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Dynamic stall on wind turbine blades often leads to severe fatigue that tends to decrease

the lifespan of the blades. To mitigate cyclic loading on the blades, trailing edge flaps (TEF)

may be used to control the energy captured by the blades. In this study the influence of a

TEF on a pitching S833 cambered airfoil is investigated at a Reynolds number of 170,000 and

reduced frequencies of k = 0.06 and 0.1. The lift andmoment hysteresis cycles are presented for

mean pitch angles of 0◦ and 10◦ to represent stall onset and deep stall. The flap, hinged at 0.8

chord, is pitching with different phase lags to study the influence of flap motion. Coefficient of

pressure contour plots presented here, clearly indicate the leading edge vortex (LEV) formation

and convection. It is concluded that even though the TEF was not capable of controlling the

formation of the LEV, it was however capable of reducing the LEV magnitude and more

importantly, a reduction in cyclic loading. It is recommended to dynamically pitch the flap

out-of-phase with the airfoil motion to reduce the min/max of the lift and moment cycles and

reduce negative damping that can lead to stall flutter.

Nomenclature

α = angle of attack, deg

αamp = pitching semi-amplitude, deg

αF = flap angle of attack, deg

αmean = pitching mean geometric angle of attack, deg

αmean,F = flap pitching mean geometric angle of attack, deg

c = chord, m

cw = clockwise

ccw = counter-clockwise

CD = coefficient of drag

CL = coefficient of lift
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CM = coefficient of moment

Cp = coefficient of pressure

CW = torsional damping

U∞ = free stream velocity, m.s−1

k = reduced frequency (k = πcf /U∞)

f = frequency of oscillation, s−1

fp = pitch frequency of oscillation, s−1

fF = flap frequency of oscillation, s−1

γ = yaw angle, deg

φ = phase shift, rad

ρ∞ = free stream air density, kg.m−3

STD = standard deviation

τ = period of the cycle, s

I. Introduction
As the demand for more renewable sources of energy grows so does the demand for wind energy generated by

horizontal axis wind turbines (HAWT). To make wind turbines more economical and capture more energy, manufacturers

are increasing rotor diameter. As the blades get longer the cyclic loading at the root increases causing material fatigue.

Cyclic loading is caused by many factors including wind shear, rotor misalignment, and turbulence of the wind resource

[1]. Fatigue life governs the design factors for larger wind turbines, so it is important to minimize the cyclic loading [2].

For these reasons, it is imperative to understand and reduce dynamic loading on the blades to increase turbine lifespan

and decrease the cost of generated energy. Reduction in blade loading would also decrease the loads on the drivetrain,

generator, and tower further reducing the cost of manufacturing and maintenance. Active modification of the blade

shape, also known as Smart Rotor, could be used to reduce cyclic loading, material fatigue and unsteady flow conditions

[2]. This blade modification would be based on information obtained from different sensors embedded in the wind

turbine that measure blade loading.

As wind turbine blades experience unsteady flow conditions the angle of attack (α) on the blade section changes

dynamically thus changing the forces experienced by the blades. The α variation could exceed or remain below the

static stall angle of the airfoil. There are three airfoil parameters that tend to influence the dynamic stall or unsteady

loading: Airfoil shape, mean pitching angle/amplitude, and the reduced frequency k = πcf /U∞ (c is the chord , f is the

frequency and U∞ is the freestream velocity) [3, 4]. Corke and Thomas [5] defined the flow field to be unsteady when

k is higher than 0.05 otherwise unsteady effects can be neglected. They also explained the reduced frequency by its
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analogy to a phase lag parameter where the fluid reaction lags behind the pitching motion due to inertial effects.

Dynamic stall is characterized by extreme hysteresis and non-linear cycles in the coefficient of lift (CL), coefficient

of moment (CM) and coefficient of drag (CD) [4]. This causes the aerodynamic forces acting on the blade to be higher

than their static counterparts. The forces on the blades are not just higher but dynamic stall generates periodic and

oscillatory motion that tends to increase the stress and fatigue levels at the root of the blade. The dynamic stall cycle

could be split into four sections: pitch-up motion, flow separation, pitch-down motion, and flow re-attachment. During

pitch-up motion the flow remains attached to the airfoil thus CL keeps increasing past the static stall angle. This is due

to the pitching motion and the formation of a leading edge vortex (LEV) or dynamic stall vortex [5]. The LEV brings

additional suction to the leading edge and produces values of CL, CM and CD that are much higher than their static

counterparts during pitch-up motion [4]. As the airfoil starts to pitch down, the LEV convects downstream over the

suction side and once the LEV flows past the trailing edge the flow separates leading to a severe loss in lift, increase

in nose-down pitching moment and increase in drag. In some cases a secondary LEV is formed and shed, leading

to another CL peak [6]. Gharali and Johnson [7–9] reported the formation of a secondary LEV and in some cases,

smaller vortices after that. The secondary LEV tends to be weaker in magnitude when compared to the first LEV.

Lee and Gerontakos [10] have also reported the formation of a secondary LEV. Numerical investigations were able to

simulate the formation of both the first and secondary LEV [11]. Typically, during pitch-down, the airfoil is stalled even

though α is below the static stall angle. The flow then re-attaches to the surface as α decreases and the cycle starts

again [10, 12–14]. Leishman[6] and recently Masdari et al.[15] studied the effects of the mean angle of attack, pitching

amplitude, and reduced frequency on dynamic stall.

While the airfoil is pitching close to the stall point, aeroelastic stability problems could arise. Aeroelastic divergence

or stall flutter is promoted when the torsional damping (defined by the line integral CW =
�
Cm(α)dα) is negative

[16]. Damping is positive when it corresponds a counter-clockwise (ccw) loop while negative for a clockwise (cw)

loop in the CM − α plot [5]. During negative damping, vibration can increase significantly and may lead to structural

damage if the structural dynamics permit [17]. Using a TEF to mitigate negative damping without significant loss of lift

would benefit the turbine system greatly and would ensure limited flutter on the blades [17]. Davis et al. [18] used CFD

simulation to show that TEF are capable of reducing negative damping and flutter on rotor blades.

