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Smart rotors: dynamic-stall load control by means 6
an actuated flap

Marco Raiold, Stefano Discettiand Andrea laniro
Universidad Carlos Il de Madrid, Leganés, MadrzB911, Spain

Farid Samara
University of Waterloo, Waterloo, Ontario, N2L 3G&lanada

and
Francesco Avallorfeand Daniele Rag#ii
Technische Universiteit Delft, Delft, Zuid-Hollar®00, Netherlands

This study focuses on an active strategy for unstdg-load control by means of a
trailing-edge flap. Experiments on a 2D pitching ad heaving NACA 0018 airfoil
with an actuated trailing-edge flap are performed &a reduced frequency ok = 0.1
in a free-stream flow withRe = 1.3 x 10. The model is equipped with 24 differential
pressure transducers to provide with the time-resaeled distribution of the pressure
difference between pressure and suction sides. Rétsushow that an actuated flap
significantly decreases the magnitude of unsteadgads. A reduced order model of
the flap effect on the loads is proposed. The loadwe 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 dynamictall conditions, constituting an
effective control strategy for dynamic loads, if tle airfoil transition location is
properly controlled.

Nomenclature

a = geometric angle of attack of the airfoil [deg]
A = mean geometric angle of attack of the airfoll [deg]
Qg = pitching amplitude [deg]
agp = flap deflection angle [deg]
Qo,r = flap deflection amplitude [deq]
¢ = phase shift between flap motion and heaving onoti [deq]
Y = phase shift between pitching and heaving [deq]
Poo = freestream air density kglm™3]
T = motion period s

AR = wing aspect ratio [-]

c = airfoil chord ni]

G = airfoil lift coefficient [

Cia = airfoil lift curve slope [-]

Cpo = airfoil zero incidence lift coefficient [

Cm = airfoil pitching moment coefficient [-]

Crmo = airfoil zero incidence pitching moment coefficie [

Cp = pressure coefficient [

e = turbulent kinetic energy mfs~?]
f = motion frequency sTY
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h = heaving position mj

ho = heaving amplitude m]

k = reduced frequency [-]
p = static pressure Pad]
Re = Reynolds number [
St = Strouhal number [-]
|7 = free-stream velocity m§1]
LEV = Leading Edge Vortex

PIV = Particle Image Velocimetry

TEF = Trailing Edge Flap

[. Introduction

I N the last decade, the increasing need of wind er@aguction has led to manufacturing of large wind
turbines. Relevant examples are the Siemens SWI54(featuring a 154 m rotor diameter) and the
LM 88.4 P (with a 170 m rotor diameter). As a cansace, structural integrity and stiffness haveobex

of paramount importance, thus affecting the firmdtof energy. A possible strategy to reduce nstarid
structural costs is to mitigate fatigue loads iretliby unsteady flow conditions. One technologiohltion

is theSmart Rotorin which the dynamic loads are controlled by nseahan active modification of the
blades shape. The control is based on the feeqivavided by sensors embedded in the turbine désjgn

Wind turbines are subjected to unsteady flow caemalét depending on the wind farm arrangement and
atmospheric turbulence. Considering the case ehaihg airfoil, unsteady effects are quantifiechisans
of the reduced frequendy==cf/V., and the Strouhal numb&t =2hf/V.., wherec is the airfoil chordhg is
the heaving semi-amplitudg&js the frequency and. is the free-stream velocity. Corke and Thomas [2]
setk < 0.05 as a reference rule to neglect unsteadyteffec

For higher reduced frequencies, the blade may biested to dynamic stall, a regime characterized by
non-linear variations of the aerodynamic loads whithangle of attack [3]. The dynamic stall is astaady
phenomenon that affects wings in a periodical nmof4]. Under these conditions, the aerodynanalt st
is delayed to an angle of attack larger than thécsbne, thus causing aerodynamic loads higher tha
expected [4]. This typically leads to the generatid additional periodic forces and moments [5]eTh
dynamic stall is usually beneficial for birds andects, since it allows to increase the maximurtdidmass
ratio [6]. On the other hand, in helicopters [7]&Ad wind turbines [3,10] this phenomenon entaitge
vibrations of their blades.

