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Smart rotors: dynamic-stall load control by means of 
an actuated flap 

Marco Raiola1, Stefano Discetti2 and Andrea Ianiro3 
Universidad Carlos III de Madrid, Leganés, Madrid, 28911, Spain 

Farid Samara4 
University of Waterloo, Waterloo, Ontario, N2L 3G1, Canada  

and 
Francesco Avallone5 and Daniele Ragni6† 

Technische Universiteit Delft, Delft, Zuid-Holland, 2600, Netherlands  

This study focuses on an active strategy for unsteady-load control by means of a 
trailing-edge flap. Experiments on a 2D pitching and heaving NACA 0018 airfoil 
with an actuated trailing-edge flap are performed at a reduced frequency of k = 0.1 
in a free-stream flow with Re = 1.3 × 105. The model is equipped with 24 differential 
pressure transducers to provide with the time-resolved distribution of the pressure 
difference between pressure and suction sides. Results show that an actuated flap 
significantly decreases the magnitude of unsteady loads. A reduced order model of 
the flap effect on the loads is proposed. The loads are estimated by adding the 
contribution of the clean wing with the flap one. This model can be applied to 
unsteady loads for both attached flow and dynamic stall conditions, constituting an 
effective control strategy for dynamic loads, if the airfoil transition location is 
properly controlled. 

Nomenclature 
� = geometric angle of attack of the airfoil            [deg] 
��  = mean geometric angle of attack of the airfoil          [deg] 
�� = pitching amplitude                 [deg] 
�� = flap deflection angle                 [deg] 
��,� = flap deflection amplitude                [deg] 
� = phase shift between flap motion and heaving motion        [deg] 
� = phase shift between pitching and heaving           [deg] 
	
  = freestream air density                [�� 
��] 
� = motion period                   [�] 
AR = wing aspect ratio                  [-] 
� = airfoil chord                   [
] 
�� = airfoil lift coefficient                 [-] 
��� = airfoil lift curve slope                [-] 
��� = airfoil zero incidence lift coefficient            [-] 
�� = airfoil pitching moment coefficient             [-] 
��� = airfoil zero incidence pitching moment coefficient         [-] 
�� = pressure coefficient                 [-] 
� = turbulent kinetic energy                [
����] 
� = motion frequency                  [���] 
                                                           
1 PhD Candidate, Aerospace Engineering Group, mraiola@ing.uc3m.es. 
2 Visiting Professor, Aerospace Engineering Group, sdiscett@ing.uc3m.es.  
3 Visiting Professor, Aerospace Engineering Group, aianiro@ing.uc3m.es, AIAA Senior Member.  
4 MASc Candidate, Wind Energy Group, farid.samara@uwaterloo.ca.  
5 Post-Doctoral Research Fellow, Section Wind Energy, F.Avallone@tudelft.nl. 
6 Assistant Professor, Section Wind Energy, D.Ragni@tudelft.nl.  
 
† Corresponding Author. 



American Institute of Aeronautics and Astronautics 

2

ℎ = heaving position                  [
] 
ℎ� = heaving amplitude                 [
] 
� = reduced frequency                 [-] 
p = static pressure                   [��] 
�� = Reynolds number                  [-] 
St = Strouhal number                  [-] 
�
 = free-stream velocity                 [
���] 
LEV =  Leading Edge Vortex 
PIV = Particle Image Velocimetry 
TEF = Trailing Edge Flap 

I.  Introduction 
N the last decade, the increasing need of wind energy production has led to manufacturing of large wind 
turbines. Relevant examples are the Siemens SWT-7.0-154 (featuring a 154 m rotor diameter) and the 

LM 88.4 P (with a 170 m rotor diameter). As a consequence, structural integrity and stiffness have become 
of paramount importance, thus affecting the final cost of energy. A possible strategy to reduce material and 
structural costs is to mitigate fatigue loads induced by unsteady flow conditions. One technological solution 
is the Smart Rotor, in which the dynamic loads are controlled by means of an active modification of the 
blades shape. The control is based on the feedback provided by sensors embedded in the turbine design [1]. 

Wind turbines are subjected to unsteady flow conditions depending on the wind farm arrangement and 
atmospheric turbulence. Considering the case of a heaving airfoil, unsteady effects are quantified by means 
of the reduced frequency k =πcf/V∞ and the Strouhal number St =2h0f/V∞, where c is the airfoil chord, h0 is 
the heaving semi-amplitude, f is the frequency and V∞ is the free-stream velocity. Corke and Thomas [2] 
set k < 0.05 as a reference rule to neglect unsteady effects. 

For higher reduced frequencies, the blade may be subjected to dynamic stall, a regime characterized by 
non-linear variations of the aerodynamic loads with the angle of attack [3]. The dynamic stall is an unsteady 
phenomenon that affects wings in a periodical motion [2,4]. Under these conditions, the aerodynamic stall 
is delayed to an angle of attack larger than the static one, thus causing aerodynamic loads higher than 
expected [4]. This typically leads to the generation of additional periodic forces and moments [5]. The 
dynamic stall is usually beneficial for birds and insects, since it allows to increase the maximum lift-to-mass 
ratio [6]. On the other hand, in helicopters [7,8,9] and wind turbines [3,10] this phenomenon entails large 
vibrations of their blades. 

