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Abstract

A wind turbine is a device that converts kinetic energy from wind into electrical
power. The speed of the wind that penetrates a rotor disk decreases with the
amount of kinetic energy derived from the wind, which is absorbed by the blades. In
addition, the wind kinetic energy at the downwind side of the rotor disk is recovered
by the mixing process with ambient flow. Hence, turbulence intensity increases
during this process. Wake effects, which induce velocity deficit and increased
turbulence intensity, can affect the power performance and dynamic mechanical
loading of the downstream wind turbines.

For this reason, wind turbines installed in a wind farm can be affected by wake
from neighboring wind turbines, which reduces power production and shortens
turbine life due to mechanical fatigue. Therefore, careful consideration of the wake
effects is necessary before establishing an optimum layout design for wind farms.

Until now, various numerical models have been developed and applied to
evaluate the wake effects, but comparison among (and verification of) the
measurement results conducted at numerous wind farms have been few and
insufficient. To verify the prediction accuracy of engineering wake models, namely,
eddy viscosity, Larsen, Jensen, Lange and Frandsen(for predicting the velocity
deficit and wake turbulence) models, which are widely used in wind energy business,
the current study presents the results of the comparative analysis of the values
measured at a commercially operated onshore wind farm.

The prediction accuracies of the four velocity deficit models and two wake
turbulence models widely used in wind-turbine wake assessment was verified under

a single-wake condition, and the following results were obtained:



The Jensen model demonstrated the highest prediction accuracy of the velocity
deficit estimated at the wake center when the free-stream wind speed was 8.5 m/s.
However, when the wind speed exceeded 8.5 m/s, the Larsen and eddy viscosity
models displayed higher prediction accuracy than the Jensen model, but the
difference in the prediction accuracy occurred because of the changes in the
downstream distance. On the other hand, in terms of the form and width of the wake
profile, the eddy viscosity and Larsen models made the most accurate predictions,
and the Jensen model could not replicate the form of the actual wake profile
because of the simplicity of its formulation.

Because the Frandsen model is designed for large offshore wind farms with wind
turbines arranged in a grid pattern, it displayed the largest prediction errors.
Therefore, we conclude that the Frandsen model is not appropriate for predicting the
wake velocity deficit of onshore wind farms, which are not affected much by multiple
wakes. Further, when the yaw angle of the downstream wind turbines was +6,, 4.
these turbines are barely affected by the velocity deficit from the upstream wind
turbines, and barely any loss in the power output was incurred even if half of the
rotors of the rear wind turbines were exposed to the wake effects.

In the results of the prediction accuracies of two wake turbulence models, the
Frandsen turbulence model using an effective turbulence showed tendency to
overestimate the wake turbulence, while the Lange model displayed good prediction
accuracy on turbulence with its profile as well in the downstream wind turbine.

The engineering wake models examined in this study show the differences in the
estimation accuracy according to the downstream distance (corresponding to near
wake, intermediate wake and far wake) and free stream wind speed variation in
onshore wind farm under single wake conditions; hence, a wake model that is

suitable for all conditions could not be presented. Therefore, to obtain reliable wake-



effect prediction results, careful selection of a wake model adequate for specific

calculation conditions is necessary.



HIZFOstn S A ¢

JEN NATIONAL UNIVERSITY LIBRARY



Kt

or

ADSIIACT ... e

Vii

or

0

Xi

- Xii

50
Rl

iof

~

ot 1

1.1

B
3

pa
1l
oF
o
Klo
T

ol

foF

1.2.1.

13

G BT ettt

1.2.2.

.. 15

il

e
{oF

.15

ol

jo
ol
oF
o
I

N

-—

<r
Ho

2.1

15

Jensen L

21.1.

16

2.1.2. Eddy viscosity HLEl .. ...

18

2.1.3.  LarSen L e ——————————————————————————————————————

19

2.1.4. Frandsen(SAM) B e

.21

21

Quarton(Ainslie) L&l ...

2.2.1.

22

222, Lange E Bl e



23

2.2.3. Frandsen Ll et ——— e ———————————————————

.27

Klo
g

il

e
{oF

27

KIr

-

N1
<qr
Hio

s
1o+

3.1

.27

30

ZAEH ZBH0[E] B oo

.. 34

A7

RO H|T oo

.48

52

53

Frandsen

3.2.3.

56

...61

~O

«r
Ho

X

o A 2]

MF
{oF

3.3.1.

64

DRI = ==

S =
T 1T

3.3.2.

...69

77

... 81

Ny
Ok
1

K0

...85

e

vi



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.

Fig.

a=x

1.1 Velocity deficit and generated turbulence eddies in the wake......................... 1
1.2 Velocity profile in the wake of wind turbine..........ccoooeeeeeeee e 3
1.3 Turbulence intensity profile in the wake of a wind turbine...........c.cccccoooevune.e.. 4
1.4 Description of single wake and multiple Wakes...........ccccoeevierererercerrereerenenns 5
1.5 Power (normalized) as function of turbine number in a wind farm [3].......... 6
1.6 Layout of Vindeby Offshore Wind, A shows Met. Mast (Google & [12]).... 7

1.7 Layout of Horns Rev Offshore Wind farm (Photo: Google and [15])............ 8

1.8 Difference in percent of production between actual and calculated wake

[OSSES [1].e ettt sttt snanaens 9

1.9 Layout of ECN test Wind farm (Photo: J.G. Schepers, ECN)..........c..c....... 10

1.10 Horizontal wind speed profile in a single wake at 2.5D behind the rotor

.............................................................................................................................................. 11
1.12 Difference between power deficit in unstable and stable condition for

VET IS [22] oottt st ssens 11
1.13 Normalized power as function of wind directions, Horns Rev(left) and

LillGrund(Fght) ettt ettt 12
2.1 Wake profile used in the Jensen model............eeevnieeeeeeeerene, 15
2.2 Wake profile used in the eddy viscosity model ..........cccooevvveerercerrniennnee, 18
2.3 Configuration-inside a wind farm with more than 2 rows [30].................... 25
3.1 View of SuNg-san Wind farM ... ssenes 27

vii



Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

3.2 Layout of Sung-san wind farm and wind turbine pairs based on spacing 28
3.3 Layout of Sung-san wind farm and wind turbine pairs based on spacing 28
3.4 Pitch angle changes in accordance with wind speed..........cccococvevinineennce. 31
3.5 Definition of the radial distance in accordance with yaw angle..................... 31
3.6 Power output data of the upstream and downstream wind turbines based
on the changes in the radial distancCe..........ccooeviieeeeeceeeee e 33
3.7 Power ratios of the upstream and downstream wind turbines...................... 34