The dynamic stall is characterized by the formatiba Leading Edge Vortex (LEV) [11] on the suction
side of the airfoil, which prevents the completpagation of the boundary layer at post-stall angies
attack. The LEV is a flow structure which typicatiyows with increasing angle of attack [12], befad
by the vorticity developed in the boundary layethet leading edge. During its growth the LEV brirgs
additional suction on the leading edge until itsdement. The detachment of the LEV from the serfac
characterized by an abrupt flow separation and ltyua severe lift loss. The LEV is responsible tfoe
enhancement of aerodynamic forces on the wingesingsually entails a strong low-pressure peakeclo
to the nose of the airfoil. Since the variationlififcaused by LEV can be seen as a localized ahang
circulation [13], the control of the latter is fuantlental to reduce the fluctuations of the aerodyo#ads
in devices operating under unsteady conditions.e@évstudies attempted to isolate the dominant
parameters to which dynamic stall is most sensiBagk et al. [12] pointed out that the LEV genéarat
and growth are mostly influenced by the wing kindosa Recent attempts to control the vortex dynamic
by means of modifications of the wing kinematicseaed to be promising. For instance, quick pitch
maneuvers [14] have been shown to have the pateftieducing the negative effects of the dynantdl s
(such as increased drag and pitching moment) withffecting the lift augmentation associated with t
LEV. However, the vortex control by means of thegvinotion does not appear suitable for wind turbine
applications, due to the significant increase oifgiveand complexity that it requires. A differeqpmoach
consists in the active control of the boundary tage the leading edge, e.g. leading-edge blowing
[15,16,17], leading-edge plasma actuation [5,18,1@ftex generators [20,21,22] and synthetic jets
[23,24,25]. Alternatively, modification of the wirglhhape can be used to attenuate the dynamic ftaiise
A very promising technology is the Trailing Edgaf(TEF) [26,27,28,29,30]. The main advantage of a
trailing edge flap (and of trailing edge shape-nhimg systems, in general) is the higher controhewity
per unit of added mass on the aerodynamic loads negpect to leading edge control systems (see, e.g
[1]). Gerontakos and Lee [29] investigated the affef TEF deflection on the LEV formation and
detachment. At a given positive angle of attackhefairfoil (see Fig. 1 for angle orientation), @pward
flap deflection leads to a thinner and weaker LENhwespect to the clean wing; on the other side, a
downward flap deflection results in a thicker atdisger LEV. The overall effect determined by tHeFT
movement is rather similar to a change of locatibthe stagnation point. For upward flap deflecsidine
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circulation reduces and the stagnation point maeegrds the suction side. With lower centrifugal
acceleration, the thickness of the LEV reduces|enthie vortex increases in length. Although the T&€F
not capable to control the formation and the deta@nt of the LEV, the changes in circulation pratlc
by the LEV can affect the final loads on the wiiiglompared to the zero-flap-angle condition.

The promising capabilities of the TEF make it agmbial candidate for active shape-morph8mart
Rotorblades. On a real rotor blade, several flaps ntighinstalled along the span in order to account fo
the inherent three-dimensionality of the flow oe tilade. Typically, applications of flaps closdtie tip,
where the velocity reaches the highest magnituut| suffice for load control (see [31]) due to thigh
control authority of these devices. A similar teclogy has been already implemented in several smart
rotor designs, both related with wind energy geth@na(see e.g. [32]) or with helicopter rotors (&eg.
[33,34]). However, while in steady cases linear elsdf actuations are typically sufficient for dfeetive
control of the maximum load intensity [35], the em$ion to dynamic cases is not straightforward. The
present work is devoted to bridge this gap andiywéhie limits of a linear modelling of the loadslirced
by the TEF forSmart Rotorapplications. An experimental campaign is caroaetion a 2D wing moving
in a steady flow aRe= 1.3 x 16 and reduced frequendy= 0.1. Time-resolved surface pressure data are
recorded to monitor the unsteady loads and thectsffef the TEF actuation. The variation of the bad
induced by the flap are studied for both steadydyrhmic conditions and compared to the configarati
with zero flap deflection. Finally, a linear modet TEF actuation performances is proposed and atdd.

Il. Experimental setup

The experiments are carried out in the Open Jelityd©JF) at TU Delft. The OJF is an open-jet @in
tunnel with nozzle dimensions of 285 x 28%cifhe turbulence intensity is approximately 0.5% afo
at a distance of 1 m and 6 m from the nozzle &6j,[respectively. The flow temperature is keptstant
at 20 °C through a heat exchanger. The wind-tusr@derated at a free-stream velocity of 5 m/saiéng
a chord-based Reynolds number of 1.3 %fb0 the tested model. The choice of the free-strealocity
(and thus of the Reynolds number) is based upamgpmomise between high enough reduced frequencies
to introduce unsteady aerodynamic effects anddignitapping frequencies of the wing, in order toidv
structural vibrations of the model. Since the cndReynolds-number regime is characterized by lamina
turbulent transition effects, in the following tieesffects are isolated by considering both a frassition
case and a forced-transition one.

The tested wing model is obtained from extrusioa BFACA 0018 profile, with chord = 400 mm and
aspect raticAR= 4. In order to reduce the wing tip vorticescualar side plates of 800 mm diameter are
installed on both wing tips, as shown in Fig. 2eTing trailing edge is modified to house a plaapfwith
hinge point at 3/dfrom the leading edge. The flap chord has beesahtdo maximize the control authority
and effectively reduce the load peaks arising dpdiynamic stall. For instance, configurations veithilar
flap size have been successfully employed for bpter rotors in [33]. Moreover, having a relatividyge
flap chord is also beneficial for experimental ppsgs since it allows embedding pressure sensanfmwit
the flap. It has to be remarked that the flap cHendjth represents an important design paramettireof
control system and it must be chosen according trapromise between load control authority and
aerodynamic efficiency of the blade section. Howeaa optimization of this parameter is out of $eepe
of the present study. The deflection of the flaprisvided by one high-voltage Horizon JR DS8711HV
servomotor. The maximum flap deflectiorisnax= +10° with respect to the clean wing chord.