Surface pressure measurements have been used in the past to determine the magnitude and development of dynamic

stall and the LEV by Leishman [6], McCroskey et al. [19] and others. These studies show how the LEV could be

identified using surface pressure measurements alone. Surface pressure could also be used to determine the location

of the laminar-turbulent transition point and the laminar separation bubble . The transition point is associated with

high pressure fluctuations that could be measured through surface pressure. Boutilier and Yarusevych [20] showed that

the maximum root-mean-square (RMS) in surface pressure corresponds to a location between the mean transition and

reattachment point. Raiola et al. [21] was able to determine the transition from the standard deviation (STD) in Cp

3



contour plots while the airfoil was pitching.

Dynamic stall produces load fluctuations that are cyclic and repetitive in nature. The cyclic loading experienced by

wind turbine blades could be characterized by the min/max load value difference and the hysteresis in the cycle. The

main aim of the TEF is to reduce the difference between the min/max load cycle and reduce the hysteresis cycle during

wind turbine operation while ideally eliminating the negative damping. Ideally, if the cyclic loading were eliminated, the

load magnitude on the blade would be invariant. To decrease the cyclic loading caused by dynamic stall it is important to

control the development of the LEV and eliminate or decrease the detrimental hysteresis lift and moment cycle. Different

control strategies have been developed previously such as leading edge blowing or suction [22, 23], synthetic jets [24],

leading edge plasma actuation [25, 26], vortex generators [27, 28] and trailing edge flaps (TEF) [29–32]. Barlas and van

Kuik [2] summarized and reviewed the different control strategies mentioned to reduce fatigue loading on wind turbine

blades. TEF were found to be the most efficient of the control strategies tested because of their control authority over

the coefficients of lift and drag, linearity, high frequency response and their simplicity of use. In comparison, they found

microtabs are less efficient for detailed load control due to their on-off characteristics; camber control is expensive,

complex to design, and has high power consumption; boundary layer strategies are limited by their control authority.

Lee et al. [33–36] produced several papers investigating how a TEF can influence the formation and detachment

of LEV. Green et al. [17] discuss the benefit of TEF and how it influences dynamic stall behavior. It was reported

that positive flap deflection, defined in this paper as deflection towards the suction side (See Figure 3), was capable of

reducing the hysteresis cycle in the lift and moment curve and negative damping possibly due to stall vortex deflection or

a weaker and thinner LEV. The TEF was not however capable of controlling the formation and detachment of the LEV

but the TEF was capable of controlling the LEV magnitude. Raiola et al. [21] showed that a TEF on a NACA0015 airfoil

was capable of controlling the loads generated by dynamic stall and the LEV. The literature lacks data about dynamic

stall behavior on wind turbine specific airfoils or cambered airfoils in general with surface pressure measurements.

The literature review presented discusses dynamic stall on a symmetric airfoil such as the NACA 0012 or NACA

0015. More research is aimed at rotorcraft engineering and less work has been solely aimed at wind turbine blades.

This paper builds on prior studies and specifically discusses the S833 cambered airfoil by NREL that is designed for

small scale wind turbines [37]. To do so, an experimental campaign was initiated to study TEF on a wind turbine

beginning with characterizing a 2D turbine blade element in a closed loop wind tunnel at a chord Re= 170,000 and

reduced frequencies k = 0.06 and 0.1. Time resolved surface pressure measurements on the airfoil element have been

obtained for different dynamic cases and flap motion. A few of the novel ideas introduced in this paper: the design and

actuation of a TEF in a small section airfoil, simultaneous surface pressure measurements where the transducers are

embedded in the airfoil, and dynamic stall studies on a wind turbine specific airfoil with a flapping trailing edge.
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II. Experimental Setup
First the instrumented airfoil model will be explained briefly along with the wind tunnel setup. Secondly, the airfoil

motion and different test cases will be presented. Finally the validation for the differential pressure measurement will be

discussed.

A. Wind Tunnel Setup

The experimental campaign was carried out in the closed loop wind tunnel at the University of Waterloo. The wind

tunnel has a contraction ratio of 9:1 and a cross section of 0.61 m square. The uniformity was found to be within ±

0.4% in the spanwise and vertical direction. The turbulence intensity was 0.1%. The free-stream velocity was set by

the static pressure drop across the contraction with an uncertainty of less than 2.5%. The blockage ratio was around

8%. The wind speed of operation was set to 15 m/s resulting in a chord-based Reynolds number (Re) of 170,000. This

velocity was based upon a compromise between high Reynolds number and an achievable pitch frequency to achieve

dynamic stall behavior on the airfoil. More information about the wind tunnel calibration could be found in [38].

The NREL S833 airfoil [37], designed for small wind turbines, was used for the experiments. The flap width was

chosen to be 20% of the 178 mm chord while the flap span was 60% of the 584 mm airfoil span. To incorporate the

sensors and actuators the aerodynamic blade was 3D printed using ABS-M30 material in three different parts: the

suction side, pressure side, and the flap. Those three sections were printed and polished to achieve a smooth surface

finish. A stainless steel spar at the quarter chord was used to support the 3D printed blades and hold all the components

together. The airfoil was then cantilevered and supported on the drive side in the wind tunnel. A schematic of the

experimental setup is shown in Figure 1. The designed model was capable of housing all the instrumentation and the

flap actuation system which consists of a Maxon EPOS 24/2 controller and a drive assembly. The flap drive assembly

has a diameter of 8 mm and length of 40 mm and consists of a motor, a 256:1 gearbox and a quadrature encoder with

4096 counts per turn. The backlash in the system at the gearbox output side is 2.5◦. The motor and controller were

placed inside the airfoil and the motor was directly coupled to the flap shaft. The setup of the flap motion control could

be seen in Figure 2.

