2008)have_ nnj gc b Af _p | mai %tpe seaorgughnegsat q r m
Horns Rev under different atmospheric stabilities.

Stability class L interval [m] Lm w[ms?! us[ms?l z[m] Proyles
Stable 500 L O 200 o4 0.20 6.76 0.5x10' 4 80
Neutral T5000L 0500 -1253 0.47 12.61 2.7x10' 4 1253
Unstable T3000LO 1150 -175 0.33 9.45 1.3x10' * 886
Very unstable 7 1500L O 150 -79 0.25 7.29 0.8x10' 4 940
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Figure 6. Mean Monin-Obukhov length,meanfriction velocity, wind speed at 15 m
high, andmeanroughness length calculatéat different stability classes at Horns
Rev. SourcgPefia and Gyning, 2008)

2.4. Analytical wake models implemented in WindSim

241. Hcl gcl % u_i c kmbc|]

A simple analytical wake model for cluster efficiency was presented firsin®gn(1983)
and further developed three years afteiKlagic et al.(1986) Hcl gcl %9 k mbc | g
linearityassumption: the wake expands linearly downtind

X

Figure 7, Qafck _rga bcdgl gr gml md H&htig etlal%g u_i c Kk
1986)

The expression of the wake velocity defieads:

~.
g

Y Y P p 0

.

¥ P ¥ 5 ago
whereY is the inwake velocity]Y the free wind speedj the thrust coefficientQ the

wake decay constanéy the distance downwind, an® the rotor diameter. The wake
expansion downwind is defined by the following expression:

0O 0O cQw
whereO is the wake diameter as a function of the downwind distence
In order to obtain a simple model the wake behaviour is simplified: theke speed profile
is considered constant, it starts expanding just after the rotor, and its initial diameter is set to
be the same as the rotor diameter. Those assumptions, together with the linearity assumption,

give a poor fit of the near wake region Ity allow the model to be surprisingly consistent
with experimental data for more than 4D downwind.

2 Although the authorstateghat the equations are derived from the momentum balance over a control
volume, they are actually ndthe equations are derived from theass balate. For a wake model
completely derived from the momemntubalancehe readeis referred m Dp _ | b gferdndéen k mb c |
et al., 2006)
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Jensen developed an expression for the velocity deficit of an array wittd generators
(including its asymptotic value), and Katic generalized thdahapplicability to any layout
configuration by assuming that the velocity deficit resulting from the merging of two other
wakes can be calculated by the sum of squares.

’?‘Y \ ’?‘Y ‘ ’?‘Y
Frandsen(1992) proposed, by semiempirical means, an expression to obtain thedecdke
constanfQ as a function of the surface roughness:
% P
Q ———
¢ I 1Qa
whereQis the hub height andi the surface roughness length. The wake decay constant can
be further adjusted to fit characteristic atmospheric stability for a-temy energy
production (Pefia and Rathmann, 2013)lhe wake decay constams related to the
atmospheric stabilitpy including the stability function for momentum in its expression:
Q 0z Il
0 I Tea 1 QO
wherell is the Von Karman constant and "Q 0 is the stability function for momentum,
which is a function of 0 with 0 the Monin-Obukhov Ength.

Using the abowgresented expression the wake decay constantbe adjusted to fit the
annual characteristic atmospheric stability of a particular site. As seen previously ir2section
the annual offshore conditions over the North Sea dightly stable The wake decay
constant can be therefore adjusted to fit more accuratelypdleer lossesinder those
conditions.

242. 3 _pqgqcl %g u_ic kmbc]

Larsen developed a solid physical approach to an analytical wake model by assuming that the
Au_ic pcegml "cfglb _ uglb rsp glc a_l ¢ b
c 0 s _ r(bamséng 2888) The model combines the boundary layer equations with the
continuity equation, and quantifies the velocity deficit as a function of the downwind position

and the radial position from the wake centrelive Y Ghi . Therefore, the wake
gnccb npmdgjc gq I mr amlqgr _|Ir _qg gl Hcl gc | %q

-
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Figure 8. Coordinate sstem and basic variables of gar | %q u _adiscthe Istradnt |
direction, the turbine rotor position, and the radius inside a wake section. The

wake boundary is proportional ¢@. Source(Larsen, 1988)

Larsen derived two solieins, one simplifying the equations to their first order and another to
their second other. The model obtained for the first order solution is shown here as its
equations are implemented in the commercial software WindSim. Theake velocity
deficit™Y and the wake expansion radius downwintiave the following expressions:

with Y the free stream velocity the thrust coefficientd the rotor areac the axial
distance (the downwind distanceds ®), i the radius inside a wake section, adda
constant related to the Prandtl mixing length. The expressian isf obtained from imposing
conditions. In its first publicatiofLarsen, 1988)he wake diameter is ippsed to be equal to
the rotor diametelO at the turbine positionmv . Then,

- O~ pmu , ..
0w - — 0 0w
C C
where w is the turbine rotor position in reference to the coordinate system used. Its
expression was originally derived analytically by impdsieagn-wake velocity at a certain
distance downwind to match an experimental value. However, in 2003 Larsen derived a new,
experimental expression that relaties relative rotor positiomv to the experimental wake

radius 9,5D downstrearfLarsen et al., 2003)

‘ WO
@
“op
with O  the effective rotor diamete® 0O ——, and’Y . the experimental value

of the wake radius 9,5D downwind. The expressioma$ also updated usir@ instead of
O. The experimental value of the wake raditis. is parameterised as a function of the
atmospheric turb@nce intensity TI.

Yo S'Y i ETOY
Y I A@m@npmi@® ¢ ixO"'YOmmu

where™Qis the hub height. This whole set of equations is also well explained in the EMD
Wake Models repor{Thggersen, 2012)As w is a function of the atmosphertarbulence
intensity TI, & will also be and thus the wake expansion raditend the inwake velocity
deficit ™Y
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243. Gqgf gf _p_%g u_ic kmbcj

The wake model developed Ishihara et al(2004)aims to obtain one universal model able

to describe the wake effects in both onshore and offshore applications. The ambient
turbulence intensity in those applications varies significantly, and consequently the model
must incorporge it. Furthermore as the authors state in their publication, in onshore cases
the higher level of ambient turbulence helps the wakeecover quicker for any thrust
coefficient § ). However, in offshore cases, the low ambient turbulence gives leveaery

rates wher® is low; and only for largé there is enough mechanical turbulence generated
inside the wake thdacilitateshigher recoveries.

Gqgf gf _ p _is¥%degrivek fndonc the momentum equation and uses a similarity velocity
profile. It takes into account both thambientand the added turbulence into its wake
recovery rate. The expression for the velocity deficit, as a function of the downwind position

and the radial position from the wake centrelinéy Y afi , readsas follows:
Y 8 pwoe ® | _
Phe—  — —— — Q
Y o¢ Q (@)
(Y =
v > Qo 0 i
ww < ()
w Ty 0 O

with Y the free stream speed, the thrust coefficientO the rotor diameter, and) the
parameter that defines the wake recovery and it is assumed to be@nfohtte turbulence:

n Q0 ©
o o0
A @mito P
where O is the ambient turbulence (previously referred as TI), @hds the mechanical
turbulence generated inside the wake. The constants in the set of equations HaNewirey
values’Q tit xQ ot 'Q  mim Lt is worth to mention that, a8 is a function of

the downstream distance the wake recovery parametewill also vary with the downstream
distance.

Q

Ishihara et al. claim that the model they havediged also describes accuratbby vertical
velocity profiles inside a wake.

08+t
061 2D
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0.2
ol
0214
047*,
-0.61
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Figure 9. In-wake vertical velocity profiles for 2D, 4D, 6D and 8D downwind. The

pcgsjrqg m

r —_—

glch

dmp

Ggfgf _

p_%g kmbc]j &pchb’

plotted next to the experimental data (blue triangl8surce(lshihara et al., 2004)

2.5. Adjustments of the wake decay constant

The commercial softwaréd/indPRO recommends to ussake decayalueswithin the range
Hc | g c Wwithh§,04 &Ntable for offskareband 0D75 for
onshore site€Sgrensen and Thggersen, 2008)wever, he wake decay deperstsongly on
the atmospheric conditions and site orograpBgcording to Sgrensen and Thggersesome
onshoresites havethe best fit to the power losgith a value of 0,03 instead of the common
0,075 On the other end, in some cagdbg standardffshore value of 04 has also proved to

of 0,04 ~®M75d mp gr ¢

be too low.

2.5.1. Effect of atmosphetabsity on the wake decay constant

It has been introduced in pa2t4.1r f _r
expressed as a function of thenaspheric stability. Inraenlightening publicatiorPefia and

Rathmann (2013) a mk n _p c
gr _ gjgrw ugrf

rfc

r fc
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Figure 10. Velocity deficit(left) and wake decay constant k (right) at 7D downwind for

several stabfles h/L and roughness lengths:

(diamonds) &
2013)

Tt 1T TU(Gircles), &
T Tt @Crosses)y Tt (squares). Sourc@Pefia and Rathmann,

T 11 ¢

The in-wake velocity recovers quicker under unstable than under stable conditions. The wake
decay constant will thefore be larger for unstable than for stable conditions. The stability
correctedQ plotted in Figure 10 shows moreealisticvalues tharfFrandsefolyVFBL , which

shows unrealistically high valuésr stableand unstableconditions.The values Pefa et al.
obtained for stabiliycorrected Q are higher than what recommended for unstable
conditions with large roughness lengths, and lower than what recommended fler stab

conditions in all roughness cases.
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2.5.2. Wind farm roughness length and the wake decay constant

The wake decay constant can be expressed as a function of the surface roughness as seen in
part 2.4.1 A concept that extends its applicability is the variation of the roughness length
throughout the wind farm. In theDeliverable D8.4of the UpWind WP8 Final Report
(Barthelmie et al., 20115randsen models a wind farm as a whole and calculates its roughness
length. One of the outputs of his model is a varying value of the roughness length over the
farm cluster and several kilometers downwind.