3.8 Manufacturer-guaranteed and measured individual wind turbine power

3.9 Velocit deficit measured and numerical calculation at the wake center
when the free-stream wind speed was 8.5M/s ........cccoooeveeeeeececreeeeennen 38
. 3.10 Wind speed ratio measured at the wake center of WT09 and WTO05 at a
downstream distance Of 3.75D ... 39
. 3.11 Wind speed ratio measured at the wake center of WT04 and WTO7 at a
downstream distance Of 5. D ... 39
. 3.12 Wind speed ratio derived from measuremnts and calculations at a
downstream distance Of 2.55D ... 42
. 3.13 Wind speed ratio derived from measuremnts and calculations at a
downstream distance Of 3.75D ... 42
. 3.14 Wind speed ratio derived from measuremnts and calculations at a
downstream distance Of 5.1D ... 43
. 3.15 Wind speed ratio derived from measuremnts and calculations at a
downstream distance Of 7.3D ... 43

. 3.16 Comparison of centre wake deficit between translated from power

measurements and nacelle anemometer at a downstream distance of

. 3.17 Comparison of centre wake deficit between translated from power

viii



measurements and nacelle anemometer at a downstream distance of

SLTBD st 44
Fig. 3.18 Comparison of centre wake deficit between translated from power

measurements and nacelle anemometer at a downstream distance of

B.AD st 45
Fig. 3.19 Comparison of centre wake deficit between translated from power

measurements and nacelle anemometer at a downstream distance of

T.3D sttt 45
Fig. 3.20 Gasiri Wind Farm (Jeju energy corporation)............cc.cceeeeeeereereeresrensensenenns 48
Fig. 3.21 Met. Mast and wind turbines positions in Gasiri wind farm......................... 49
Fig. 3.22 Measured turbulence intensity at Met. Mast..........c.cccooovveeececeeeeeee 50
Fig. 3.23 Met. Mast and its neighboring wind turbines..........cccccoeeveeveeceerceercrennnn. 50
Fig. 3.24 Turbulence intensities depending on wind speed...........cccveeveererererennnne. 53
Fig. 3.25 Turbulence intensities of wake centre depending on azimuth angle.......54
Fig. 3.26 Met. Mast and wind turbine for measurement of velocity deficit and

turbulence intensity iN @ WaKe ..., 56
Fig. 3.27 Wind direction in case of wake measurement in Gasiri wind farm........... 57
Fig. 3.28 Met. Mast and neighbor wind turbines............ccccoovevriereeericereseeeeesee e, 58
Fig. 3.29 Turbulence intensity measured at the Met. Mast for all sectors................ 59
Fig. 3.30 Variation of turbulence intensity measured at Met. Mast in the

Fig.

Fig.

Fig.

UNAISTUMDEA SECLOIS ... nsnenns 60

3.31 Radial distance(r) between the wake-centre and Met. Mast in

accordance with relative angle ..., 62

3.32 Wind speed ratio profile in a single wake at 2.5D downstream distance

3.33 Turbulence intensity profile in a single wake at 2.5D downstream



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

AISTANCE ...ttt ettt s st et et saeee e et et et asas e e s s e e s s eeseseseneens 64

3.34 Wake effects at #2 wind turbine according to #1 wind turbine.................... 67
3.35 Effective turbulence intensity in a single wake effects............ccccovevirrnnnee. 67
3.36 Measured wind speed at the nacelle anemometer of #2 wind turbine....70

3.37 Generated wind files for [0ad analysis .........ccceeeereceeneeeeeee e 70
3.38 Change of blade 1 pitch angel according as time domain............cccc...... 71
3.39 Co-ordinate system for blade loads [36] .......ccccoovvrrerererernrineeeeeeeene 71
3.40 Blade 1 load calculations at blade root..............cnvcenecnernencrneecene. 72
3.41 Rainflow cycle distributions at blade 1 root............c.cocoveririnnenneene. 74
3.42 Equivalent loads at blade 1 ro0t ... 74



HolS =Xt

Table 1.1 Wake models used by the institutions that participated in the ENDOW
PIOJECE ..o ettt sttt st bbbttt bbbttt n e bbb tens 8
Table 2.1 Wake models used by the institutions that participated in the ENDOW
PrOJECE [B0] ..ceieiiiieeeeeeeeiee ettt a e 25
Table 3.1 Wake distance and wake center angle information of the wind-turbine
pairs (D: ROtOr diameEter).........ooiieeeee e 29
Table 3.2 Number of 10-min average power output data bins in terms of the
downstream distance (D: Rotor diameter) ..., 32
Table 3.3 Manufacturer guaranteed power curve and the thrust coefficient of
VESEAS VBO.......o ettt 35
Table 3.4 Error rates of the predicted wake width ([Measured wake width-
predicted wake width])/ Measured wake widthx 100)............c..cccccevrrunece. 46

Table 3.5 Error rates of the predicted downstream average wind speed

([Measured average wind speed-predicted average wind speed]/

Measured average wind speedX 100 ) .........ccccoveverrrnrernrnrrnreneensesesssesenen, 46
Table 3.6 Measurement description at Met. Mast..............coooeeeeeeeeeee e 51
Table 3.7 Input parameters for wake model calculations .............ccccocoeeervevriernrirnnnnee. 61

Table 3.8 Error rates of wake models in condition with free stream wind speed...65
Table 3.9 Standard deviation of wind direction in condition with a wind speed.....65
Table 3.10 Turbulence intensities for wind file generations........c..cccccooevveiveieiercennnee. 69

Table 3.11 Basic statistics for load analysis ... 72

Xi



Xii

/@ HZS T SYAH

JEN NATIONAL UNIVERSITY LIBRARY



Rotor swept area

Constant for Lange model
Wake Area

Wake wide

Constant

Thrust coefficient
Non-dimensional mixing length
Rotor diameter

Centre-line velocity deficit
Wake diameter

Initial centre-line velocity deficit

Effective rotor diameter

Non-dimensional distance to i" turbine

Non-dimensional distance to 6 ditection turbine

Filter function for eddy viscosity
Height

Hub height

Height (m)

Ambient turbulence intensity

Added turbulence

Average turbulence

Ambient turbulence

Effective turbulence

Turbulence intensity in wake

Wake decay constant, Jensen model
Wake expansion exponent, Frandsen model
Von Karman constant