The dynamic stall is characterized by the formation of a Leading Edge Vortex (LEV) [11] on the suction 
side of the airfoil, which prevents the complete separation of the boundary layer at post-stall angles of 
attack. The LEV is a flow structure which typically grows with increasing angle of attack [12], being fed 
by the vorticity developed in the boundary layer at the leading edge. During its growth the LEV brings an 
additional suction on the leading edge until its detachment. The detachment of the LEV from the surface is 
characterized by an abrupt flow separation and thus by a severe lift loss. The LEV is responsible for the 
enhancement of aerodynamic forces on the wing, since it usually entails a strong low-pressure peak close 
to the nose of the airfoil. Since the variation of lift caused by LEV can be seen as a localized change in 
circulation [13], the control of the latter is fundamental to reduce the fluctuations of the aerodynamic loads 
in devices operating under unsteady conditions. Several studies attempted to isolate the dominant 
parameters to which dynamic stall is most sensitive. Baik et al. [12] pointed out that the LEV generation 
and growth are mostly influenced by the wing kinematics. Recent attempts to control the vortex dynamics 
by means of modifications of the wing kinematics revealed to be promising. For instance, quick pitch 
maneuvers [14] have been shown to have the potential of reducing the negative effects of the dynamic stall 
(such as increased drag and pitching moment) without affecting the lift augmentation associated with the 
LEV. However, the vortex control by means of the wing motion does not appear suitable for wind turbine 
applications, due to the significant increase of weight and complexity that it requires. A different approach 
consists in the active control of the boundary layer at the leading edge, e.g. leading-edge blowing 
[15,16,17], leading-edge plasma actuation [5,18,19], vortex generators [20,21,22] and synthetic jets 
[23,24,25]. Alternatively, modification of the wing shape can be used to attenuate the dynamic stall effects. 
A very promising technology is the Trailing Edge Flap (TEF) [26,27,28,29,30]. The main advantage of a 
trailing edge flap (and of trailing edge shape-morphing systems, in general) is the higher control authority 
per unit of added mass on the aerodynamic loads with respect to leading edge control systems (see, e.g. 
[1]). Gerontakos and Lee [29] investigated the effect of TEF deflection on the LEV formation and 
detachment. At a given positive angle of attack of the airfoil (see Fig. 1 for angle orientation), an upward 
flap deflection leads to a thinner and weaker LEV with respect to the clean wing; on the other side, a 
downward flap deflection results in a thicker and stronger LEV. The overall effect determined by the TEF 
movement is rather similar to a change of location of the stagnation point. For upward flap deflections the 
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circulation reduces and the stagnation point moves towards the suction side. With lower centrifugal 
acceleration, the thickness of the LEV reduces, while the vortex increases in length. Although the TEF is 
not capable to control the formation and the detachement of the LEV, the changes in circulation produced 
by the LEV can affect the final loads on the wing, if compared to the zero-flap-angle condition.  

The promising capabilities of the TEF make it a potential candidate for active shape-morphing Smart 
Rotor blades. On a real rotor blade, several flaps might be installed along the span in order to account for 
the inherent three-dimensionality of the flow on the blade. Typically, applications of flaps close to the tip, 
where the velocity reaches the highest magnitude, shall suffice for load control (see [31]) due to the high 
control authority of these devices. A similar technology has been already implemented in several smart 
rotor designs, both related with wind energy generation (see e.g. [32]) or with helicopter rotors (see e.g. 
[33,34]). However, while in steady cases linear models of actuations are typically sufficient for an effective 
control of the maximum load intensity [35], the extension to dynamic cases is not straightforward. The 
present work is devoted to bridge this gap and verify the limits of a linear modelling of the loads induced 
by the TEF for Smart Rotor applications. An experimental campaign is carried out on a 2D wing moving 
in a steady flow at Re = 1.3 × 105 and reduced frequency k = 0.1. Time-resolved surface pressure data are 
recorded to monitor the unsteady loads and the effects of the TEF actuation. The variation of the loads 
induced by the flap are studied for both steady and dynamic conditions and compared to the configuration 
with zero flap deflection. Finally, a linear model for TEF actuation performances is proposed and validated. 

II.  Experimental setup 
The experiments are carried out in the Open Jet Facility (OJF) at TU Delft. The OJF is an open-jet wind 

tunnel with nozzle dimensions of 285 × 285 cm2. The turbulence intensity is approximately 0.5% and 2% 
at a distance of 1 m and 6 m from the nozzle exit [36], respectively. The flow temperature is kept constant 
at 20 ºC through a heat exchanger. The wind-tunnel is operated at a free-stream velocity of 5 m/s, entailing 
a chord-based Reynolds number of 1.3 × 105 for the tested model. The choice of the free-stream velocity 
(and thus of the Reynolds number) is based upon a compromise between high enough reduced frequencies 
to introduce unsteady aerodynamic effects and limited flapping frequencies of the wing, in order to avoid 
structural vibrations of the model. Since the chosen Reynolds-number regime is characterized by laminar-
turbulent transition effects, in the following these effects are isolated by considering both a free-transition 
case and a forced-transition one. 

The tested wing model is obtained from extrusion of a NACA 0018 profile, with chord c = 400 mm and 
aspect ratio AR = 4. In order to reduce the wing tip vortices, circular side plates of 800 mm diameter are 
installed on both wing tips, as shown in Fig. 2. The wing trailing edge is modified to house a plain flap with 
hinge point at 3/4c from the leading edge. The flap chord has been chosen to maximize the control authority 
and effectively reduce the load peaks arising during dynamic stall. For instance, configurations with similar 
flap size have been successfully employed for helicopter rotors in [33]. Moreover, having a relatively large 
flap chord is also beneficial for experimental purposes since it allows embedding pressure sensors within 
the flap. It has to be remarked that the flap chord length represents an important design parameter of the 
control system and it must be chosen according to a compromise between load control authority and 
aerodynamic efficiency of the blade section. However, an optimization of this parameter is out of the scope 
of the present study. The deflection of the flap is provided by one high-voltage Horizon JR DS8711HV 
servomotor. The maximum flap deflection is αFmax = ±10° with respect to the clean wing chord. 

