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homogeneous isotropic turbulence  -- hiT

ur = u(x + r)� u(x)

η

10 -6

10 -4

10 -2

100

102

104

-4 -2 0 2 4
u / σ∞

r

r - depend of velocity increments:

- cascade and  statistics of increments 

0 500 1000 1500 2000

–4

0

4

x

"v
11

9L
"

inc_ts_20000.txt

"v119L"  large r

0 500 1000 1500 2000

–4

0

4

x

"v
01

5L
"

"v015L"

0 500 1000 1500 2000

–4

0

4

x

"v
00

1L
"

"v001L  small r"



Center for Wind Energy Research

Les Houches 2016

L

r2

η

r1

L     

homogeneous isotropic turbulence  -- hiT

ur = u(x + r)� u(x)
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r - depend of velocity increments:

- cascade and  statistics of increments 

A.N. Kolomogorov
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ur = u(x + r)� u(x)

summary turbulence

cascade and  statistics of increments

‣  non Gaussian statistics for small scales r
‣  Intermittency  - violent fluctuations on small scales
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content

problems
of mathematics

problems of society: 
energy
- environment CO2
- resources
- finances

basic problems application
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modern wind turbines

power from wind

Pwind =
1
2
�Au3

Ewind =
1
2
mu2

Pwind = Ėwind

=
1
2
ṁu2

ṁ = ⇢V̇

= ⇢A · u

for u = 12 m/s Pwind = 1kW/m2
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modern wind turbines

power from wind

Pwind =
1
2
�Au3

Ewind =
1
2
mu2

Pwind = Ėwind

=
1
2
ṁu2

ṁ = ⇢V̇

= ⇢A · u

for u = 12 m/s Pwind = 1kW/m2

WEC
PWEC = cP

1
2
�Au3 cP  0.59 Betz- Joukowsky  limit
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modern wind turbines

size 

R = 63m
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modern wind turbines

area = 12469 m2  area = 12469 m2

cP  0.59

Pwind  12MW

PWEC ⇡ 5� 6MW

R = 63m

PWEC = cp · Pwind
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modern wind turbines

WEC  >5MW

area = 12469 m2

3,7 MW

typical engine of a train 
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power output of wind turbines

measured power curve
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power output of wind turbines

⇢
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measured power curve
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story of success
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wind turbines in Germany

2012 - 31 GW installed
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employees 

number of employees even increased during  

 the last year‘s economic crisis 

2014 around 130.000 new jobs

report of DIW Berlin Nr. 41/2010
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offshore activities
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story of success

there are some activities in the North Sea
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are there any problems?  - Failure statistics

P. Tavner et.al EWAE 2011

water power plant: Saalach (DB)
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basics features of turbulence 

How does a turbine work? 

operating conditions for a wind turbine 

• wind conditions 

research challenges 
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wind measurements and data analysis

wind conditions after IEC 

• measurement at hub height in front of a turbine
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wind measurements and data analysis

wind conditions after IEC 

• measurement at hub height in front of a turbine

measured time series
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• 10 min mean value 

• turbulence intensity

wind measurements and data analysis

characterization after IEC norm 
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• 10 min Mittelwerte

~
 1

0 
m

/s

wind measurements and data analysis

characterization after IEC norm 
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º 106

Boundary-Layer Meteorology 108 (2003)

τ = 4 sP(uτσ
−1)

1/3000 years

1/day

Prob(uø > 6æ) º 10°4

Prob(uø > 6æ) º 10°10

statistics of gusts
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IEC   <—->  statistical analysis

~
 1

0 
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same mean and stand deviation
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IEC Wind and measured

IEC$Code$

Observa.on$

EUROMECH 528, S. Basu Uni Texas,
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Wind turbine

wind turbine in turbulent flows 

 is a small scale object 
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modern wind turbines

does this intermittency matter?
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content

basics features of turbulence 

How does a turbine work? 

operating conditions for a wind turbine 

• wind conditions => power dynamics 

research challenges 
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dynamics of power conversion

PWT =
1
2
cp(�) ⇢ u3

wind · A
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increment statistics of power fluctuations

τ= 1s           Wind (farm)
τ=10s,         Wind (farm)
τ=1000s,     Wind (farm)
Guassian PDF
τ=1s            Wind (single)
τ=10s,         Wind (single)
τ=1000s,     Wind (single)