Eddy diffusivity of momentum
Constant for eddy viscosity

Length scale

Xili



Vaorne {
Viub

Vnacek

Wind turbine number

Wohler(SN-curve) exponent

Probability of wake condition

Constant

Radius distance from the wake centre-line
Wake radius

Empirical relation for Rg 5

Wake radius at a distance 9.5D downstream
Relative distance behind the turbine
Wake flow wind speed

Longitudinal velocity

Velocity deficit in wake centre

Ambient wind speed

Wind speed scale

Velocity deficit

Axial velocity

Free stream wind speed

Friction velocity

Velocity deficit in wake

Radial velocity

Nacelle wind speed after correction

Wind speed at hub height

Nacelle wind speed before correction
Height

Distance from rotor plan

Rotor position of applied coordinate system
Wake expansion parameter

Wake expansion parameter

Standard deviation of representative turbulence
Standard deviation of site turbulence
Standard deviation of standard deviation
Standard deviation of wake

Standard deviation of wake centre

Eddy viscosity

Xiv



&g : Ambient eddy viscosity
WDC ; Wake decay constant

TI : Turbulence intensity

XV



XVi

HIFOistul S

JEN NATIONAL UNIVERSITY LIBRARY




1.1 A HFE

SHEH(WTGs: Wind Turbine Generator system)2 HIZto| 2T 0|HX|S

o
oo ofl

Sto] T7|0HX|IE ditdts O X| HeREX|2 M HHEo| 2F C|AF(rotor
disk)2 EItst [ HMste MEIL 7|0{diA(gearbox)E Ed Z2ET

ChAl ET7I522 HEEO H7|E5 distA gtk Fig. 1.1 0 20X|X0|

ofH4X #He=tapbgolM Z=H ClA3E Satet HESl Hk= S 0[=0] 2fs)
Skl HESl 2SoUX(o HlYSt ZaoHA Eloh ES 2EH CA3

mn
rir
inl
o
i=]
0
=2
x
Ol
W
m
rx
1o
ot
:|m
0H1
s
Q
L
(o))
5}
=
rlo
sk
0
=o]
ofn
Hr
inl
A
rlo

[ Reduced wind
' speed

Wind turbine |
wake ™

Fig. 1.1 Velocity deficit and generated turbulence eddies in the wake



b ool

—

-
()

2

=

=

A7b O|FO{ MO} otet. Of

M
=

7tAFHA - 71A
= HiX]
Of At

tFZ =

SHROf

=

(s}

|

=

(wake deficit)dt
Stsdiss

D El(wake model)

b

Z
(|
=

4K
T3 G2k wake effects)2
E{2lo]
x| B2

—-

E

F

<H

Ct

THX[ O A

Toi!

(5
od

=

[m]

E¥]

o
=

EX[OIA] 2K}

C
[

=
—

25

At=0l

ol
m o]

Z mZel dHLH[t

PRI 2

AlE|O{OF &

Al
=

ol

=X
o T

RO

O| & X[ K|

Ao, ENDOW(Efficient

or

ol

e
o

Development of Offshore Windfarms), UpWind 12|11 IEC-Task 31 WAKEBENCH

oK

—_

=

HE4d

]

=
=

CEY

ohgl

E SOIAM OIFMA] A

o Z2H

=5
=

o
T

0

ol
N

el

00

foF

= 2HTHAMREH

==
T

72|(wake distance)d|| 2t 27H2| & F(near wake)2}
=g

He| =& (far wake)2 T2 == QUCH]

o
=

d

=

7l
w
mr

Ho
.___

=Hto 2 [H=F 1D ~ 2.5(D: rotor diameter)77tX| 2| HE|&E, 0] |

K| B A

o

=

o|HH
H o W EHEo 2l

—

—

gotA etk 2H

x4
AERIZt 7IAH = oA X2 #HotA

ZHO T



vy

A 4

Ambient
wind speed

Mixing area B

Shear layer

speed e

A 4

A 4

4—————>» Nearwake «——»| «——>» Farwake «—»

< » Wake distance « »

Fig. 1.2 Velocity profile in the wake of wind turbine

T8 230UXM H25t0d 2E = thdownwind)OAel RIut FERS
AFO|Of  Qt2i 7 Hfj(pressure gradient)7} AISIH  EICE CHA| S22 S =0

o
o
ojz{gt HTHE ==ol=

S28AM o ¢HAHi= X =[=otA .

—

k=l

o
=
x
{ot
1
02
®
lo
oftl
B
ks
N
°
fu

25 &= AO|Ch

Ap7h 2dotH o] SHX0|2 Fig. 1.2 oMM E H

ra
of
»
0
[}
Q
=
o
<
D
e’
o
ogt
0x
rm
o

oy TEHFRO 2lst eddy 7t HISOHM YA &Ly o HS2

—

ot

Ot (downstream)Z #&0| O|SE0| el FH7F A S7Iottt 7S a(wake

0

centre)0f O|2A L0 O X[EIXE ZAZ

o
SERYUME FWRSIO EUXEO|
25 A0l £ KHAM LEHA =o @A

LiEfGtE  H&REE  Hf B2 2851



Far wake 4+———»

»

Mixing area

Shear layer

e———>» Near wake «———»

Wake distance «

»
»

Fig. 1.3 Turbulence intensity profile in the wake of a wind turbine

TH(EZH 2-FoAMe

=
=

7l x|

HHEOl 2o ZETHHO

=
(-

| = A|O{(wind shear)

o
—

=X ot

Ho

I 2S0HHXIE ROl

HtEFo] 7t

=
=

ARIA ECt.

=
[

L=l

SAIZIA et mhEkA

&
o
FEA(Ce

| eddy

#H L (scale)2

)

ZEHBEOMC

=
—

thrust coefficient)

=
—

LEFLH

=E

~
o

(=]

=
S

ke
Sl

C}.

b

23
Sl

I

X
2

£ Li2fojE 2

250]

off A 2]

S =
T 1T

E|C}.

Of & XA

of w2 £&59| Z(wake width)2

ol

NEE

1

EA
=

Hio

a

gL

=}
2!