The wing is equipped with 24 Honeywell HSCSRRN1.6MDSA5 differential pressure transducers 
(3 kHz max acquisition frequency, ±0.004 mbar accuracy), connected to 48 pressure taps (0.4 mm 
diameter). The transducers are embedded in the wing model, allowing for direct measurements of the local 
pressure difference between the upper and the lower sides of the wing. Pressure taps are placed along a 15° 
line with respect to the chord in order to reduce interference effects (Fig. 3). In the following, the measured 
pressure differences are presented normalized as ΔCp = Δp/(1/2ρ∞V∞2). For each case, the pressure is phase-
averaged over 50 flapping periods. The uncertainty on the phase-averaged ΔCp is estimated to be lower than 
0.04, by following the estimation method by Moffat [37]. Differential pressure data are integrated along 
the chord to measure the aerodynamic forces, i.e. lift and pitching moment coefficients (the latter measured 
with respect to the 1/4c point, positive for pitching up moments). The force resulting from the pressure-
difference integration is oriented in the normal-to-chord direction. The lift force has been calculated, with 
good approximation, as the projection of this force in the wind reference frame (given the geometric angle 
of attack), thus neglecting the parallel-to-chord force component, which could not be measured with the 
present setup. The parallel-to-chord force component is instead expected to play a significant role for the 
determination of the drag, which for this reason is not accessible with the present experimental setup. The 
uncertainty on the phase-averaged lift and pitching moment coefficients is estimated [37] to be lower than 
0.01 and 0.005, respectively. Forces and pressure data are reported in the results section as a function of 
the angle of attack after applying a correction for open test section wind tunnels [38]. 
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Due to the low Reynolds number, both a stethoscope and pressure-distribution measurements are used 
to detect the presence of a laminar-turbulent transition. Boundary layer transition is forced by means of a 
zig-zag strip (2 mm thick, 12 mm wide, with 60° angle) placed at 0.1c. It is verified that, in static conditions, 
boundary layer transition occurs immediately downstream of the turbulator for all the angles of attack 
investigated. Considering the sensitivity of the dynamic stall on the state of the boundary layer, the effects 
of the turbulator for both steady and dynamic conditions are discussed in the following. 

Periodical flow conditions on the blade are reproduced by means of a sinusoidal flapping motion with 
Strouhal number St = 0.006 and reduced frequency k = 0.1. The movements featured both a pitching, i.e. a 
variation of the geometrical angle of attack � !", and a heaving motion, i.e. a cross-stream displacement 
ℎ !" of the airfoil. The heaving position is defined with respect to the position of the hinge point of the 
wing, placed at 1/4c from the leading edge, as sketched in Fig. 1. These motions are realized by means of 
a 6-degrees-of-freedom Quanser Hexapod robotic platform. The sinusoidal movement of the wing in 
heaving and pitching motions is set as: 
 
 ℎ !" # ℎ� sin 2(�!" 

� !" # �� ) �� sin 2(�! * (/2" 
 

(1) 

 
where f is the motion frequency, h0 is the semi-amplitude of the heaving motion, αm is the mean angle of 
attack and α0 is the semi-amplitude of the pitching motion. The system is operated with f = 0.4 Hz and 
h0 = 0.1c. The phase delay between heaving and pitching motions is set to a quarter of the motion period τ 
in order to maximize the quasi-steady effective angle of attack. Two different wing kinematics are discussed 
in paragraphs III.C and III.D: a symmetric motion with αm = 0° and α0 = 10°, referred to as dynamic test 
case A; an asymmetric motion with αm = 9° and α0 = 10°, referred to as dynamic test case B. Test case A 
reaches angles of attack at the onset of the stall; test case B promotes the occurrence of deep stall. 
 

 
Fig. 1. A sketch of the flapping wing degrees of freedom. 
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Fig. 4 Geometric and effective angles of attack for case A and B. 

Fig. 2. The wing model on the 6-
DOF platform.  

Fig. 3. Sketch of the middle section 
equipped with the pressure taps. 

15° 

24 pressure taps per side 
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The effective angle of attack is defined by combining the heaving and pitching motions, as: 
 
 �,-- # � * tan�� 0 1

�

2ℎ
2! 3 # �� ) �� sin 42(�! * (

25 ) tan�� 4(6! sin 42(�! * (
255 (2) 

 
In Fig. 4 the difference between the geometric and the effective angle of attack is shown for both Case A 
and Case B. Due to the rather small Strouhal number, the difference between the geometric and the effective 
angle of attack is always smaller than 1°. 
The flap is deflected imposing a sinusoidal kinematic with the same frequency of the wing motion: 

 
 �� !" # ��,�  sin 2(�! ) � " (3) 

 
where α0,F is the semi-amplitude of the deflection and ϕ is the phase shift with respect to the heaving motion. 
Note that, as shown in Fig. 1, an upward deflection corresponds to positive �� while a downward deflection 
to negative ��. 