Inside the cluster it is found that the wind famoughness increases from 0.01 to ~0.5 m. The
author estimates the wind farm roughness at Nysted from the experimental measurements
and obtains a value af T Y.
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Figure 11. Simulation of the planetary boundary layer ([PBeight, wind speed at hub
height, and wind farm roughness length for an offshore cluSturce(Barthelmie
et al., 2011)

If the model introduced by Frandsen proves to be accurate enough to define the surface
roughness vation inside and downwind any cluster, it could be used in combination with
the expression of the wake decay as a function of the surface roughn2sk Jsteeobtain a

"Q that would better fit to each segment of a wind farm cluster and to-fasfarm wake
effects.

2.5.3. Contribution: wake decay constant as a function of Tl

As a simple step forwatdwards adjusting the wake decay constant to the site condins,
a_ | _jgm " c pcj _rcb rm rfc _rkmgnfcpga rsp
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empirical expression fdR (see2.4.1) andHasager et al. formulationfd| as a function of
height(see sectio.?) it can be derived an expression'®ras a function of TI:

e 02 &
CYO%S TTaa . Yo
re 0 ] Ap Q cw
Vg ¢l Tpa

whereo6 is the free wind speed at hub heigif2the hub heightll  mit the Von Karman
constant, ando * cfv a constanC Prospathopouloand Evangelos use ch p airutheir
Deliverable 8.®f RisgFinal Report WP8(Barthelmie et al., @11, p.134.

According to this simple expression the wake decay con&aistdirectly proportional to the
turbulence intensity, which is consistent with the literaturePaBa and Rathman(2013)
assumé&) 0zj 6 andHasager et a(2007)assuméY0 @ 0zj O .

The above presented expression@r Q “Y'Gshould be tested with experimental data to
see if it has good agreement between the wake recovery and the atmospheric tugbfdence
example with the data presentedHFigure 12. The expression can be easily extended to take
into account the added turbulence inside the park, or to read the varying level of Tl over a site
from the output of a CDF model. This wa@ will adjust as Tl varies, which could prove to

be vey useful over complex terrain or inside turbine clusters.

Maximum power de[lcil
<V __<12ms’
09 s

o0s
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»
I
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Figure 12. Power deficit 3,8D, 7D and 10,4D downstream as a function of turbulence
intensity. Source: Risg Final Report WHBarthelmie et al(2011)
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Part |. Bockstigen offshore wind farm

3. Introduction to B ockstigen offshore wind farm

Bockstigen offshore wind farm was the first offshavend farm in Sweden It was
commissioned in March 1998nd consists of five stakgulded turbines Wind World
W3700-500kW, which weremodified to operate aa semivariable speedlhe wind farm
installed capacity is 2 MW, but initially it was restrictd to 2,2 MW due to limitations a
the grid connection.

Bockstigen was developed as a demonstration project withutpmse toevaluateoffshore
foundation loads,offshore power productionfo study wake effects antb acquire
meteorological data for offshore wind resource mapping

Nasudden

’ LT = Landtower, 145 m
CT = Coastal tower, 60 m
ST = Seatower, 40 m

.87

el

Power cable

Burgsvik
i

Boékstigen

Nasudden

Figure 13. Situation map of Nasudden cape in the island of Gotland, Sweden, (left) and
the location of Bockstigen offshore wind farm 4,6 km in front of Nasudden cape

(right). Source(Ronsten et al., 2000)

The first reports were published only a few years after commissioning, reporting and analysing
the early acquired da{@anander et al., 2001; Ronsten et al., 206@w years latdRonsten

(2006) provides a report analysing power performance and park (wake) effects at Backstigen
However,Barthelmie et al(2004) studied inmore detail the wake effects of offshore wind
farms, comparing the experimental data of four sites: Vindeby, Bockstigen, Horns Rev, and
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Middelgrunden Unfortunately, theresultsobtained from Bockstigefivere inconclusive and
data from this site were nosad furthe¥dyiost probably, the reason of that conclusion is the
high level ofuncertaintyassociated witimacelleanemometer measurements, different power
curve for each unit, and yaw misalignment (see Chaptansl5.6 for a complete analysis).

The park layout was designed @anV-shape arrangement, with its vertex pointitogvards

SSW. The five turbines are erected on monopiles drilled 10 m into the seabed rock, in an area
that only has 5 to 6 m depth. All turbines hub height is 41 m #rey have 37 m of rotor
diameter.

Ay

Figure14. Park layoutwith five turbines in V and thenet masthavsnas®n the centre.

The site was equipped with permanent met masts offshore and onshore in order to compare
offshore and onshore wind speeds and profiles. An offshordawet™® Ft qk _gqr % md 2
height was istalled at the centre of the park layout (Begire14), and waextended to 45 m

height Unfortunately thereare no undisturbed wind measurements at the gie mat was

erectedn 1999after the parkwvas constructed

Havsmast wamstrumentedwith the following equipment:

1 combined cup/wind vane anemometers (MItipe) mounted in pairs on booms at
180°, in order to filter tower effects, at the height®p23 and37 m

1 one Vaisala cup anemometeounted at 45 m height;

{1 four PT-100 thermometers at 6, 15, 2&and 35 m

1 and an air humidity sensor at 7 m height.
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? amqgr _j kcr k_qgr ~lsgrk_qr % md 4. k fcgefr
only 4 km awayrom the site. There is some concurrent data available from both Havsmast
and Kustmastfor more information se&ection4.1 Kustmast was instrumented with the
following equipment:

1 combined cup/wind vane anemometers (MItiipbe) mounted at 10, 20, 35, and 53
m on booms oriented towards the predominant wind directsmuthwesy

i one Vaisala cup anemometer mounted at 60 m height;

1 thermometers mounted at 10, 20, 350888 m;

1 and an air humidity sensor at 10 m height.

Further northeast, in the centre of Nassuden peninsula, theresitvaded an onshore met

k _qr ~J _| bk _qgr %hetogaer liad tiv@systeins ihpiemdnted, one with MIUU
technology, measuring wind espd, direction and temperature at five different heights; and
another based oSMHI with measurements of wind speed, direction and temperature at
seven different heights, including the top anemometer at 14Bansten et al., 2000)

Figure 15. Overhead view of Bockstigen offshore wind farm and N&sudden aptx
Gunnar Britse

The boundary layedepth overthe Baltic sea has been also object of sthidgager et al.

(2007) compile and compare the measurements performed wathosoundhgs with
analytical models. As a result, the average boundary layer height can be estimated to be
around400to 500m, as it is appreciated Figure 16.
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0 [ I

BOUNDARY-LAYER HEIGHT (m)

26 Oct
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30 Oct
1 Nov
3 Nov

Figure 16. Boundary layer depth over the Baltic sea. Bullets show the observations with
radiosoundingsSource(Hasager et al., 2007)

4. Methodology - Wind resource assessmeiand wake analysis

4.1. Data filtering andrecordedperiods

Hans Bergstrom has kept the meteorological records from bwh mastsHavsmast and
Kustmast. He has been very helpful not only providing them for this study, but also filtering
Havsmastdataset to avoid tower effectdavsmast hasnemometersnounted in pairsat 9,

23, and 37 mOnly the mast-upwind observations are used for each height.

Havsmast and Kustmast datasstdl need to bechecked andiltered using a commercial
softwarefor wind resource assessment. The filterangd checkings performedfollowing
guidelines oBrower (2012 p. 12:123andJain(2011) p. 97-98.

10-min means of wd speed and temperature are filtered usieglistic maximum and
minimum valug dmp @mai gr gee |l B3,:1.¢e euglchk ncrpcAlibs p c
recorded data fallvithin those limits. Maximum hourly temperature fluctuation is also
checked, paying special attention to the recorded sea temperature, as its value strongly
influences the atmospheric stability.

The wind speed values are compafeatrelatedbetween thento see if any anemometer is
not performing.The wind speed variation in height éadso checked to determine the existence
of low-leveljets (vith negative wind sheatd filter out those cases when assessing the surface
roughness.

Kustmast, but specialjjfavsmast dataset present plenty of recording mistdkese are gaps
with no logged dataC most probably due teensor failre or apower loss of the datalogger.
There are also plenty of repeated values, new records that have exactly the sari@awalues
the previous entry, a clear signaofvriting errorcreated by the logging systefigure 17.
Screenshot of Havsmast raw dataset with consecutive writing emditse day20029-03
startingat 00:50 hours.

€
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TimeStamp

Wind Speed SN Wind Speed 35

Wind Speed 23N

Wind Speed 235

Wind Speed 37N

Wind Speed 375 Wind Speed45  Wind Dir.

2002-9-03 00:30
2002-9-03 00:40
2002-9-03 00:50
2002-9-03 01:00
2002-9-03 01:10
2002-9-03 01:20
2002-9-03 01:30
2002-9-03 01:40
2002-9-03 01:50
2002-9-03 02:00
2002-9-03 02:10
2002-9-03 02:20
2002-9-03 02:30
2002-9-03 02:40
2002-9-03 02:50
2002-9-03 03:00
2002-9-03 03:10
2002-9-03 03:20
2002-9-03 03:30
2002-9-03 03:40
2002-9-03 03:50
2002-9-03 04:00
2002-9-03 04:10
2002-9-03 04:20

8.37
8.13
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50

8.32
8.00
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47

0.35
192
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47
6.47

8.91
8.43
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48

9.11
8.72
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50

9.06
8.67
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50

9.18 225.9
7.43 220.4
121 195.3
121 195.3
121 185.3
121 185.3
121 155.3
121 185.3
121 195.3
121 195.3
121 195.3
121 195.3
121 185.3
121 155.3
121 155.3
121 195.3
121 195.3
121 195.3
121 195.3
121 185.3
121 155.3
121 155.3
121 195.3
121 185.3

Figurel7. Screenshot of Havsmast raw dataset with consecutive writing enrtine day

2002 9-03 startingat 00:50 hours.

