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Introducing Philips Applied Technologies 
Innovation & efficiency 
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Worldwide representation
North America: San José (USA), Andover (USA) 
Europe:  Eindhoven (NL), Redhill (UK)
Asia: Bangalore (India)

A multinational highly qualified 
workforce 
•> 850 people
•> 70 competencies
•> 40 years experience in innovations

Visit us at www.apptech.philips.com
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Technical innovation services for Philips and 
external customers
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Turn-key solutions
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Outline

• Introduction
• Small rotor aerodynamics challenges
• Unsteady aerodynamics modeling
• Validation approach
• Experimental rotor set-up & Open Jet wind tunnel Facility
• Measurement campaign
• Initial data analysis and results
• Conclusions
• Next steps
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Introduction

• Philips Applied Technologies is interested in challenges and innovations 
associated with small wind applications

• Significant  growth in small wind turbines for residential and commercial 
applications is expected

• Small wind systems will be in closer vicinity to domestic environments 
and addresses a consumer market

• Small wind system designs should be affordable, reliable and safe
• Combining low cost components and desired lifetime into a feasible 

design calls for thorough understanding of the load cases and 
behaviour of the system

• This sets high requirements on the system design tools, such as 
simulation models for evaluation of loads and aerodynamic behaviour
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Small rotor aerodynamics challenges

• Very destructive threats to the rotor system are aerodynamic instabilities 
such as stall hysteresis and flutter

• By design, rotor instabilities should be prevented in small wind systems
• Proper aerodynamic + rotor dynamics models are key to predict such 

dangerous limit-cycle behaviour

• Small wind systems the will experience many wind inflow variations
• Reliability of the unsteady aerodynamics models is therefore crucial
• Validation of models is built through 

– representative experimental set-ups, 
– under realistic operational conditions,  
– a lot of informative experiments,
– and effective identification techniques
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Small rotor aerodynamics challenges

• Unsteady aerodynamics are more prominent for small wind 
systems in residential environments

• Wind induced :
– Wind speed (gusts)
– Wind profile (gradient/ shear)
– Wind direction (yawed flow)

• Rotor induced:
– Relatively high rotational speed
– Blade motion (flexibilities in bending, torsion, lead lag)
– Tower bending, nacelle yawing (rotor displacements)
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Starting point: Blade Element theory for wind turbine rotors
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Unsteady aerodynamics modeling

2D stationary profile 
characteristics



Philips Applied Technologies, ISWC Glasgow, Gregor van Baars, april 28th 2010

A long history of unsteady aerodynamics studies
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A long history of unsteady aerodynamics studies
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And many more…
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Unsteady 
aerodynamics: 
dynamic stall
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Ref:
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ONERA model for dynamic stall [ref: Tran&Petot]
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ONERA model for dynamic stall
Identification procedure of rotor specific coefficients

• State-of-the-art described in literature

• Applied to both 2D wind tunnel tests (forced pitch and plunge 
oscillations) and 3D helicopter data (forward flight test data)

• Identification experiments
– Small amplitude pitch oscillations
– Large amplitude pitch oscillations
– Defined experimental conditions and some known parameters

• Application to 3D rotating wind turbine situation relatively unexplored
– Lack of informative data
– Too much loading on system
– Input cannot be controlled according to experimental plans (wind input)
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Experimental rotor set-up 
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• NACA0012 profile

• Straight  blade (constant chord)

• Flexible element mounting
• 1,5 / 2,0 / 3,0 mm thick strip

• Counter mass for rotational balance

•Tufts, trip wires, tape
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Experimental rotor set-up
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• Forced  rotor speed (driven)

• Flexible coupling between drive 
unit and rotor

• Wireless data transfer of torsion 
and bending strain gauges

• Axis at center  heigth of wind 
tunnel outflow

• Rotor plane 1 m downstream  of 
wind tunnel outlet

Measured signals:
• Wind speed
• Rotor shaft speed
• Bending and torsion at flexible element (wireless)
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Open jet wind tunnel facility @ Delft University
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• Max wind speed = 14,5 m/s

• Circular cross section = 2,2 m

• Central axis height = 2,3 m

• 45 kW DC motor to drive fan 

• Flow straighteners & gauzes

• Turbulence levels 1,2 +/- 0,2%

• Building hall = 35 x 20 x 5,5 m 

(LxWxH)