Particle Image Velocimetry (PIV) measurements visualize the formation and the evolution of the LEV 
on the suction side of the wing. Fig. 5 illustrates the PIV set-up used to map the two-components velocity 
fields on one side of the wing at the mid-span. The required illumination is provided by a Quantel Evergreen 
Nd:YAG laser system with 200 mJ/pulse energy at a frequency of 15 Hz (wavelength of 527 nm). The laser 
light is conveyed through laser optics to form a 2 mm laser sheet of about 405 mm width (~1c). The laser 
head is positioned outside the open jet to reduce vibrations and flow interference. The laser sheet is located 
just above the pressure taps, approximately 0.37 c above the midline of the airfoil, and aligned with the 
chord. 

 
Table 1 PIV imaging and processing parameters 

Parameters Quantity 
Measurement field of view FOV 401× 267 mm2 4872 × 3248 px2 
Interrogation window size Iw 2 × 2 mm2 24 × 24 px2 

Vector spacing S 0.5 mm 6 px (75% ov.) 
Digital resolution DR 12.1 px/mm 

Magnification M 0.09 
 
A LaVision Imager Pro LX 16 Mpixels (4872 × 3248 px2, 12 bits) with a pixel-pitch of 7.4 μm/px is 

used to image a field of view of 400 × 267 mm2 at about one meter distance, tilted of about 20 degrees. The 
camera is equipped with a Nikon lens of 105 mm focal length set at aperture f#= 5.6, thus resulting in a 
magnification of M = 0.09. A Scheimpflug adapter is used to correct for the camera angle. Seeding particles 

 

Fig. 5. The experimental setup for flow field measurements 
with PIV.  
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are injected in the test-section with a SAFEX smoke generator employing a SAFEX MIX, able to generate 
liquid droplets of less than 1 μm diameter. 

A LaVision type 30 calibration plate was employed for the optical calibration. Particle images 
acquisition, calibration and cross-correlation were carried out with LaVision DaVis 8.3.0. Phase-locked 
PIV measurements are acquired using a trigger signal provided by a digital encoder installed in the hexapod. 
The flapping period is discretized in 20 phases with 100 pairs of particle images acquired per phase. Particle 
images are pre-processed to remove background noise and laser reflections [39]. After image 
pre-processing, a multi-pass algorithm is used for particle image correlation with a final window size of 
24 × 24 px2 and 75% overlap, corresponding to 2 × 2 mm2 resolution and 0.5 mm vectors spacing. The PIV 
imaging and processing parameters are summarized in Table 1. 

The main sources of uncertainty in the vector fields, with the present magnification and at the present 
Reynolds and Mach number are cross-correlation uncertainty and the peak-locking. At the present 
magnification and aperture, the particle image size on the sensor is smaller than 1 pixel. Therefore, the 
focusing plane is slightly offset with respect to the laser plane (defocusing) to obtain an image of the particle 
of about 2-3 pixels, able to mitigate bias-errors associated with peak-locking [40]. Mitigation of 
peak-locking errors is a posteriori verified by means of a decimal distribution histogram. The 
cross-correlation uncertainty on the particle displacement represents a random error that scales with the 
available number of samples per dataset, giving the most relevant contribution in the uncertainty of the 
velocity measurements. After calculation with the adapted magnification and separation time, the final 
uncertainty in the mean velocity field is assessed to be at 0.2% of the free-stream velocity while the 
uncertainty in the turbulent statistics is assessed at 1% of the free-stream velocity. 

III.  Results 
First, in section III.A, measurements of the static loads acting on the wing are reported for different flap 

settings and for both free and forced boundary layer transition. Subsequently, in section III.B, the 
occurrence of deep dynamic stall (test case B) is investigated with PIV. The loads acting on the wing with 
flap angle set to zero are discussed in section III.C for both test cases (A and B). The effect of the flap 
actuation on the loads are presented in section III.D. Finally, in subsection III.E, a linearized flap model is 
proposed. The model is tested on the actuated flap configurations to verify its suitability for dynamic stall 
conditions. 

A. Steady aerodynamic loads 
The static loads acting on the wing are measured for free and forced boundary layer transition. The lift 

and moment coefficients are reported in Fig. 6 as a function of � and parametrized with ��. 
With forced transition, the lift coefficient Cl (Fig. 6,a) is a linear function of α  (up to the stall angle) 

with slope Clα = 1.4π/rad; the difference with respect to the conventional 2π/rad [35] slope is here ascribed 
to finite wing effects and it agrees with results from a panel method approach carried out with XFLR5 [41]. 

In the case of free transition, a first linear region for both Cl (Fig. 6,b) and Cm (Fig. 6,d) is measured for 
��  ≤ 4. For higher angles of attack a sudden increase of Cl followed by a second linear region is measured. 
The slope of the lift coefficient Clα, in the first linear region, is the same as the one measured for the forced 
transition case. In a similar study [42], this behavior of Cl was ascribed to the formation of a laminar bubble 
on the pressure side of the airfoil close to the trailing edge, which enhances the aerodynamic lift by locally 
changing the airfoil curvature. However, the increase in lift depends on ��. 

For large negative ��, the reduction of the adverse pressure gradient due to the negative deflection 
might avoid the formation of the laminar bubble thus resulting in a fully linear behaviour. 

The effect of the flap deflection in steady conditions are reported in Fig. 7 for several angles of attack 
of the wing and for both free and fixed transition conditions. For fixed transition cases both the lift and the 
aerodynamic moment coefficients are almost linear functions of the flap deflection with a slope that is not 
significantly influenced by the angle of attack. For free transition, instead, both the lift and the aerodynamic 
moment coefficients strongly depend on the angle of attack. Linearization of the load variations is 
acceptable only for small  angles of attack and in general for negative flap deflections. 
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Fig. 6. Steady lift coefficient (Cl) and pitching moment coefficient (Cm) for forced transition and free 
transition.  

