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The models behind WASP Engineering

* LINCOM, a linearized flow model

* Fetch- and wind-speed-dependent water roughness

e Spatial structure of turbulence over flat terrain

* Modification of turbulence due to orography and roughness changes

e Turbulence simulation

e Extreme wind statistics

I\
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Examples of problems

Middelgrunden wind Farm to the east of Copenhagen:

T
250000 355000 20000 2365000

How much is turbulence and the 50-year wind affected by Copenhagen?
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Complex terrain

4646000

4545000 8

400

LLr000

ELein

ELan00

]

SE 1000

RISO

How much is the 50 year wind
enhanced?

*How is the local turbulence?

*Are local shear and flow
Inclination angles too high?

*How steep is the terrain?
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Check of different wind directions in complex terrain ?

H Spatial view o ] 4|

Grid: ikt [*] ~ | wind: 0°at16.42mfs = Height: 55.0 =

Winds from 330° IREEREY EEEE ER
flow inclination OK at turbine positions
negative velocity gradient at some positions

4EZ6000

4EZEE00

STl | Transect view =10 x|

Grid: Elevation[m] ~ |l wind: 0°at16.42mfs ¥ Height; S55.0 ¥ v wind: 0°at 16.42 m,l's - Height: c5.0 - E [E ‘

EENELEE e EE EICER " 25000 ;
O Roughness [m] 0 ' =101]
O ovnamic roughn. .. - arid: | SIS - | ,E Wind: 0° at 16.42mfs ¥  Height; 55.0 ~
OFetch [m] m » » =
4527000 3 5 )
O Friction velority ... = ”E{"? ‘ @WGP ﬁﬁﬂ EZI|!IJ.5? ‘@@EB
¥ Terrain inclinatia. .. 400
O Horizartal speed. . 33,007 Terrain inclination
O sheltered speed ... 45ZE500
O birection [*] [
4526000 Welocity ik [<]
O dujdx [is) +16.00
O dujdy [fs] 2307 Velacity bt 4526000
O duydz [15]
D dvidx [js] 7l
4525000 [ dwjidy [s]
O dvidz [f5] -12.0 4525500
O drilkydi [=4m] 0,25 Alpha
O dTiltydy [2fm]
O driltydz [=fm]
Alpha 4525000
4524000 'D.Dq
(575640,4526650) (576829,4524147)

575000 576000 577000 575000

4524500 o| I ——
-0,04701 [fs] 0,169

EFEE00 S7E000 EFRE00 EF7000 E77E00
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Windfarm Assessment Tool

RISO

Check IEC 61400-1 site assessment rules, including effective turbulence by Frandsen model

ndfarm Assessment Tool - Yersion 2.5 (beta)

File Edit Help
—Selected sit
a8 Pena.tat

=5 Gamesa B50 kw/
5] IEC(ed3) class Ib
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—
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¥ Allroses v Grd [~ Map
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turbulence intensity rose
conditional wind rose
wind rose
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ave shear
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max shear
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max flow inclination

IE zoom factor

[Turbine site 3

|Gamesa 850 kW, h=55,0m, D=5&,0m, IEC Ib
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Lexicon
* Orography * Measured wind
* OQObstacles * (Geostrophic wind
* Surface roughness * Reduced geostrophic wind
* Wind profile * Geostrophic drag law
* Friction velocity * Power spectrum
* Fetch * Taylor’'s hypothesis
* Displacement height * Micro-/Meso-/Macroscale
* Atmospheric stability *  Weibull distribution g
* Velocity shear * Gumbel plot

* Flow inclination angle
* Flow speed up factor
* Flow separation




Slide 7

mkell added Weibull and Gumbel, is that ok?
Mark Kelly, 08/01/2009
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Wind direction, flow angle, shear

* Wind direction is the compass direction from %/

where the wind is coming |

* Flow inclination is the tilt angle (¢) of the velocity
vector with respect to horizontal

* Wind shear is the vertical gradient of the horizontal

variation of the wind speed Au _ U
Az

* Wind shear exponent («) is defined by a power-law

fit to the wind profile, a

1(2) = gy (2/ Zoo )
i’/‘hub (Z/Zhub )a = O Upyy [ Zo (Z/Zhub )a_l
y4 dz
Zoup AU :
. = oy, — (e.9. o= for a log-profile)
u(z) hub 42 hub In(z,,/2,)
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Three types of winds in WAsP Engineering

Geostrophic wind:
{u, Dir} above atmospheric boundary layer

Measured wind: Reduced geostrophic wind:
u and Dir observed at / in real terrain u and Dir at reference 4 over
o idealized flat terrain with uniform z,
o

D —— —

G sS————

Geostrophic drag law

2 -
* * B T
G_”\/{ln” —A} +B%,  tana= ,

K Jzq
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Turbulence

fl 1 | J
Vi ALY T
___‘__ _______ N '] Il —
0 2000 4000 6000 8000 10000 12000
Reynolds’ decomposition Standard variation and
turbulence intensity

\/ o, ={u”) [u:g;>

Distribution among velocity components for neutral conditions and flat terrain

c,=Au. o0,~0.750, o,~0.50, A=25
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Schematic spectrum

Turbulence and flow description

I
— Equilibrium range —————

. I
Energy input |
|
| Inertal '
subrange

Energy
|

|

l— Viscous __,
| dissipation

I
l
-
I
I
I
!

