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Work packages

• Surrey - wake development and wake-
wake interactions, in the atmospheric 
boundary layers.

• Imperial College - wake loading 
imposed on turbine blades.  
(Mike Graham and Nektarios Bampalas)



��������	
��
������
�������
����
������������������ ��� !!"

Preliminary investigation of wind turbine wake 
interaction using Vortex Lattice Method (VLM)

upstream rotor downstream rotor

� Identical rotors (2-bladed)
� Rotor distance: 2D
� Uniform flow field
� Direct computation of the wake kinematics (from Biot Savart law) 

for up to ~ 1.2D behind each rotor and frozen wake
� Free wake next step.
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Wind turbine models
• Blades for exemplar machines defined, calculations 

using GH Bladed

• 5 MW machine @ scale 1:300
• design based on blade-element theory

– Low Reynolds number blade aerodynamics
– Blades are not therefore as in the exemplar machine

• Considered manufacturing methods
– direct metal laser sintering
– stereo lithography
– plastic mould
� fibre glass mould and thin layers of fibreglass

sheet in resin
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Low Reynolds number aerofoil characteristics (Sunada et al. 1997)
- thin ‘flat plate’ sections rather than aerofoil sections
- design case lift coefficient CL = 0.6, TSR = 6.

Blade element theory.

Blade design based on:
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Blade 1
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Blade 2
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Wind turbine model (Blade 1)

Motor control (braking mode):

RPM measurement with Hall sensor
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Preliminary tests (Blade 1)

Set-up in A-tunnel

Uniform flow conditions (low turbulence)
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Wind tunnel blockage
‘Open’ turbine

‘Blocked’ turbine

Basis of correction - equal conditions at rotor disk
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Corrections - equivalent turbine (any TSR)
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Wake measurements
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No tip loss:
Cp = 0.331

CT = 0.545

Tip loss:
Cp = 0.305

CT = 0.495

Measured

CT = 0.533
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Current position:

Difference between wake measurements
in uniform flow  - the turbine calibration.
and,
wake measurements in ABL:

speed         modelled (tip speed ratio)  

inertia         not modelled (tip acceleration)

‘excitation’ - mean flow non-uniformity U(z)
ABL turbulence
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Phase-locked measurements - uniform flow (Blade 2)
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Phase-locked wake profiles
- uniform flow (Blade 2)

@ hub height, 0.5D downstream 
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Preliminary tests in off-shore model boundary layer
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Wind tunnel atmospheric boundary 
layer

spires

test section

floor roughness

z

x, U
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Boundary layer properties

0.00005 - 0.005 m

0.02 ± 0.01 m *

0.005 - 0.1 m

0.06 ± 0.01 m

roughness length z0

0.08 - 0.12

0.11

0.12 - 0.18

0.14

power exponent a

Off-shore ABL
(smooth)

Rural terrain ABL
(moderately rough)

* a larger z0 is beneficial (even necessary) to maintain fully turbulent flow conditions
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Boundary layer properties

� Mean flow profile
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Boundary layer properties

� Mean flow profile

� Mean turbulence
intensity profiles

� Iu
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Boundary layer properties

� Mean flow profile

� Mean turbulence
intensity profiles

� Iv
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Boundary layer properties

� Mean flow profile

� Mean turbulence
intensity profiles

� Iw
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Boundary layer properties

� Mean flow profile

� Mean turbulence
intensity profiles

� Iu, Iv, Iw

� Mean Reynolds shear
stress profile
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Boundary layer properties

� Mean flow profile

� Mean turbulence
intensity profiles

� Iu, Iv, Iw

� Mean Reynolds shear
stress profile

� Spectra
� Suu
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Boundary layer properties

� Mean flow profile

� Mean turbulence
intensity profiles

� Iu, Iv, Iw

� Mean Reynolds shear
stress profile

� Spectra
� Svv, Sww
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Boundary layer properties

� Mean flow profile

� Mean turbulence
intensity profiles

� Iu, Iv, Iw

� Mean Reynolds shear
stress profile

� Spectra
� Suu, Svv, Sww

� Integral length scales
� Lux
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Boundary layer properties

� Mean flow profile

� Mean turbulence
intensity profiles

� Iu, Iv, Iw

� Mean Reynolds shear
stress profile

� Spectra
� Suu, Svv, Sww

� Integral length scales
� Lux, Lvx, Lwx
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Vertical wake profiles: velocity and Reynolds stress
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Vertical wake profiles: u2 and w2
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Vertical wake profiles: turbulence intensities Iu and Iw
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Lateral wake profiles: velocity
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Lateral wake profiles: swirl
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Lateral wake profiles: u2
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Lateral wake profiles: w2
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Lateral wake profiles: turbulence intensity Iu
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Lateral wake profiles: turbulence intensity Iw
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Development in ABL of U:
2D, 4D, 7D and 10D
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Development in ABL of u2:
2D, 4D, 7D and 10D
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Development in ABL of uw:
2D, 4D, 7D and 10D
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Development in ABL of W (swirl):
2D, 4D, 7D and 10D
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Conclusions so far

� Blade design based on Blade element theory for low 
Reynolds number blade aerodynamics

� design case: TSR=6; CL=0.6; CT=0.52 (within 5% of 
predicted value)

� Good representation of an off-shore boundary layer

� Detailed measurements in turbine wake

� Key interactions with consortium members
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Next: Wake interactions

Array 1: five consecutive turbines

� x-spacing: 6-8 D

6 - 8 D
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Next: Wake interactions

Array 2: five staggered turbines

� x-spacing: 6-8 D
� y-spacing: 0.5 D staggered

6 - 8 D

0.5 D
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Next: Wake interactions

Array 3: two parallel turbines

� x-spacing: 6-8 D
� y-spacing: 3-4 D

6 - 8 D

3-4 D
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Next: Wake interactions

6-8 D

Array 4: three parallel turbines

� x-spacing: 6-8 D
� y-spacing: 3-4 D

2-3 D