Fig. 7 Effect of the flap on the loads in steady flow conditions. 

B. Flow field characterization 
PIV measurements were carried out to visualize the dynamic stall and link the resulting flow features 

with the surface pressure measurements. 
A sketch of the variation of the angle of attack during the cycle (Eq. 1) for the test case B (�� # 9°) is 

reported in Fig. 8. The flap is actuated with phase shift � # (/2 (Eq. 2) with respect to the wing motion. 
PIV phase locked data are presented for the forced transition case in Fig. 9. The velocity fields are blanked 
to remove regions with low signal-to-noise ratio due to wall reflections. The left column of Fig. 9 presents 
contour plots of the velocity magnitude together with the vector fields (downsampled for clarity of 

visualization); the central column shows the in-plane turbulent kinetic energy � # �
� 9:;�<<<< ) =;�<<<<> (being :; 

and =; the fluctuating velocity component in the x and y directions, respectively); the right column reports 

a) Lift coefficient b) Pitching moment coefficient 
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the mean differential surface pressure coefficient ΔCp (in red solid line) and its standard deviation (std, in 
dashed black line). The velocity data are normalized with respect to the free-stream velocity. The selected 
phases are indicated in Fig. 8 with black markers, and labeled with letters (a) to (e). The angle of attack and 
the flap angle for the selected phases are reported in the table in Fig. 8. 

At t/τ = 0 (Fig. 9,a), the airfoil is at angle of attack approximately equal to zero. Results show that the 
flow remains attached due to the low pressure gradient. The measured ΔCp is rather low, as a result of the 
quasi-symmetric distribution of Cp between the pressure and the suction sides of the wing. During the 
upstroke and in the first half of the downstroke, the flow remains attached even though the angle of attack 
increases beyond the static stall angle (Fig. 9,b). At t/τ =  0.49, the maximum angle of attack is reached 
(α = 19°); at this stage the pressure difference between the pressure and suction sides reaches the absolute 
maximum intensity at the leading edge (Fig. 9,b). The large value of ΔCp is ascribed to the formation and 
growth of the LEV, attached to the airfoil in the range 0.1 < x/c < 0.4. The turbulent kinetic energy shows 
a corresponding increase of the fluctuations intensity in the same region, suggesting the presence of a 
fluctuating behavior of the LEV between the different cycles. For t/τ = 0.54, right after the reversal of the 
pitching movement, the LEV continues growing and progressively moves downstream of the airfoil (Fig. 
9,c). The presence of the LEV is characterized by large intensity of the turbulent kinetic energy and by a 
sudden increase of the std(ΔCp). At t/τ = 0.60 the LEV is fully detached from the airfoil (Fig. 9,d), resulting 
in lower velocity magnitude and ΔCp than at the pre-stall. The flow remains separated for the rest of the 
downstroke cycle, then reattaching as the angle of attack decreases. Complete reattachment is observed at 
t/τ = 0.88 (corresponding to α ≈ 1.8°). 
 

 

t/τ 
Reference 

Point 
Airfoil 
Angle 

Flap 
Angle 

0.04 (a) -0.6° 9.6° 

0.49 (b) 19.0° -10.0° 

0.54 (c) 18.6° -9.6° 

0.6 (d) 17.1° -8.1° 

0.88 (e) 1.8° 7.2° 
 

Fig. 8 Geometric angle of attack of the airfoil and flap angle over time. The dots represent the selected 
PIV phase-averaged fields illustrated in Fig. 9. 
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b) 

c) 

d) 

e) 

a) 

Fig. 9 Left) Velocity magnitude contour plots with superposed vector arrows. Center) Turbulent kinetic 
energy contour plots. Right) Phase averaged mean and standard deviation of differential pressure 
coefficient. a)-e) Refers to selected time instants as in Fig. 8. 
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C. Effect of tripping in the dynamic configurations 
The influence of the boundary layer transition on the dynamic stall is investigated in this section. Both 

test cases A (αm = 0°, α0 = 10°) and B (αm = 9°, α0 = 10°) are discussed. The flap angle is αF = 0º, i.e. clean 
wing configuration. 

The expected flow behavior of the different cases can be addressed by means of the stall penetration 
angle (see [2]), defined as α@ABACDECFGB # αHEI,JKB * αLCEMM,LCAEJK with αHEI,JKB and αLCEMM,LCAEJK being 
respectively the maximum angle of attack reached during the dynamic motion and the stall angle of attack 
in steady flow conditions. The stall penetration angles are summarized in Table 2. 

 
Table 2 Stall penetration angles for the cases studied. 

 Free transition Fixed transition 
Case A α@ABACDECFGB # 10∘  * 12∘ # *2∘  α@ABACDECFGB # 10∘ * 9.5∘ # 0.5∘  
Case B α@ABACDECFGB # 18∘ * 12∘ # 6∘  α@ABACDECFGB # 18∘ * 9.5∘ # 8.5∘  

 
According to the values reported, for Case A the flow over the airfoil is expected to be in no-stall/onset-

of-stall conditions and for Case B it is expected to be in deep-stall conditions. 
Fig. 10 reports the Cl and Cm curves against the geometric angle of attack for both the test cases in clean 

wing configuration. The arrows indicate the phase direction of the load loops. In both dynamic cases, the 
Cl curve (Fig. 10,a and Fig. 10,b) presents an hysteresis cycle. The maximum Cl is higher than the one 
achieved in the steady configuration due to the presence of the LEV on the suction side as discussed in the 
previous section. The maximum Cm (Fig. 10,c and Fig. 10,d) is measured at the half of the downstroke 
cycle, i.e. when the angle of attack is maximum. This is to be ascribed to the suction effect of the LEV, 
which is responsible of the increased lift at the leading edge, thus generating a pitch-up moment. It can be 
argued that, during the first half of the downstroke, the LEV dynamic is independent on the transition onset. 
During the second part of the downstroke, in both cases a pitch-down moment is generated. It is ascribed 
to the detachment of the LEV, as observed in Fig. 9,d. This effect is stronger for the free transition 
configuration. The results suggest that forcing transition allows reducing the unsteady loads variation 
during the cycle, particularly at high α (test case B). 