Frequency or wavenumber —»

Fig. 2.1 Schematic representation of the energy spectrum of turbulence.



DTU

G

22 RISO
Extreme winds and Definitions
1. The 50 year wind is the wind speed which on average is

exceeded once in 50 years by the 10 minute averaged wind
speed

2. The 50 years is called the return period

3. The 10 minutes is called the averaging time

Distribution of one-year maxima & extrapolation to 50 years

PUna)  (Upax),,
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The Gumbel extreme distribution

Cumulated probability Linear plot using return periods
1

L 1
. o 2 4 s g
(Ulyr'B)/a i%
Probagility density function s T s s
2 0 I2 4 6 i y - 2 ly]
(Uyr-B)/ox F(U,)=1-T,/T
F(U)=exp(~exp(-(U - p)/a)) U, -B)/a=-In(-In(1-T,/T))

f(U)=exp(-exp(-(U = B) @) Jexp(=(U - B) ) e U, 0 aIn(Ty/T)+ B
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WENg extreme winds by observation
1Obseru5c1 Extrewe Wind Cliuncgk

[ .
1 - T S-c?
. L{T'—'UCT{)'*' D(qu(.r_r{)

e

)
A
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WENg extreme winds by reanalysis data (form NCEP/NCAR)

Pressure at model surface P,

l P =P exp(g_h] WPS5 will create an atlas based on
S R Meso-scale simulations

Pressure at the sea level P,

l 1 AP 1 AP
¢ = T, o Vg = 58
fp 2aAd fp 2aA\coSs

Geostrophic wind by pressure gradient

2
l G= ué+v§=£\/(ln£—A} + RB?
K fz

Surface wind at 10 m with z,=5cm

n
iy

|latitude )

N
ko

50

Uy = n 48

Kz

Regional extreme wind climate (REWC)

longitude ()
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Land owner
Finance

Technical consultant

Wind farm

Measurement
owner

Turbine manufacturer Power utility

Authorities
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Engineering standards

National standards

Dansk Standard (DS)

British Standard (BS)

Deutsche Institut fir Normung (DIN)
+ many others

International standards
Intl. Organization for Standardization (1SO)
Intl. Electrotechnical Commission (IEC)

+ many others

RISO

f_" List of IEC standards - Wikipedia, the free encyclopedia - Windows Internek Explor - |E||£|
@A - Ié http: ffen. wikipedia,org/wikijList_of _IEC_standards j 41| X ILive Search P
J Fil: Edit Wiew Favorites  Tools  Help J Qj <
J GDLngc | Gl j Go + @ = | @ 135 blacked | @ Settings

W 88" SiGuu...lgL---xl’_.éwn...|;¢§_Ret...|»|

|Jﬁ§vm vrg}v;_-}Pagev'{jTooIsv@-@éﬁb

You can support Wikipedia by making a tax-deductible donation. Y Log in / create account

L
s .
A

\%f 3 article discussion edit this page histary

feays .

<o Pl List of IEC standards

o ‘}' From Wikipedia, the free encyclopedia

\w ]‘K]‘PED]A In order to distinguish standards published by the International Electrotechnical

TheFree Encyologectia Commission numerically from other intemational standards, their number range was shitted
navigation in 1997 by adding 60000. So what used to be called IEC 27 is now officially IEC 60027, and
= Main page s0 on. However, the old numbers remain commanly used. [1] &

= Contents

= Featured content This list is incomplete; you can help by expanding it.
= Current events

.

Random article This is an incomplete list of IEC standards that includes many of the more widely known

and used ones. with a particular emphasis on those that are discussed in Wikipedia
articles:

search

= | = | = |EC 60027 Letter symbols to be used in electrical technology. ..
"

IEC 60034 Rotating electrical machinery

IEC 61400 Wind turbines

= 61400-1: Design requirements

= 61400-2: Design requirements for small wind turbines

= 61400-3: Design requirements for offshore wind turbines

= 61400-11: Acoustic noise measurement techniques

= §51400-12: Wind turbine power performance testing

= §51400-12-1: Power performance measurements of electricity producing wind turbines
= 61400-13: Measurement of mechanical loads