To keep data usability and comparability, in case of missiag@neous data from one sensor
the whole record line is filtered ouA script in perl is developed to filtehe entries with
writing errors(seeAnnex | for the ript code).The script filters out the lines that have the
same value recorded in tsamechannelfor a specifimumber of consecutive occurrences.
When filtering the dataset using the wind speed channels, no more than 30 min with the
same value are apted (maximum 3 repetitive values); or when filtering by wind speed no
more than 1 hour with the same value is accepted (maxiéepetitions).

The filtering script has proved to work faultlessdfter filtering the dataset based with the
value of one admnel using no more than 6 repeated values, the clean dataset is filtered again
reducing the number of repeated values to 5. No new writing mistakes are found, ensuring
that all blocks with writing mistakes have already been filtered out.

After the filteing, Havsmast and Kustmast datasets havddhewing coverage:

Table3. Data coverage and concurrent peraddHavsmast and Kustmast datasets.

Periods: Havsmast Kustmast
Recorded period: 10-1999 to 012003 | 11-1998 to 082001
Recorded period in months: 39,7 33,7
Equivalent recorded period after filterin 24,6 19,5
Concurrent period: 10-1999 to 082001
Equivalent 8,6 months

Although Havsmast and Kustmast have 23 concurrent months in the logging period, there is
only 8,6months of equivalent recorded period after data filtering.
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Wind Speed 9
Wind Speed 23
Wind Speed 37
Wind Speed 45
Wind Direction
Sud

S u23

S u3a7y

S u4s

Power WTGA1
Power WTG2
Power WTG2
Power WTGS
Power WTG4
Water temp.
Paot. temp. &
Pot. temp. 15
Pot. temp. 25
Pot. temp. 35
Wind speed kustmast

Wind dir kustmast

rTh:l\.f Feb May Aug Mov Feb May Aug MNov Feb May Aug Nov Feb Ma Aug Nov Feb Ma Aug Nov Feb May
1998 ‘PE?BB 3:300 ZvDEH Zvouz 3003 2004

Figure 18. Data coverag®f Havsmast Kustmastand power output per turbinafter
filtering.

The measurements of water temperature are completely disregarded for posepuarthis

study. The registered temperature fluctuates beyond any physical explaAai@x. I
compiles an event where, whilst the air temperature at 6 m height remains considerably steady
during day and night, the water temperature drops by more than 8 °C and rises again more
than 10 °C in less than 48 hours.

An explanation to such an extreme bebar could be the proximityo the siteof warm
waters froma shallowarea next to thehore and cold waters from a deepsfshorearea. A
change in direction of the sea currents might bring water from one area or the other that will
generate a suddencrease or decreasiethe observed water temperature at the site.

Another explanatiorcouldbe related to the installed dump loads at the bottom of the towers.
Those release heat when part of the generated power cannot be transferred to the grid, and
that heat couldwarm up quickly the water temperature. In any case, the water temperature
observations are not used in this study.

4.2. WindSim modelling of Bockstigen

To create a model in WindSim a file with elevation data and surface roughness in needed.
The terrain is downloaded fromASTER Global Digital Elevation Model
(Gdem.ersdac.jspacesystems.or.jp, 20TAE land cover available online does not capture
correctly the coast line at Nasudden. The terrain roughness is defined follinmughness
classification published bwieringa (1992) with sea roughness of 0,0002 anmd forest
roughness of 1 m (séenex Ill).
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Figure 19. WindSim model of Bockstigen terrain elevation (left) and roughness length
(left). The grey dot indicates Havsmast location.

The model grid is created using refinement around the site area to have a higher resolution
and better assess the wake effects. The refinement area is defined a little larger than the park
layout accordingo WindSim Best Practices guidelines, making sure to have at least 500 m
(15 cells in this case) from the refinement boundaries to the nearest turbine or met mast
location.

Table4. Parameters used to model the grid and simutegeatind fields.

Grid modelling Wind fields simulation

Terrain extension: 23 km x30km | Boundary layer height: 400m
Resolution in refinement area: 30 m | Boundary condition on top:No-friction wall
Maximum grid xyspacing: 617 m| Number of sectors: 36
Height model above terrain: 800 m| Air density: 1,225
Number of cells in direction: 30 | Thermal stability: Disregarded
Height distribution factor: 0,05 | Turbulence model: StandardQ-
Height 10" node above the ground: 94 m | Solver: GCvV
Total number ofcells: 1.2M

The distribution of cells in airection is adjusted in order to have more cells below the
turbines hub height. The terrain extensimnset to 23 by80 km in order tancludethe land
effects from sectors 0° to 180° and at the same prnogide a clearance from the model
boundaries to the site location of more than 2 Krhe parameters used in the model are
listed inTable4.
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Figure 20. WindSim grid on the xyplane (left) and irection or height (right) for
Bockstigen.

4.2.1. Surface roughness sensibility study

A surface roughness sensibility study is carried out, checking whether the vertical profiles
match better the observatis by using the standard sea roughness value, 0,0002 m, or using a
higher one, 0,002 m, closer to the empirical roughness values obtained bnlpérEor the
36-sector vertical profile comparison gemex X

As a result, the model with higher sea roughness, 0,002 m, fits better the observations from
freewind sectors, @ecially it has a good agreement with sectors 230°, 240°, 250°, 260°,
which are freevind sectors with higher energy content. However, contrary of what it is
expected, the model with standard sea roughness, 0,0002 thre imost appropriate for
sectors beteen the shore and the wind farm.

5. Results- Wind resource assessment and wake analysis

5.1. Havsmast dataset

5.1.1. Freewind sectors

Due to the unusual location of the met mast in the cemtteghe park layout, the wind
measurements are affected by wakes in several sddtpree 21 shows the boundary
directionsthat separate undisturbed wind from wakdeafed directions. Theaindisturbed
directionshave been obtained assuming a wake width26P, 5° wider than thempirical
wake widthvalue to ensuréhat no wake effects are captured but dndewind conditions
(see Chapter 2 fothe wake widthdefinition). The free wind sectors are transcribed into
Table5.

Table 5. Havsmast free wind sectors. The limit wake guidelines are calculated by
assiming a wake width of £15° plus 5° of margin.
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Figure21. The blue guidelines define the undisturbed wind sectors.

There are five main directions from which Havsmast receives the wake centrelines from
turbines 1 to 5. These wake centrelines are at 334°, 293°, 210°, 100°, and 70° for turbines 1 to
5 respectivelyFigure 22 shows an overlay dthe wakeaffectedsectors wake centreline
directions, togethewith the park layout.
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Figure 22. Overview of Havsmast waladfected sectorslirections of wake cemtines
andthe park layout.

5.1.2. Wind rose and energy rose

There is nd one complete year afontinuousdata after filtering Havsmast dataséhe
monthly recovey rate after data filtering is shownkigure23.

Data Recovery Rate by Month, 10/1/1999 00:00 - 1/28/2003 24:00
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Figure 23. Monthly recovery rate of Havsmast anemometer measurements at 45 m
height.

The recovery rate ligherthan 60% in the majority ahonths onlyin the maths d March,
August and September drops to levels lower than 50%easonal effects might be under
represented for those months, influencing the seatise frequency distribution and mean
wind speed. However, the overall good recovery ratio makegrdeose ofFigure24 rather
representative.
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Figure 24. Havsmat wind rose 45 m height with wind speed bins. All available but
filtered data is used. The waldfected sectorare shaded in orange, and their
displayed mean wind spesgtight be lower than the real value.

The wind rose shown ifrigure 24 is not completely characteristic of the site climate because
of very low and unen sectowise recovery ratios

The energy roseat 9, 23, 37, 40 and 45 m high ateown inFigure25. It can beappreciated

that the correlation between measurements at different heights is very high. When comparing
sectors 200° to 220° from the energy rest the frequency rose it can be noticed that the
small gap at 2105 much larger in the energy rose. This might be due to effect of having
filtered out records with higher wind speeds at this sector than at the rest. In anit ase,
clear thathe man wind energy content comes from Soeith Southwestrly sectors.

Proportion of Total Wind Energy vs. Wind Direction
[ o [
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Figure25. Havsmat energy rose 9, 23, 37, 45 m and calculated at the hub height 40 m.
All available but filtered data issed.

In spite ofthe low recovery ratidhe histogram of the filtered data fits surprisingly weth

a Weibull distribution, revealing that the data filtering has presumably not affected more one
wind speed bin than anothefigure 26 shows the Weibull fit for all available data and data
only from freewind sectors.

Probability Distribution Function Probability Distribution Function

Frequency (%)
P b

r
!

10 15 20 25 5
Wind Speed at 45 m high (m/s) Wind Speed at 45 m high (m/s)
= Actual data === Best-fit Weibull distribution (k=2.58, c=10.60 m/s) - Actual data == Best-fit Weibull distribution (k=2.65, c=10.28 m/s)

Figure 26. Histogram and Weibull distribution for all available Havsmast data (left) and
for free wind sectors only (right) at a height of 45 m.

The annual meanvind speed at 45 m 824 m/s, an unrealistically high vala that height
A reason forsuch a high annual wind speeduld be thatsectors with low energy content
have been filteredut more intensively.

5.1.3. Atmospheric turbulence

It has been introduced in pa2t2.1that wakes generate mechanical turbulence thatatte
atmospheric turbulence downstream. To obtain the level of atmospheric turbulence at
Bockstigen only measurements from fi@@d sectors are used.
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Figure27. Atmospheric turbulence intensity by wind speed bin at 45 m heligban “Y'O
values (green) and their relevant representative valDes'Y'O,  (blue).