=

10
4

~d

F

At

KO

(Thrust coeffcient)

A
T

© %7

@ ZFH HGH=xZ T (Ambient turbulent)



® HHMZX T (Surface roughnee)
@ L{IEA|N(Wind shear)
® FHX|AE 8 FHO| FXZ(Topographic and structural)
otef FH HRZLEIE RE % FROUAML SHMT XEAL2 S7H5H
. F&e=2 AHEDy et P (upwind)EHEI0| = RO X|St=
flo| 3 ZEYI0 £

HEEC FHYLE2 FH == AoILh EY WY
o; ]
—

Al ZolMel E2 BEXUS MR

1.1.2. SHUHTX| M =RAT

SHEES2 22{2H(cluste)E Fdot6] ZEXEXE  OFA EHE=Z
S0 et otFol Xt HElS2 HYUFHHLSO 2RIY F0[A
=

Ct. ol Fig. 1.4 Of|A QI btef £0| CHEEES| = /FIAM S04 2 WS
(o]
o

CHY S 2(single wake)2} YZ OOy, C}40] Z2{EHl S2Qo0| 0| Z M=
=3 8 (multiple wake)2} LZ =Lt

£

Single wake: 1 wind turbine upstream

& &

Multiple wake: 2(or more) wind turbines upstream

Fig. 1.4 Description of single wake and multiple wakes

5



—

—

e
= of
ol
= of

29S| EOofLt7| =20[Cf. ZutHo=2 ERX|HYE0i|A

A
=0,

—

=7
| ==l
=

o

—

(=]

FE=7t

Q& x|&EICt.
2|

R Z =7t

efficiency)
+

=

3

.
[
—

CC

F

S
o
22K 2]

spacing)

= o
FHrs2
o]
o

S =
T 1T

I (ambient turbulence intensity)o| HaF=S

THX| = E(park

3

&

turbine
=
2

—

—

il

LtEFLH

o

0|24 7{ 2| (wind
M&o| A LietLtH

T2 ROMED SH2RAAS

loss)
S ROMELt Ch2f

B gl

o
=

F

HY S S Elj(field geometry)2t =

S 2 (wake

C

& o ou my o oT <
X0 o 5 gz O .
U 380 4 = = o
s oo o Ko
S o O o B owr
o T o~
a4 i o w_. _ o -
T X Ty & o .
T gy W o] o $E
N = q oX 33523
”D ._O—I S o_ —_ Ij_l|_ 020wz
o © & FT T g L W 9
WSl oo T L - LK
Mt = _._._l wmﬂ L_A| i = ._.m
P B | A -9
vom o Hom o= Mo -
- __ OE hoo) <0 @l = m - @
ol ol B = H ™
ol g om K r = ol -~
> U < fo-
g o nE 0 < ~o
L L] K< oL
] — - — [ ™ onF
W Moz 5 N @r M_E _ a
o= o M T oo $io gre
T I L T S s & N
=1 = = ol o
o ok o o o Ul T T
— B = < W - - ©o © ¥ «
T _ O3 %0 og S S 5 o
<) ) oW =E q
B = I R R Jamod pasijewIoN
S| S ] 03 fIr o K
o 4 T ¥ o oF
_ 2 - Hdx X _
S bl 3T 5 T T T S .
0 RO of i w A mwl UF O
foF ot IH T fu | B o%

Fig. 1.5 Power (normalized) as function of turbine number in a wind farm [3]



M

121. 3REY ASS Y 4

Ml 7

—

SHRES =RILS OSot7| s ChY¥et +XZES0| AT
W} O O, Jensen[4,5], Larsen[6], eddy viscosity[7,8], Lange[9], Frandsen[10,
1] 22 30| engineering S RZAZN FHLSHH ML RUCH

CFD RE= =Zget olst =2REIESS F53=:= 43T 4
NS SHETEHXE flet 7fde =/7RE2E JiES Iol Fig. 1.6 O LtEtHA
COF=9| Vindeby dAZHEMOIX|E CHASZ ENDOW ZZME(2001)[12-
14]7h +HEQCE T 9 SHSRO| Cfoto) XkQChiree stream)oiA o] B,
dREEA7] A Or[eEEel Higto ME FRRZES o= FHIHEES

)

StiCt O ZZRMEO HOogt oA 7|EHso =REE 05 @2

=8¢ %2 tREEE M SH0M 25 @t e 2 N0l 2=
2 FR&H2 it} oBshks Aoz UERon, OHEIEXIER 274 g

=
FROUM =RELS IO OS5t AZO[ LHEFRLL.

ne

mun
mjo

Table 1.1 0 ENDOW ZZHMEO| %03t 7|2t} At

il
ot

S5

LFEFL|QITH Uppsala University 2E2 4#S 7|£2 SESE2| 0|54

R
jo

_<'D_
712 Li2t0|eHZ A235= transportation time model O|H LIHX| 5 7§ 7|&t9]

e lE

5 wakes e 2E
2w
tosme ®1W
, 2 wokes

~ 3E .:
‘e 2W 'P © SMW
Y ’
S e 4E
2 woikes
LN _--®5E™ sMw
A__.\!W
p) 1wk
SMW Nasw  POE e
‘\\ 1’,
\ ’
¥
SMS

Fig. 1.6 Layout of Vindeby Offshore Wind, A shows Met. Mast (Google & [12])



Table 1.1 Wake models used by the institutions that participated in the ENDOW
project

Project partner | Wake model

Axisymmetric engineering model
Risoe National

Laboratory CFD wusing k-e turbulence closure coupled to an
aeroelastic model

Uppsala Velocity deficit model using the transport time for the wake
University development

Axisymmetric numeric Navier Stokes, eddy-viscosity
closure

Garrad Hassan

Robert Gordon Fully elliptic 3D turbulent Navier Stokes with k-e turbulence
University model

Oldenburg Axisymmetric numeric Navier Stokes, eddy-viscosity
University closure
ECN Parabolised 3D Navier Stokes, k-e turbulence model
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Fig. 1.7 Layout of Horns Rev Offshore Wind farm (Photo: Google and [15])

HH =2 Navier Stokes Equations O| the= S{E o= EZO|LC}.