= §51400-14: Declaration of apparent sound power level and tonality values

= 61400-21:
= §1400-23: Full-scale structural testing of rotor blades

= §1400-24: Lightning protection

" 61400-25: Information and information exchange for wind power plantsm

= 61400-25-1: Communications for monitoring and control of wind power plants — Overall description of principles and models
= §1400-25-2: Communications for monitering and control of wind powsr plants — Information models

= §1400-25-3: Communications for menitoring and control of wind power plants — Information exchange models

= 61400-25-4: Communications for monitoring and control of wind power plants — Mapping to communication profile

= 61400-25-5: Communications for monitoring and control of wind power plants — Conformance testing

Measurement and assessment of power quality characteristics of grid connected wind turbines

= |EC 60038 IEC Standard Voltages

= |EC 60044 Instrument transformers

= |EC 60044-1 Current transformers

IEC 60050 International electrotechnical vocabulary

|IEC 60062 Marking codes for resistors and capacitors

|IEC 60063 Preferred number series for resistors and capacitors

IEC 60065 Audio, video and similar electronic apparatus - Safety requirements
IEC 60068 Environmental Testing

IEC 60073 Basic Safety principles for man-machine interface, marking and identification
IEC 60076 Power Transformers

IEC 60079 Parts 1-14 Electrical Installations in Hazardous Areas

IEC 60085 Electrical insulation

IEC 60086 Primary batteries

= |EC 60086-3 Watch batteries

IEC 60094 Magnetic tape sound recording and reproducing systems

= |EC 60094-5 Electrical magnetic tape properties

= |EC 60094-6 Reel-to-reel systems

= |EC 60094-7 Cassette for commercial tape records and domestic use
IEC 60096 Radio-frequency cables

IEC 60098 Rumble measurement on Vinyl Disc Turntables

-

WA
sP
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IEC 61400-1 (Ed. 3) turbine classification scheme
Table 1 — Basic parameters for wind turbine classes?
Wind turbine class | Il Il S
Vet (m/s) 50 42.5 37,5 Values
A Irei () 0,16 specified
B Iref (-) 0,14 by the
C Iees {-} 0,12 designer
Wind conditions in design load cases modelled by
Vs hub-height fifty-year extreme wind
I+ reference turbulence intensity in a 10-min period
Znup hub-height
Differences in IEC 61400-1 (Ed. 2)
e  extra wind turbine class IV with V= 30 m/s
*  no turbulence category C
e turbulence parameterized by I,c (1+0) instead of /(1) ...(see “CTI")

WA
sP
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IEC 61400-1 Design Load cases

Tabie 2 — Design ioad cases

RISO

Design situation DLC Wind condition Qther conditions Type of Partial

analysis safety

5

u ]

maintenance and
repair

Turbine operation

B e T vy e *normal power production
. 1.2 HTM r < Fruo < Pour F
T3 [N e : estart up and shut down
1.4 ECD Fass = Fi2 mis, | T
¥+2 mis - .
; econtrol failure or network failure
2.1 NTM e < Frun < Pour u . .
eparked or idling state
2.2 NTM e < Fruo < Fout Protecticn system or u A
preceding internal
| electrical fault .y
2.3 EOQG asn = FE2 mis External or intemal u A aW error
and F 4 1
T ettt e | Wind conditions
including loss of
| | electrical nebwork .
v e : *Extreme wind
3.2 EOG u N . . . -
*Wind distribut
P . 5 . In Istrioution
2mis and g
:;::rmal shut 4.1 NwP £ % Frun < Vo F .TU rbU!eﬂce
42 EOQOG u N PY -
Wind shear
5) Emengency shut 51 NTM v N
diown -
- °D t
&) Parked (standing 6.1 EWM 50-year recurrence u N ynam IC even S
still or idling) period
6.2 EWM 50-year recumence Loss of electrical v A
period network connection
6.3 EWmM 1-year recurrerce Extreme yaw u N L 0 ad ty p e
period misalignment
PP I ———— - *Fatigue loads
e ne ot T EWM L year eourrence N eUltimate load
8) Transport, 8.1 NTM Frgn: 10 be stated oy U T
assembly, the manufaciures
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IEC wind profile

Power law Fitting power law to data
Z a d a a a-1
U (Z) Upup (Z/Zhub ) d_[”hub (2/ 2 J =ty ——(7/ 2 )
z Zhub
z, . du
= Oy = —
> Unio AZ |
u(z) . :

eg. oy for logarithmic profile

ENES

Shear parameter (a)

normal shear a=0.11
enhanced shear « =0.2
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|IEC Extreme-wind model

RISO

Vi Yaw error  Turbulence Shear

Vioyr =1.4 Vg no no moderate?
Viyr =112V +15° no moderate
Vsoyr =1.0 Vi no c,=0.11V,,, moderate
Vi =0.8 Vg +15° ,=0.11V, moderate

the moderate (‘normal’) shear exponent is a=0.11
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Observed 10-min turbulence intensities