The meanturbulenceintensity has its maximum valuat low wind speeds as expectdts

value remains withit8% and 8%rom 5 to 23 m/s, the majority of operatial wind speeds.
These values are consistent withat has been published in the pdsigure 28 shows the
turbulenceintensity distribution at 40 m height, with théargestprobabilityfor values in the

range oK% to 8%(Hansen, 2005)
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Figure 28. Histogram of turbulence intensity at Bockstigen at 40 m height. Source:

zite = Bockstigen,. Sweden
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The distribution of the turbulence intensity for all periods, h=40 m.

(Hansen, 2005)

5.1.4. Surfaceaugimess

It is possible to obtairthe sea roughnessom the wind speed measurements at different
heightsby fitting a logarthmic profile. A value of roughness length is computeddach

entryof Havsmast dataset.
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Surface Roughness
s O 10

Figure29. Values of sea roughness length by sector at Bockstifjake affected sectors
are shaded in orange.

Figure 29 shows the meanf the roughness lengthialuesbinned by sectoWake-affected

sectors are disregarded in this discussion as the wake velocity deficit modifies the vertical wind
speed profilesgiving not accurate roughness length val@gposite to what expectedhe

sea roughnessf sectorswith land effects0° to 3° for examplepreent lowervalies than
undisturbedoffshore sector2230° to 270° for instance (s€egure 19 for the situation of land

in reference to Havsmast). This higher roughness values in offdmng sectors could be
related to higher wind speeds frahose sectorthat would geerate large waves

As introduced in Sectiof.3, the sea roughness increases with the wind speed. The roughness
length binned by wind speed is plottedrigure 30. Only data from freewvind sectors is used.
Values of ~0,01 m are achieved from 12 to 28 Wé&en compared to sea roughness
classification, standard values fall lesgw 0,0001 and 003 m (Jain, 2011p. 39. Hence the
obtained values are too high. A reason for tbatld be that the measurements from the
anemometersat lower heights are affected by the surface lagerthey sufferexcessive
presence of water droplets, or simhlgy areunderperforming. Another reason might be that

the met tower height is too low to capture the complete vertical profile, inducing teb m
uncertainty when fitting a logarithmic profile.
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Figure 30. Sea roughneskinned bymeasured wind speed at 45 m in heigbmnly data
from free wind sectors is used.

5.1.5. Atmosphersgtability aBockstigen

The atmospheric stabilitgt the site can be calculated since there are available wind speed and
temperature observations at different heights. Buwk Richardson Nimber is the first
stability parametethat is computedfor each entry of Havsmast dataset. To avoid air
temperaturaneasurements to be affected by the surface temperature, measurements at heights
too close to the ground should be disregarded. The Bulk Richardson Number is then
calculated using the expression introduced in Se@itntemperature measurements at 15

and 35 m height, and wind measurement@&and 45 m height.

Using only data from free wind sectors, the obtained Richardson Numbers enable us to
classify the atmospheric conditions. The results are classifigable 6 using o different
criteria sets.

Table 6. Atmospheric stability classification at Bockstigen using Bulk Richardson
Number.

Cases usings Cases usings

Stability classification:

neutral conditions
s| s> 0,05

neutral conditions

- * 3] se

Stable: 33.300(78,5% 31.171(73,5%)
Neutral: 4.416 (10,4%) 9.631 (22,7%)
Unstable: 4.702 (11,1%) 1.616 (3,8%)

In spite of thermometeaccuracy or different criteria applied to classify the stabilityciea
that the Richardson Number describes stable atmosphere in the majocasedHowever

half of the data has been disregarded as wind measurefmentsome sectorare disturbed
by wake effects.
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A better approach to the stability classification is to tls® Monin-Obukhov stability
parameter. The advantage of usRigg AMOK tool (Ott, 2012)is that onlythe observation

of one wind speed is required, together with the air temperature at one height and the sea
surfacetemperature. This providdess uncertainty when calculating the vertical gradients of
temperature and velocity, making the tombre robust even igectors with disturbed wind.

Using AMOK tool at Bockstigen with air temperature the registered temperature at 35 m
high, surface temperature the air temperature at Bigh (it is not the optimal but it avoids

the problematicwith the sea temperature described in Sectlal), and wnd speed the
anemoneter measurements at 45 m hidgthe use of air temperature measurements to assess
the surface temperature may be more accurate accordihgftenet al.(2005)study.

Atmospheric conditions by Sector
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8o +HHHHHHH1HHH1HHHHHH

70% +HHHHHHEHHHHHE

0% 1T il Il mUnstable
SO% T Stable

40% m Neutral

30%

20%

10%
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Figure 31. Atmospheic stability by sector at Bockstigarsing AMOK tool. Neutral
conditions are classified @l | < 0,005, stable aFL > 0,005, and unstable &4
<-0,005.All available data is used.

The obtained MoninObukhov length is classified FFigure31 according to the classification
used byHansen et al(2014)in a similar study performed over Horns Rev. The naut
conditions are defined ak||> 200 m, or what it is the samed,/|.| < 0,005.

It is noticeable that using AMOK tool describes the atmospheric stability as Neutral in the
majority of cases64,36 a completely different situation of what obtained with the
Richardson Number. The reason of such a difference might rely on the uncertainty associated
with each method. The Bulk Richardson Number is more sensible to thermometer accuracy,
and might classjfevents that should fall into the neutral definitiasstable

Table7. Stability classification at Bockstigen using AMOK tool.

Stability classification: | With neutral conditions s j 4 s< 0,005
Stable: 30.331 (34,1%)

Neutral: 57.360 (64,5%)
Unstable: 1.198 (1,3%)
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Atmospheric conditions by Sector January
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Figure 32. Atmospheric stability during the months of January at BockstigRasults
obtained using AMOK toal
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Figure 33. Atmospheric stability during thenonths of May at BockstigenResults
obtained using AMOK toal

Seasonal changes in stability can also be easily studied with the intensive Qboikimov

length. Figure 33 and Figure 19 show the stability conditions during the months of January

and May respectively. It is remarkable that, during January, sectors 0° to 80° aretelympl

stable whereas the rest of sectors have a wide majority of neutrglseasms 0° to 80° are
land-affected, which have colder surface during winter than open sea sdotomsy May,

though, the situation is partly inverted: sectors 0° to 80®haw®jority of neutral cases, and

sectors 90° to 350° have significantly more presence of unstable con@ipenssea sectors

will suffer the effect of warm sea water whilst laftected sectors will not)
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5.2. Kustmast dataset

The recovery rate of Kustmasttdset is a little lower thahe recovery of Havsmast. Still, the
percentage is higher than 50% for all months excepting April, September and October (see
Figure34).

Data Recovery Rate by Month, 11/9/1998 07:20 - 8/31/2001 24:00

Data Recovery Rate (%)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct MNowv Dec

Figure34. Monthly recovery rate dfustmast anemometer measurements an@teight.

The wind rose obtained from this dataset can also be considered represdntaticertain
degree. However, the equipment mounted on Kustmast was adjusted or changed a few times
bspgle rfc kmlgrmpgle a_kn_gel, Rm m r gl
to be filtered and offsetted. See Secto®for its correction procedure and results.

The wind histogram and its Weibull distributipmobtained without takingnto account the
wind direction (without direction bins) are sill valid and representative of the site wind
conditions. The wind histogram and Weibull distribution are plottedrigure35.
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Figure35. Histogram and Weibull distribution for all available Kustmast data.

Although there were some turbines situated near the Kustmast locauwimg the
measurement campaigthis dataset offers higher quality measurements and less uncertainty
than Havsmast datasefigure 36 clearly indicates the wake cases for Havsmast and
Kustmast. Notonly Kustmast hatess wakeeffecs (just from three nearby obstaclef)ey
happen at directions 20°, 70°, and 340°, directions with low wind energy content.
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Figure 36. Average wind speed ratio between Havsmat anemometer ah 4td

Kustmast anemometer at 53 m high. Sou(Ganander et al., 2001)

5.3. Correlation Havsmast Kustmast

The measured wind speed &tavsmast at 45 m in height has a very good correlation

coefficient with the Kustmast measured wind speed at 60 m in height

For acomparison of the correlation between fie@d sectors and wakaffected sectors see

Table 8. Correlation coefficientbetween wind speeds at Havsmast 45 m and Kustmast

60 m high. Havsmast fre@ind sectors are also correlated individually.

Data considered Correlation coefficient
All sectors: 0,8794
Only freesectors; 0,8915

Annex IV.

However, when analysing the correlation between the wlinectionsof both datasets, its
correlation shows more than one trendrigure 37 displaysa scatter plot of both wind
directions during the concurrent perio@ue to the proximity of the two measurement
locations, the recorded wind directions should have a direct correlation, i.e. a slopeta 1 in

scattered plot.
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Wind Direction vs. Wind dir kustmast
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Figure 37. Scatter plot of Havsmast wind direction versus Kustmast wind direction
during the concurrent period of both datasets. Two trends can be clearly seen.

Looking for elementghat mayhavedisturbedthe measurementshe scatter plot is filtered by
sector, wind speed, and period. The correlation by sector and at different wind speeds presents
the same dual trend. Only when filtering by period its effect becomes clear.

There are three consecutive concatngeriods that have been identified, each one showing a
really good correlatiocoefficientwithin that period:

Table 9. Correlation between Havsmast and Kustmast wind direction records during
three concurrent periods.

Period Correlation coef. | Offset value | Scaling value
10/1999- 3/2000 0,9776 0,15° 0,94
4/2000- 9/2001 0,9366 -22,5° 0,94
9/2001- 1/2003 0,9745 -23,9° 1,38

As discussed abagube slope of the fitted lingscaling value3hould be very close to 1 due to
the proximity of the measurement locatio®r this reasonall data from Kustmast that
belongs to the perio®/2001 - 1/2003 is disregarded as it shows a ratio of almost 1,4.
Analysing more closely this period, it is clear that thare measuringrrors from the
Kustmast wind vanelhis can be seen in the lowdaght cornerof Figure 38, where at a wind
direction of 30° in the Havsmast there is a wide range of wiinelctions recorded at the
Kustmast (ranging from 270° to 360°).
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Figure 38. Scatter plot of Havsmast versus Kustmast wind directions for the period
9/2001- 1/2003

The data recorded during the peria@/1999- 3/2000has ascaling factor of 0,94ery close

to 1) and the wind veer between the two met mast positions can be considered null as their
offset in only 0,15°. Thiss consistent with the location and terrain orography, as Kustmast
and Havsmast are only 4,6 km sepadatand there are no geological formations between
them that would introduce wind veer.