Test case B shows that Cl (Fig. 10,b) increases beyond the maximum Cl achieved for the static case, 
until α ≈ 16°. The stall is postponed to α larger than the steady stall one (Fig. 6). The maximum Cl  is equal 
to 1.5 for the free transition configuration and to 1.0 when the boundary layer is tripped. The higher Cl  
experienced in free transition could be explained by the possible presence of a laminar separation bubble 
at the trailing edge of the airfoil pressure side, as previously observed for the same airfoil in steady 
conditions [42]. For the free transition configuration, the hysteresis curve shows a local peak at α ≈ 14° 
(t/τ ≈ 0.66), while when transition is forced the local peak occurs much earlier (α ≈ 18°, t/τ ≈ 0.43). This 
phenomenon might be ascribed to a sudden flow reattachment during the upstroke, anticipated in case of 
forced boundary layer.  
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Fig. 10. Comparison of the lift coefficient (Cl) of the pitching moment coefficient (Cm) for forced and 
free transition. 
 

The effect of forced transition on dynamic stall is further investigated by discussing the surface pressure 
fluctuations. The fluctuations intensity is reported in Fig. 11 in terms of standard deviation of ∆Cp as a 
function of the phase and chord location. The maxima of std(∆Cp) are determined by the onset of transition 
(highlighted in Fig. 11 with red dashed lines). In Fig. 11,b (test case A and free transition) the local 
maximum of ∆Cp shifts downstream when decreasing the angle of attack and it oscillates in the range 
0.3 < x/c < 1 with a nearly sinusoidal pattern. The frequency of the fluctuation peak displacement is twice 
the frequency of the flapping motion. This is due to the occurrence of the transition on both sides of the 
airfoil (during one full cycle each side of the airfoil acts as suction or pressure surface for half of the cycle). 
Forcing of boundary layer transition (Fig. 11,a) locks the streamwise location of the maximum ∆Cp at 
x/c ≈ 0.2±0.05. The position of the maximum ∆Cp confirms that the transition is imposed at the tripping 
location. 

A different behavior is detected when increasing the mean angle of attack αm (test case B, Fig. 11,c and 
Fig. 11,d) where, for 0.5 < t/τ < 0.8 (corresponding to a progressively decreasing angle of attack), the 
intensity of the surface pressure fluctuations is higher along the entire chord (see the region delimited by 
white dashed lines in Fig. 11,c and Fig. 11,d). This effect can be associated to the formation and growth of 
the LEV on the suction side of the airfoil and to the consequent flow separation after the vortex detachment 
(as observed in the PIV measurements for t/τ ≥ 0.5). A comparison between the free (Fig. 11,d) and the 
forced transition configurations (Fig. 11,c) shows that these phenomena are not affected by presence of the 
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tripping in the part of the period with fully separated flow. The most relevant effect of the tripping is to 
reduce the intensity of std(∆Cp). Similarly to the test case A, the presence of the tripping limits the 
displacement of the transition point for t/τ < 0.5, i.e. before the occurrence of the dynamic stall separation, 
and force it to the tripping location. 
 

 
Fig. 11. Maps of the standard deviation of TUV as a function of leading edge distance and of the time.   

 

D. Effect of flap actuation 
The effect of the flap actuation is reported in this section for different values of the phase delay ϕ with 

respect to heaving motion (Eq. 2), for the dynamic test cases A and B. Pressure measurements are discussed 
with flap displacements as in Eq. 2 and ϕ ranging between 0 and 2π. The arrows in Fig. 12 and Fig. 13 
indicate the phase direction of the load loops. 

The effect of ϕ on the lift coefficient for test case A is plotted in Fig. 12,a and Fig. 12,b for forced and 
free transition, respectively. In both cases, the variation of Cl during the cycle is minimized for ϕ = π/2, i.e. 
when the flap is in phase with respect to the pitching motion; conversely, the variation of Cl is maximized 
for ϕ = 3π/2, i.e. when the flap actuation and the pitching movement are in phase opposition. Similarly, the 
Cm (Fig. 12,c and Fig. 12,d) shows the largest variation with respect to the clean wing case for ϕ = π/2 and 
ϕ = 3π/2. When the flap displacement is in phase with the pitching motion (ϕ = π/2), the nose-up pitching 
moment is enhanced, thus causing the largest variation of Cm for the investigated angle of attack range. 
Differently, for ϕ = 3π/2, the nose-up pitching moment is reduced thus causing a flatter hysteresis cycle. 
The amplitude of the hysteresis cycle, instead, is maximized for ϕ = 0 and π, i.e. the pitching and flap 
movements are in phase. 
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Fig. 12. Comparison of the lift and pitching moment coefficients for different flap actuation phases.  
Test case A:  WX # Y°, WY,Z # [Y°.  