-
0.25 T T T T T T T T T T T T T T T T T T T T T T T T T T T T

Average [

IECT class A

=

[a—

L
T

Tuwbulence intensity
=
[

Reasons for scatter

* Variable stability

* Trend

12 14 16 15 20 22 24
Wind speed a 50m (m/s)

A
sP
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|IEC normal-turbulence model

I, (90%)

Ichar (“""6)

RISO

Weibull distribution with k=2

Edition 2

Edition 3

Classification scheme

Design rules

I15

|.ngy Characteristic Tl

|, reference TI

l,ep rEpresentative Ti

o, =1 (156m/s+aV,, )/(1—|— a) Edition 2
o, =1, (0.75V,, +5.6m/s) Edition 3

WA
sP



Turbulence simulation

RISO

iy S Ao

M’M‘ﬂwﬁ'ﬂ .%m N e Wﬂ“ﬂ. ‘I"’ W\‘W‘i /[' "
MJHWMMA\WW il
_ JW%MMW“WW%WMW f

Multivariate Fourier simulation
Veers’ method (1988)

i e
................ gt
—ll /

IR R - Li=NAL =TU
R I
Ly = NyALy

3D Fourier simulation
WASP Engineering

WA
sP
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From wind to loads on turbines

Rotor aerodynamics

Speed

Pressure

—-————

Yy

Loads on blade element

”"Q)VQ ||

Rotor axis

Fp

Rotor plane

induction a,a’

inflow angle &

liftand drag C, («),C,, (@)
axial and tangential forces
C, =cos(¢)C, +sin(¢)C,
C; =sin(¢)C,_—cos(¢)C,

RISO

Structural dynamics

M X(¢) + Cx(t) + Kx(¢) = F(z)

WA
sP
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Aeroelastic load simulations

WSP hub [m/s]
RUEanEe
¢
i
S
g
.

90 95 100 105 110 115 120 125 130

22 T T T T T T T

B3----e- e

B ____a—u-’
) a.r-'\““ /P‘N\-,‘Jf"/ r\/\-‘\fﬁf‘—.ﬁ-\‘ ,—’;
g 1 u 1 I 1 I 1 !

90 9 100 105 110 115 120 125 130

/L/V‘l\[h/\ ’"W \}
11I0 ' 12I0 12I5

A I

Pitch angles [deg]
=

-1500

-2000
9

Flap moment [kNm]

o /v

oo P g

5
500 T

L

5

T
1
100 105 115 130

Fatigue load criteria

« safe after 20 years

« with standard Weibull distribution (k=2, V.
« and enhanced wind shear a.=0.2

 and flow inclination angles of £8°

« and a representative number of start/stop situations

=0.2V,y)

RISO

WA
sP
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Dynamic wind events for IEC load cases

Extreme operating gust (EQG) Extreme directional change
(EDC)
\/\f 1 AV /
10.5 sec 6 sec
Extreme coherent gust Extreme wind shear (EWS)
with directional change (ECD)
=1 z] 12 sec
AVI / =/
_ e [ A 7
) 10 sec V(z)

Amplitudes depend on turbine class and wind speed

WA
sP
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IEC 61400-1 site assessment rules

50 ux
Ve € Veer
Class \
I 50 m/s
Il 42.5 m/s
1l 37.5m/s
I\V* 30 m/s
S Designer specifies

Checklist

Extreme winds

Shear of vertical wind profile

Flow inclination

Background turbulence

Wake turbulence

Wind-speed distribution

averaged over all directions

(61 &°

T

for any direction

RISO

A

o~ \g["(;:. PQ‘F

!’ \

I TEC DESIGN VOF
[\
oy
=)
W
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Modeling by WASP Engineering

e  Extreme winds

e  Shear of vertical profiles

. Inclination of terrain and flow lines

*  Turbulence intensity

* Wind-speed probability distribution
calling WASP from a script

e  Effective turbulence intensity
IEC wake model with
Windfarm Assessment Tool (WAT)

Mumber of sectors: I 1z
wind speed [m)s]: |—2D

Speckum type: IKaimaI ot al (1972)

Do calculation | Save as .. | Close |
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|[EC turbulence model

Characteristic Tl (IEC 61400-1 ed.2) Gk
o, =1s(15mis+aV,,)/(1+a) S N
Representative Tl (IEC 61400-1 ed.3)  "saE
o, =1 | (15Mis+aV,,)/(1+a)+1.28x1.44 m/s | —
' 02V, 04V
IEC61400-1 edition 2 IEC61400-1 edition 3
Class lis a Class | |4 a E&’ig
A 0.18 2 A 0.16 3 45¢)
B 0.16 3 B 0.14 3 /
S Designer specifies C 0.12 3 /5
S Designer specifies .s;_cTa% {
TEC 61400 o
SP ENGIN
I{an{wﬂ ) INEERING .
AL T P{.‘?{J‘% . a
R A [ref - [WEng ) (7)
1.44m/s
| — F—:ﬁﬂfbt 115 = ]ref (1+ 15m/é j
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IEC complex terrain indicator