(b) (b)

P(
X τ

)

Xτ/στ

−30 −20 −10 0 10 20 30

Wind 

highly intermittent  and turbulent power dynamics from wind turbines and wind farms
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Statistik der Leistungsschwankungen 
der Windenergie in Irland

O. Kamps U Münster
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grid integration

changed grid integration - not controllable power plant but local renewable source

conventional power plant 

controllable units flowing the demand

renewable energies - 

demand and supply fluctuating 
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main message

wind turbine is a big turbulence engine

ZEIT    
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research challenges

environmental conditions - wind and waves 

• high resolving sensors 

• multi-point characterization  

impact on WEC 

• lift force, thrust …. dynamics (dynamics of the conversion process) 

• stochastic characterization  of a noisy (turbulent) driven system 

• turbulent wind tunnel 

grid integration 

• wind farm - interacting dynamical systems 

• collective behavior 
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2D-Laser Cantilever Anemometer (2D-LCA)

Motivation wind flow

bending and twisting

DEFLECTION MODES OF THE CANTILEVER
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LiDAR - Light Detection and Ranging
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Wind is the energy resource - we should know is well 

• more than increments - two point quantity
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increments - 2  point statistics

using velocity increments - 2 point quantity

Heidelberg 2015

ur = u(x + r)� u(x)

ur
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turbulence: n - point statistics

p(u(x1), ..., u(xn+1))

p(u(x1), . . . , u(xn+1)) = p(ur1 , . . . , urn , u(x1))

uri = u(x + ri)� u(xi)

using velocity increments: 
ri

Heidelberg 2015

n+1 -point statistics can be expressed be joint n-increment statistics 
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n-point statistics

p(u(x1), ..., u(xn+1))
= p(ur1 |ur2 , u(x1)) ... p(urn�1 |urn , u(x1)) · p(u(x1))

L

new view of cascade process : 
it is local in the cascade  - three point closure !
and is given by a Fokker-Planck equation

ηr
....
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Stresing et.al. New Journal of Physics 12 (2010)     

R. Friedrich 1956 - 2012
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synthetic wind fields

next step - wind fields modeling 
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next step - wind fields modeling  - CTRW model of Kleinhans / Friedrich 

 first results with CFD - numeric simulations
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research challenges 

wind and its turbulence 

• high resolving sensors 

• multi-point characterization  

impact on WEC 

• lift force, thrust …. dynamics (dynamics of the conversion process) 

• stochastic characterization  of a noisy (turbulent) driven system 

• turbulent wind tunnel 

grid integration 

• wind farm - interacting dynamical systems 

• grid stability under turbulent noise 

• collective behavior
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angle of attack

� inflow angle for rotor plane

angle of attack:   - pitch angle�

↵

↵
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increment statistics of angle of attack ( 1 Year - Gerrit Kampers Fino 1)
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Active Grid and Dynamic Stall

• 16 axes with square plates 

• Independent movements with stepping motors 

• Controlled by “excitation protocols” 

• Reproducible wind fields with adjustable 
intermittency statistic 

• Generation of atmospheric turbulence possible 
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Wind tunnel and measuring techniques

• Outlet 100 x 80 cm 
• Up to 50 m/s, TI ≈ 0.3 % 

• Closed test section (260 cm) with optical access 
• Airfoil chord 30cm

80 pressure sensors

airfoil

motor
force and torque 

sensors

30 pressure tabs
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experimental setup
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dynamic stall for different inflow

Homeyer EFMC 20 TU 17:00
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research challenges 

wind and its turbulence 

• high resolving sensors 

• multi-point characterization  

impact on WEC 

• lift force, thrust …. dynamics (dynamics of the conversion process) 

• stochastic characterization  of a noisy (turbulent) driven system 

• turbulent wind tunnel 

grid integration 

• power output dynamics 

• wind farm - interacting dynamical systems 

• collective behavior 
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Oldenburg
Bremen

StadeBremerhaven

Hannover
Braunschweig

Köln

Saarbrücken

Stuttgart

Oberpfaffenhofen

Göttingen

Bad Hersfeld

Kassel

Fuldatal
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Windphysics in Oldenburg

aim to combine
free field measurements

wind tunnel
CFD- simulations

- main focus on turbulent 
- wind fields
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Forschungsbau “Windlab”
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turbulence is challenging  
for wind energy  