The wing is equipped with 24 Honeywell HSCSRRN1.68A5 differential pressure transducers
(3 kHz max acquisition frequency, +0.004 mbar aacyy, connected to 48 pressure taps (0.4 mm
diameter). The transducers are embedded in the wotgl, allowing for direct measurements of thealoc
pressure difference between the upper and the Isides of the wing. Pressure taps are placed adriy
line with respect to the chord in order to redutterference effects (Fig. 3). In the following, tneasured
pressure differences are presented normalize@as 4p/(1/20..V..?). For each case, the pressure is phase-
averaged over 50 flapping periods. The uncertaintthe phase-averagg@, is estimated to be lower than
0.04, by following the estimation method by Moffa¥]. Differential pressure data are integratechglo
the chord to measure the aerodynamic forcesift.and pitching moment coefficients (the latteranared
with respect to the 1&4point, positive for pitching up moments). The ®nmesulting from the pressure-
difference integration is oriented in the normaktwrd direction. The lift force has been calcudateith
good approximation, as the projection of this farcéhe wind reference frame (given the geometnigla
of attack), thus neglecting the parallel-to-chasccé component, which could not be measured wigh th
present setup. The parallel-to-chord force compbiseimstead expected to play a significant roletfe
determination of the drag, which for this reasonas accessible with the present experimental séthe
uncertainty on the phase-averaged lift and pitciiognent coefficients is estimated [37] to be lothem
0.01 and 0.005, respectively. Forces and presateeate reported in the results section as a fumat
the angle of attack after applying a correctiondpen test section wind tunnels [38].

3

American Institute of Aeronautics and Astronautics



Due to the low Reynolds number, both a stethosempepressure-distribution measurements are used
to detect the presence of a laminar-turbulent ttians Boundary layer transition is forced by meafig
zig-zag strip (2 mm thick, 12 mm wide, with 60° &)glaced at 04 It is verified that, in static conditions,
boundary layer transition occurs immediately dowewn of the turbulator for all the angles of attack
investigated. Considering the sensitivity of th@aiyic stall on the state of the boundary layer efffiects
of the turbulator for both steady and dynamic ctbods are discussed in the following.

Periodical flow conditions on the blade are repastliby means of a sinusoidal flapping motion with
Strouhal numbe®t =0.006 and reduced frequenky 0.1. The movements featured both a pitchingai.e.
variation of the geometrical angle of attaek), and a heaving motion, i.e. a cross-stream displaat
h(t) of the airfoil. The heaving position is defined lwitespect to the position of the hinge point of the
wing, placed at 1&from the leading edge, as sketched in Fig. 1. @maestions are realized by means of
a 6-degrees-of-freedom Quanser Hexapod robotidopiat The sinusoidal movement of the wing in
heaving and pitching motions is set as:

h(t) = hy sin(2rft) 1)
a(t) = ay + g sin(2uft —m/2)

wheref is the motion frequencyy is the semi-amplitude of the heaving motian,is the mean angle of
attack andxo is the semi-amplitude of the pitching motion. Tystem is operated with= 0.4 Hz and
ho = 0.1c. The phase delay between heaving and pitchingom®is set to a quarter of the motion petiod
in order to maximize the quasi-steady effectivd@aongattack. Two different wing kinematics areatissed

in paragraphs 11l.C and IIl.D: a symmetric motioithwom = 0° andao = 10°, referred to as dynamic test
case A; an asymmetric motion withy = 9° andao = 10°, referred to as dynamic test case B. Test da
reaches angles of attack at the onset of the &tatlcase B promotes the occurrence of deep stall.

positive +
(pitching) 04 [

ht eI T y
iti + (positive
positive . Ja (P ) )
Veo : (heaving flap deflection

tunnel centerline

Fig. 1. A sketch of the flapping wing degrees of é&edom.
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Fig. 4 Geometric and effective angles of attack farase A and B.
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The effective angle of attack is defined by comfunihe heaving and pitching motions, as:

Qs = a — tan™? (Vi%) = a,, + a, sin (ant - g) + tan~! (nSt sin (21tft - g)) (2)

In Fig. 4 the difference between the geometric thiedeffective angle of attack is shown for bothe&CAs
and Case B. Due to the rather small Strouhal nuntthedifference between the geometric and the it
angle of attack is always smaller than 1°.

The flap is deflected imposing a sinusoidal kinéoaith the same frequency of the wing motion:

ar(t) = agp sin(2nft + ) 3)

wherea ris the semi-amplitude of the deflection and the phase shift with respect to the heaving omoti
Note that, as shown in Fig. 1, an upward defleatimmesponds to positive. while a downward deflection
to negativex.

Particle Image Velocimetry (PIV) measurements Vigaahe formation and the evolution of the LEV
on the suction side of the wing. Fig. 5 illustraties PIV set-up used to map the two-component<citglo
fields on one side of the wing at the mid-span. idgiired illumination is provided by a Quantel Eyreen
Nd:YAG laser system with 200 mJ/pulse energy a¢quency of 15 Hz (wavelength of 527 nm). The laser
light is conveyed through laser optics to form mi@ laser sheet of about 405 mm widthd~The laser
head is positioned outside the open jet to rediliratons and flow interference. The laser shekidated
just above the pressure taps, approximately 6.8Bove the midline of the airfoil, and aligned witte
chord.

Table 1 PIV imaging and processing parameters

Parameters Quantity
Measurement field of view FOV 401x 267 mrh 4872 x 3248 pX
Interrogation window size lw 2 x 2 mm 24 x 24 px

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 x 3248%p%2 bits) with a pixel-pitch of 7.4m/px is
used to image a field of view of 400 x 267 frmhabout one meter distance, tilted of about 2feks. The
camera is equipped with a Nikon lens of 105 mm [fémagth set at aperture f#= 5.6, thus resulting in
magnification oM = 0.09. A Scheimpflug adapter is used to correrctife camera angle. Seeding particles
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are injected in the test-section with a SAFEX smgéeerator employing a SAFEX MIX, able to generate
liquid droplets of less thandm diameter.

