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We modified the wind tunnel setup at LM Wind Power to be able to investigate 
airfoils with movable trailing edges. This allowed us to test two different trailing 
edge concepts on the same base airfoil, and compare their characteristics. The 
first concepts was a rigid trailing edge flap extending 10% of the chord length. The 
second concept was a miniflap extending only 1% of the chord length. The flaps 
could be moved with a reduced frequency of up to 0.2 at a Reynolds number of 3 
million, which represents flow conditions on a modern turbine blade. It was found 
that the miniflap has more non-linear behavior than the trailing edge flap and this 
should be considered if they should be used for load control on wind turbines. 

Nomenclature 

CL = lift force coefficient [1]  
CD = drag force coefficient [1] 
U = wind speed [m/s]  
α = Angle of attack [deg]  
c = chord [m] 
t = time [s] 
f =   frequency [Hz] 
k =   reduced frequency, k=(2πf(c/2))/U 
τ = non-dimensional time, τ =t·U/c [1] 
 
 

I. Introduction 

CTIVE load control for wind turbines is becoming increasingly important for the wind turbines, due to 
their increasing size and complexity. Especially for very large turbines, distributed active load control 

on the blades may be useful for reducing the fatigue loads of the blades and the turbine. One of the open 
questions remaining is which aerodynamic device is the most practical to apply to the blades, and many 
candidates have been proposed over time. In the present article we have chosen to concentrate on two 
devices: 

 The trailing edge flap, which is equivalent to the aileron of a plane. The trailing edge flap has 
been extensively studied at Risø-DTU [1][2][3]. Recent studies have shown high load reduction 
potential for this technology [4]. In this article only the rigid, hinged trailing edge flap is 
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considered, with a maximum deflection angle of 10˚. The drawback of using a trailing edge flap is 
the high power consumption and influence on the structure. 

 The miniflap is also located at the trailing edge but is only 1% of the chord length. The miniflap 
(MF) is  similar to a Gurney flap, when it is deployed at an angle of 90˚. The miniflap is a further 
development of the microtab concept  which has some drawbacks in being difficult to incorporate 
in the airfoil, and having a reverse lift response in the initial deployment phase [5][6][7].  The 
miniflap has the advantage of being very small and hence potentially require very little actuation 
power. Due to the small size, a fast actuation is expected.  

 
This paper will try to characterize and compare the aerodynamics of the two devices from our 

experimental results. 
 

II. Experimental Setup 

A. Wind Tunnel 
 The Low Speed Wind Tunnel (LSWT) of LM Wind Power, was specifically designed to study airfoil 
sections under flow conditions very close those that are present on wind turbine blades. The wind tunnel 
is a closed circuit, variable fan speed tunnel, with temperature control [8]. The flow quality is very high 
due to specially designed corner vanes, a honeycomb structure, three fine mesh screens and finally a 
contraction of 10 to 1, that dampens the turbulence to a minimum and ensures a uniform velocity profile 

of good quality. The turbulence intensity is in the order of 0.1%. The wind tunnel and test section is shown 
in figure 1. The maximum wind speed in the test section is 105 m/s which together with a 0.9m chord 
length yields a chord Reynolds number of 6×10

6
 and a Mach number of M = 0.3.  In this study we only 

investigated cases at a Reynolds number of 3×10
6 
. 

 

B. Calculation of airfoil force coefficients 
The airfoil force coefficients was calculated through two systems. 

1. The pressure measurement system. The airfoil pressure distribution was used to calculate the lift 
coefficient, CL, the drag coefficient, CD, and the moment coefficient, CM. The airfoil pressure 
distribution was sampled through 90 pressure tabs on the surface. The tabs were connected to a 
Scanivalve pressure module through 1.5 m long tubes each with an internal diameter of 0.8 mm. 
The drag coefficient was also calculated from the wake rake which was positioned approximately 
2 m behind the airfoil trailing edge – this is assumed to be the most correct value of the drag. The 

 
Figure 1: Left: Overview of the wind tunnel. Right: Test section. 
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data acquisition of the pressure modules was made with a DMT Initium system with a maximum 
sample rate of 325Hz. For our measurements we used a samplerate of 100 Hz for most cases. 

