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Wake effects
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What is it — and why is it so important?

The presence of neighbouring turbines causes:
1. Reductions in windspeed.

2. Increased turbulence - turbine components fails
(especially yaw system).
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Observations from Horns rev 1
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Horns rev
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Models for power prediction exist but nearly all only depend on
the upwind turbine thrust coefficient. Large uncertainty present.
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Horns rev: Stability effects

e Measurements from Danish (offshore) wind farms revealed
a significant dependence of wake losses on atm. stability
conditions.

Unstable

40% reduction in power

20% reduction in power

Example:
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Neutral

Example:
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Load measurements on Vindeby
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Assessment of turbulence intensity
IEC61400-1, Frandsen 2003

For fatigue loads:

1

é’ 1 ~n - - E
o _Yert __ 1 (1,AIPW)O- +pro'T (d)| :p, =0.06
thb thb =1
o o o o ©
i 0,972, pe o o / EN
T 7 )2 ° 9 O, 9 0
(1,5+0,34,V,,, /¢) o o [0 o <o
o [¢) K 3 ‘\0
R o o o J’\%
o, 21V, +1286, o o o o o

cC O 0O 0O 0O 0O

For extreme loads:

I = = max{d }
hub
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Used turbulence intensity for the IEC method
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Ambient turbulence corresponds to class IC (high wind low turbulence)
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More detailed observations on the NM80

e Full scale experiment in 2003 on an 80 m, 2 MW NEG-MICON
turbine in Tjaereborg
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Load measurements on an
NMS8O0 turbine in 3.3D wake
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Figure 5. Measured and simulated loads at 8 m 57 (full lines and crosses) and 10 m 57 (broken lines and squares) = effects
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Figure 11. Extremes of yaw moment in a 3-3D wake situation at 9~11 m s™
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Increased yaw moments in partial wake situations as caused by a
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meandering wake deficit
pattern as caused by a meandering wake deficit
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Observations on NM80
e Intermittent character of a fatigue generating flapwise load
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The basic idea of the
Dynamic Wake Meander model (DWM)
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The Meandering

o A cascade of wake deficits are released from the upstream
turbine

e Each deficit will be transported dowstream affected only by
ambient large scale turbulence (like smoke from a chimney)

dy(t't()):v (y It IO)

dt
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Simulation of wake

(=}
—_
[—

>
- - - >
deficit meandering =
HAUC uake meandering T=001 sec
100 T T T T T T T
50 q
2
<
3
b
50T ]
g
%
4
o b ]
100 L . L L . L .
0 50 100 150 200 250 300 350 400
Downstrean position [n]
19 Risg DTU, Technical University of Denmark HAWC2 course: Wake effects 05/11/2011

The Tellus experiment
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Results -1D line scan (1)

Date 2005-11-15 Time 18:00 Number of Scans 82274
WeTasT

[ ]
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Mean Min Max StdDev(Mean Min Max StiDev
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Results -1D line scan (3)

ZATELLUSLine5eani20051115200511151 740 caleulated
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Results -1D line scan (4)
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The basic idea of the
Dynamic Wake Meander model (DWM)
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Calculation of the velocity
deficit at given downstream
distance

e Combination of BEM and thin shear layer (TL) method chosen.
* BEM handles expansion due to pressure rise in the near wake region.
e TL handles the turbulent mixing in the far wake region.

Ug Uq Uz
P Tt
e T o T
o T
N )
Py P Py =Py

m=mpJ,(1-a) (rﬁﬂ—rj) , 1=1,..N-1 ) _i 5
wi+l ~
HA

> 2 . ]-_—ai( rt%+1 - rt2j )+ Twj
m % ”ﬂd D(&ﬁgan)ca(ﬁvﬁms_itﬁmf))enméri L.N-: J‘c_ou%@l Wake effects  05/11/2011

(=}
—_
=

M

13



Development of the deficit in the far wak
region

Thin shear layer approximation of the axissymmetric Navier-
Stokes equations with the pressure term disregarded and
including the eddy viscosity concept for the Reynolds stresses.

0 U _(ur)of 0y
0X or rjor\ or
gi(rv)JraU:

—=0
ror ox

The eddy viscosity handles turbulent mixing by small vortices
due to the deficit itself and mixing from ambient turbulence.

Ur = F2k2b(U0_Udef ,min)+ Fir
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Comparison for NM80 at 6m/s
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Shear profiles for different downwind
positions

DEVELOPMENT OF VELOCITY DEFICITS
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Simulations with the ACL model

no ambient turbulence 3% ambient turbulence
——— ]

Visualization of flow field in a horizontal plane located in
hub height. The rotors are indicated as black lines; a)
Stream-wise velocity; b) vorticity
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Comparison of AD and DWM

DTU
effective deficits including =
meandering.