A LaVision type 30 calibration plate was employeat the optical calibration. Particle images
acquisition, calibration and cross-correlation weagried out withLaVision DaVis 8.3.0. Phase-locked
PIV measurements are acquired using a trigger lgigogided by a digital encoder installed in thedgaod.
The flapping period is discretized in 20 phase& W0 pairs of particle images acquired per pHaagicle
images are pre-processed to remove background rmise laser reflections [39]. After image
pre-processing, a multi-pass algorithm is usedpfoticle image correlation with a final window siaé
24 x 24 pX and 75% overlap, corresponding t8 2 mn? resolution and 0.5 mm vectors spacing. The PIV
imaging and processing parameters are summariZeahie 1.

The main sources of uncertainty in the vector §eldith the present magnification and at the presen
Reynolds and Mach number are cross-correlation rtaiogy and the peak-locking. At the present
magnification and aperture, the particle image szahe sensor is smaller than 1 pixel. Thereftre,
focusing plane is slightly offset with respecthe taser plane (defocusing) to obtain an imagkeparticle
of about 2-3 pixels, able to mitigate bias-errossaziated with peak-locking [40]. Mitigation of
peak-locking errors is a posteriori verified by megaof a decimal distribution histogram. The
cross-correlation uncertainty on the particle dispment represents a random error that scalestheth
available number of samples per dataset, givingnibst relevant contribution in the uncertainty loé¢ t
velocity measurements. After calculation with thdapted magnification and separation time, the final
uncertainty in the mean velocity field is assestedbe at 0.2% of the free-stream velocity while the
uncertainty in the turbulent statistics is assesdéddb of the free-stream velocity.

I1l. Results

First, in section Ill.A, measurements of the sthdads acting on the wing are reported for difféféap
settings and for both free and forced boundary rlay@nsition. Subsequently, in section 1lI.B, the
occurrence of deep dynamic stall (test case Bjvisstigated with PIV. The loads acting on the wivith
flap angle set to zero are discussed in sectio@ fidr both test cases (A and B). The effect offthp
actuation on the loads are presented in sectidd.IHinally, in subsection Ill.E, a linearized flapodel is
proposed. The model is tested on the actuateccfiafigurations to verify its suitability for dynamstall
conditions.

A. Steady aerodynamic loads

The static loads acting on the wing are measunefide and forced boundary layer transition. Thte li
and moment coefficients are reported in Fig. 6 amation ofa and parametrized witd,.

With forced transition, the lift coefficier@ (Fig. 6,a) is a linear function of (up to the stall angle)
with slopeCi, = 1.4n/rad; the difference with respect to the convergidn/rad [35] slope is here ascribed
to finite wing effects and it agrees with resuitsh a panel method approach carried out with XF[4R5.

In the case of free transition, a first linear oegfor bothC; (Fig. 6,b) andCr, (Fig. 6,d) is measured for
ar < 4. For higher angles of attack a sudden increb€gfollowed by a second linear region is measured.
The slope of the lift coefficieri,, in the first linear region, is the same as the measured for the forced
transition case. In a similar study [42], this babaof C; was ascribed to the formation of a laminar bubble
on the pressure side of the airfoil close to thditg edge, which enhances the aerodynamic lifiologlly
changing the airfoil curvature. However, the insen lift depends oap.

For large negativer;, the reduction of the adverse pressure gradieattdithe negative deflection
might avoid the formation of the laminar bubblegtasulting in a fully linear behaviour.

The effect of the flap deflection in steady coratis are reported in Fig. 7 for several angles tacht
of the wing and for both free and fixed transit@mditions. For fixed transition cases both thiedifd the
aerodynamic moment coefficients are almost linaactions of the flap deflection with a slope thahot
significantly influenced by the angle of attackr free transition, instead, both the lift and tleecalynamic
moment coefficients strongly depend on the angleattdick. Linearization of the load variations is
acceptable only for small angles of attack angeineral for negative flap deflections.
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a) Lift coefficient, forced transition
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Fig. 6. Steady lift coefficient Ci) and pitching moment coefficient Cm) for forced transition and free

transition.
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Fig. 7 Effect of the flap on the loads in steadydlw conditions.
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B. Flow field characterization

PIV measurements were carried out to visualizedgheamic stall and link the resulting flow features

with the surface pressure measurements.
A sketch of the variation of the angle of attackidg the cycle (Eq. 1) for the test casedB,(= 9°) is

reported in Fig. 8. The flap is actuated with phsisift ¢ = /2 (Eq. 2) with respect to the wing motion.

10

b) Pitching moment coefficien

Solid line: free transition
Dashed line: forced transition

0 5 10
a, [deg]

el

PIV phase locked data are presented for the fare@dition case in Fig. 9. The velocity fields atenked
to remove regions with low signal-to-noise rati@da wall reflections. The left column of Fig. ®pents

contour plots of the velocity magnitude togethethwihe vector fields (downsampled for clarity of

visualization); the central column shows the insglaurbulent kinetic energy = %(W +v'2) (beingu’

andv’ the fluctuating velocity component in tReandy directions, respectively); the right column report
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the mean differential surface pressure coeffici@y (in red solid line) and its standard deviatistd(in
dashed black line). The velocity data are normélizéh respect to the free-stream velocity. Theseld
phases are indicated in Fig. 8 with black markamng, labeled with letters (a) to (e). The anglettafck and
the flap angle for the selected phases are reportie table in Fig. 8.