2. The 3-component load cell system. From the 6 load cells mounted on the turntables the CL, CD, 
and CM could be calculated. The load cell system was also sampled at 100 Hz through a National 
Instruments PXI system. 
 

The two systems were synchronized with a common trigger signal. Due to the long tubes a significant 
delay was found between the force derived from the pressure tabs and the drag from the load cell 
system. The delay was calculated with the Bergh-Tijdeman model [Ref] to be in the order of 27ms, which 
is significant considering the 10ms sample time. Due to this significant time delay, the lift calculated with 
the pressure measurement system was phase shifted so it was in phase with the load cell system.  

 
1. Airfoil Model 
The airfoil was a 24% thick LM airfoil with a chord length, c, of 0.9m. The shape is shown in Figure 2. The 
model could be separated at 10% of the chord from the trailing edge, so the trailing edge could be 
changed. Two trailing edge parts were manufactured.  

1. A miniflap model, which was rigidly connected to the main airfoil and had a hinge point at 1% of 
the chord from the trailing edge. The hinge was made with a rubber interface of 3 mm. The 
thickness of the rubber was only 1mm which created a 1.5mm groove on both sides of the profile. 
The flap could be deflected +-90 degrees. There were no pressure tabs on the miniflap. 

2. A trailing edge flap which was hinged at the interface to the main airfoil and rigidly connected to 
the with a shaft. The trailing edge flap could be deflected +-10 degrees. The gap between the 
main profile and the flap was sealed with plastic sheets which were glued to the flap and were 
free to move inside the main profile. This created a smooth, but flexible, surface transition 
between the main profile and flap. 

 
The two flaps were connected through a drive train to two powerfull servo motors. The shaft of the flap 
and the shaft of the servomotor were connected with a belt which was ensured to have very little 
backlash. To drive the flap, the servomotor was geared with a 50:1 ratio, to give sufficient torque. An 
absolute angle sensor was placed on both sides of the flap shaft to have complete confidence in the 
position of the flap. The flap was aligned to zero degrees by using a cnc-machined template which could 
be put on the entire airfoil surface. 

 
 

  

 
 

Figure 2: LM 24% profile, showing the two different trailing edges at different deflections 
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III. Results 

 

A. Steady State Results 
The steady state polars are shown in Figure 3. The deflection angle of the flap was kept constant and 

the the profile was rotated at different angles of attack. The two devices had a similar range of CL for a 
given angle of attack, although the trailing edge flap could reduce the lift more than the miniflap, which 
saturated below -45 deg.  

The maximum lift was slightly higher for the miniflap when the flaps were deflected downwards. The 
trailing edge flap causes traling edge separation at high positive deflections, which decreases the 
maximum lift slightly. The drag was higher for the miniflap than the trailing edge flap for all non-zero 
deflection angles. 
  

 
 

Figure 3: Steady state polars for the flap (solid lines) and the mini-flap (dashed) compared 
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B. Unsteady Results 
1. Processing 
 

An example of an unsteady experiment is shown in Figure 4 for the miniflap at k=0.1, α=5° and 
β=±45°. The AP refers to the airfoil pressure distribution and the LC refers to the load cells. The phase lag 
of the airfoil pressure signal is clearly visible, since the AP loop (blue) is clearly more open than the LC 
loop (green), which is assumed to be in phase with the actual force on the profile. The load cell signal 
however is more noisy than the the AP signal. A slight offset is seen between the AP and the LC both in 
the steady state (dashed lines) and unsteady measurement (full line). The AP is regarded the most 
accurate system.  

 
The “AP synchronized” has been phase corrected and the loop shape is now matching the “LC raw”. 

This was done by calculating the maximum of the crosscorrelation function between the “AP raw” and “LC 
raw” which corresponds to a time delay. This time delay was subtracted from all the AP signals. The “AP 
synchronized” was then ensemble averages in “AP averaged”, to give a nice smooth curve. Each time 
series had around 100 cycles to give sufficient statistical information. The AP averaged is regarded the 
final result. 
 