Table 4 - Terrain complexity indicators

W

Distance Range from Wind
Turbine

Max slope of fitted plane

Maximum terrain variation
from a disc with radius 1.3
Znuo fitted to the terrain

< 5 Znw

< 10 Zhwo

< 20 Znw

<10°

< 0.3 Zhub
< 0.6 Zhwp

< 1.2 Znw

enhanced Tl in complex terrain!

RISO

fit big circle

check slope

fit small circles
check displacement

- \/1+(0'2/01)2 +(0'3/0'1)2

C

complex —

1.375
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Wake turbulence in the IEC 61400 standard

RISO

- 80 - 61400-1/FDIS © |IEC

Annex D
(informative)

Wake and wind farm turbulence

D.1  Wake effects Risg-R-1188(EN)

Wake effects from neighbouring wind turbines may be taken into account during al
operation for fatigue calculation by an effective turbulence intensity /.4, Frandsen (2003). The
effective turbulence intensity — conditioned on hub height mean wind speed — may be defined as

1

(27 m
T (Voup) = J| [ P& hun) " (B hus )edE } (D.1)
Lo J
where
p is the probability density function of wind direction;
/ is the turbulence intensity combined of ambient and wake flow from wind direction ¢, and

m is the Wohler (SN-curve) exponent for the considered material.
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|EC effective turbulence

Small m | ductile material e.g. steel

Large m | brittle material e.g. glass fiber

HON

Traditional fatigue-load calculus

eqlvalent ref Z I’l

*Effective turbulence is a weighted average depending on Wo6hler coefficient m
1

Ieff (I/t) j actual (9|M (9|M)d0:|

Optional whether to apply a uniform or actual wind distribution
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|IEC effective turbulence (2)

2 2
IEC model for wake turbulence {uae = \/]added + Labient

0.9
(L5+03d¢5f

with 7 azdded =

1.0

Basic Frandsen formula | ‘ o Cr—sal
—o— Cr—ypitch

2 1 5T —— Cr—modl

f’_ LI r medl

M (usrosa/c) y
04 4
.
o] j . G
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|IEC effective turbulence (3)

U

eexposure angle is fiXed to 21.6 deg

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

O O 0O 0O 0 0O O

eignore distant turbines Ax>10 d,,

*no wake superposition
senhance background turbulence in large dense wind farms, i.e. farms with

more than five rows of turbines in the predominant wind direction and
column separation less than three rotor diameters

r_1f [72 4 72 Approximation for irreqular layout
I 2(«/1W+1 +1) pp g yout
0.36 I, = -
[ = 1+ O-ZJAH%C 1d? /(N..C;)
1+0.2\/d,d,/C,
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Verification of wake model

0.5
1,;;mod
Quarton
041 Crespo
Andros
03 | Taff Ely
3 Alsvik
~N
Vindeb
02 d
01
0.0
0 2 4 6 8 10 12

Separation s =x/D
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Conditional wind-direction distribution

-1

m

[eff (I/l) j actual glu 9|u)d9

u _r(u]o)p(8) _ plul4.k)f,
p(&‘ )_ p(u) _ZZ:]?(M ) l)fl

using WASP sector-wise wind climates
1. Frequency, f
2. Weibull scale parameter, A

3. Weibull shape parameter, k

p(u‘Aj,kj) :%(A%j ! exp[—(u/Aj)k’}
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Site assessment with WEng + WAT

wind

PENA - WAsP Engineering 2.0

Fil= Insert Edit Yiew ols Window Help

Other programs P

=G NCEP40.959, 351, = Options .

t]: ‘07 at 16.42 mfs' regional extreme wind
t]: '307 ak 16,53 m/s' regional extreme wind
t]: ‘607 ak 14,81 m/s' regional extreme wind
t]: '90° ak 13.47 m/s' regional extreme wind
t]: '120° at 14.51 my's' regional extreme wind
t]: '150° at 18.86 my's' regional extreme wind
t]: '180° at 20.61 my's' regional extreme wind
t]: ‘2107 at 23.57 my's' regional extreme wind
t]: '240° at 21.32 my's' regional extreme wind
t]: 'Z70° ak 20.19 my's' regional extreme wind
t]: '300° ak 18.91 my's' regional extreme wind
t]: '330° at 17.87 my's' regional extreme wind

= @ Terrain maps
Weckar map
Elevation grid
- Roughness grid
ﬂ ‘wind grid maps

P Turbine site 3
P Turbine site 4
P Turbine site 5
¥ Turbine site 6
¥ Turbine site 7