At t/r = 0 (Fig. 9,a), the airfoil is at angle of attagkpeoximately equal to zero. Results show that the
flow remains attached due to the low pressure gradiThe measuredC, is rather low, as a result of the
guasi-symmetric distribution of, between the pressure and the suction sides of ihg. Wuring the
upstroke and in the first half of the downstrokes flow remains attached even though the angl¢tadla
increases beyond the static stall angle (Fig. #b}/r = 0.49, the maximum angle of attack is reached
(a = 19°); at this stage the pressure difference éetwhe pressure and suction sides reaches thieitebso
maximum intensity at the leading edge (Fig. 9,li)e Targe value ofiC; is ascribed to the formation and
growth of the LEV, attached to the airfoil in thenge 0.1 «/c < 0.4. The turbulent kinetic energy shows
a corresponding increase of the fluctuations intgria the same region, suggesting the presenca of
fluctuating behavior of the LEV between the difiereycles. Fot/r = 0.54, right after the reversal of the
pitching movement, the LEV continues growing andgpessively moves downstream of the airfoil (Fig.
9,c). The presence of the LEV is characterizedabgd intensity of the turbulent kinetic energy dyda
sudden increase of tlsted(1Cp). At t/z = 0.60 the LEV is fully detached from the airfoil (Fig.d), resulting
in lower velocity magnitude andC, than at the pre-stall. The flow remains separéedhe rest of the
downstroke cycle, then reattaching as the angidtatk decreases. Complete reattachment is obsatved

t/r = 0.88 (corresponding ta =1.8°).

te Reference| Airfoil Flap

Point Angle Angle

s 0.04 (a) -0.6° 9.6°
g 0.49 (b) 19.0° -10.0°
2 0.54 () 18.6° -9.6°
S 0.6 (d) 17.1° -8.1°

- \ L/ Airfoil Angle
AN _+ |z~ Flap Angle 0.88 (e) 1.8° 7.2°

0 0.2 0.4 0.6 0.8 1
t/T

Fig. 8 Geometric angle of attack of the airfoil and flap agle over time. The dots represent the select
PIV phase-averaged fields illustrated in Fig. 9.
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Fig. 9Left) Velocity magnitude contour plots with superpaed vector arrows. Center) Turbulent kinetic
energy contour plots. Right) Phase averaged mean arstandard deviation of differential pressure
coefficient. a)-e) Refers to selected time instanés in Fig. 8.
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C. Effect of tripping in the dynamic configurations

The influence of the boundary layer transition lo& dynamic stall is investigated in this sectiootB
test cases Aufn = 0°, 00 = 10°) and Bdm = 9°,a0 = 10°) are discussed. The flap angleds 0°, i.e. clean
wing configuration.

The expected flow behavior of the different casas lse addressed by means of the stall penetration
angle (See [2])1 defined aspenetration = O(max,dyn - O(stall,steady with 0(max,dyn and O(stall,steady being
respectively the maximum angle of attack reachethduhe dynamic motion and the stall angle ofcita
in steady flow conditions. The stall penetratioglas are summarized in Table 2.

Table 2 Stall penetration angles for the cases stigdl.

Free transition Fixed transition
Case A Apenetration = 10° —12° = =2° Upenetration = 10° —9.5° = 0.5°
Case B Openetration = 18° — 12° = 6° Openetration = 18° — 9.5° = 8.5°

According to the values reported, for Case A the/fbver the airfoil is expected to be in no-stalfet-
of-stall conditions and for Case B it is expectedb¢ in deep-stall conditions.

Fig. 10 reports th€ andCy, curves against the geometric angle of attack é¢in the test cases in clean
wing configuration. The arrows indicate the phasedtion of the load loops. In both dynamic caghs,
Ci curve (Fig. 10,a and Fig. 10,b) presents an hgsi®rcycle. The maximui@ is higher than the one
achieved in the steady configuration due to thequree of the LEV on the suction side as discussétei
previous section. The maximu@, (Fig. 10,c and Fig. 10,d) is measured at the dfathe downstroke
cycle, i.e. when the angle of attack is maximumisT& to be ascribed to the suction effect of tl&/L
which is responsible of the increased lift at theding edge, thus generating a pitch-up momeocante
argued that, during the first half of the downstothe LEV dynamic is independent on the transitioset.
During the second part of the downstroke, in batbes a pitch-down moment is generated. It is a=trib
to the detachment of the LEV, as observed in Fid. Bhis effect is stronger for the free transition
configuration. The results suggest that forcingndittion allows reducing the unsteady loads vanmtio
during the cycle, particularly at high(test case B).

Test case B shows th@t (Fig. 10,b) increases beyond the maxim@nachieved for the static case,
until o= 16°. The stall is postponed édarger than the steady stall one (Fig. 6). Theimam C, is equal
to 1.5 for the free transition configuration and1t® when the boundary layer is tripped. The higber
experienced in free transition could be explaingdhe possible presence of a laminar separatioblbub
at the trailing edge of the airfoil pressure sids, previously observed for the same airfoil in dyea
conditions [42]. For the free transition configuoat the hysteresis curve shows a local peak-at4°
(t/r = 0.66), while when transition is forced the locabg occurs much earlies € 18°, t/r = 0.43). This
phenomenon might be ascribed to a sudden flowastattent during the upstroke, anticipated in case of
forced boundary layer.
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a) Lift coefficient, test case A b) Lift coefficient, test case B
1 T

—o—Forced amIO

—g— Free am=0°
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¢) Pitching moment coefficient, test case A  d) Pitching moment coefficient, test case B
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Fig. 10. Comparison of the lift coefficient Ci) of the pitching moment coefficient Cm) for forced and
free transition.