ENDOW EHEQAMQL OFEZEXIZ UpWind[15-17] ZEZNENA =
fEoA B URER|Mo SRRY AS0| (g HRZIE FASHIC Fig.
7 O|AMMEH Cior392| Horns Rev SMEZBHYUNMEOX|E C[HASZE engineering

| My

=20 H(WAsP, WindFarmer, Canopy, WakeFarm)d} CFD 22! (CFDWake,
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FlowNS, NTUA)S| O|5-& =7t HAEL|QSMH, ENDOW ZZMEO| A=
stz CFD RES  NY®  fjREel  FRIUS0 [y
SALTDR N SHAMS D2 OFSHE B LEHUCL ol

f
e sHedSHTETX|OMe =REH AL20F2 fyoAMel SHEHUSO

AN Q= ZZHMEQ= YHI|Z Hiif3°| EMD International At=

2006 H0| Horns Rev A== CHX|QF Klim 3! Zafarana SAEZSCHX| M ZE

A4S 2, WindPRO £ O|2%t Jensen, eddy viscosity, Larsen(EWST 1II)
S5 04o| park efficiency 0| Zfot AlX| CHX|Ql park efficiency S
HlW3SRUCHT19l. 1 Z1f Jensen REELCE H A X 20| 7H2rEl eddy viscosity
@0t Larsen ROl JHEX|OAMS =REHS A2FIbotn  UZS
Aon, JtE QEfED Eraedt ZEQ Jensen ZEOIM HF gfur 7+

ot Z2otE 22 =+ UAACL HS0M Jensen ZEEO| WDC(wake decay
constant) £{2 0.04 2 YoM, WDC gt 0.075 oM 2= gtoA RO
HojLtn sS 2OFULL

Fig. 1.8 2 Jensen 2 &IOS WDC Zf 0.04 2} 0.75 O A Q| park efficiency 0=

1,00%

0,00%

N.O. N.O N.O. HWTS|iI, Edd Eddy
-1,00% ' —3ensel: nsefr wiic=0,54 +#5 COS fBy——WiH CoSify—
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Fig. 1.8 Difference in percent of production between actual and calculated wake
losses [19]



ECN(Energy Research Center of the Netherlands) 110 A= Fig. 1.9 0 &9l
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Fig. 1.9 Layout of ECN test Wind farm (Photo: J.G. Schepers, ECN)
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Fig. 1.10 Horizontal wind speed profile in a single wake at 2.5D behind the rotor [12]
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Fig. 1.11 Layout of Alpha ventus Offshore Wind farm (Photo: Solaripedia and [22])
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Fig. 1.12 Difference between power deficit in unstable and stable condition for
V=7~11m/s [22]
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2.1.1. Jensen R E!

Jensen D EH2 1984 A N.O. Jensen 2|of| 7L E|ROH MAX 2 F=HEH(wake

expansion)2 Zt= kinematic 52 EO|CH 2 AHE| x, 2EHEEIQ FHAH = ¢,
p

de|a d¥F¥o=z

ne

0{X| = WDC(wake decay constant) kg0 2|sff = F0i|A{Q]
A

SEMY0| AL k2 2F7E 4D oM Hd¥¥Hez ZY

ra

STEM

SSSHEX| M= 0.075, HESHEX0M= 0.04 ~ 0.05 o ¢{0| HEHo=

AMEED RULCEL 2RIGOML] ISHEMLL HREZ2 AR A(2.2)Q
ALz AFELC
1-U/Uy=(1-1-C,)/(1+ 2kx/D)? (2.1)
Dy =D + 2kx (2.2)
" > >
g S\OPe=k A
A '
> . . U  D,=D+2kx
.
.

A
\4

Fig. 2.1 Wake profile used in the Jensen model
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Ol7|M U2t U= =ROAMS S&ut XgtoMel S&H= o[Ofgtch 7+
TheotEl HEHQl Jensen HE2 Al 1 HO M2 FHEUI FEHAS S

JRIA glct

2.1.2. Eddy viscosity o &

Eddy viscosity model(Ainslie model)2 1986 H J. F. Ainslie 0f 2|3l 7H&f =

SE=EDEZMN Reynolds stresses £ LCHAISHO eddy viscosity, € &S ALE5I=

H| =% Navier-Stokes Bt AlIO| HE[QI Al (2.3) 22 HE =ICt
£ (0U 2%U
U +V————(§ ﬁ) (23)

HZAHE|E LEPHCE eddy viscosity = FHFsH RFSS 2EHE
ol5to] &= TEHSBQ 20§ 7IXH e CHAl HE &

scale, [, (x)2} velocity scale, U,(x)2 F+&%|0 Al (24)2 B E
e=1,x)U,x)+¢, (2.4)

g, FHRSO0| ¢ (eddy viscosity)d| 7|0t HEE LIEtL= ambient eddy
viscosity £ 9|0|StCt. Length scale 2 & Z b0 H|2{5l1 velocity scale 2
HEHESE 72X 2= SEX0| (U — U0 Hlgeota 7HEE[0f THA] 4] (2.5)Qt

&0| LIEFL O ZICE.
e =F(e,b(Uy — U,) + K,p) (2.5)

Ol7IM Uy slE=0[0Me FHSE, U = 2RSS S5 LIELH,
0

kq

rlo
A

ot 5ol EHE LiEte d+EM 7t
AMEE|= eddy diffusivity of momentum, K,, 2 ¢, 7t 0| 7|0st= HEE
LIEFLHZ] @3 AFEEICE 2AH2] 2R/ AAHE] 2/FE FESH7| fIet EH QXL
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F= 2572 55D & 7|E22 4 (2.6)2 ZLt.

. { 0.65 + ((X — 4.5)/23.32)/3,x < 5.5 (2.6)
1 ,Xx = 5.5

Eddy viscosity REO| ZAAXZTHCEZMN, ZEHZEZAHO| 2 H{(2D) EOZF 20|

S29%0] AXECHE ZPRD W ZECAI S0 x U2 HoH
RLOAM Qe &HEEIZTE JFRA|IQHREXE(gaussian distribution)E [HELCtE IHES
AFSSHRUCE ThQ ARt SEET A2 A (27)7F 20| FOTICE
U
1—g-=Dpnep (=3.56("/p%) (2.7)

ZENZHO| 2 ) WOIT SBYKUMO| X7| & LAS, D, 2 Al (28)2LE

D=1 -5 = C, = 0.05 = [(16C, — 0.5)I5/1000] (2.8)
0

Oo7IM I, & FH HFZZE 20iCh 4 (259 K, 2 FELZ|(neutral
Al
Al

atmospheric) Z=710{ A
K, = ku*h = k?Uyh/h (hy/hy) (2.9)

Al (2.9)2] k= Von Karman &=, u*= friction velocity, hy= S{E%0|, hy=

7IZ2=0|E 2lolsttt. xFHez FEMY| BASHM & (eddy viscosity)=

uop = F (5 (1= 5+ ¥/t (hyyn)) (210)
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Fig. 2.2 Wake profile used in the eddy viscosity model

