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News from DTU in general

4 new test sites. Up to 330m max height.
Wind tunnel for wind turbine blade section
110m/s. Acoustic measurement section

Blade test facility for multi axis testing.

… and know also a new supercomputer 
with 6400 cores – Life is great!



Outline

•Dynamic Wake Meander Model – from idea to final validated approach
•Requirements for future load validation
•The V52 turbine experiment
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Some of the very early wake studies (1992)
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A Nordex 250kW next to a Vestas V27 
225kW with a spacing of 2D

A clear impact on power and blade loads
was seen.



Load measurements on Vindeby 
11 Bonus 450kW
A few years later (1994). Load increases seen in Vindeby

This was used for the generation of the Frandsen equivalent turbulence model

Frandsen, S. T., & Thøgersen, M. L. (1999). Integrated fatigue loading for wind turbines in wind farms by combining ambient turbulence 
and wakes. Wind Engineering, 23, 327-339. 

Frandsen, S. T. (2007). Turbulence and turbulence-generated structural loading in wind turbine clusters. (Denmark. Forskningscenter 
Risoe. Risoe-R; No. 1188(EN)).



More detailed observations on a NM80 in 2003

• Full scale experiment in 2003 on an 80 m, 2 MW  NEG-MICON 
turbine in Tjæreborg

• A pitot tube was used to give more insight in the incomming flow

Madsen HA, Larsen GC, Thomsen K. Wake flow characteristics in low ambient turbulence conditions, 
Proceedings of the Copenhagen Offshore Wind, Copenhagen, 2005.



Observations on the NM80

• Wake deficit dynamics illustrated by measured AOA

• The angle of attack is an indirect measured of the flow velocity at 
the rotor disc. A wake is seen oscillate (meander) in the upper left 
area

This observation was essential
for the formulation of the 
Dynamic Wake Meander
model

Thomsen K, Madsen HA. A new simulation method for 
turbines in wake-applied to extreme response during 
operation. Wind Energy 2005; 8: 35–47. DOI: 
10.1002/we.130.

Larsen GC, Madsen HA, Thomsen K, Larsen TJ. 
Wake meandering—a pragmatic approach. Wind 
Energy 2008; 11:377–395.



The basic idea of the 
Dynamic Wake Meander model (DWM)

velocity deficit    wake 
meandering 

Wind turbine wake

wake added 
turbulence

The wake is superimposed on the normal 
ambient turbulence !

Madsen HA, Larsen GC, Larsen TJ, Troldborg N., Mikkelsen, R. Calibration and validation of the dynamic wake meandering model 
for implementation in an aeroelastic code. Journal of Solar Energy Engineering 2010; 132(4): 041014-1–041014-14. DOI: 
10.1115/1.4002555.



The Tellus Lidar Experiment (2005)

Bingöl F, Mann J, Larsen GC. Light detection and ranging measurements of wake dynamics. Part I: one-
dimensional scanning. Wind Energy 2010; 13(1): 51–61.

A clear proof of the meandering assumption



A very recent spinner Lidar recording (2017)
 wind speed = 5.7 m/s

 TI = 0.04

 veer = 5.7°

 Stable Boundary Layer, 2.5D downstream

vlos V’los

Note that you can see turbulence coming off the nacelle and
tower before the turbine turns on and the wake forms
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T. Mikkelsen, T. G. Herges, P. Astrup, M. Sjöholm and B. T. Naughton. 3D wake measurements from a scanning 
wind lidar in combination with a fast wind field reconstruction model. June 28 2017, WESC, DTU Lyngby , Denmark






Results from the Lillgrund Wind Farm (2015)
3-7D spacing, single and multiple wake situations

Wake effects may cause 
significantly increased 
loads at high wind speeds, 
even though a single wind 
turbine here is 
“aerodynamic transparent”

Larsen TJ, Larsen GC, Aagaard Madsen H, Petersen SM. 2015. Wake effects above rated wind speed. An overlooked contributor to high loads in wind farms. In 
Scientific Proceedings. EWEA Annual Conference and Exhibition 2015 . European Wind Energy Association (EWEA). pp. 95-99.
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Recent development in usage of blade mounted
flow sensors – eg. a pitot tube
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A method has been established to compensate for local circulation and rotor induction

Pedersen, M. M., Larsen, T. J., Madsen, H. A., and Andersen, S. J.: Free-flow wind speed from a blade-mounted flow 
sensor, Wind Energ. Sci., 3, 121-138, https://doi.org/10.5194/wes-3-121-2018, 2018. 