3D 6D 10D
Lnp=5%
Lmp=10%
Lnp=15%
31 ike effects  05/11/2011
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The basic idea of the

Dynamic Wake Meander model (DWM)
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Added wake turbulence with micro structure
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A change in turbulence is present in the wake region, mainly caused by tip

and root vortices:

First approximation:
« Isotropic turbulence

* Reduced length scale
compared to ambient
turbulence. Ly=R/10

« Intensity proportional to
depth of deficit and radial
gradient of axial velocity.
Ky = 0.6, Ky = 0.35

wake added

turbulence —— kmt(r):|1_udef (rkal"'

intensity factor
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Comparison of DWM and actuator line
model no ambient turbulence

DWM MODEL -- WAKE TURBULENCE PARAMETERS TUNED TO THE ACL MODEL
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Comparison of AD and DWM effective
turbulence intensity.
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I.mp=5%

I,o=10%

Lmp=15%
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Influence of added wake turbulence

MEASUREMENT -- STRONG SHEAR AND WAKE

LOCAL INFLOW ANGLE [deg,]

FREE INFLOW - FILE 1104-2137 ——
1/3 WAKE -- FILE 1104-2227 ——
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SIMULATION -- DWM model
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RESULTS NM80 3.3D spacing =
Measured S|mulated

| fmrr ™ i

< E ST < T

Half-wake:
e large variations in angle of attack and flapwise load
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Input parameters

begin wakes;

nsource 5;

source_pos 0.0 -640 -59.89; X D

source_pos 640 -640 -59.89; X D

source_pos -640 -640 -59.89; X D

source_pos 640 0.0 -59.89; X D

source_pos -640 0.0 -59.89; X D

tint_meander 0.1572 ;

op_data 1.8 0 ;1.87 0.0 rad/sec, pitch [grader] opstrems;

begin mann_meanderturb ;
filename_v  .\wake-meander\meander_8D_56v.bin ;
filename_w .\wake-meander\meander_8D_56w.bin ;
box_dim_u 8192 2.06299 ;
box_dim_v 3280 ;
box_dim_w 3280;
std_scaling 1.0 0.8 0.5 ;

end mann_meanderturb;

begin mann_microturb ;
filename_u  .\wake-turbulence\wake-108_6u.bin ; wake-turbulence
filename_v  .\wake-turbulence\wake-108_6v.bin ;
filename_w .\wake-turbulence\wake-I08_6w.bin ;
box_dim_u 128 1.5625 ;
box_dim_v 128 0.78125 ;
box_dim_w 128 0.78125;
std_scaling 1.0 1.0 1.0 ;

end mann_microturb;

end wakes;
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Influence on power production and loads

by turbine spacing and turbulence intensity
using the DWM model
Torben J. Larsen, Helge A. Madsen, Gunner Larsen, Niels Troldborg,
N. Johansen
Euromech 20.-22. October 2009, Madrid
1) H. Aa. Madsen, G. C. Larsen, T. J. Larsen, N. Troldborg, R. Mikkelsen. Calibration and validation of the
Dynamic Wake Meandering (DWM) model implemented in the aeroelastic code HAWC2. Submitted to JSEE.
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Effect on power by turbine spacing
and ambient turbulence (neutral cond.).
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Comparison of loads for the Egmond aan Zee =
windfarm

Egmond Aan Zee, Turbine layout
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Pitch control generated

P
Lowpass l e
@y Perer
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[©) Prin
switch (&)
IF Pe ref =0.95P max
Brmax= 6 stop
ELSE
Bmax= Bmin
Oret
Lowpass Table 2
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Damage eq. load DEL

Egmond aan Zee WT7, Damage Equivalent Load

Comparison of measured and simulated loads.
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Mean value

Egmond aan Zee WT7, Statistics
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Production sensitivity to wind direction and
ambient turbulence level, simulated with the
DWM model.

A Wind farm configured in a cartesian 5x5 grid with a spacing of 8D.

M

The total wind farm power output is shown for 8m/s as function of wind
direction. A huge decrease can be seen for certain wind directions when
the ambient turbulence intensity is low.

The decrease is from 60MW to 20MW for the worst situation.
DO NOT PLACE TURBINES IN STRAIGHT ROWS!

X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
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The new layout of Horns rev2
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A different possible outcome
-based on evolvente expressions
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