¥ Turbine site & -
¥ Turbine site 9
e e =
Heghts |
W s5.0maal

1 EwWC report: 50 vear winds for all sites and heights {needs oewcfrewc)

2 Summary site report for all winds, all heights and all sites

3 Detailed site repart for, one site, ane windand one height (needs wind) site, height)
4 Distances between sites {needs site or site group)

5 Export WERQ project as WasP project

& Extreme wind grid map {needs oewcirewe, height)

7 Geastrophic to observed wind speed report (nesds site, height)

& Rix assessment for selected|site (needs site)

9 Terrain inclination rose. (needs site, height)
10 Turbulence transect repart EXCEL (meeds transect, height, wind)

11 Turbulence transect report WORD: (needs transect, height, wind) WAT 2 . O Excel (re q u i reS WAS P)

12 Turbulence repott For all sites and selected winds (needs height, wind or wind grou

13 Turbulence repott for selected site and selected winds: (needs site, heighth
14 Turbulence intensity rose calculation For selected height and st (needs site; heighty
15 vertical wind profile for selected site: (needs site, wind)

17 WAT 2.0 Launcher {requires \WasP) (needs oewc/rewe, site or site group, height)

18 Extreme climate site assessment (needs oewc/rewe, site or site group, height)

19 Extreme and mean climate assessment incuding flow perturbations export ko WAT {requires WasP) (needs oewcjrews, site or site group, height)
Z0 Extreme and mean climate assessment For WAT 2.0 (requires WasP 9 (needs oewc/rewc, site or site group, height)

21 Extreme and mean climate assessment for selected site (requires WaAsP) (needs oewejrews, site or site group, height)

22 Extreme and mean climate assessment for selecked site - Mortens Wake Report (requires WasP 8) {needs oewcrewe, site or site group, height)
23 Extreme and mean climate assessment for selected site - Text Report (requires WasP) (needs oewc/rewc, site or site group, height)

Spati
Grid: Elewation [m] = ! Wwind: 0° at 16.42mfs  »  Haight: 55.0 =

koalaalt sz - e 8o o




ET‘U

O
o

Script output

Microsoft Excel - Book1

@J File  Edit View Insert Formak  Tools Data  Window Help  Adobe PDF
HEHdRS 84 VR & 52B-F09- 2 = -3 [El Ml = vg'u'.ﬁ.vB @@%B Tahama « 10 - | B
035 - 2
A [ E [ = [ 1] [ E [ F [ G | H I [ J [ K [ L [ m | w [ o ]
| 1 |Site assessment report for sites from 'Pena Wind Farm', in project: 'PENA'
| 2 | Usingregional extreme wind climate "NCEP40.95M3.38%" and regional mean wind climate "Port0g’
3
|4
| 5 |Site: Turbine site 3 {(576573.6,4525371) at 55m a.qg.l.
| & | Direction alpha Tl Sigma-U Flow angle Terrain inclination |¥-ref (50 yrs] Frequency | Weibull-A  Weibull-k Speedup facto  Deflection TI2 Ti3
7 [l [1 [1] [mi=] [1 [mi=] [=] [mis] [1 [1 1 =] [=]
| & | 1] 0.036 E.335 .04 162 -1.40z2 301 £.483 5586 1336 1863 5826 5T 5.24
| 9 | 30 0.063 T.194 .03 283 -1167 826 k)| 5606 1947 1407 -4.028 556 5.054
| 10| E0 n.0gz oirs 2.04 1.663 -0.513 2493 1.7 T.166 2.9 1334 2.ER BT E42
il a0 0.056 T2l 194 0177 0.267 24 B3 E.42 2417 2.338 1627 B.193 T.28 E.34
E 120 0027 E.546 14 -1.634 0.932 29.02 10,146 2944 2672 162 d244 E.29 545
| 13 | 160 0.023 EBIT 20 -2.464 1436 | 1105 2.866 231 162 -2 144 AT f.06
| 4 180 0.058 7468 282 -3.014 1602 3raz T.843 8636 1959 1474 -5.805 E.18 5.36
| 5 210 0.087 £.215 124 -2EEE 1167 40.03 4453 2244 2148 1421 403 575 4498
| & 240 0.082 T3 27 -1.365 0518 3653 4.227 E.22E 2.05% 134 2636 E03 573
| 17 2T 0.038 BG4z 243 0.2vs -0.267 rA L 5.26% E.274 zm 1485 g.0z1 B3z 5.94
| 2 300 0.023 E.104 233 1641 -0.982 .22 14,645 7.054 zave 1895 1.265 B0 533
| 13 330 0.00g 5.304 1.4 27 -1.435 15.44 1674 T2 22ve 1674 1874 445 494
| 20 | Al 120
El
| 2z |Site: Turbine site 4 (376512.8,4525302) at 535m a.qg.l.
| 23 | Direction alpha Tl Sigma-U |Flow angle Terrain inclination ¥-ref [50 yrs] Frequency  Weibull-A  Weibull-k Speedup Facto  Deflection T2 T2
| 24 | Il [1 [*1 [mis] [1 [mis] [*1 [mis] [1 [1 [l [*1 [*1
| 28 | 1] 0.026 £S5 202 2125 -0.515 iz 5.094 5244 1.955 159 -B.EEE 57 5.1
26 30 0.08 7185 208 1398 -0.208 2853 5483 7 1382 1409 -E.EEZ BE3 5.29
z &0 0103 2,405 Z.E23 0126 0.155 2367 4527 X1 Z.231 L2TE -0 166 T.15 BET
| 28 | an 0,085 Calculating...
| 29 | 120
| 20 150
i 120
| 32 210 .
o  be patient
| 4 | v
E 200