On the next concurrent period/2000- 9/2001, Kustmast wind vane might have sufferad
misalignmentand shows darge offsetwhen correlating both wind directions. €hscaling
factorhas exactly the same valuerathe previous period, but the offset value rise2®)5°.

A wind veer of 22,5° between the two met mast locations is very unrealistic. A correction in
the measured wind direction is applied for this periddsuming that there is no wind veer
betwe@ both locations, an offset 622,5° is applied to the Kustmast measurementse
results of the filtering and offsetting are showrrigure 39.
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Figure 39. Scatter plot of Havsmast wind direction versus Kustmast wind direction
without considering the discarded data (left) and after applying the offset to the data
of the second concurrent periodgfrt).

The Kustmast wind rose before and after applying the filtering and correctioncava ish

Figure40.
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Figure40. Kustmast wind rose before applying the filtering and correction descried above
(left) and after (right).

5.4. Long-term predictedclimatology at Bockstigen

The wind measurements recordedHigvsmastare wake ffected andoresent digh level of
uncertainty It has beerseen in Sectiob.2that Kustmast have reducedkeaeffects (and thus
less uncertainty)and in Section 5.3 that it has a very high correlation coefficient with
Havsmast. For theseason&ustmastwill be used tassess the wind climate at Bockstigen.

Kustmast time series are transferred to Bockstigging WindSim. Kusthast measurements
are at 60 m height above the ground level, but its transferred meteorology is calculated at 50
m in height for ease its loaterm correlation.

Thirty years of historical data are downloaded from MERRA as a reference to correlate and
long-term predict the transferred meteorology from KustmadERRA is a reanalysis
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databasevith more than 30 years of igic data freely available for downloddhas grid
points worldwide with 0,5° latitudinal and 0,66° longitudinal spacing. For each grid point, a
dataset comprises hourly valuesvofd speed and direction (among others) at 50 m above the
groundstartingfrom 1979(Gmao.gsfc.nasa.gov, 2014 he nearesgrid pointto Bockstigen

is shown inFigure4l. Luckily is placed offshore, 9,7 keouthwest from the site, so it will be

a good reference for the site climate.

Hemse

v

\

Figure4l The location of the MERRA grid point (green pin) closest to Bockstigen (blue
pin) is 57°N 18°E. Sourc§Gmao.gsfc.nasa.go014)

The Kustmast transferretb-site climatology and the selected MERRA datakatve 19,5
months of concurrent data (complete Kustmast recorded period) and present good correlation
coefficients: 76,2% for wind speed and 90,0% for wind direchitiRR A data from three
consecutive decades (1980 to 2010) is used to-teyng predict the site climatology.
Different correlation algorithms are tested. Matrix method with 1 direction bin proves to
perform the best as it is shownkigure42, and thus it is used to loaggrm predict.

25 Mean Absolute Error 0 RMS Error a5 Distribution Error

20

15

MAE (%)

10

] 0 0.0
LLS TLS VR WBL S5 W5 MTS LLS TLS VR WBL S5 VS5 MTS LLsS TLS VR WBL S5 V5 MTS

Figure42. Errors obtainedestingLinear Least Squase(red), Total Least Squares (blue),
Variance Ratio (green)Weibull Fit (orange), Spee&ort (pink), Vertical Slice
(brown), and Matrix Time Series (purple) algorithms.

With the aim to fill in the missing blanks1 Kustmast dataset over the measuring campaign
period the transferred Kustmast dataset is first correlated and predicted for the same years of
the concurrent measurement&d999 - 2003. The wind roses and energy roses for the
transferredKustmast and foits 4-year predicted datasate shown irFigure43. Both energy

roses show very similar energy content for the majoritth@f36 sectors, indicating that
MERRA dataset offers a good agreement with the lataervations. Only thenain wind
direction appears to be shifteMIERRA has the sector with high energy content at 230°
while Kustmast at 220°.
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Frequency vs. Predicted 4 years MERRA Proportion of Total Wind Energy vs. Predicted 4 years MERRA
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Figure43. Energy roses of Kustmast Transferred to site dataset aneyiardpreitted
dataset using MERRA data from 1999 to 20@&ark green and dark blue represent
MERRA dataset.

The annual mean wind speed at 50 m high obtained from the transferred Kustmystar30
long-term predicted dataset 59 m/s, and its main wind directiooomes from 231°. There is
a clear shift in the main wind direction when compared to the originalez long MERRA
dataset, which its main direction is from 217°. This shift can be appreciatédure44, and

demonstrates that the lortgrm predicted datasgireserves the characteristics of the local
climate.

Wind Energy Content - Trans Kust longterm 30-MERRA Wind Energy Content - MERRA 30 years
P 0 g

350°

- - _ e
2407 20° °

20°

Figure44. Long-term predicted energy rose for Kustmast transferred to site datasgt
30 years of MERRA datdleft), and energy rose foMERRA dataset for the same
30-year period (right).

To perform the park layout optimization of Chapt@it will be necessaryp know the wind
resources at 85 m above the sea level (assumed hubdfeigistcase studyThe Kustmast
transferred to site, lonterm predicted dataset transferred to 85 m in height using
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WindSim. The model with higher sea roughness, 0,002 m, is used to perform the climatology
transferring as it provides the best agreement with observations for the sectors with higher
energy content (see pat2.]). Figure45 shows the Weibull distribution at Bockstigen aat
height of 85 m.

& Probability Distribution Function

Frequency (%)
¥ T

ra

10 20 25 20

15
Wind Speed 856m
== Actual data === Best-fit Weibull distribution (k=224 c=5.45 )

Figure45. Histogram and Weibull fit for Bockstigen lonterm predicted climatologyt a
aheight of 85 m.

The wind and energy roses are showirigure 46. The main wind direction is the same as
the reference dataset®@ m high, 231°, but theannual mean wind speed is 8,38 m/s.

Vind Speed 85m

: 1
190° qgge 170°

Figure 46. Wind rose showing wind spdebins of Bockstigen lonterm predicted
climatology at a height of 85 m.

The main wind direction to consider for wake interaction analysis is not only direction 231°.

It can be seen ifigure47 that sectors 210° 230° have very similar level of energy content.
Therefore, the wake effect minimization shall be carried out considering those sectors as main
wind direction sectors.
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Figure47. Energyrose ofBockstigen longterm predicted climatology at a height of 85 m
with 360 directional bins.

5.4.1. Extreme wind speed at Bockstigen

The extremewind speed in a 5@ear period is calculated using the Periodic Maxima method,
preconditioning the data with square values and usifmgoAths maxima.All 30-year
predicted data at 85 m high are usddhe Gumbel besfit is shown inFigure 48. The
obtained extreme wind speed is 33,8 m/s.

Linearized Cumulative Distribution Function

8

Annualized peaks
== Best-fit Gumbel

Reduced Variate, -In(-In{F{q)))

a 500 1,000 1,500
Annual Extreme Value (q, ()*2)

Figure 48. Gumbel bestfit using Periodic Maxima method with square values
preconditioning used to obtain 5fear extreme wind speed at Bockstigen at 85 m.

5.5. Wind turbine classification

When transferringthe climatology fromKustmast to Bockstigen the wind speed stmod
deviation, and hence the atmospheric turbulence, is lost. Only the atmospheric turbulence
measured by Havsmast can be used as refetaniégure 27 it can be saethat the level of
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turbulence intensity at 45 m high is quite low, as usual in offshore site. The representative
value at 15 m/s is lower than 10%. As the turbulence intensity decreases in iheightbe
assured that at a hub height of 85 m the turbakelevel will be lower than 10%.

However, the added turbulence intensity due to wake effects has to be taken into account. It
has been seen in p&12.1that the total turbulence intensity can increase uf8& inside a

wind farm cluster, but data indicating at which wind speed that turbulence intensity is
measured is missingn any casgethe turbulence intensity supported by downwind units will

be alwgs higher than the atmospheric turbulence, and therdf@durbulence classification

for offshore sitemust always be consider&dseeTable 10 below)

Consideringthe 50year extreme wind speed calculated in fadtl, 33,8 m/s,the site
classification iassessed alass IA.

Table10. Wind turbine classification according to IEC 61400

Wind turbine classes I Il Il
50-year extreme wind (m/s) 50 42,5 37,5
A TI(15m/s) 16%
B TI(15ml/s) 14%
C TI(15ml/s) 12%
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5.6. Power performance andiake effects at Bockstigen

5.6.1. Wake directiomasd free wind sectors

Ay

Figure 49. Bockstigen park layout showing the location of its five units, directions with
wake effects, and its distance between units in rotor dian@ters ym.

At Bockstigen wind farm there are wind directions with one and two wake effects interfering
with downwind turbines. These directions come from the arrangement of the park layout as
shown inFigure49.

The directions with wake effectse

A-? %8 353,1173,1°
B-@%38 236,1}56,1°
C-A %8 287,3107,3°
D-B %8 292,+112,7°
E-C %8 261,6 81,6°
17 F-D %8 321,6 141,6°

= 4 4 4 A

only directions A? % _-l@bo @| ams | r ¢c p r uwithawownwngung.l r cp _ar gl

Each turbine is affected in a different manner by wakes when changing wind direction. As
introduced in Chapted the wake width is about £15°.sAuming linear expansion, it can be
ensured that there are wake effects within £10°, and there shall be free wind conditions
beyond +20°.
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Table 11. Wake-affected and free wind sectors per turbine unit. The wadfected
sectors are obtained considering a wake width of £10°, and the free wind sectors are
obtained assuming there are no wake effects beyond +20°.