Test case B (Fig. 13,a and Fig. 13,b) shows a similar behavior as test case A. The minimum in-cycle 
variation of Cl is measured for ϕ = π/2 and the maximum in-cycle variation is measured for ϕ = 3π/2.  

The maximum variation of Cl with the angle of attack is lower when transition is forced. Similarly to 
the static case, Cm (Fig. 13,c and Fig. 13,d) shows a peak in correspondence of the pitching movement 
reversal (t/τ ≈ 0.5). The peak intensity depends on the flap motion, especially when transition is forced. The 
effect of the flap is to rotate the Cm curve with respect to the fixed flap configuration, as also discussed for 
test case A. The maximum variation of Cm with the angle of attack is again measured for ϕ = π/2 and 
ϕ = 3π/2. 

As expected, the effect of the flap on the loads in dynamic cases fits with the expected behavior outlined 
by the static characterization: negative deflection increases the circulation, inducing higher lift on the wing 
and a nose-up pitching moment. Nevertheless, in agreement with Gerontakos and Lee [27], the flap is not 
able to create a strong modification of the flow behavior around the wing: typical features observed in the 
loading cycles for zero flap cases are preserved for dynamically deflecting flap cases. These two 
considerations may be considered as hints of linearity of the flap effect on the loads in dynamic flow 
conditions. In the next paragraph, the possibility of linearization of the flap effect will be investigated. 

In Fig. 12 and Fig. 13, the arrow line plotted on the top of the Cl and Cm curves shows the phase direction 
of the load loops. The change from clockwise to counter-clockwise orientation suggests that the effect of 
the TEF is double: it alters the aerodynamic loads and influences the aerodynamic damping coefficient (see 
[2]), defined over the entire cycle as \]^]�, # *1/ (��� "  ∮ ��`�. Despite the flap can be effectively used 
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to modify the aeroelastic behavior of the blade, this aspect in not further investigated in this paper, since 
the main goal is the control of the unsteady loads. 
 

 
Fig. 13. Comparison of the lift and pitching moment coefficients for different flap actuation phases. 
Test case B:  WX # a°, WY,Z # [Y°.  
E. Linearization of the flap contribution 

Based on the observations reported in the previous subsection, a linearization approach for the flap 
contribution is proposed. The load coefficients measured with the flap deflected, �� �, ��" and �� �, ��" 
are decomposed as the linear sum of the loads at zero flap angle configuration, �� �, 0" and �� �, 0", and 
a contribution depending on the flap angle, Δ�� ��" and Δ�� ��". As a first approximation the flap 
contribution is considered a linear function of αF, according to Eqs. 4: 
 
 
 �� �, ��" # �� �, 0" ) c�� ��" # �� �, 0" ) 2��

2��
 �� 

�� �, ��" # �� �, 0" ) c�� ��" # �� �, 0" ) 2��
2��

 �� 
(4) 

where 
def
d�g

 and 
deh
d�g

 are the control derivatives of the flap.  

In the following, the control derivatives are obtained by a linear fit of the steady loads. The values of the 
control derivatives are summarized in Table 3 along with the respective coefficients of determination ��. 
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The load coefficients, in steady conditions, after removing the flap contribution are reported in Fig. 14. The 

flap contribution to lift and moment coefficients is expressed as Δ�� # def
d�g

 �� and Δ�� # deh
d�g

 ��, 

respectively. In the forced transition configuration, the Cl-ΔCl and Cm-ΔCm curves collapse on the zero flap 
angle case for pre-stall angles of attack, thus showing the linearity of the flap contribution. Similarly, in 
post-stall conditions, the Cl curves collapse within the scaling, thus showing that the linearity hypothesis is 
still valid. On the other side, the self-similarity of the Cm curves is less accurate. In free transition 
configuration the linearized model seems to be inaccurate to model the flap contribution; this is likely due 
to the presence of the sudden growth of the lift coefficient at α ≈ 7º, ascribed to a laminar separation bubble 
as in [42], resulting in a non linear behavior in the forces and in a flap contribution effect both dependent 
on αF and α. 
 
Table 3 Flap control derivatives and respective coefficients of determination 

 2��
2��

 
2��
2��

 

Forced transition -0.027 (R2 =0.96) -0.0049 (R2 =0.96) 
Free transition -0.023 (R2 =0.84) -0.0052 (R2 =0.81) 

 

 
Fig. 14. Static lift and pitching moment coefficients removing the linearized flap contribution. 



American Institute of Aeronautics and Astronautics 

17 

 