To determine the coefficient of lift and moment, 54 surface pressure taps were located on an aluminum airfoil section

at midspan with 4 of those pressure taps located on the flap. The pressure taps were laid out in a zigzag pattern to reduce

unwanted turbulence interference effects from the upstream taps. The distance between the two planes of pressure taps is

8 mm or 1.4% of the airfoil span. The aluminum pressure tap section was placed at the center of the wind tunnel section

sandwiched between the 3D printed airfoil pieces. The internal diameter of the taps is 0.4 mm while the depth of the

taps is 2 mm. Tubing with an ID of 1.6 mm was used to connect the taps to the transducers. The maximum length of the

tubing was 15 cm but most of the lengths were under 5 cm. Based on the tube length and tap dimensions and using the

Helmholtz resonator model [39], the frequency response of the surface pressure measurements is 15 kHz. To measure
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the surface pressure on the airfoil at the frequency desired, pressure measurements had to be simultaneous. To achieve

this, 27 differential pressure transducers were used to measure the differential pressure between the suction and pressure

side of the airfoil at the same x/c location. This technique was successfully used by Raiola et al. [21] on a symmetric

airfoil. To validate the technique used on cambered airfoils, a set of experiments were conducted and are discussed in

Section II.C. The miniature pressure transducers (All Sensors model 120 cmH2O-D1-4V-MINI) were used in this setup

with a pressure range of -0.1 kPa to 11.8 kPa. This high range was chosen because after the 2D wind tunnel experiments,

the same rig is being used on a full scale turbine operating under different conditions including a much higher Reynolds

number. The uncertainty error due to linearity and hysteresis is ±0.05% of full scale. The calculated uncertainty due to

the pressure transducers and the data acquisition system (DAQ) was ± 51 Pa. The 3D printed airfoil model was capable

of housing the pressure transducers and all the tubing needed to connect the transducers to the pressure taps. Refer

to Figure 2 for more clarification. The coefficient of pressure (∆Cp) was calculated based on the following equation

∆Cp =
(
psuction side − ppressure side

)
/
(1

2ρ∞U
2
∞

)
where ρ∞ is the free stream fluid density. Finally, to measure the

signal from the transducers, the NI 9205 DAQ card by National Instruments was used which has 32 channels. The DAQ

card measured the signal sequentially and the time it took to measure all 28 signals was 0.11 millisecond or in about

0.02◦ of airfoil motion. For this reason, the data acquisition was considered virtually simultaneous. More details about

the experimental setup could be found in Samara and Johnson [40].

Fig. 1 A schematic showing how the airfoil was setup inside the wind tunnel for characterization.

B. Airfoil Motion

On a rotating wind turbine blade the effective angle of attack (α) varies as the blade rotates for a yawed turbine.

Morote [41] and Burton et al. [42] modeled the α variation as a function of azimuthal position. Gallant and Johnson

[43] compared those previous two models to experimental data on a 3.4 m diameter HAWT. From the models and

experiments it was found that the α variation is very similar to a sinusoidal path when the turbine is yawed. To simulate
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Fig. 2 Internal organization of smart rotor blade with cover removed.

the dynamic forces on a yawed wind turbine blade, α will follow a sine path as described in Gharali and Johnson [9] and

described in equation 1 (α(t)). To study the influence that the TEF has on the aerodynamic forces on the airfoil, the flap

angle oscillation frequency, fF , is the same as the pitch frequency fp. Equation 2 describes the motion for the flap

angle αF (t).

α
(
t
)
= αmean + αampsin

(
2πfpt

)
(1)

αF

(
t
)
= αamp,F sin

(
2πfF t + φ

)
(2)

where fp is the frequency of airfoil oscillation, αamp is the semi-amplitude for the pitch, αmean is the mean

geometric angle of attack of the airfoil, αamp,F is the semi-amplitude of flap angle and φ is the phase shift with respect

to the pitch motion. Figure 3 shows the positive direction for the pitch and flap angles. The system is operated at two

different reduced frequencies, k, being 0.06 and 0.1 to represent the α variation at two different spanwise locations on a

yawed wind turbine blade. The wind turbine blade element section discussed will subsequently be installed on a wind

turbine with a 3.6 m diameter and a rotational speed of 200 rpm. On the turbine, k will decrease when the blade element

is moved away from the hub. A k value of 0.06 would occur closer to the blade tip while k of 0.1 would occur closer to

the hub. The different test cases reported here are shown in Table 1. Test case a and b represent a reduced frequency of

0.06 and 0.1 respectively while test case 1 and 2 represent αmean = 0◦ and 10◦ respectively. αmean = 0◦ is chosen

because α will not exceed the static stall angle, while αmean = 10◦ pushes α beyond static stall to promote dynamic

stall. Four different flap phases φ = 0π, φ = π/2, φ = π, and φ = 3π/2 will be tested.

To better understand the motion of the airfoil and flap with different flap phases, Figure 4 graphically depicts the

kinematic motion along with airfoil/flap positions for case 1a or 1b where αmean = 0◦. The four different flap phases
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Fig. 3 A sketch illustrating the airfoil and flap degrees of freedom. +α positive angle of attack; +αF positive flap angle; U∞
freestream velocity

Table 1 Wind tunnel dynamic pitching test cases

Test No αmean (◦) fp (Hz) k fF (Hz) αamp (◦) αamp,F (◦) φ

Case 1a 0 1.61 0.06 [0, 1.61] 10 20 [0:0.5:1.5] π
Case 1b 0 2.68 0.1 [0, 2.68] 10 20 [0:0.5:1.5] π
Case 2a 10 1.61 0.06 [0, 1.61] 10 20 [0:0.5:1.5] π
Case 2b 10 2.68 0.1 [0, 2.68] 10 20 [0:0.5:1.5] π

are plotted along with the airfoil motion schematics at four instances in the cycle. The arrows on the airfoil motion

schematic show the direction of motion of the airfoil and flap.

C. Differential Pressure Measurement Validation

In order to validate the approach of using a differential pressure measurement to determine CL and CM on a

cambered airfoil, independent single ended pressure measurements of the suction and pressure sides were compared with

the differential measurements. The tubing inside the airfoil was modified to conduct single ended pressure measurement

and then modified again to conduct differential pressure measurements. The validation was done for case 2b where

k=0.1 and αmean = 10◦. This case was chosen because of its higher αmean and high reduced frequency that produced

the highest cyclic loading.