2.1.3. Larsen &l

tA
o0
i
ot
Ju
Ha
i
Hu
=
©
(0]
0]
i
o
o
-
Q
@
)
=}
=2
I
2
=
9
rn
-
Q
@
[¢)
5
K
i
o

20X S=diME 2o Prandtl's turbulent boundary layer
O, Prandtl's mixing length O| 22 AtE35I0 J|AEXHE A AM

Reynolds stresses & 4! (2.11)2 HE3 QL

2 (2] e

O 7|M 2 Mixing length, u, = = gtak=L & O|0|SHC}t. Larsen T 5D EH 2 1st

order 2} 2nd order equation © 2 H|QE|O D, £ AHAFN A= 1st order equation

QOIS DSIHUCL Al (212)2 SR

>
1o
Of
It
Rl

a2 ALtst7| ffst st
order solution 0|4, 4| (2.13)= 2 R/ELE ALAS LIEHHLE
3 2
Uo “23 o |15( 2, 2 -1 (35\10 ., oyt
AU = — 22 (CA(x + x0)7%)3 X r2(3¢,2C,A(x + x,)) 2—(§) (3¢;2)75| (2.12)
35 % 1 3
R, = (E) (Bc12)5(CLA(x + xg) )3 (2.13)
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A @212 2130 x 2 ZHEE ZEo| XIS LIEHYD ¢ 2 non-

dimensional mixing length £ Q|0|3iCt. ZAAXHCEMN EHEE X SOl
$RES ZEHNPI SYY HO2 FSD 96D WOX X|HoIMY TREL
2gA0 oo ZFECE 4 (2.14)0 (215) ¢ BAZUE UFSE %2 1=
LHEHH T
.5
Xp = :—D (2.14)
£R9.5) _
(Deff>
e 105 3
cl—[ ff] ( ) (C,Axo) e (2.15)

AH7|M D= 2 EEZE H(effective rotor diameter) 2 24 Al(2.16)2 LIEFLI,
(217)°] Rys= FTFAE|7F 9.5D QI X[FO|Me| FFEZS 2|0[TtCt. 4
(2179 22 & (H,Ryp)= &7 BHEE0| 3{EE0|ECt & 4%, AW 2ot

= =8t4 Agk(blockage effect of the ground)S BtHS0] FLCt.

= (2.16)
Rys = 0.5[Ry, + mar (H,Ryp)] (2.17)
O7|M Ryp= HEYAMEMN A (2.18)2F ZL
Rynp = max(1.08D,1.08D + 21.7D(I, — 0.05)) (2.18)

Larsen 2.2 European Wind Turbine Standard II0| Z&5Y20| 1=

SHEHEO otES AU flt EREZZ ATHE|RUACH28].

2.1.4. Frandsen(SAM) @&

X220 A= 2EREZMN Frandsen 0f 2|3l 2006 5 European Wind Energy
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RS0 t7IBA

o] Al(2.19)Q} Al(2.20)2

o
[=]

g =yRLE O

{oF

._|m|_

31k 0| %

Xl
~

off M2
L+EFLH Of T Cf.

MF
foF

(2.19)

D(p*/? + as)l/k

D,, =

(2.20)

_1+/1-C,

1-C;

2

FO 2 M

Z
(2.21)0

At

|
e

2 9t 0.7 2 FOX|1, s= T2HZ|9

=
=

Ool7IM &= kot a

*/p &

ol i

Al
2

k=]
—

b

P
(=]

SEX

US R0 M|

Ct

ols A LhElCh.

£ o

A AbgiCt

(2.21)

B8 FHAS2 27010 mat 4 (2.21)9] £7]
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ZEY SROMO HEZEST} Y02 ZE SEHdownwind) &b

diMof 2  MChtR(shear-generated turbulence)d &, £2{0|=  El(blade

tip) oA ZlEl= bR (vortices)dE A2l Sg0lE,  LpE(nacelle),
EtQ(tower)0f| 2|3t 25 Q|2H(flow disturbance)QIAt S o2 FEEICE,
gt oz =2 ROAMe HRIE Jote HElz¥w {sAT0 2ol

FItH+ S (added turbulence)l| o2 ML, 0|23t FItAOl 2= T JHX|
SRZEACZ HQtel QUL

1990 Y Quarton D.C. 2} Ainslie J.F.

rr
oft

laga = 5.7C:% Lo 5% (X, )70 (2.22)
Lt =4’Iamb2 +1add2 (2-23)
71 Al (222)Q Iyq= 2TFROUM FItEls HHFRZEZE 20SHH 4] (2.23)2
Iy 2 FFROIML TN HFZEE O[St} £t Iy e THRSS HFLE,

x ot x, 2 ZEHTHOMEE =Yo=29] A2t Z¥ =F/ZO|(near wake

length)S LtEFHCE 2HEFZHO|= CHAl 4 (224)2 FolfH RN Y=

Il

Xy = 7a (2.24)

ro =R |ma (2.25)

017|M A= nit m2 Chg1h ZL
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— (2.26)

__1/0.214+0.144 m(1—/0.134 +0.124 m) (2 27)
~ (1-v0.214 +0.144 m)v/0.134 +0.124 m )

(2.24)0] (%r/, )2 THAYHH|(wake growth rate)S o|O[SD{ 4| (2.28)2
LFEFLH O RICF.

t= JE ]
dx ax/ g dx/)m

o MoM (F/g) o (T g) o (T/g) £ FURSS HREE JIGE,

Aot RE=E2 7Ie d2[a 7[AHe HREZ22 7|0=S LtEfLHE ofzfet

+ ((‘jll—;)A (2.28)

dr
(E)a = 2.51, + 0.005 (2.29)

dr _ (1-m)V1.49+m
(E)m T (1+m)9.76 (2.30)

(E)A = 0.12B1 (2.31)

A (2312 714 HENES EHUHAIAHO| 2H0|S M4 B F4H| 20|

fef #HopA =L

2.2.2. Lange &

Lange D22 2208 S 2|5t FLaP(Farm Layout Program) T Z M E O]
Qzto 2 Bernhard Lange et al. S0 2|8l AA|Z|QUCE ZZOAQl F=T7HEQ

HEZAES A (232)3F 20| SERH9L BHAKdiffusion)sHo] |3 ZHEICt

6u(r x)