Turbine | Wake-affected sectors Free windsectors

WTG1 | B%8 //0*5] e B Il e E B% ) 0/ 711 e (
D%8 [/ 2/ *4| e DD%I é&| E D% ) O I e Q
2%8 [/ 51*/| e 201 €& E 2% ) 0O

WTG2 | C%8 6/ * 4 e OO% 1 ¢é| E C% ) 0o /11 e Q
A%8 |/ .5*1| e A I €& E A% ) 0/061 e (
?2%8 /51*/| e 21 e E 2% ) 0/ 711 e (
A: 353,1 + 10° e 0.1 é&| E 2 ) o0

WTG 3 @%8 34*/ e @% 136°%| E @%» ) O /11 e Q
A: 353,1 + 10° e MW.1 é| E ?2 ) 0./ 541 e Q

WTG4 | @%8 34*/ e @Il é| E @ ) 0 120 e Q
B: 236,1 + 10° e -@.1 é| E @) 0.l 54 e QO
C:287,3+10° e M.1 é| EA ) 0.1/034 e Q
F:321,6 + 10° e -D.1 é| E D ) O

WTG5 | B:236,1+10° e -®. 1 é| E @) 0./1/1 e QJ
E: 261,6 + 10° e ®.1 e| E C ) o0 ee QO /
D: 292,7 + 10° e .1 é/ E B ) 0

5.6.2. Experimental power curves

To obtain the experimental power curve per each turbine, dataTedoie5 andTable11 has
to be crossed. Onlgata within the free wind sectors Bavsmasican be usetbgether with
data free of wake effects of the relevant turliimecreate the power curvé&he unusual
location of the met masin the centre of theark layout provide®nly few gaps where both
datasets are undisturbelthble 12 shows the available sectors per turbine.

Table12 Undisturbed sectors for both Havsmast and the relevant turbine.

Turbine Undisturbed ctors forturbine and met mast (for obtaining power curvg
Free MetMastf 1331 e DU( /0.1 e DU| 230 DUQ1
(Ref)) .1 e DUQ/

WTG 1 1331 e DQI/ - 01.1 e DQ
WTG 2 /11 e DQJ /061 e DQ{ 01.1 e DQ
WTG 3 /| 1IFQE e 04 /0.1 e DQ| 01.1 e DQ
WTG 4 355°e FQ/ e 1| 120°¢FQO 1% 0341 e DQ
WTG 5 1331 e50°DQ/ 120°¢FQO0 19§ -

To obtain the power curve the production data has also to be filtereaf outsiders andlle

or downtime states, which otherwise will have a strong influence on the results. -Fhia 10
mean power records are filtered graplyced keep only the entries with a measured power
within approximately +50% of the nominal power at that wind sp&eglre 50 shows the
experimental power measurerngerersus the wind speed at hub height, with the disregarded
measurements marked in red.
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Power WTG2 vs. Calculated at Hub Height

- -
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Calculated at Hub Height (mis)

Figure50. Filtering of the recorded power values of turbine 2 by graphical m@azen
dots are valid 20nin averaged observations and red dots are invalid data.

The experimental power cunagd each wind turbine iplotted in Figure 51. Although all

turbines are the same model and operate under the same conditions, their power curves differ
remarkably. Although all units seem to deliver their maximum power at the same rated wind
speed of 16 m/s, their maximum power varies fa80 (turbine 2) t0560 kW (turbine 1).

The results presented here are consistent with those obtair@driander et al2001)

Few reasons could be considered to explain such a big difference in power output: some
turbines une@rperform and some others outperform the rated power, or maybe some turbines
suffer from a major yawing misalignment, seeing less wind than the rest. One could also
consider that the wind speed conditions vary significantly throughout the site. Howeser, th

cannot be true in all cases, for example turbines 2 and 4 are the closest to Havsmast
nevertheless their power curves differ significantly.
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Power curves Free Wind Data
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Figure51. Experimental power curves using undisturbed measurements for each turbine.

6. Discussion- Data not valid for wake models validation

The data available frofBockstigerhave a high level of uncertainfijhe wind measurements
from Havsnastpresent wake effects that aret easy to remoy¢he filtered dataset have a lot

of blank periods generated by recording errdr&® power output and nacelle anemometer
measurementarenot accurate enough to use to obtain power cus@se turbinesnight be
underperformingor suffer yawing misalignment. All together, in consequence, makes the
available data not suitabfer validatingany wake modelExperimental data from another
offshore wind farm shall be used for that purpose.
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Part Il. Wake models vhdation at Horns Rev

7. Introduction

to Horns Rev wind farm

Horns Rev offshore wind farm istatedon the Danish North seagbout 15 km west from
the seaside town @lavanshuklt consists of 80 unit¥estas V80 2MW with hub height of
70 m and rotor diametéD of 80 m. The total installed capacity is 160 MW.

Figure52. Danish map showing the location of Horns Rev wind farm. Souttasager

et al., 2007)
Horns Rev Wind Farm layout, 10 x 8 wind turbines
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Figure53. Horns Rev wind farm layout, witBO turbines Vstas V80 2MW, aligned in a
matrix-like layout with 7D spacing between rows and colun8wurce:(Hansen,

2008a)
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The turbinesare arranged in a matrike layout, with 8 arrays aligned Edatest with 10
units in each array. The spacing between arrays (rows) and between units of the same array
(columns) is the same, 7 rotor diameters (/yure53 shows the wind farm layout.

Intrinsically, a matrix-like arrangemenhas some directions with noticeable wake effects.
Three main wakecaseshave been studied yansen (2008), who classified atmospheric
observations and park performance for the followragn wake directrices:

1 flow from 270° with 7D spacing;

M flow from 221° with 9,4D;

1 and flow from312° with 10,4D spacing

The three main wake directrices are plottedrigure 54. In their study, the power losses are

tabulated for three free stream wind velocities: 6, 8 and 10 m/s. thiespheric stability is

also studied and there are some recorded measurements under stable, neutral and unstable

aml bgr gml q,

Sl dmprsl _rcj w*

gl

F_1 gcl %q

ns jg

wake model validation under unstable conditigXithough there are few records under stable
and neutral conditions those are only at 6 m/s and for the wake centerline, and their related
power deficit is not tabulated.

For this wake validation study it is therefore used the measured power deficit nsthdle
conditions (for the original experimental values the readerefered to the original
publication Hansen, 2008).

The turbine power curve used to model the power losses is also provided by Hansen in his
paper. The V80 units of Horns Rev have acifie power curve (séleable 13).

Table13. Power curve and thrust curve of a Horns Rev turbine. Saoitaesen, 2008a)

Wind Speed| Power Thrust Wind Speed| Power Thrust
[m/s] [kW] Coefficient [m/s] [kW] Coefficient
4 66.6 0.818 15 1997 0.249
5 154 0.806 16 1999 0.202
6 282 0.804 17 2000 0.167
7 460 0.805 18 2000 0.140
8 696 0.806 19 2000 0.119
9 996 0.807 20 2000 0.102
10 1341 0.793 21 2000 0.088
11 1661 0.739 22 2000 0.077
12 1866 0.709 23 2000 0.067
13 1958 0.409 24 2000 0.060
14 1988 0.314 25 2000 0.053
K _grcp%g Rfcggg, Uglb Nmucp Npmhcar K_|I _eckédr,
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Horns Rev Wind Farm layout, 10 x 8 wind turbines
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Figure54. Wake effect cases at Horns Rev. Cases with flow from 270° (top), flow from
221° (middle), and flow from 312° (bottom). Sour¢dansen, 2008a)

7.1.1. Atmospheric turbulence at Horns Rev

It has been seen in Secti@® that the atmospheric turbulence at Horns Rev changes with
the wind speed. Yet, when considering the study cases with 6, 8 and 10 m/s the atmospheric
turbulence can be considered constanto(3ed-igure3).
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This value is consistent witkigure 56, which shows similar turbulence intensity values
measured at sawt 270° 221° and 312°. Although the turbulence intensity value stretches
more in one sector than anothdor comparison pysoses a mean atmospheric turbulence
intensity of 7% is used in all three simulated wake directions.

HR mean turbulence intensity
during 2003- 2004, h=68 m
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Figure55. Mean turbulence intensity extracted from free wind speed measurements from
two years previous to the park constructiamd sorted by flow case. (Source:
Deliverable D8.1Hansen, 2008).

7.1.2. Atmospheric stability at Horns Rev

Hansen (2008)has also studied the atmospheric stability during 2005. The atmospheric
conditions were classified into four types using the bulk Ricbhardeamberbased on air/air
temperature measurementable 14 shows the annual stability percentages obtained.

Table 14. Atmospheric classification at Horns Rev during 2005. Sour@idansen,

2008a)
Atmospheric conditions| Intensive Monin- Total hours | Percentage
Obukhov length

Very unstable pj 0<-0,32 1.920 hours  22,3%
Unstable -0,32 <pj 0 <-0,053 1.881 hourd 21,8%

Near neutral -0,053<pj 0 < +0,053 2.618 hours 30,4%
Stable pj 0> 0,053 2.187 houry 25,4%

Total: 8.606 hours

7.1.3. Sea roughnessiarns Rev

The sea roughness assessed from the literature. It has been already introduced in Section
2.3 that the sea roughnesd Horns Revhas beerobject of study The value used here is
extracted fronfFigure6 considering neutral atmosphe@0002 m.
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7.1.4. Boundary layer depth at Horns Rev

The boundary layedepth over Horns Rev wasieasured during théanish Galathea
expeditionin 2006(Hasager et al., 2007 he results show an average depth of 400 m

19 August 2006
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Figure 56. The top of the oceanic boundary layer is obtained by measuring the

concentration of aesols. The dark blue line shows the boundary layer height

SourceHasager eal., 12MW Horns Reexperimen(2007)

8. Methodology - Wake models validation

8.1. Simulation cases

There are data available (velocity deficit and power losses) for the three main wake directions
described irFigure54, and they are classified into three wind speeds, 6, 8, and 10 m/s, which
give a total of nine flow cases to simulate. For each flow case, there are three amvakgical
models to testand each wake model has one main paramedjust.