Figure 5 compares the CL and CM cycle while the airfoil is operating in the dynamic stall regime using two

approaches: single ended surface pressure measurements and differential surface pressure measurements. The difference

between the two cases is very small in magnitude while the patterns are exactly the same. The difference in CL (Figure

5a) between the two cases is negligible for lower α but increases for higher α. This is because, in the differential pressure

measurement, the pressure force from each tap angle is projected to the global y-coordinate using an average angle of

the suction and pressure tap. On the other hand, single ended pressure measurements use each tap angle to project the

pressure force to the global y-coordinate producing the most accurate results. As for the CM (Figure 5b) calculations,

there was no need to project the tap angle to the global y-coordinate. For this reason the CM values in both cases are

very similar and independent of α. The maximum difference is 4% for CL and less than 1% for CM. The difference in
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Fig. 4 Kinematics of the airfoil and TEF for αmean = 0◦ and different φ for case 1a or 1b

∆Cp (that produced both coefficients) between the two cases was also studied and the largest difference was found to be

concentrated at the LE and when α = 20◦. This is because the curvature of the airfoil is most significant at the LE and

α is high. These differences are minor and do not significantly change the details including how the LEV is interpreted

and studied. Since this study focuses on how the TEF influences surface pressure and the development of the LEV,

these constant errors and offsets will be present in all cases and will not affect the comparison. In conclusion, the two

methods are both valid because the difference with the two cases is small and could be ignored and because the pattern

in CL and CM is not influenced by differential pressure measurement.
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(a) CL versus α for both pressure measurement techniques (b) CM versus α for both pressure measurement techniques

Fig. 5 Coefficient of a) lift (CL) and b) moment (CM) versus α for case 2b (k=0.1 and αmean = 10◦) to compare single ended
pressure measurements to differential pressure measurements. A plot inset is used to magnify the data around α = 19◦ for CL .

III. Results
Now that the experimental setup and validation has been introduced, the results for the experimental campaign are

presented. The static airfoil characterization is discussed briefly for different flap angles so it could be presented as a

comparison for the dynamic cases. The dynamic results will then be presented for αmean = 0◦ and αmean = 10◦.

A. Static Airfoil Characterization

Figures 6a and 6b show the lift coefficient (CL) and moment coefficient (CM) at the quarter chord versus α,

respectively. CM is defined as positive for nose-up pitching moment and negative for nose-down pitching moment. The

measured angle of attack (α) ranged from -5◦ to 50◦ in steps of 1◦ and the flap angle (αF ) from -20◦ to 20◦ in steps of

10◦. This wide range of α was chosen to replicate the same range that wind turbine blades experience [43, 44]. Both

coefficients are determined by integrating the differential coefficient of pressure (∆(Cp)) along the chord of the airfoil

from the 27 differential pressure transducers. Corrections due to wind tunnel blockage and sidewalls were calculated to

be around 4% and 2% for CL and CM respectively [45, 46]. Results from XFoil [47] with α ranging from -3◦ to 20◦ for

a clean airfoil (Ncrit = 9) with no flap at the same Re are also plotted on both figures for comparison. In Figure 6a the

experimental values for αF = 0◦ match the XFoil results for α < 5◦. The measurements and the model start to deviate

slightly when α is higher than 5◦ with XFOIL predicting higher values. This is possibly due to the discretization of the

∆(Cp) measurements obtained from the pressure taps along the chord, the flap/airfoil intersection line on the physical

model or incorrect assumptions in XFoil. Although the magnitude does not match, the trend in the data is similar near

the stall point and at zero lift. Experimental CL and CM measurement data of a S809 airfoil from Ramsay et al. [46]

are plotted in Figure 6. The data for S809 matches well with S833 for α < 10◦, but diverges for higher α. This occurs

because Re for the S809 is 750,000 while Re for the S833 is 170,000. Reported experimental data for the S833 airfoil
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could not be found in the literature. Data from Ramsay et al. on the S809 airfoil is presented as it is the closest match

because the airfoils are somewhat similar and data is provided for high α. This data is shown, to compare the dynamics

of stall and how CL increases after α = 20◦ when the airfoil is stalled.

As the flap angle, αF , decreases (increasing the camber of the airfoil), CL increases while CM decreases. The

opposite is true for increasing the flap angle and decreasing airfoil camber. For example at αF=-20◦ CL increased by

23% while for αF=+20◦ CL decreased by 28% based on αF=0◦ and α=11◦. The average representative uncertainty in

CL and CM was calculated to be ±0.069 and ±0.014 respectively. The uncertainty was based primarily on the error

in the pressure transducers and wind tunnel velocity determination. The uncertainty in α and αF is ±0.1◦ and ±2◦

respectively.

(a) Coefficient of lift (b) Coefficient of moment

Fig. 6 Measured coefficient of a) lift (CL) and b) moment (CM) versus α for several αF . Only every fourth data point is marked on
the plot for clarity. The experimental data is compared to XFoil [47] predictions for a clean airfoil (αF = 0). Experimental CL and
CM for the S809 airfoil at a higher Re are also plotted from reference [46].

Contour plots of ∆Cp for x/c locations versus α at αF of -20◦ and 20◦ are shown in Figures 7a and 7b. The contour

plots are a matrix of 27 averaged pressure points in the x-direction by 55 different α angles in the y-direction with each

point being an average of 4000 data points. For some instances of αF and α angles, ∆Cp is plotted in Figure 7c. The

contour plots clearly show the stall angle occurring when the −∆Cp peak close to the LE (0<x/c<0.1) is sharply reduced.

From Figures 6 and 7, the stall angle is 16◦, 17◦ and 18◦ for αF = −20◦, αF = 0◦ and αF = 20◦ respectively. The flap

angle, αF , thus has influence over the stall angle of the airfoil as the camber of the airfoil changes. The change in αF

increases and decreases the −∆Cp peak magnitude in pre-stall conditions thus increasing and decreasing CL. Changing

αF from −20◦ to 20◦ changes the sign of −∆Cp values close to the TE from positive to negative. This indicates that

the suction side of the airfoil has both negative and positive pressure that causes pressure imbalance on the airfoil that

leads to much larger CM values. Just after the stall point (α = 17◦), the −∆Cp peak close to the LE (0<x/c<0.1) is

dramatically reduced but −∆Cp over the entire chord is slightly increased (this is more clearly seen in Figure 7c). This
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indicates a movement of the pressure center from the LE to the mid-chord region. The pressure center movement leads

to a dramatic change in CM that was also seen in Figure 6b. Uncertainty in ∆Cp is calculated to be around 0.085.