• Clearance to back wall = 11 m
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Proposed Identification and Validation approach
Combination of:
• Defined, steady, uniform wind input (defined by wind tunnel)
• Defined, constant rotational speed (driven rotor shaft rotation by motor)
• Measured torsion and bending of flexible element
• Assuming the blade deformations are significantly small
• Realistic rotor dynamics model

Procedure:
• Calculate blade motion from rotational speed and element torsion and bending
• Calculate angle of attack from blade motion and wind field velocity
• Combine set of experiments over a range of frequencies and wind speeds into a 

data set for identification of the ONERA coefficients (similar as needed for 2D wind 
tunnel experiments with forced oscillations)

• Apply identified ONERA coefficients into rotor aerodynamics model (e.g. BEM 
based) and validate against fresh data (not used for identification)

• Compare simulated behavior with measured torsion and bending data
19
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Identification and Validation approach
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Measurement campaign

• Wind tunnel qualification experiments
• Non-rotating experiments without wind

– Elementary vibration tests (structural qualification)
– Noise excitation

• Rotating experiments without wind
– Reference behavior without dominant aerodynamics

• Transient experiments
– Rotor gearing up or  spinning down
– Wind flow speed change
– Shutting of wind fan

• Perpendicular flow experiments
– See overview on next slide

• Yawed flow experiments
– See overview on next slide

21

Over 200 data sets
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Measurement campaign

Rotor set-up variations:

• Blade root flexible element 
thickness

– 1,5 mm
– 2,0 mm

• Prony brakes yes / no
• Trip wires yes/no
• …
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Open Jet Facility 
Wind speed

0 / 3 / 6 / 9 / 10 [m/s]

Yaw angle
-30 / -15 / 0 / +15 / +30 [deg]

Driven rotor speed
0 – 15 [Hz]

Experimental conditions variations
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Yawed rotor experiments

• Through yawed positioning of rotor relative to wind inflow, cyclic wind 
variations are enforced on the rotor

• Defined unsteady aerodynamic situation is created
– The amplitude is a function of the yaw angle
– The frequency is a function of the rotor speed
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Initial data analysis and results
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- torsion
- bending

Rotor speed = 12 Hz
Wind speed = 9.5 m/s 
Yaw = +15 deg
Element = 1,5 mm
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Initial data analysis and results
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- torsion
- bending

Rotor speed = 12 Hz
Wind speed = 9.5 m/s 
Yaw = +15 deg
Element = 1,5 mm

For more data and 
experiments, contact 

the author
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Conclusions

• Small wind turbine systems should be reliable and affordable despite 
the expectation that aerodynamic and rotor dynamic variations are more 
prominent than for traditional large scale wind turbine systems

• Aerodynamic modeling, especially unsteady aerodynamics, combined 
with flexible rotor concepts deserves renewed attention to guarantee 
reliable designs based on accurate predictions of wind turbine behavior

• A open jet wind tunnel facility has been used to experiment with a 
instrumented small rotor setup with a flexible rotor mounting element 
and controllable rotor speed (motor driven)

• An extensive set of experiments has been recorded, bringing the rotor 
in dynamic stall conditions, inducing stall-flutter

• An approach has been introduced to identify the rotor airfoil coefficients 
that are incorporated in the ONERA model for dynamic stall

• Preliminary data analysis show the potential of this experimental data 
base to identify these coefficients from the available experiments
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Next steps

• Further elaborate experimental data
• Combine measurements into identification of ONERA coefficients
• Validate dynamic stall model with identified coefficients against unused 

experiments over a range of aerodynamic conditions
– Qualitatively : do we see correspondence in the kind of behavior?
– Quantitatively: does also match in absolute sense?

• Repeat some of the experiments with the new Open Jet Facility at Defft 
University of Technology
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New Open Jet wind tunnel Facility at Delft 
University of Technology
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• Located at Aerospace department
• Opened january 2009
• Opening 2,85 x 2,85 m
• Wind speed up to 35 m/s
• ‘Open' layout 

• 2 bladed rotor 
• Current research on dynamic 
stabilization exploiting smart 
structure rotor concepts 
• Piezo driven blade flaps to reduce 
fatigue loading
• Extensive instrumentation
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