The validation is performed adjusting the relevant parameter and comparing the simulated
power output with the experimental power output of the specific flow case. Althdugh a
reference datare under slightly unstable conditionsonly reutrd conditions are simulated.
Thus, the wake parameters obtained during the validation will reflect the best match for
slightly unstable conditions.

Table15. Cases that aremulated for each flow directid2i70°, 221°, 312°.

Wake model | Wind Speed at 70 n| Atmospheric | Directional Wake decay or
conditions variation | Turbulence Intensity
Jensen 6; 8; 10 m/s Neutral +15°, every 1 0,04;0,05;0,06;
0,07;0,08; 0,085
Larsen 6;8; 10 m/s Neutral +15°, every 14 5% 5,5%;6%;6,5%;
7%;7,5%;8%
Ishihara 6; 8; 10 m/s Neutral +15°, every 1 8% 10%; 12%;
14%; 16%; 18%

Table 15 indicates the cases that are simulated for each flow direction: 270°, 221°, 312°. In
order to compare the results with the experimental values, a directional variation is performed
around themain wake direction, with 1° steps until £15°. The values obtained in those 31
directional variations around the wake centerline are averaged afterwards in bins of +1°, £5°,
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+10°, and £15°. The available experimental data has been binned in the same, iimasne
the comparison between them is straightforward.

8.2. WindSim modeling setup

The model terrain is created as a flat uniform surface with constant roughness length,
simulating the flat sea surface. The grid is created using refinement around tlaeeaite
following the same guidelines introduced in Secdad The park extensiom x-y directions

is 5,5 by 4 km, but theterrain extension is setuch larger, 1%y 9 km, in order to capture
completelythe wake recovery downwindnd to maintain a clearance of at least 2 km along
the model boundarie§he parameters used in the model are liste@ahle 16:

Table16. Parameters used to model the grid and simulate the wind fields.

Grid modelling Wind fields simulation

Terrain extension: 15 km x 9 km| Boundary layer height 400 m
Roughness length: 0,0002 m| Boundary condition on topNo-friction wall
Resolution in refinement area: 25 m | Number of sectors: 36
Maximum grid xyspacing: 345 m| Air density: 1,225
Height model above terrain: 800 m| Thermal stability: Disregarded
Number of cells in alirection: 30 | Turbulence model:Standard and Modif Q-
Height distribution factor: 0,05| Solver: GCV and Segregate
Height 10" node above the ground: 91 m

Total number of cells: 2,3 M

To obtain the desired wind speed at hudight the wind speed above the boundary layer can
be calculated from logarithmic profile to obtain 6 m/s at hub height. The following relation
can be easily obtained from the logarithmic profile equation for neutral atmospheric
conditions:

For the case withY @ m/s, with aboundary layer heighit of 400 m, hub heighé&r of 70
m, and roughness length of 0,0002 m, the wind speed above the boundary Tyt input
to WindSim has a value of&19213m/s.

WindSim does not admit to input a certain value of atmospheric turbulence intensity. Instead,
the input value of KE at the boundary conditions can be adjusted. WindSim uses the
following relation to calculate Tl from the KE values obtained from the CFiults:

A

which might be obtained assuming anisotropic turbulence with ,, -» (see Section
2.2). This expression can be ugedcalculate th relevant KE from a desired value of TI.
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WindSim uses an analytical profile in height for KE at the boundary conditaonts to
initialise the mode(Gravdahl, 1998)

... 0z o
VO] = P T

) 00U
whered is the variable height, BL the boundary layer height,the friction velocity, and
@ T o cisaconstant inthe turbulence modelFinding the right value of KE to input in
order to achieve a specific level of turbulence intensityedtub height is possible only for
the first iteration. After thatthe flow properties evolve until they convetgea solution and
the value of KE will havehanged.

However, avalue of KE can be forced in the boundary condition®indSim, manually
modifying the parameterization file Q1. To know more how to modify to Q1 file Asggex
V.

A trial-errorprocess is undertaken to see how the atmospheric turbulence evolves downstream
with a certain value of forced KE at the inl€brtunately, the model is flatnd its behavior
easy tqredict.

The forced KE value at thanlet for the flow case of 6 m/s and 7% of turbulence intensity
would be:

O‘ o o -
0O —mitxe TP o p.5
It will be presented in Par8.2.3 that the level of turbulerc intensity vags significantly

downstream. Thigproblem can be easily solved by manually inputting a constant Tl value to
the analyticalvakemodels thause Tl as a parametenstead of reading it from the model.

Following that procedure, only a constavind field of 6, 8 and 10 m/s has to be obtained

over the domain to perform the validation analysis. The simplest way of achievusg it
initializing the model with logarithmic vertical profiles by running only one iteration using
the Segregated solver.

8.2.1. Setup oflensérmgake model

Larse®oq | b Gq madéls gan réegl the value of Tl from thend database or use a
manually inputteda ml gr _ I r t | ¢ does ndt bavegTd impbemenkedsbwake
expands linearly according to a wakeayconstant In WindSim the wake decaig related to
the surface roughnesshich can be read from the terrain surface or inputted manually.

x P
Q ———
¢ I 1Qa
Hence, to set a specific wake decay cons@ntits related wake roughness has to be
calculatedTable 17 shows the values @ used and theirelatedwake roughness

Table17, Hcl gcl %q u Carditsoetesantwaka nouglgseér . | r

Wake decay constan| Wake roughness
0 mmt G TmmTg(
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Q mmu @ Tmmmoopy
Q nm @ G Timp @Y
Q mhy ¢ Tmmovo
Q iy G mpov
Q mmyu G T1ip wu

8.2.2. Wake influence range

It is not easy to assess which downstream influence distance may have each wake model. As
seen in ChapteR wake effects can stretch several kilometres downwirmmparison using

3.B _Ib /..B gldjsclac p_lec gg npcdmpkch
turbulence.

/\\/\ﬁ\/\/

\

\

gyt

\

Figure57, Tcj magrw dgcjb m r_glcb sqggle J_pgcl %q
6 m/s ambient turbulencef 6%, and wake influence distances of 50D (top) and
100D downwind (bottom).

For a wake influence of only 50D distance the wake development is not complete, there is not
merging to neighbouring wakes as the wake expansion is stopped before its rec®very ha
completed. Using 100D it can be appreciated complete wake length and merging between
K_grcp%g Rfcggg, Uglb Nmucp Npmhcar K_| ecké8r, Snnqg_
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rows (sed-igure57 Gr gq I mrgac_"jc rf _heareasgvbdree J _p
neighbouring wakes merge get longer influence distances than the wake centrelines
themselves.

8.2.3. Internal wake subcycle

The internal wake subcycle defines the number of divisions a sector is divided to calculate the
wake effects. 1° changeswmd direction are imputed in the simulations, therefore divisions

of 1° are set for the internal wake subcycle. As 36 sectors are used, which are 10° wide, 10
divisions are inputted.

A sensitivity analysis is carried out by comparing the results obtasnegl 5 or 10 divisions.
The results do not show any differences for the tested case. Despite of having the same
results, 10 divisions are used.

8.2.4. Simulation of increasing turbulence intensity

Inside a cluster mechanical created turbulence adds to the armblarience (see pa?t2.1).

uf cl psll gle EAT gmjtcp slragj amltcpecl ac*
surface roughness over the sea (0,0002 m). Weakergted turbulence is not calculated nor
added to the atmospheric turbulence intensity in the domain. To obtain a more realistic
increase of Tl within the cluster, a new model is set with higher roughness length.

Figure 58 shows a model with decreasing turbulence intensity, at hub height, in the flow
direction, and another scenario with increasing turbulence intensity. The results of applying a
similar approacho obtain a better wake recovery within the park are shown irfphd

K_grcp%g Rfcggg, Uglb Nmucp Npmhcar K_| _ecké®&1r, Snnq_
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Figure58. Turbulence intensity values obtained after convergence using GCV solver for
it 7t pn (bottom). The same

surface roughness Tt 1T Tt (top) and &

KEIN value of 0,1313 has been inputted.
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9. Results- Wake models validation

9.1. Resultscase 270° with 7D spacin

55
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Figure 59, N _ pi mt cptgcu ugrf Hcl gqfcd f%gp &b6bgmn& * mrir_npkg
wake models for the flow case 2With 7D spacingLegend shows values in m/s.

Figure59 shows a park overview with the complete wake developimetite flow case 270°

at 6 mssqggl e Hclqcl %qg* J _pqcl %de wakebwidts qtf 79 f _ p _ %!
downwind of the first turbine is showim Figure60. Uf gj ¢ J _pqcl %adels| b Gq
npcgclr _ u_ic ugbrf md _ onys8° folitslarhestwakec | qc | %
decay.
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Figure 60, Hc | tap Latseydo @@ttom-left)y* | b Gqf gdfright) wae & mr r mk

widthsat 7D downstream of the first turbine. Flow case 270° at 6 m/s.

Only the most meaningful plot per wake model is shown in this sectiom restof the charts
the following discussion refers to can be foundmmex VI.

?2r _ uglb gnccb md 4 k-gqg rG=0,08pshgusanexcefititqgl e H
of the power losses at the wake centreline for the majority of units downwinéigsee61),

precisely quantifying the power drop of the first turbine dowaah(2"® column). Only results

for units at the # and 3" columns are slightly higher than observations, showing lower power
losses. At higher wind speeds, 8 and 10 ri@s, 0,085 completely overshoots power losses.

The wake decay constant has to beupsdito at least0,07 to start matching experimental

values.