Fig. 7 Contours of −∆Cp versus x/c versus α. a) αF = −20◦ and b) αF = 20◦. The location of stall is marked for clarity. The
iso-lines on the plot represent constant −∆Cp values=[-1 0 1 2 3 4]. c) −∆Cp versus x/c for different αF and α cases.

B. Dynamic Pitching

In this section, the dynamic pitching results will be presented. The motion of the airfoil and flap are governed by

Equations 1 and 2 while the study parameters are presented in Table 1. Results for αmean = 0◦ and 10◦ are presented

separately in the following two sections.

1. αmean = 0◦

The Figures presented in this section belong to cases 1a and 1b where k= 0.06 and 0.1 respectively with αmean = 0◦.

Approximately 600 cycles were collected for each scenario and each cycle was binned into 160 bins based on cycle

period. CL and CM were then calculated for each of the 160 bins in the cycle. The CL averaged cycles are presented in

two plots, Figures 8a and 8c, and each plot contains a FixedFlap loop, static airfoil data, and 2 flap phases (First: φ = 0π

and π/2, second: φ = π and 3π/2). The arrows on the plot indicate the direction of airfoil motion, whether it would be

upstroke or downstroke. The FixedFlap data represents a pitching clean airfoil where the flap is not moving relative

to the airfoil. The four phases shown represent the phase shift between the pitch and the flap motion denoted by φ in

Equation 2. The CM averaged cycles are also presented in a similar fashion in Figures 8b and 8d.

Looking at Figures 8a and 8c for case 1a, the dynamic FixedFlap results could be compared to the measured

static airfoil CL marked in red stars (F). The hysteresis cycle due to dynamic motion produces higher CL values in

comparison to the static case as expected. The largest change in CL for φ = 0π or π, when compared to the FixedFlap

case, is found to be when α is at its min (-10◦) and max (10◦). When φ = 0π or π and α = 0◦ then αF = 0◦ producing

similar conditions to the FixedFlap case thus making all three curves align at that α value. When φ = 0π and α = 10◦
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(a) Coefficient of lift (φ = 0π, φ = π/2) (b) Coefficient of moment (φ = 0π, φ = π/2)

(c) Coefficient of lift (φ = 1π, φ = 3π/2) (d) Coefficient of moment (φ = 1π, φ = 3π/2)

Fig. 8 Coefficient of lift (CL), and moment (CM) versus α for different flap phases (φ) for case 1a where k=0.06 and αmean = 0◦.
Only every fourth data point is marked on the plot for clarity.

then αF = 20◦ and the camber is decreased thus reducing CL. For the same curve when α = −10◦ then αF = −20◦

and the camber is increased thus increasing CL. The opposite is true when φ = π, CL increases at α = 10◦ and

decreases at α = −10◦ compared to the FixedFlap curve. When φ = π/2 or 3π/2, CL is equal to the FixedFlap at

α = 10◦ and −10◦ due to the fact that αF = 0◦ at these points. For φ = π/2 and α = 0◦ during the upstroke motion

αF = 20◦ decreasing CL but during downstroke αF = −20◦ increasing CL. This indicates that when φ = π/2 or 3π/2,

the largest change in CL is found when α is near the mean angle of attack. The four φ cases presented conclude that the

TEF is capable of changing CL at any point in the cycle and the variable φ determines that location of change. The

airfoil and flap kinematics are illustrated in Figure 4.

The hysteresis cycle of CL is counter-clockwise (ccw) for the majority of φ values indicating that during downstroke,

the lift force is higher than the upstroke for the same α. The ccw cycle is due to the nature of dynamic motion and a

characteristic of the airfoil. For example, Raiola et al. [21] tested a symmetric airfoil, the NACA 0015, under similar

conditions and the results show that the hysteresis cycle was clockwise. The NACA 0015 is a symmetric airfoil while the

S833 airfoil has camber and is thicker. On the other hand, for dynamic cases of cambered airfoils, the hysteresis cycle

13



is counter-clockwise similar to the results presented in [15, 48, 49]. The counter-clockwise hysteresis cycle could be

attributed to a vortex being generated at the LE at higher α that increases lift during downstroke. The most interesting

case is when φ = 3π/2, where the direction of the hysteresis cycle is now clockwise (cw). This occurs because when

α = 0◦ and during the upstroke motion, αF = −20◦ increasing CL but during downstroke αF = 20◦ decreasing CL.

So during downstroke, CL is lower than upstroke just for φ = 3π/2.

The TEF also has a significant influence on CM as seen in Figures 8b and 8d for the different φ cases. For the

FixedFlap case, the variation in CM is the lowest when compared to other flap phases. Any motion of the TEF at any φ

will lead to either an increase in CM hysteresis or an increase in min/max CM peaks. In most cases, CM is much lower

than the measured static case indicating that the airfoil is in constant nose-down pitching moment. For the FixedFlap,

φ = 0π and φ = 1π cases, there are some cw and ccw loops occurring in the CM hysteresis curve. The cw loops in

the cases mentioned occupy a small portion of the cycle but nonetheless they lead to negative damping. These small

cw loops do not resemble flutter because there is no dynamic stall in this case. Dynamic stall only occurs when the

airfoil pitching exceeds the static stall α by few degrees [4, 5], so in this case (αmean = 0◦) there should be no dynamic

stall. The entirety of the φ = π/2 loop is cw producing negative damping that introduces the possibility of aeroelastic

problems but may never materialize due to the lack of dynamic stall. On the other hand, for φ = 3π/2 the entire loop is

ccw eliminating any possibility of flutter or aeroelastic problems due to the lack of negative damping.

Figure 9 presents CL and CM for case 1b where k increased from 0.06 to 0.1 and αmean = 0◦. Since there is no

occurrence of dynamic stall when αmean = 0◦ then increasing k does not create a large change in the CL and CM

cycles. The major difference between case 1a and 1b (increasing k from 0.06 to 0.1) is that the difference between the

upstroke and downstroke is wider and CL and CM increases by about 6% in extreme values. These differences are due

only to an increase in k as all other variables are the same as the previous case. This concludes that k has great influence

over the aerodynamic behavior of the flow around the airfoil and that is in alignment with what is presented in Leishman

[6] and Masdari et al.[15].