The effect of forced transition on dynamic stalugher investigated by discussing the surfaceguree
fluctuations. The fluctuations intensity is repari@ Fig. 11 in terms of standard deviation4f, as a
function of the phase and chord location. The maxaistdAC,) are determined by the onset of transition
(highlighted in Fig. 11 with red dashed lines).Hig. 11,b (test case A and free transition) thelloc
maximum of4C, shifts downstream when decreasing the angle atlathnd it oscillates in the range
0.3 <x/c < 1 with a nearly sinusoidal pattern. The frequeoficthe fluctuation peak displacement is twice
the frequency of the flapping motion. This is daethie occurrence of the transition on both sidethef
airfoil (during one full cycle each side of thefailacts as suction or pressure surface for Hatfi@ cycle).
Forcing of boundary layer transition (Fig. 11,agKe the streamwise location of the maximui@, at
x/c=0.2%£0.05. The position of the maximuf€, confirms that the transition is imposed at thppimng
location.

A different behavior is detected when increasirgrtean angle of attaek, (test case B, Fig. 11,c and
Fig. 11,d) where, for 0.5 #r < 0.8 (corresponding to a progressively decreasirgjeaaof attack), the
intensity of the surface pressure fluctuationsighér along the entire chord (see the region détnby
white dashed lines in Fig. 11,c and Fig. 11,d)sTffect can be associated to the formation andtprof
the LEV on the suction side of the airfoil andhe tonsequent flow separation after the vortexotietent
(as observed in the PIV measurementstfor 0.5). A comparison between the free (Fig. 11,d) toe
forced transition configurations (Fig. 11,c) shaiwst these phenomena are not affected by presétice o
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tripping in the part of the period with fully sepéed flow. The most relevant effect of the trippiago
reduce the intensity o$tddC,). Similarly to the test case A, the presence of ttigping limits the
displacement of the transition point fr < 0.5, i.e. before the occurrence of the dynanailt separation,
and force it to the tripping location.

a) Test case A, with tripping WAC) b) Test case A, without tripping SAC)
1 1
0.9 0.9
0.8 0.8 0.8
0.7 0.7
0.6 0.6 0.6
505 <05
0.4 04 04
0.3 0.3
0.2 02 0.2
0.1 0.1
0 0
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
x/c x/c
c¢) Test case B, with tripping ) d) Test case B, without tripping
std(AC,

1

0.8

0.6

0.4

0.2

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
x/c x/c

Fig. 11. Maps of the standard deviation 0AC,, as a function of leading edge distance and of thiene.

D. Effect of flap actuation

The effect of the flap actuation is reported irsthéction for different values of the phase deélayith
respect to heaving motion (Eq. 2), for the dynatest cases A and B. Pressure measurements aresidcu
with flap displacements as in Eq. 2 ahdanging between 0 ark. The arrows in Fig. 12 and Fig. 13
indicate the phase direction of the load loops.

The effect ofp on the lift coefficient for test case A is plottedFig. 12,a and Fig. 12,b for forced and
free transition, respectively. In both cases, tgation ofC during the cycle is minimized fgr= n/2, i.e.
when the flap is in phase with respect to the pigimotion; conversely, the variation 6f is maximized
for ¢ = 3n/2, i.e. when the flap actuation and the pitchingzament are in phase opposition. Similarly, the
Cm (Fig. 12,c and Fig. 12,d) shows the largest viaratvith respect to the clean wing casedor n/2 and
¢ = 3n/2. When the flap displacement is in phase withgitehing motion ¢ = n/2), the nose-up pitching
moment is enhanced, thus causing the largest wariaf C, for the investigated angle of attack range.
Differently, for ¢ = 3n/2, the nose-up pitching moment is reduced thusingla flatter hysteresis cycle.
The amplitude of the hysteresis cycle, insteadnaximized for¢ = 0 andr, i.e. the pitching and flap
movements are in phase.
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a) Lift coefficient, forced transition b) Lift coefficient, free transition
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Fig. 12. Comparison of the lift and pitching momentoefficients for different flap actuation phases.
Testcase Ala,, = 0°, agr = 10°.

Test case B (Fig. 13,a and Fig. 13,b) shows a @irbithavior as test case A. The minimum in-cycle
variation ofC, is measured fa = n/2 and the maximum in-cycle variation is measuredsfer3n/2.

The maximum variation of; with the angle of attack is lower when transitisfforced. Similarly to
the static caseCm (Fig. 13,c and Fig. 13,d) shows a peak in corredpoce of the pitching movement
reversal {{z = 0.5). The peak intensity depends on the flap motiopeeislly when transition is forced. The
effect of the flap is to rotate th@&, curve with respect to the fixed flap configuratias also discussed for
test case A. The maximum variation @f with the angle of attack is again measured¢fer n/2 and
¢ = 3n/2.

As expected, the effect of the flap on the loaddyimamic cases fits with the expected behaviotireadl
by the static characterization: negative deflectimmeases the circulation, inducing higher liftthe wing
and a nose-up pitching moment. Nevertheless, ieeggent with Gerontakos and Lee [27], the flap ts no
able to create a strong modification of the flowdeor around the wing: typical features observethe
loading cycles for zero flap cases are preserveddfmamically deflecting flap cases. These two
considerations may be considered as hints of lityeaf the flap effect on the loads in dynamic flow
conditions. In the next paragraph, the possibditlinearization of the flap effect will be invegéited.