Two examples of usage
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Left: A halfwake situation of turbine 3, where the varying flowfield over the rotor is clearly seen

Right: A non-stationary situation where a the BMFS gives increased wind information

Pedersen, Mads M., Torben J. Larsen, Gunner C. Larsen, Helge A. Madsen, and Niels Troldborg (Jan. 2015). “Turbulent wind field 
characterization and regeneration based on pitot tube measurements mounted on a wind turbine”. In: 33rd Wind Energy Symposium. AIAA 
SciTech. Kissimmee, Florida. DOI: 10.2514/6.2015-1467



Traditional load validation
Met mast data, sector averaged Turb. Int. and shear
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Traditional met mast data is insufficient to determine the wind conditions important for the load of the turbine. 

Siemens SWT 3.6MW Høvsøre

Pitot tube installed on one blade



Including further information of the wind field:
• In this case the blade mounted flow sensor is used to extract spatial wind field information.
• A synthethic turbulence and shear field is created, contrained to match the BMFS data. 

Trends are also included
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With increased wind field information it is possible to make a direct load match.

Lidar based systems of sufficient resolution can also provide a very good load match.

Pedersen, Mads Mølgaard, Torben Juul Larsen, Helge Aagaard Madsen, and Gunner Christian Larsen (Apr. 2018b). “More accurate aeroelastic wind-
turbine load simulations using detailed inflow information”. In: Wind Energy Science Discussions, pp. 1–33. DOI: 10 . 5194 / wes - 2018 - 4.



Lidar based load comparison
Nørrekær Enge, 2.3MW Siemens
• Avent: Time series and 10-

minute averages from all 
beams

• ZephIR: Time series, 10-
minute averages and Dopple
spectra for 10 bins

• Works excellent for mean 
wind, speed and wind shear

• Far from perfect for yaw and 
veer
(low beam opening angles)
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Dimitrov, N.K., Borraccino, A., Peña, A., Natarajan, A. and Mann, J. “Wind turbine 
load validation using lidar-based wind retrievals”, Under Review in Wind Energy 
Journal, 2018.



Power comparisons
• Power prediction

18

Using cup anemometer Using 5-beam lidar

Dimitrov, N.K., Borraccino, A., Peña, A., Natarajan, A. and Mann, J. “Wind turbine load validation using lidar-based
wind retrievals”, Under Review in Wind Energy Journal, 2018.



Load comparisons
• Tower base fore-aft bending moment
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Using cup anemometer Using 5-beam lidar

Dimitrov, N.K., Borraccino, A., Peña, A., Natarajan, A. and Mann, J. “Wind turbine load validation using lidar-based wind retrievals”, 
Under Review in Wind Energy Journal, 2018.



Load comparisons
• Blade root flapwise bending moment
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Using cup anemometer Using CW lidar

Dimitrov, N.K., Borraccino, A., Peña, A., Natarajan, A. and Mann, J. “Wind turbine load validation using lidar-based wind retrievals”, 
Under Review in Wind Energy Journal, 2018.



The V52 experiment
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Spinner Lidar

Permanent installation:

Upstream Lidar

Spinner anemometer

Campaign September 2018:

Downstream spinner lidar

Ground based short range lidars



V52: Measurements
• Measurement system is running
• Extra 45 deg tower top SG installed
• Spinner anemometer calibrated
• Electrical measurements included in database.

• Spinner Lidar installed start of May 2018

• Short range lidar campaign in September 2018 
including also pitot tube measurements

• Inflow and wake flow field to be characterized 
simultaneously.

• Acoustic measurements also carried out.

2223 April 
2018

Spinner anemometer turb. int

Wind direction

WestNorth East South



Summary
• Ambient turbulence offshore is typically lower than used in design simulations. 

Shear also lower.
• Fatigue loads offshore are dominated by wake effects.
• The DWM method is comparing very well with measurements

• Met masts measurement provides a perfect reference – but rarely captures the 
interesting situations

–Spinner anemometers are doing well – when calibrated
–Nacelle and spinne lidars are really promising
–Pitos turbes. A forgotten technology that provides highely valuable extra wind

input.

• A very detailed experiment at the V52 turbine at DTU Wind Energy is conducted this
year.
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