A contour plot of ∆Cp is presented in Figure 10 where the chord length is plotted on the x-axis and the period of the

averaged cycle is plotted on the y-axis for case 1b (k=0.1 and αmean = 0◦). The plots are a matrix of 27 differential

pressure transducers representing the airfoil chord by 160 bins representing 1 complete period. Each point in the matrix

is the average of 4000 data points. t/τ represents a dimensionless time unit to represent a cycle (τ is the period of the

cycle). Arrows along the y-axis indicate upstroke or downstroke in the cycle. t/τ could also be associated with α as

shown on the right y-axis and the relationship is plotted in Figure 10d for φ = π. The contour plot is not symmetric

about t/τ=0.5 and the −∆Cp peak is shifted slightly up. This shift is likely due to the nature of having unsteady flow

while pitching. The unsteady flow can create a phase lag between the fluid reaction and the pitching motion [4]. This

−∆Cp peak shift leads to higher lift values during the downstroke when compared to the upstroke. This results in

the ccw direction of the CL hysteresis cycle mentioned in Figures 8 and 9. Comparing φ = 0π (Figure 10b) to the
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(a) Coefficient of lift (φ = 0π, φ = π/2) (b) Coefficient of moment (φ = 0π, φ = π/2)

(c) Coefficient of lift (φ = 1π, φ = 3π/2) (d) Coefficient of moment (φ = 1π, φ = 3π/2)

Fig. 9 Coefficient of lift (CL), and moment (CM) versus α for different flap phases (φ) for case 1b where k=0.1 and αmean = 0◦.
Only every fourth data point is marked on the plot for clarity.

FixedFlap case (Figure 10a), the −∆Cp values are lower and the constant −∆Cp iso-lines are shifted towards the LE.

When t/τ = 0.5 and φ = 0π then αF would be 20◦ decreasing airfoil camber and decreasing the −∆Cp to negative

values close to the TE. This indicates that there is negative −∆Cp (suction side pressure higher than pressure side)

around the TEF area thus leading to a nose-up pitching moment as indicated in Figures 8 and 9. Now comparing φ = 1π

(Figure 10c) to the FixedFlap case (Figure 10a) the −∆Cp values are higher and the constant −∆Cp iso-lines are shifted

away from the LE. Focusing on t/τ = 0.5 again, when φ = 1π, then αF = −20◦. This increases −∆Cp values close to

the TE and leads to a nose-down pitching moment.
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Fig. 10 Contours of −∆Cp versus x/c versus α for case 1b (k=0.1 and αmean = 0◦). a), b), and c) represent FixedFlap, φ = 0π,
and φ = 1π respectively. The angle of attack (α) is shown on the secondary axis. d) α versus pitch period (t/τ ), and flap angle (αF )
for phase φ = 1π. The iso-lines on the plot represent constant −∆Cp values=[-2, -1, 0, 1, 1.5, 2, 3].

The ∆Cp standard deviation (STD) contour plots for the same case, 1b, are shown in Figure 11. The contour plots

are plotted in log10 scale to better show the details at lower STD values. The transition point from laminar to turbulent

flow is determined by locating the maximum value of the STD at each specific point of time along the chord as has

been done by Raiola et al. [21]. A dashed line is added to highlight the location of the transition point. The pattern

highlighted has a frequency twice that of the flapping motion because the transition occurs on both sides of the airfoil.

Each side of the airfoil acts as both a pressure and suction side. Pressure fluctuations are higher around t/τ ≈ 0.25 and

0.75 when α = 0◦ because the suction and pressure side switch sides. In Figure 11.c the STD(∆Cp) is high around

t/τ ≈ 0.5 and x/c>0.7 because αF = −20◦ and the camber of the airfoil is at its highest. When αF = −20◦ it creates a

high angle that forces the airflow close to the TE to separate and this increases STD.
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Fig. 11 Contours of STD(∆Cp) versus x/c versus t/τ for case 1b (k=0.1 and αmean = 0◦). a), b), c), and d) represent FixedFlap,
φ = 0π, φ = 1π, and φ = 3π/2 respectively. The angle of attack (α) is shown on the secondary axis. The dashed line shows the
location of the transition point.

2. αmean = 10◦

The same figures in section III.B.1 are also presented for cases 2a and 2b in this section where the only experimental

parameter difference is changing αmean from 0◦ to 10◦. The change of αmean alters the cycle loop significantly

especially at high α values. The CL values are approximately double their static counterparts when 18◦ < α < 20◦ due

to dynamic stall occurrence. The static lift measurements are marked for reference in red stars (F) in the same plot.

Looking at CL in Figures 12a and 12c, a similar trend can be seen across the different flap phases but with a differing

magnitude and location. Starting at α = 0◦ and for all cases, as the airfoil pitches upward, CL keeps increasing past the

static stall angle. When α is between 17◦ and 19◦ there is a sudden sharp increase in CL. This is likely due to a LEV

generation and shedding from the LE as explained in the introduction and noted by Corke and Thomas [5]. The LEV

creates extra suction on the suction side of the airfoil enhancing CL. While comparing the CL cycles for the different

φ cases, it was concluded that the TEF is not capable of controlling the formation of the LEV but rather it delays or

promotes the formation of the LEV as was concluded by Lee and Gerontakos [10]. For example, compared to the

FixedFlap when φ = π the sharp increase in CL (or LEV) occurs 1◦ earlier and when φ = 0π the sharp increase in CL

occurs 0.5◦ later. As soon as the airfoil pitching reaches the top of the upstroke cycle and just before reversing direction

CL drops dramatically due to shedding of the LEV. After the primary LEV is shed, a second CL peak occurs created by
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a secondary LEV which is weaker in magnitude. The secondary LEV occurs during the upstroke motion in some cases,

and in other cases occurs during the downstroke motion. The formation of multiple LEV is reported in the literature

review by Leishman [6] and Gharali and Johnson [7]. During stall and after the secondary LEV, CL keeps decreasing as

α decreases. The airfoil is stalled even though α is below the stall point which is a characteristic of dynamic stall that

delays flow reattachment. At around 8◦ and during the downstroke cycle, CL increases to a higher value than the static

CL plot indicating that the flow is starting to reattach starting from the LE. Flow reattachment after stall is more clearly

seen in the STD(∆Cp) contour plots in Figure 15 and discussed later in this section.