In Fig. 12 and Fig. 13, the arrow line plotted ba top of the Cand G, curves shows the phase direction
of the load loops. The change from clockwise tonteuclockwise orientation suggests that the effdct
the TEF is double: it alters the aerodynamic laauts influences the aerodynamic damping coeffidieed
[2]), defined over the entire cycle Bg,.. = —1/(ma§ ) ¢ C,da. Despite the flap can be effectively used

14

American Institute of Aeronautics and Astronautics



to modify the aeroelastic behavior of the bladés #spect in not further investigated in this pagéarce
the main goal is the control of the unsteady loads.

a) Lift coefficient, forced transition b) Lift coefficient, free transition
1.6 - i 1.6 ; v

1.4F 1.4F
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0.8F 0.8
OB 0.61 OB 0.6F
0.4f 0.4F
0.2F 0.2F
0f 0F fhs
-0.21 g 0.2} &
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Fig. 13. Comparison of the lift and pitching momentoefficients for different flap actuation phases.
Test case Bia,;, = 9°, o = 10°.

E. Linearization of the flap contribution

Based on the observations reported in the prevsoibsection, a linearization approach for the flap
contribution is proposed. The load coefficients suead with the flap deflected;(a, ar) andC,,(a, ar)
are decomposed as the linear sum of the loadsaflap angle configuratiorG;(«, 0) andC,,(a, 0), and
a contribution depending on the flap angh; (a) and AC,,(ar). As a first approximation the flap
contribution is considered a linear functioruef according to Egs. 4:

ac
Cule,ar) = Ci(@,0) + AC,(ar) = Ci(@,0) + 5= ar
F

ac,, (4)
Cn(a,ap) = Cp(a,0) + AC, (afp) = Cp(a,0) + e agp
F
whereZL and2“™ are the control derivatives of the flap.
6aF aap

In the following, the control derivatives are obid by a linear fit of the steady loads. The vabhfethe
control derivatives are summarized in Table 3 alwith the respective coefficients of determinatii
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The load coefficients, in steady conditions, aftanoving the flap contribution are reported in Hid. The
flap contribution to lift and moment coefficients expressed aa(; =% ap and AC,, =‘;% ar,

F F
respectively. In the forced transition configuratitheCi-4C, andC-4Cn, curves collapse on the zero flap
angle case for pre-stall angles of attack, thusvasigthe linearity of the flap contribution. Similg, in
post-stall conditions, th€ curves collapse within the scaling, thus showirag the linearity hypothesis is
still valid. On the other side, the self-similariof the Cy curves is less accurate. In free transition
configuration the linearized model seems to beduneate to model the flap contribution; this is likdue
to the presence of the sudden growth of the léfficient ata = 7°, ascribed to a laminar separation bubble
as in [42], resulting in a non linear behaviorlie forces and in a flap contribution effect botpardent
onar anda.

Table 3 Flap control derivatives and respective cdficients of determination

ac, aC,
aap aaF
Forced transition -0.027 tR0.96) -0.0049 (R=0.96)
Free transition -0.023 fR=0.84) -0.0052 (R=0.81)
a) Lift coefficient, forced transition b) Lift coefficient, free transition
14— ‘ ‘ ; 1.4
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1t 1t
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O @]
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Fig. 14. Static lift and pitching moment coefficiets removing the linearized flap contribution.
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a) Lift coefficient, forced transition b) Lift coefficient, free transition
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Fig. 15. Lift and pitching moment coefficients afte removing the linearized flap contribution. Test
case Al a,, = 0°, apr = 10°.

The linearized model of the flap contribution iphed to the dynamic test case A. TbedC, curves, after
removing the flap contribution, are presented ig. Hi5,a and Fig. 15,b for forced and free transitio
respectively. In both cases and for the differ&ap phase delays, a good collapse of the cuna@sténed.
For free transition configuration, the overlap be#w theC-4C, curves is less accurate. This can be
ascribed to the dynamic of the laminar bubble attthiling edge, as previously discussed in Ilit#at
causes an unpredictable and strongly non-lineargshaf the airfoil aerodynamic shape. Fig. 15,cigd
15,d show the results of the linearization of thep fcontribution onCn,. For the forced transition
configuration, the linearization shows a good gk of theC+4Cy, curves. For both configurations,
despite all the curves almost collapse to the fiftagd curve, the cases with flap actuation presanger
hysteresis amplitude with respect to the case fivigd flap.
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a) Lift coefficient, forced transition b) Lift coefficient, free transition

1.6 w T 1.6 T
—o—Fixed Flap
1.4 r|—=—¢=0 1 147
—~—¢=n/4
1.2¢ b=r/2 1.2¢
| L[ 9=3/an Al
o=n
~ 0.8  ¢=5/4m ~ 08
o —¢=3/21 S
0.6 ¢=T/4r 0.6
0.4+
0.2
O L
-0.2
-0.4
0 5 10 15 20 0 5 10 15 20
afdeg] a[deg]
¢) Moment coefficient, forced transition d) Moment coefficient, free transition
0.1 T T ‘ T 0.1 T . . -
0.05¢ 0.05
0r or
UF-0.05 JF-0.05
< <
(.)E -0.1 UE -0.1
-0.15 -0.15
-0.2 -0.2
-0.25 -0.25
-0.3 : . : : -0.3 : ' ) '
0 5 10 15 20 0 5 10 15 20
a[deg] a[deg]

Fig. 16. Lift and pitching moment coefficients afte removing the linearized flap contribution. Test
case B:a,, = 9° ayf = 10°.