2. Dependancy of reduced frequency. 
In Figure 6 a study of the frequency of the flap and miniflap is shown. As the frequency was increased 

the loop shape changed to become more open and the loop slope decreased. This was in full accordance 
with the theory, where the shed vorticity effects are expected to open the loop as frequency increases.  

 
 
3. Dependancy of deflection angle. 

In the case shown in Figure 7, the flap response to an increased deflection angle was apparently very 
linear – the loop simply scaled with the deflection angle. For the miniflap on the other hand the lift is 
limited at deflection angles above ±45° and the loop attains an s-shape. 

 
 

Figure 4: Steps in processing the unsteady lift. Miniflap, k=0.1, α=5°, β=±45°. 
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4. Dependancy of angle of attack. 

 
 

Figure 5: Loops as function of reduced frequency for the flap (left) and miniflap (right). 

 
 

Figure 6: Loops as function of deflection angle, for the flap (left) and miniflap (right). 
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The loops were made at different angles of attack. Again it was very interesting to see how the loops 
were depending on the angle of attack as seen in Figure 8. For the flap, the loop is almost identical for 
α=0° and α=5°, which supports that the flow follows a linear model for the linear part of the lift slope. At 
maximum lift, near α=9°, the mean slope of the loop decreases and the loop becomes less open. This is 
due to other effects such as stall, that changes the phase between the flap angle and the lift force. At 
α=12°, the loop direction changes and follows the theory of dynamic stall.  

For the miniflap the responses are more or less similar for α=0° and α=5° except at the upper and 
lower limits of the loop. Near α=9° the lift cannot decrease as much, and the loop becomes slightly less 
open, but not as much as for the flap which suggests that trailing edge separation is not influencing the 
dynamics too much. 

 

 

Conclusions 

The experimental setup was capable of capturing the unsteady behavior of harmonically deflecting 
trailing edge devices at high reduced frequencies, relavant for wind turbine blades. The high quality 
measurements could be used to compare the performance of the flap to the miniflap, but also to validate 
models. The flap clearly has a higher change in CL, and a lower drag than the miniflap. The hysteresis 
loop of the lift of the miniflap showed out to be more complex than that of the flap. 

Acknowledgements  

The wind tunnel model was partly financed by the UPWIND project. 
 

  References 

 
[1] Basualdo, S. Load Alleviation on Wind Turbines using Variable Airfoil Geometry, M.Sc. Thesis 

Project, Technical University of Denmark, 2004. 
[2] Troldborg, N. Computational study of the Risø-B1-18 airfoil with a hinged flap providing variable 

trailing edge geometry. Wind Engineering, vol. 29, no. 2, 2005 

 
 

Figure 7: Loops as function of angle of attack for the flap (left) and miniflap (right). The steady state 
lift at β=0° was subtracted from the lift to compare the curves. 



 
 

 

8 

[3] Buhl, T.; Gaunaa, M.; Bak, C.; Potential Load Reduction Using Airfoils with Variable Trailing Edge 
Geometry. Journal of Solar Energy Engineering. November 2005, Vol. 127, p. 503-516 

[4] Andersen P. B et al. Deformable trailing edge flaps for modern megawatt wind turbine controllers 
using strain gauge sensors. Wind Energy 2010, 13. DOI: 10.1002/we.371 

[5] Baker, J. P., Standish, K. J. and van Dam C. P., Two-Dimensional Wind Tunnel and Computational 
Investigation of a Microtab Modified S809 Airfoil, AIAA 2005-1186, 2005. 

[6] Chow, R. and van Dam, C. P., On the temporal response of active load control devices, Wind 
Energy. 2010, 13. DOI: 10.1002/we.370 

[7] Baek, P, Gaunaa, M., Sørensen, N.N, Fuglsang, P. Comparative Study of Distributed Active Load Control 
Concepts for Wind Turbine Blades, The Science of Making Torque from Wind Conference, Crete 2010. 

[8] Fuglsang, P and Bove, S. Wind tunnel testing of airfoils involves more than just wall corrections. In 
EWEC 2008, Brussel, 2008 