(a) Coefficient of lift (φ = 0π, φ = π/2) (b) Coefficient of moment (φ = 0π, φ = π/2)

(c) Coefficient of lift (φ = 1π, φ = 3π/2) (d) Coefficient of moment (φ = 1π, φ = 3π/2)

Fig. 12 Coefficient of lift (CL), and moment (CM) versus α for different flap phases (φ) for case 2a where k=0.06 and αmean = 10◦.
Only every fourth data point is marked on the plot for clarity. A plot inset is used to magnify the data around α = 19◦ . The 1st and
2nd LEV and the cw loops are marked in each plot.

For all cases except when φ = 3π/2 in Figures 12a and 12c, the CL loop crosses over itself half way through the

downstroke. This is also seen in other experimental work [15, 46]. When the loop crosses over, it indicates that during

upstroke the CL is lower than downstroke. This is in agreement with case 1a (αmean = 0◦) where the loop direction is

also ccw. For α < 6◦ and case 2a, the CL variation in magnitude and shape is similar to case 1a. Looking at the overall

CL variation it could be noted that when φ = π the lift force fluctuation is the highest while when φ = 0π the lift force

fluctuation is the lowest. In both cases (φ = 0π and π), the variation around α = 0 is negligible when compared to the
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FixedFlap case. For φ = π/2 and φ = 3π/2, the difference between the upstroke and downstroke is narrower and wider

respectively. Based on these four φ phases, it could be concluded that the TEF is capable of reducing or increasing the

CL at any specific point along the dynamic stall cycle based on the value of φ.

Figures 12b and 12d show the variation in CM for different flap phases for case 2a. For α < 12◦ the variations in

CM for all φ cases are relatively flat and on the same scale as in case 1a with αmean = 0◦. The CM static values are

also shown in the plot for comparison. During the upstroke motion (for all φ cases) and just when the pitching motion is

about to reverse, the LEV formation and shedding causes a rapid and severe increase in nose-down pitching moment

(negative CM) at about 19◦. The peak in CM always occurs after the peak in CL. The vortex starts at the LE and passes

along the airfoil exiting at the TE. While the vortex sweeps over the airfoil, it produces a rapid aft movement of the

center of pressure from the LE towards the TE resulting in a large nose-down pitching moment on the airfoil [16].

Another important factor to look for in the CM plots is the formation of negative damping as discussed in the

introduction. Negative damping occurs when CM − α creates a clockwise (cw) cycle and that promotes flutter and

instabilities and would not be a good choice for operation. The cw loop (highlighted and labeled in Figures 12b and 12d)

could be seen in the FixedFlap case, φ = 0π, and φ = π. In these particular cases the cw loops are likely to produce

airfoil flutter due to the existence of dynamic stall and a LEV [5, 17]. For φ = π/2 the entire loop is negatively damped

while φ = 3π/2 produces no negative damping. The TEF was capable of reducing and increasing the minimum CM

peak and was also able to remove negative damping effects and reduce flutter for specific flap phases.

CL and CM are plotted in Figure 13 for case 2b with a reduced frequency of 0.1. When comparing case 2b to 2a

(Figure 12) where k increased from 0.06 to 0.1, a few significant differences arise. These differences include a rise in

the CL peak indicating a larger and stronger LEV as seen in Figure 13a and 13c. The LEV onset is also delayed by 1◦

pushing the peak location to the right from 19◦ (case 2a) to 20◦ (case 2b). The secondary LEV onset is also delayed by

2◦ and occurs at about 18◦ during the downstroke. Increasing k is then found to delay the onset of flow separation and

dynamic stall to a higher α. Reattachment is also delayed by 4◦. The difference between the upstroke and downstroke is

larger slightly widening the hysteresis loop. Comparing CM for case 2b (Figure 13) against case 2a (Figure 12) a few

notable changes are worth mentioning. The negative damping loops are longer and larger in magnitude and negative

damping now occurs for φ = 3π/2. φ = π/2 is the only case where negative damping occurs during the entire cycle. It is

found that when k increased from 0.06 to 0.1, the negative damping loop increased.

Now that the plots for cases 2a and 2b are presented for different φ cases, a conclusion could be made about the

influence of φ. If the aim is to reduce the CL fluctuations around the mean angle then it would be best to set φ = π/2.

On the other hand, if the aim is to reduce CL fluctuations at the min and max then it would be best to set φ = 0π. Now

focusing on the CM plots, it was found that φ = 0π decreases the peaks and reduces the negative damping loop in

size. For φ = π/2 it was found that the entire CM loop causes negative damping possibly promoting stall flutter. It

is recommended then to use φ = 0π because it reduces the min/max of the CL and CM cycle and reduces negative
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damping.

(a) Coefficient of lift (φ = 0π, φ = π/2) (b) Coefficient of moment (φ = 0π, φ = π/2)

(c) Coefficient of lift (φ = 1π, φ = 3π/2) (d) Coefficient of moment (φ = 1π, φ = 3π/2)

Fig. 13 Coefficient of lift (CL), and moment (CM) versus α for different flap phases (φ) for case 2b where k=0.1 and αmean = 10◦.
Only every fourth data point is marked on the plot for clarity. The 1st and 2nd LEV and the cw loops are marked in each plot.