Laaa (1, x) = Al eqn(x) + Bi(r, x) (2.32)
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01 7| A Azmeanua”(”) L ZROMO #ETHIE LIEHNDY, Bu(rx) =
20IMO| BALS LIEHHE SO|Ch SETHENMO fyen S SZEOMO
HRUELEE o0jsiD), rit x= EHAWSOZO| 2|9t EHEMOZHEQ
S22 ojOjsit. 12|10 B it ZROMO HEZHZS LIEHHD
A9 BE ZEHIO ZRQ FHXHZUO o AMEE AwALolCt

HAUBAE, Inen & e (eddy viscosity) &2 ARSI Al (2.33)2F ZO|

I ean = € (2.33)

u= FAH U AREHOUAM S5, zy = XNTHMFEEHS| 0[S LIEfHO

AZHOZ BROMS| HEZE 1= A (2341 20| B¥Y 4 Uk

I=1I+ X154, (2.34)

o7\M Iy THHEZE, N

rlo
0z
dn
=2
410
>t
rot
OfH
1
m
rc
1o
>
i
10
a
rot
il

2.2.3. Frandsen B &

Frandsen S REEZ2  FH SHHY S SRIS0| Lot
S 8 524 (effective turbulence intensity)2| 0|=& /¢t ZEZM, 2007 H Sten

—

Tronzes Frandsen Of Q|8 X|QtZ|RUCt £ ZHEH 7| 2M AKX EQ IEC

=
61400-1 2 M| EZX[30]0] Frandsen REES WA|S0] ZHEH MESIE HA Al

S=2dskE  NHSIEE sl QUL S aH=ZU T (effective  turbulence
intensity)A|At2 CtS Al (2.35)1F Z0| H|A|=ICt.
(2 m o

Terr Wnun) = {2 D(O1Viup)I™ (01Viup)dB } (2.35)
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_ Oefr
Ieff " Vhup
= —[(1 = Np,)8™ + p, Tio 67 (d; NE (2.37)
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S2fM FHRESS HRZIE FEL22 X A5HM R PR

of 7t HYEES =R N2StA| =S otd QUCh M2k

SHEHHA WM =RIEdS F= OXHES Jix& HEO ZX|E=
=

S2gs 1HE 3t O|RHHIQl Jiz= N £ Table 2.1 o Zom, Cifo

rr

A

T

Arows)Z THE WAZE HES HE SYLHDHOMO FERIS F
2

Table 2.1 Wake models used by the institutions that participated in the ENDOW

project [30]
Wind farm configuration N
2 wind turbines 1
1 rows 2
2 rows 5
Inside a wind farm with more than 2 rows 8

O O O 0O 0O O O
O O O 0O 0O O O
O O O 0O 0O O O
O 0O 0O 0O 0O O O

®) O

Fig. 2.3 Configuration-inside a wind farm with more than 2 rows [30]
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Fig. 3.2 1} Fig. 3.3 = JUSHITEX|Q SHEHY HX|SEIS LIEFHOY.

Q= 7 7|(WT03 ~ WT09)Q| Z2F

re

=0 MZ CHE o|AAZ|of met S O F

= AW, 2 AF0M HES At0|9] o[A7E|s =FRAE2 UL JFO

25 BYEYIO OFA Y 3R FNL ¥ES
oz AZO| QX|BH Z2{E HI(WT04, WT06, WTO7,
WT09)Se FEYY Q0| SWEILL, S0 H0ls ZYEIWT03, WTOS,
WT07, WT0B)S2 T EEBIOZRE O|H 389 YByZ WOBA

SMECE OJHO2 WT07 o Z2 255 D ZZA0IAS WT08 O A4F0| 9Ix|g

SHEHYSZ LA, 51 D =M= WT04 o 5170 ?[X|gt SHEHEO|
=

Table 3.1 Wake distance and wake center angle information of the wind-turbine
pairs (D: Rotor diameter)

Wake distance Wind turbine pair Angle of wake centre

WTQ7 : upstream wind turbine .
255D 4.5

WTO8 : downstream wind turbine

WTO9 : upstream wind turbine
3.75D 305.5°
WTO5 : downstream wind turbine

WTO04 : upstream wind turbine
51D 327.2°
WTO7 : downstream wind turbine

WTO6 : upstream wind turbine
73D 30.5°

WTO3 : downstream wind turbine
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3.4.2. ZE{E SO0[E| 24

s ArEE FHHE =GO O0|HE= SCADA(Supervisory

Control and Data Acquisition)0f| 2|sf 2012. 01 ~ 2014. 10 It K| & 34 /& SOt

=dE 10 & d¢ HO|HOICE & FF0MeE S0 E =FRILTS
2487 ol 2F BHAES 7IELER 2° tZ(yaw angle)2E ZHEUIO|

EHOOIHE ZR/otIULC

HEEE0 oot 2¥et =RIL02 = 5 QUbh £ Als 8 43S
oM HSE= =S20|E XX 0f(pitch contro)off ofst R Hek

S| A|48} 0{0F FHCh mEtM O 9I8) ZMH|0|E 2RI 580 kW ~
1100 KW(7.5m/s ~ 9.5m/s)2 |5+ R L},
Fig. 3.4 = WT04 o Z=£0f M2 xO|X|Z(pitch angle)?| Hi3IE HOZEC}.

20| 4m/s O|A0] O|2H LX|Z42 0 & E2OZ X0z Ho| LMYt kS

40 of

RIBICE7E ChHAl Z20] 10mis OAf0| €01 o| mA|ztoz Aojgln YL
B0l % QICt.

Fig. 3.5 = yaw angle H3g}o| 2 sSEZ20tY Z=HZHS LIEFHCE Fig.
3.5(a)0f| LIEtH HEQE Z0| yaw angle O —04° &€ O 2HEAZE —ruZ
HOo|g|H, Fig. 3.5(b)2t &0| yaw angle O] 0°9l Z=ZHO|A{Q| BtAHE|= 0 O|C}
Fig. 3.5(c) = yaw angle O| +60,,.° @ ZZANAMO HIAHZ| +n, 0 CHSH
FO|E LIELHCE olgnt Zo| = RFMMOM BtAAZ| r2 yaw angle H3tof 2t
tedo|H, £FE OOlE= grE3A2o mat =3 Het S5 H|o ZERoY HE =

LEEFLHOf AT
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Fig. 3.4 Pitch angle changes in accordance with wind speed
s d.“ec,\'\of\ Wind direction ing dirscyy,
n

} \-\Yaw angle: — Bpay”
)

[
|
|

) \ Wake centre-line

Downstream distance, (x/D)