» export results to ASCII file
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Windfarm Assessment Tool (WAT)

Input,

export & — =

help

site list

speed

material /

plot
options

nisinielsinieieiole]

Windfarm Assessment Tool - Yersion 2.4

Sile  Edit Help

Pena.tst
-1 Gamesa 850 K/
[Z] IEC{ed3) dlass lIb

=

----- Turbine site 3
----- Turbine site 4
----- Turbine site 5
----- Turbine site &
----- Turbine site 7
----- Turbine site 8
----- Turbine site 3
EI.{% Penal.tat
-k Vestas Y39 (500 kiw)
“[E] IEC(ed3) class IIb
Site 10
Site 11
Site 12

| [ —emp-pena-grd—
|

‘wiind spee_d 15m/s
 I— —
U lakelor O

4 [steel)

B [zast steel)
10 [class fibre)
12 [carbon fibre]

—

cuztom
Blul aale: Texl ale
= ting i iy
 small " zmall
& medium ' medium
large large
= huge i huge

I~ Allroses v Gid [ Map
Plot theme——————————

site D and rotor size
turbulence intensity raze
conditional wind roze
wind rose

production roze

extreme wind

ave shear

it hear

max shear

max flow inclination

|2 3, zoom factor

|»

RISO

_io x|
Heports for selected site | ‘windfarm overviewl Dptionsl
WwitsPAWE NG results | MNeighbaur sitesl Effective turb. table I Turb. table | Production | EFf. turb. plot | Turb. plotl Pdf plotl
Lef Turbine site 2 Pos ET76574  45zZE371
Sector Wref alpha flowdng slope A k fr Tu Iw I Speedup Deflection
Ho. [mi=] [-1 [Deg] [Deg] [ms=] [-1 [%1] [%1] [%1] [%1] [-1 [Deg]
) 30,11 o026 3.E -1.& E_E39 1.94 2_46 6_94 577 E.z4 1l_852 -5.83
1 28.Z68 0.063 Z.8 -1.2 E.61 1.35 £.31 7.13 E_E& E_Ed 1.407 -4.03
Z Z4.98 0.082 1.6 -0.5 7.16 Z.2%9 4.73 8.38 6. 72 648 1.33%9 Z.66
2 bl ) 3 0_0&5& -0.z ] 8.4z £.34 G_4F 7.88 7.E8 6,324 1.8z7 6,19
4 E9.0Z o_oz7? -1.5 1.0 8.94 Z.87 10,15 6_E5 6.E9 5,45 1._&z0 3. E4
5 38,21 0.0z3 -£.58 1.4 8.86 £.31 11.11 &6.54 5.7 5.08 1.6E20 -Z£.14
13 37.82 o_oss -3.0 1.8 8._64 1.36 7.84 7.47 6.18 E.26 1.47%9 -L5.81
7 40,032 o_0&7? -E.7 1.Z 8_E4 .15 4_458 8_Ez £E.75 498 1.4z1 -4.03
= 3E6. 88 0_0&8z -1.4 o.& 6_832 £.07 4_E3 7.37 6,032 E.72 1._340 Z.64
3 37.18 0.038 0.3 -0.3 B.E27 Z.01 £.87 &. 54 &.3E E.94 1.485 & 0E
10 38.EZ o_ozz 1.6 -1.0 708 £.07 14 85 611 6.01 E.2z2 1_596 3.ET
11 35.44 o_oos 2.7 -1.4 7.18 Z.E8 16,79 5_31 4. 35 4. 94 1879 -1.98

< Risg Mational Laboratory (C) 2006-07

windfarm plot

results
plots &
options
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Windfarm layout

‘ &

Extreme wind
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@
o Site023 |
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° i Site017
Site016 Site029 ! a
Site015
Site014
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Site010
ke
o .
1.9
- &
S 0L 4¥E
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Turbulence plot

Effective turbulence

NB: Effects of wind and
material constant affects
turbulence!