To understand the importance of the formation and shedding of the vortices, the temporal change in ∆Cp is plotted

in Figure 14 for case 2b just as case 1b was plotted in Figure 10. ∆Cp for case 2a is not shown here because the trends

are very similar. The FixedFlap case, φ = 0π and φ = 1π are presented along with a plot showing the correlation

between the period (τ ) and α and αF for φ = 1π. During the upstroke motion (as indicated with the arrows on the left

axis) and for all cases, a high −∆Cp peak is present at the LE after t/τ=0.25 that gets stronger with increasing α. When

the pitch motion is about to reverse, the LEV is shed increasing −∆Cp along the entire chord. This is seen in the plots

at t/τ=0.45 where the LEV is clearly seen moving from the leading to the trailing edge. Even though the −∆Cp peak at

the LE is decreased, −∆Cp on the entire chord increases thus increasing the total lift as indicated in the CL versus α

plots in Figures 12 and 13. It is seen in the contour plots that as the vortex sweeps over the airfoil, it produces a rapid aft

movement of the center of pressure from the LE towards the TE resulting in a large nose-down pitching moment on the

airfoil. After the LEV is shed indicated by a decrease in −∆Cp, −∆Cp increases slightly at t/τ=0.625 indicating the

formation of the secondary LEV. Full reattachment takes place at about t/τ=0.75 where the highest suction is located at
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the LE. The major difference between the three plots is the variation in −∆Cp magnitude for the different flap phases.

The constant −∆Cp iso-lines clearly show how φ influences the pressure over the airfoil. The magnitude of the LEV is

decreased for φ = 0π and increased for φ = π and that is in agreement with CL − α (Figures 12 and 13). To conclude,

these plots clearly show the temporal change of −∆Cp and clearly show the importance of the LE region and the impact

of the dynamic motion.

Fig. 14 Contours of −∆Cp versus x/c versus α for case 2b (k=0.1 and αmean = 10◦). a), b), and c) represent FixedFlap, φ = 0π,
and φ = 1π respectively. d) shows α versus the pitch period, t/τ , and flap angle, αF , for phase φ= 1π. The angle of attack (α) is
shown on the secondary axis. The iso-lines on the plot represent constant −∆Cp values=[-1, 0, 1, 1.5, 2, 3, 4, 5] . The 1st and 2nd

LEV are marked in each plot.

Another way to visualize airfoil stall and vortices is by looking at the standard deviation in ∆Cp in Figure 15 for

case 2b. The STD is plotted in log10 scale to show the small changes at lower values. Vortices and stall are associated

with high pressure fluctuations and can be clearly seen in the figure. The high STD(∆Cp) streak at t/τ = 0.45 is

associated with the LEV being shed and the direction of movement is from the LE to the TE because the pressure

center in the plot moves from x/c=0 to x/c=1 and at the same time moves up along the y-axis. At t/τ=0.5 the magnitude

decreases indicating stall but then increases again at t/τ=0.625 indicating the formation of the secondary LEV. After the

secondary LEV, the airfoil is completely stalled until t/τ ≈ 0.75 where the STD(∆Cp) is greatly reduced indicating

airflow re-attachment on the airfoil. The patterns in STD(∆Cp) do not change significantly for the different flap phases

but rather just the magnitude.
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Fig. 15 Contours of log(STD(∆Cp)) versus x/c versus α for case 2b (k=0.1 and αmean = 10◦). a), b), c), and d) represent
FixedFlap, φ = 0π, φ = 1π, and φ = 3π/2 respectively. The angle of attack (α) is shown on the secondary axis. The iso-lines on the
plot represent constant log(STD(∆Cp)) values.

IV. Conclusions
The static measurements of CL and CM for different flap angles and a wide range of pitch angles are briefly presented

at Re of 170,000. They show that a TEF is capable of increasing and decreasing CL and CM for all the α range tested.

After the stall point, the experimental results show that there is a temporarily loss of lift but CL starts increasing again

while CM decreases producing a large nose-down pitching moment on the airfoil. The pressure data also showed that

after stall, the pressure decreases in peak magnitude and is no longer concentrated close to the LE.

The hysteresis curves for CL and CM versus α are presented for a pitching airfoil with reduced frequencies of 0.06

and 0.1 and for αmean of 0◦ and 10◦. In all cases the amplitude was set to 10◦. For αmean of 0◦, the hysteresis cycle

of CL is ccw due to the characteristics of the airfoil and the phase lag created by unsteady flow behavior. The TEF

was however able to manipulate CL to produce a cw cycle for a specific flap motion. Since there is no occurrence of

dynamic stall when αmean = 0◦ then increasing k does not create a large change in the CL and CM cycles other than

making the hysteresis cycle wider by increasing the difference between the upstroke and downstroke.

When αmean increased from 0◦ to 10◦, the CL and CM curves are altered significantly. The CL values are

approximately double their static counterparts for high α due to dynamic stall occurrence. There is a presence of

multiple sudden peaks in the CL data indicating the formation of multiple LEV. After the LEV, the airfoil is stalled until
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reattachment occurs when α is much lower than the static stall point. There is also a sudden peak in CM because as

the vortex sweeps over the airfoil, it produces a rapid aft movement of the center of pressure from the LE towards the

TE resulting in a large nose-down pitching moment on the airfoil. The TEF was able to decrease the magnitude of

negative damping and in some cases eliminate it as was seen in the CM − α plots. When k increased from 0.06 to

0.1 a few significant differences arise: the CL peak increased indicating a larger and stronger LEV; there is a delay in

the formation of LEV and flow reattachment; the difference between the upstroke and downstroke is larger, slightly

widening the hysteresis loop; and the negative damping loops are longer and larger in magnitude.

∆Cp contours for the different cases show a clearer picture of where the high suction peaks occur, or the formation of

the primary and secondary LEV and how they move along the airfoil, or flow separation on the airfoil. The STD(∆Cp)

contour plots show the location of the boundary layer transition points and stall area. From the contour plots the patterns

in CL and CM could be explained.

All the plots show how a TEF can influence CL, CM, Cp, LEV, and stall. If the aim is to reduce CL fluctuations

around the mean angle then it would be best to set φ = π/2. On the other hand, if the aim is to reduce CL fluctuations at

the min and max then it would be best to set φ = 0π. Now focusing on the CM plots, it was found φ = 0π decreases the

peaks and reduces the negative damping loop in size. For φ = π/2 it was found that the entire CM loop causes negative

damping promoting stall flutter under some structural conditions. It is recommended then to use φ = 0π because it

reduces the min/max of the CL and CM cycle and reduces negative damping.
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