 
Fig. 15. Lift and pitching moment coefficients after removing the linearized flap contribution.  Test 
case A:  WX # Y°, WY,Z # [Y°. 
The linearized model of the flap contribution is applied to the dynamic test case A. The Cl-ΔCl curves, after 
removing the flap contribution, are presented in Fig. 15,a and Fig. 15,b for forced and free transition, 
respectively. In both cases and for the different flap phase delays, a good collapse of the curves is obtained. 
For free transition configuration, the overlap between the Cl-ΔCl curves is less accurate. This can be 
ascribed to the dynamic of the laminar bubble at the trailing edge, as previously discussed in III.A, that 
causes an unpredictable and strongly non-linear change of the airfoil aerodynamic shape. Fig. 15,c and Fig. 
15,d show the results of the linearization of the flap contribution on Cm. For the forced transition 
configuration, the linearization shows a good collapse of the Cm-ΔCm curves. For both configurations, 
despite all the curves almost collapse to the fixed flap curve, the cases with flap actuation present larger 
hysteresis amplitude with respect to the case with fixed flap. 
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Fig. 16. Lift and pitching moment coefficients after removing the linearized flap contribution. Test 
case B:  WX # a°, WY,Z # [Y°. 
The same operation of linearly subtracting the flap contribution is carried out for the dynamic test case B 
(Fig. 16,a and Fig. 16,b). Both for free and forced transition, all the curves tends to collapse to the fixed 
flap case also in deep stall conditions. For the forced transition regime, the differences between the 
collapsed curves, although being small, are mainly measured during the downstroke of the pitching motion 
(post-stall regime), while there is a better matching of the curves during the upstroke (attached-flow 
regime). Also for the airfoil with free transition the matching is satisfactory for almost the entire cycle. A 
noticeable difference between the curves can be observed before and after the pitch reversal. The 
disagreement before the pitch reversal might be associated with the non-linear behaviour in pre-stall 
conditions as also observed for the static case. Differently, the differences measured after the pitch reversal 
might be associated with the occurrence of the second lift peak which intensity and position appear to 
slightly vary depending on the flap actuation . Similarly, by removing the linearized flap effect from the 
pitching moment, in forced transition case (Fig. 16,c), a good agreement with the fixed flap case can be 
observed during the upstroke and during almost all the downstroke for smaller angles of attack. After the 
pitching stroke reversal, when the flow is separated and a large recirculation zone is present on the suction 
side, the flap effect seems to be strongly non linear. In the free transition case (Fig. 16,d) although all the 
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curves still tend to collapse towards the fixed flap case, the matching is worse than in the forced transition 
case.  

IV.  Conclusions 
A strategy to control the unsteady aerodynamic forces on airfoils for wind turbine blades has been 

proposed and tested. In order to reproduce the operative conditions of a wind turbine blade, a 2D wing is 
operated at Re = 1.3 × 105 in pitching and heaving motions, with reduced frequency equal to k = 0.1. The 
forces are evaluated by integrating the differential pressure between the dorsal and ventral surfaces of the 
airfoil measured with 24 differential pressure sensors distributed along the chord. A boundary layer tripping 
is installed on the airfoil and the results of both free and forced transition are compared. Velocity 
measurements have been carried out with PIV on the suction side of the flapping airfoil reaching deep stall 
conditions. The comparison between flow fields and synchronized pressure measurements has provided a 
link between flow structures and the generation of dynamic loads. The LEV dynamics has been identified 
as the dominating cause of loads variations along the cycle; sudden drop of the pressure difference between 
the pressure and the suction side occurs due to the LEV detachment to the airfoil. The force and moments 
measurements suggest that the presence of a tripping device significantly affects this process. 

The effect of the tripping to control transition and separation is investigated without flap actuaction 
through pressure measurements. The results show that, even if not entering in deep stall, the location of the 
local maxima of the differential pressure fluctuations experiences large oscillations over the period, while 
this effect is minimized when forcing boundary layer transition. In the deep stall cases, separated flow 
occurs after the pitching stroke reversal both in free and forced transition configurations. The separation is 
less abrupt in the forced transition case, as testified by the reduced hysteresis effects. This behavior suggests 
a possible use of leading-edge roughness as a passive mean to reduce load variations and to back-up active 
control methods. 

The effect of the flap on the dynamic loads has been analyzed for a set of sinusoidal flap motions with 
different phase shifts with respect to the pitching motion. The results confirm the capability of the flap to 
control the total circulation over the airfoil in dynamic conditions, regardless of the transition forcing and 
of the wing motion. The flap effect on forces/moments generation is weakly dependent on the dynamic stall 
phenomenon itself and can be linearized. In the free transition case, however, the flap effect is influenced 
by the instantaneous angle of attack, as confirmed also by the measurements in static conditions. 

The aerodynamic loads can be modelled as the sum of the zero flap angle loads and of a contribution 
depending linearly on the flap deflection. The flap contribution has been modelled through the flap control 
derivatives measured in steady flow conditions. The applied model provides a good prediction of the loads 
on the airfoil with TEF. The extension to the onset of deep stall of a linear prediction for the flap effect on 
forces and moments has been attempted. Overall, a linearization of the flap effect appears to be perfectly 
suitable for attached flows on airfoils with boundary layer tripping. The non-linearities experienced by the 
cases with free transition and during the dynamic stall and the further reattachment are instead poorly 
approximated by a linear flap model, although they might be used as a first-order estimation. 

The results suggest that aerodynamic loads can be mitigated via a linear actuation of the flap based on 
instantaneous load measurements. A study of the 3D problem would be the next step to assess the 
effectiveness of the flap on a real blade. The dynamic stall would be strongly affected both by the presence 
of finite-wing effects (through the influence of the tip vortex), mutual interference between different blade 
sections and by the different conditions along the blade span. This results in a strong three-dimensional 
behaviour of the dynamic stall (see e.g. [43,44,45]). In this scenario, the linearization of the flap effects on 
the loads obtained for a fully 2D configuration might be improved for a quasi-2D case. 

The experiments have been performed at a reduced frequency representative of a wind turbine motion. 
Helicopter rotors, instead, experience higher reduced frequencies for which non-linear effects might be 
stronger. Moreover, despite the wing and the flap move with the same frequency, the motion/force lag can 
differ. As a matter of fact, Theodorsen [46] showed that, for a purely-pitching airfoil, higher reduced 
frequencies (k>0.1) introduce a motion/force lag, which in part depends on the effect of the added-mass 
forces (arising from the angular velocity and acceleration of the airfoil in the fluid). The periodic flap 
deflection generates a similar effect. Based on these arguments, the extension of present results to helicopter 
rotors is, thus, not straightforward and requires further analysis. 
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