The same operation of linearly subtracting the f#laptribution is carried out for the dynamic tease B
(Fig. 16,a and Fig. 16,b). Both for free and fortesthsition, all the curves tends to collapse ®fiked
flap case also in deep stall conditions. For thedd transition regime, the differences between the
collapsed curves, although being small, are mamépsured during the downstroke of the pitching omoti
(post-stall regime), while there is a better matghof the curves during the upstroke (attached-flow
regime). Also for the airfoil with free transitidhe matching is satisfactory for almost the entiyele. A
noticeable difference between the curves can berebd before and after the pitch reversal. The
disagreement before the pitch reversal might becéted with the non-linear behaviour in pre-stall
conditions as also observed for the static cadéer@ntly, the differences measured after the pitstersal
might be associated with the occurrence of the rekdift peak which intensity and position appear to
slightly vary depending on the flap actuation . fBnly, by removing the linearized flap effect frotime
pitching moment, in forced transition case (Fig,c}6a good agreement with the fixed flap caselman
observed during the upstroke and during almoghalldownstroke for smaller angles of attack. After
pitching stroke reversal, when the flow is sepatated a large recirculation zone is present orstizgion
side, the flap effect seems to be strongly noralinn the free transition case (Fig. 16,d) althoad the
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curves still tend to collapse towards the fixeg ftase, the matching is worse than in the forcausttion
case.

V. Conclusions

A strategy to control the unsteady aerodynamice®ron airfoils for wind turbine blades has been
proposed and tested. In order to reproduce theatiperconditions of a wind turbine blade, a 2D wigsg
operated aRe= 1.3 x 108 in pitching and heaving motions, with reduced frency equal t& = 0.1. The
forces are evaluated by integrating the differémrassure between the dorsal and ventral surfaictse
airfoil measured with 24 differential pressure sgaglistributed along the chord. A boundary layipping
is installed on the airfoil and the results of bdthe and forced transition are compared. Velocity
measurements have been carried out with PIV osubgon side of the flapping airfoil reaching destall
conditions. The comparison between flow fields aydchronized pressure measurements has provided a
link between flow structures and the generatiodysfamic loads. The LEV dynamics has been identified
as the dominating cause of loads variations albagycle; sudden drop of the pressure different@dsmn
the pressure and the suction side occurs due toBEkedetachment to the airfoil. The force and moteen
measurements suggest that the presence of a trigpirice significantly affects this process.

The effect of the tripping to control transitiondaseparation is investigated without flap actuactio
through pressure measurements. The results shovette if not entering in deep stall, the locatidthe
local maxima of the differential pressure fluctoas experiences large oscillations over the periddle
this effect is minimized when forcing boundary layensition. In the deep stall cases, separatad fl
occurs after the pitching stroke reversal bothé fand forced transition configurations. The safian is
less abrupt in the forced transition case, adie$thy the reduced hysteresis effects. This behatiggests
a possible use of leading-edge roughness as a/passian to reduce load variations and to back-tipeac
control methods.

The effect of the flap on the dynamic loads hasm®lyzed for a set of sinusoidal flap motiongwit
different phase shifts with respect to the pitchingtion. The results confirm the capability of frep to
control the total circulation over the airfoil irymamic conditions, regardless of the transitiorcifog and
of the wing motion. The flap effect on forces/monsegeneration is weakly dependent on the dynarait st
phenomenon itself and can be linearized. In the fir@nsition case, however, the flap effect isuificed
by the instantaneous angle of attack, as confirateal by the measurements in static conditions.

The aerodynamic loads can be modelled as the suhedfero flap angle loads and of a contribution
depending linearly on the flap deflection. The ftamtribution has been modelled through the flaptred
derivatives measured in steady flow conditions. applied model provides a good prediction of tred®
on the airfoil with TEF. The extension to the onsietleep stall of a linear prediction for the flgffiect on
forces and moments has been attempted. Overallearization of the flap effect appears to be mtife
suitable for attached flows on airfoils with boungkayer tripping. The non-linearities experiendndthe
cases with free transition and during the dynartédl and the further reattachment are instead poorl
approximated by a linear flap model, although thrght be used as a first-order estimation.

The results suggest that aerodynamic loads canitigatad via a linear actuation of the flap based o
instantaneous load measurements. A study of thepi@iblem would be the next step to assess the
effectiveness of the flap on a real blade. The dyoatall would be strongly affected both by thegance
of finite-wing effects (through the influence okthip vortex), mutual interference between difféfglade
sections and by the different conditions alonglitagle span. This results in a strong three-dimeiasio
behaviour of the dynamic stall (see e.qg. [43,44,48]this scenario, the linearization of the fiffects on
the loads obtained for a fully 2D configuration imidpe improved for a quasi-2D case.

The experiments have been performed at a reduegddncy representative of a wind turbine motion.
Helicopter rotors, instead, experience higher reduitequencies for which non-linear effects migat b
stronger. Moreover, despite the wing and the flawenwith the same frequency, the motion/force kg c
differ. As a matter of fact, Theodorsen [46] showhdt, for a purely-pitching airfoil, higher redute
frequencies (k>0.1) introduce a motion/force lagjol in part depends on the effect of the addedsmas
forces (arising from the angular velocity and aecaion of the airfoil in the fluid). The periodftap
deflection generates a similar effect. Based osdlaeguments, the extension of present resulslitopter
rotors is, thus, not straightforward and requirgsiier analysis.
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