The average losses for a wake width of £15° are not well captured at 6 m/s for anQt&sted
8 and 10 m/s, however, the lowest plotted vale 0,05 follows remarkably close thewer
defidt until the 6" columnof turbines
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J _pqgcl %g kmbcj gcckqg | mr rm

a_nrspc rf

C o0sg

centreline at velocities of 6 and 8 m/s, and overestimates the power losses for the units at the
end of the array. Only for thease of 10 m/s the predicted values seem to get closer to the
observations. In any case, if the initial power drop at tifec@lumn is to be precisely
described, this model overestimates the power losses for the rest of the array.

The results obtained fothe averaged values with a wake width of +15° are far from
experimental data. The estimated power losses are too low for any of the tested Tl values.
What is more, with the aim of achieving a good match with the values of wake +15°, lower

turbulence inteq g r g c q gl nsrrch

_pc

rm J_pqgcl %qg

k mbc |

using Tl = 4% than when using Tl = 5%, showing that this model is indifferent to lower TI

values than 5%.

JENSEN 7D - 6 m/s - k= 0,085
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Figure61. Normalised power of the first 8 unitownstreanfor flow case 270° at 6 m/s
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Figure62. Normalised power of the first 8 units downstrefonflow case 270° at 6 m/s.
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Gqgfgf _p_%qg _t cwidthea bl5° peemc je thg mastgacchirate of the three
models.They describgerfectly the power losses for a watidth of £15° when usingl =

10%at 6 m/s and Tl = 8% for 8 and 10 m/®nfortunately, the power deficit at the wake
centreline is dramatically overshot at that level of ambient turbulence. A good agreement with
experimental data is only obtained folues between 16% and 18%, which are unrealistic for
offshore application$See all the charts with the results from flow case 278hrex VI.

1 - -TI=89
S ISHIHARA 7D -10 m/s - T1 = 8% == Ref. dw=20
0.9 : == Ref. dw=10°
8= Ref. dw=20°
) 0.8 == Ref. dw=30°
g —"Wake =1°
= 0.7
2 = = Wake +5°
_§ oo === Wake +10°
I N S Wake +15°
g 051 N\ @ T e e e e e e e e e e e e o - - — — — .
Z
0.4
0.3
0.2 : - ‘ ' ' ‘ ‘ ' '
1 2 3 4 5 6 7 8 9 10

Cluster Rows

Figure 63. Normalised power of the first 8 units downstre&mn flow case 270° at 10

k-q, Cvncpgkclr j t _jscg _pc njmrrcb lcvr r
8%.
9.1.1. Effect of increasing atmospheric turbulence downstreamqusing¥%ary u i ¢ k mbc |

Amlrp _pw rm Gqfgf _p_%q* J _pgcl % kmbcj f g n
npcbgar rfc cvncpgkeclr | nmucp |j mggcgqg, Fmuc
mechanical added turbulence inside a cluster. Aitsatysstudy is here performed to see if

J _pgcl % kmbcj umsj b bcgapg ¢ kmpc _aasp_rcj
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;13

Figure 64. Turbulence intensity over the domain for flow case 270°. Its value increases
downwind from 6,6% to 7,6%. A highéevel or surface roughness, 0,002 m, and
KEIN of 0,14 have been used to achieve the desired effect.

A model with a surface roughness ten times higher isiset,0,002 m, and a larger value of
turbulent kinetic energy is inputted, KEIN = 0,14. The r&sof it is a level of ambient
turbulence increasing downwind over the domain [sgere64).
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Figure65. Normalised power of the first 8 units downstrefonflow case 270° at 6 m/s.
Cvncpgkeclr _j t _jscq _pc njmrrcibcreésmgrr rm J_p
level of Tl = 6,6- 7,6%.

Ugrf gl apc_qgle jctcjq md r sqdelsaptweds better thed p mk -
power deficit at the @ column C almost the same result as using a constant valti¢ aff

6,5% andfollows much better the trend at columns 3, 4 and 5 than the case with constant

Tl of 7,5%.The results can be directly compaxeith the best fit obtained at 6 m/s using 7%

Tl, as shown inFigure 62. In both casegincreasing Tl and Tl of 7%)the wake recovery

after the 8 column seems to bea slow.
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At 6 m/s it appears that the simulated added mechanical turbulence is not high enough to
match accurately the experimental d@tahich one couldilready expeets the levels of total
turbulence intensity within a cluster caaise up to 18% (sea 2.2.7).

At a higher wind speeds, however, the effect of increasingoWnwind does notprovide a
better capturing of the power losses trend. The power ddficithose cases is almost
constantly decreasing aftfie higher TI downwind simulates a quicker recovaiye figures
for theflow cases at 8 ant 10 m/s can be foumAnnex VI.
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9.2. Resultscase 221° with 9,4D spacing
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Figure66. Park overview with Jeq c | %g | &r @qf gf _p_%q & mrr mk' u_i
flow case 221° with 9,4D spacingegend shows values in m/s.

A park overview with a complete wake development for the flow case 221° is sHeguaren

66 amkn_pgle rfc pcgsjrqg m r _gThewakewidth & Hcl g
9,4D downwind of the first turbinas displayedn Figure67, usingd _pqcl %g _ 1 b Gqg
models There is 1° misalignment between the real wake centreline and the flow case
direction compiled by Hansen, 2008. Maybe there is a yawing or a wind vane misalignment of

1° at Horns Rev.To computecorrectaverages, the modelledake centreline is set to 22

but the results are compared to the original data with the wake centreline at 221°.

In Figure 67 it can also be appreciated an additional power loss fi@hto -16° from the

newly defined centreline 222°. This is due to the presence of a secondary wake directrix at
202°. The power losses related to this secondary are filtered out, defining a maximum wake
width of £13° from the newly defined centreline at 222°.
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Figure67.J _pqgcl %qg &j c dr ) wakelwidthsG 9,49 fdowpstrdam of ghe g e f r
first turbine. Flow case 221° at 6 m/s.
Only the most meaningful plot per wake model is shown in this section. The st diarts
the folowing discussion refets can be found irAnnex VII.

Dmp rfc rfpcc rcqgrcb uglb gnccbg* Hcl gcl %g
the first turbne downstream (2 column) but the tendency of a constant decrease in power

dmp rfc gqs qcosclr amjsklqgq gqg Imr m r_glchb?9
(constant) value after theédnit in the array (se€igure68). Only for very low wake decay
constants;Q= 0,04, theregularincrease in power losses is better captured for a wake width of

+13°, but the relevant values at the wake centreline completelp@dict the power losses.
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Figure 68. Normalised power of the first 5 units downstredon flow case 222at 10
k-q, Cvncpgkclr _j t _jscqg _pc njmfQecb |l cvr 1
0,07.

J _pgcl %q _|I b Gqgfgf _p_%qg k mbatatgrbulerckintgnsity of j w qf
5,5% and 14% respectively for all tested wind speeds-igpae® 69 and Figure 70). The
pcgsjrqgqg _pc tcpw doclkdgnotcppture the pobwdr draplai®dgdds r f ¢ k
columns but they have a better fit for turbines on the@umn. However, their wake widths

seem not to match with experimental data, delivering lower power losses at a wake width of

K_grcp%g Rfcggg, Uglb Nmucp Npmhcar K_| eckéd r, Snnqg_
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+13° lower than the expenental average for £1%8 which, considering the difference in the
bin range, averaging with +13° should always give higher power deficits than using +15°.

See all the charts with the results from flow case 278himex VII.

1 LARSEN 9,4D - 8 m/s - TI =5,5%
0.9
5 SSSImmnniiiieccessss ..
s 0.8
3 =H=Ref. dw=2°
% == Ref. dw=10°
E 0.7 - —8—Ref. dw=20°
Z —#— Ref. dw=30°
==Wake £1°
0.6 1 = = Wake +5°
=== Wake £10°
""" Wake +13°
0.5 :
1 2 3 4 5 6 7
Cluster Columns

Figure69. Normalised power of the first 5 units downstrefonflow case 222° at ®@/s.
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Figure70. Normalised power of the first 5 units downstrefonflow case 222° at 8 m/s.
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9.3. Resultscase 312° with 10,4D spacing

Figure7L. N_p i mt cptgcu ugrf Hclagcl %q &rmn' * J_pqgc
wake models for the flow case 312° with4ID spacing.Legend shows values in
m/s.
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Figure 71 shows a park overview with a complete wake development for the flow case 312°,
using the three tested analytical wake models.p gc | %q _| b Gqf gf _p_%q u
in Figure 72, at 10,4D downstream of the first turbine and for the flow case 312° at 6 m/s.

The power deficit comprised between +10° and +15° from the wake centreline belongs to
wake &ects of another wakdirectrix. Although not shown inFigure72,Hc | gc | %q u _i c
shows exactly the same overtstween +10° and +1570 avoid including effectérom

another wakeinto this flow case, the power deficit is averaged using a wake width of
maximum £10° from the wake centreline 312°.
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Figure72J pqgcl %g &j c dr ) wakelwhlths@yldly downstredbgoftBep g e f r
first turbine. Flow case 312t 6 m/s.

Only the most meaningful plot per wake model is shown in this seckioarest of the charts
the following discussion refers to can be foundmmex VIII.

Figure 73. Normalised power of the first 5 units downstredon flow case 312° at 10
k-q, Cvncpgkclr _j t _jscqg _pc njmfQrecb |l cvr 1

0,07.
Hcl gcl %g* J _pqgcl %qg _|I b Gqfgf _p_%qg pcqgsjrq dn
j _pecp rf | uf _r m qgcpt_rgmlqg qgf mu, Hcl gcl %
wake width(seeFigure73)* uf gj c J _pqgcl %q _ | bpechwmly apijer p _ %q |

wake width. However, none of the models is able to describe accurately the thin wake width
K_grcp%g Rfcggg, Uglb Nmucp Npmhcar K_| ecké69 r, Snnq_

















































































































































