Background
turbulence

YWind speed 10 mds

L —

—wiahler Expanent——
% 4 [ztecl]

" E [cast steel]
10 [class fibre)

i 12[n::arl:n:|i]j|;ﬁ|
= custam |2

Added wake turbulence
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Effective turbulence (2)

Reports for selected site | windiarm overview I Dptions I
WitsPAMEng lesultsl Meighbour sites  Effective turb. table |Turh. table | Production | EFf. turb. plat
Bef. Turbine site 3
w=10.00
uHL piual Imax Ieff Idesign Pdesimm
1 1.51 24.3 20.6 7z.0 1.56
z 4.7z 16.5 14.0 4z.0 304
3 7_E% 43 4 20,7 z.0 439
4 998 40._8 28.8 7.0 E_E4
5 11.35  38.8 27.5 4.0 6_45
G 11.76 a7z Z6.3 zz.0 7.10 Reports for selected site |'W'indfarm ovewiewl DpliDnSI
3 _______ ff'_%?___?f'_?___fff___f?f____f’_f?__(SD% of rated wind) welisP M Eng resultsl Meighbour site&l Effective turb. tablel Turb. table | Production  Eff. turb. plot | Turb. pIu:utI F1 I ’I
] 10.14  34.7 4.6 1.5 7_&0
2 5.59 33.7 23.39 18.7 7.48 Lo IEC leff range Turbulence Intensity at 3
—————————————————————————————————————————————— (Z0% of reference wind) —8— |aft with Widhler coefficient m=10.0
10 6,89 2z.8 z3.3 12.0 7.16 — &
11 525 3z2.0 zz.8 17.5 668 —B8 a0 i i . i j :
1z 3.81 1.3 2z.3 17.0 &.08 o ; g i
1z 7. &3 0.6 z1.9 16.6 542 431 ' ' ! ) !
14 1.74 0.0 Z1.5 16.3 4.7z an] : ' :
15 1.10 zo.4 zl.z2 16.0 4.0z | | . !
16 0.67  za.9 z0.9 15.7  =.37 25 | - i ;
17 0.z9 284 20.5 15.5 .76 ' ' ' ) !
1= 0.zz z8.0 0.2 15.3 z. 22 a0 ] o : : !
13 0.1z 7.6 13.9 15.2 1.78 —_ | g . !
—————————————————————————————————————————————— {40% of reference wind} £25- E " E I £ i e .
zo 0.07 z7.2 13,6 15.0 1.36 = ' - - p !
zl 0.04 z5.8 13.2 14.3 1.0% 0] = " ! :
—————————————————————————————————————————————— {out—out wind) ! ! : %"I o ;
2z 0.0z 14.4 11.8 14.7 0.77 1 ' ' ' : L T
73 0.01  14.2  11.3  l4.6  0.57 12 ! i ""’Wm%
zd 0.0l 14.0 10.8 14.5 0.4l 101 ! ! '
ZE o.on 13.8 10.4 144 o.z9 ! ! . !
z6 0.00 7.z £.E 14.3 0.zo ] //(/
27 o.on 7.2 6.4 14.2 0.14 ! ! : f
za 0.o0 7.z 6.4 14.1 0,09 1 R S N N (A S A S NS AL AT IS A LA TS S 58
22 g.o0 7.1 &.4 1.1 0.08 o 2 4 & g 10 12 14 16 18 20
an o.on 7.1 6.4 14.0 004 u [mis]
—————————————————————————————————————————————— (E0yr extreme wind)
4701 a4 7.5 13.4 0.00 farning: jeff exceeds IECEIE00-{ed 3) class b desigh lmit
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Comparison of actual and design PDFs

WwibsP AWEng resultsl M eighbour sitesl Effective turh. tal:nlel Turk. tal:nlel Eff. turb. pln:-tl wake turb. plat  Fdf plot

Wind-zpeed probabilty density distribution

gt MewFarm Site003
ElIEec pu:_ﬂf Fange 0] ~ymmrmmrm e A
— pdf Site R \\,\\: P T
— pdf IEC 453 ----r--rea-- oo g L e EET T T T S

polf [ 00m i)
]

01 23 4 56 7 8 910112131415 1617 151920 21 22 2324 25
Copelusion: Actual POF below design POF In JEC range (OF)

|IEC rules:

» design PDF is Rayleigh distribution with V,,,=0.2V,
e actual PDF must be less than design PDF in speed range [0.2V,..0.4V, |
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Summary

* Modern site assessment for a wind farm involves both estimates of
resources and external design conditions, they even sometimes go
hand in hand — e.g. high resources in complex terrain => large
loads

* Proper estimates of external conditions optimizes the material use
In wind turbines => increase the competitiveness of wind energy
compared to conventional energy types