_ directo” T direcy,
Radial distance: —fmax Radial distance, 0 Radial distance: +rmax n
(a) Yaw angle =6z ° (b) Yaw angle 0° (c) Yaw angle +6,4°

Fig. 3.5 Definition of the radial distance in accordance with yaw angle
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=2{60|E

10 minute averaged data bin number
6,266
37,939
29,830
19,426

downstream distance (D: Rotor diameter)
255D
3.75D
51D
7.3D

Table 3.2 Number of 10-min average power output data bins in terms of the
Downstream distance
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Fig. 3.6 Power output data of the upstream and downstream wind turbines based
on the changes in the radial distance
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Table 3.3 Manufacturer guaranteed power curve and the thrust coefficient of

Vestas V80
Wind speed Power Thrust coefficient
[m/s] [kW] [-]
4 58 0.863
5 149 0.844
6 277 0.843
7 459 0.843
8 680 0.82
9 927 0.768
10 1179 0.684
11 1421 0.564
12 1631 0.402
13 1793 0.311
14 1897 0.248
15 1953 0.203
16 1980 0.169
17 1993 0.143
18 1998 0.122
19 2000 0.105
20 2000 0.092

SETFU0ME A HEIHD AC
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Fig. 3.8 Manufacturer-guaranteed and measured individual wind turbine power
curves
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D &2 Anderson O| X|Qtst simplified Eddy-Viscosity Wake model[32]2+E 0|
Z|RACt Jensen 1t Frandsen =S D EHES DEHIQIEHH

ZHEE FEHA s 40| 25, eddy viscosity 2f Larsen S5 R E 2 ambient

turbulence intensity Zf0| FItMo=z LQSICE XRLHOA Sl EZE&£2 AR
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Stn Aonq, Jensen DO o3 OFE ZIVF HFE4 MY E EXGH=
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SRAEE #= SHHYE WT04 1 WT07 o|M SEE 5 HE LEHHCH F
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OO|H& CHAl Ol B2 HIAISIRAL IEXNA2 RUAMS S5 HIE

0] 83t0] A(18)0 2fsl A4telCt.
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Table 3.4 Error rates of the predicted wake width ([Measured wake width-
predicted wake width]/ Measured wake widthx 100)

Edd
viscos):t Larsen Jensen Frandsen
Downstream mo dely model model model

distance error rate error rate error rate error rate
%] [%] [%] [%]
2.55D -20 -10 30 10
3.75D -15 0 38 23
51D 10 30 55 45
7.3D 20 54 71 63

Table 3.5 Error rates of the predicted downstream average wind speed
([Measured average wind speed-predicted average wind speed]/
Measured average wind speedx 100)

Edd
viscos):t Larsen Jensen Frandsen
Downstream mo dely model model model
distance error rate error rate error rate error rate
[%] [%] [%] [%]
2.55D 5 -6 14 -6
3.75D 4 -3 12 -3
51D 6 2 12 2
7.3D 1 1 7 0
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Table 3.6 Measurement description at Met. Mast

Description of measurements
Met. Mast height 70m
Measurement start date 2012-03-15
Measurement end date 2013-09-24
Measurement duration 18 months
Measurement time step 10 minutes
Valid records 83,341
Recovery rate (%) 100.00
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Table 3.7 Input parameters for wake model calculations

Input parameter

Value

Free stream wind speed

7m/s, 11m/s, 15m/s

Ambient turbulence intensity

12.06% (7m/s),
12.76% (11m/s),
12.59% (15m/s)

Upwind turbine thrust coefficient

Site roughness length 0.4m

Upwind turbine rotor diameter 77m (1 D)

Hub height 70m

Downstream distance 195m (2.5 D)
0.72 (7Tm/s),

0.48 (11m/s),
0.19 (15m/s)

Upwind turbine tip speed ratio

9.80 (7m/s),
6.30 (11m/s),
4.60 (15m/s)
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Table 3.8 Error rates of wake models in condition with free stream wind speed

Free stream Eddy viscosity model Lange model
wind speed error rate error rate
16% 0.2%
7m/s N L
(Overestimation) (Overestimation)
12% 2.5%
11m/s N N
(Overestimation) (Overestimation)
6% 13.7%
15m/s L N
(Overestimation) (Underestimation)

Table 3.9 Standard deviation of wind direction in condition with a wind speed

Wind direction

Free stream wind speed standard deviation

7m/s 9.4°
11m/s 7.8°
15m/s 7.1°

Nz Ae 25 HEEY Ol FH A=y 0 [IE A== Fig.

3.27 O LIEFLRIZOl O] el Y 800m EO{T X0 2F0[ X5t RU7|

M=Zoltt HRZEel HYLU0AM 2ol Zetdh OHIEX|Z Lange =R E O
olet tRZE A gt 50| HE+F 2ROMA HREE 72
HARL A2, 2ESHANN ZORSFERSHS HOZ+F) ORI
A daotl ASs & + UL

8& ZFUCHH BHOIZ 2o 2X2S LIEHCE Eddy viscosity 2
= ARt 50| Tmis @ ZAOM 16%2| 7tY 2 2AEE EO|H Lange 2
3o XpQCH Z20| 15m/s(TI=12.59%)91 Z=ZHO|M 13.7%9| 7t& 2 2keg
20|31 QUCh Eddy viscosity RHE AXQCH E£0| HS42, Lange RH2 AR

E40| 5242 OISHHEI} U LErES ¢ 4 ATk Eddy viscosity 2
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Table 3.11 Basic statistics for load analysis

No wake

Wake condition
TI

Representative

condition TI TI
(Lange model)
Number of points 600 600 600
Minimum value 166,817 Nm -115,774 Nm -140,173 Nm

Maximum value

1.049E+06 Nm

1.189E+06 Nm

1.199E+06 Nm

Absolute Max

1.049E+06 Nm

1.189E+06 Nm

1.199E+06 Nm

Mean value 629,643 Nm 582,776 Nm 579,018 Nm
Standard
L. 167,300 Nm 250,049 Nm 258,917 Nm
deviation
RMS 651,490 Nm 634,156 Nm 634,271 Nm
Skewness -0.140751 -0.313253 -0.302769
Kurtosis -0.239838 -0.194295 -0.214071
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5 5

Co-ordinate system for tower loads

XY: Pointing south, ZT: Vertically upwards, YT: Pointing east
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ll. Load simulations on the blade root (r=0m)
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lll. Load simulations on the tower base(h=0m)
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Tower Mx [Nm]
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Tower Mz [Nm]
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