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The dynamic stall development on a pitching airfoil at Re = 106 was investigated

by time-resolved surface pressure and velocity field measurements. Two stages were

identified in the dynamic stall development based on the shear layer evolution. In

the first stage, the flow detaches from the trailing edge and the separation point

moves gradually upstream. The second stage is characterised by the roll up of the

shear layer into a large scale dynamic stall vortex. The two-stage dynamic stall

development was independently confirmed by global velocity field and local surface

pressure measurements around the leading edge. The leading edge pressure signals

were combined into a single leading edge suction parameter. We developed an im-

proved model of the leading edge suction parameter based on thin airfoil theory that

links the evolution of the leading edge suction and the shear layer growth during stall

development. The shear layer development leads to a change in the effective camber

and the effective angle of attack. By taking into account this twofold influence, the

model accurately predicts the value and timing of the maximum leading edge suction

on a pitching airfoil. The evolution of the experimentally obtained leading edge suc-

tion was further analysed for various sinusoidal motions revealing an increase of the

critical value of the leading edge suction parameter with increasing pitch unsteadi-

ness. The characteristic dynamic stall delay decreases with increasing unsteadiness

and the dynamic stall onset is best assessed by critical values of the circulation and

the shear layer height which are motion independent.
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Modelling the interplay between the shear layer and leading edge suction

I. INTRODUCTION

The sudden stall from a dynamically pitching airfoil is a classic example of unsteady flow

separation with applications in rotary aircraft, rapidly manoeuvring fixed wing aircraft, and

wind turbines. The unsteady change in angle of attack leads to a delay in stall onset and an

increase in the maximum attainable lift with respect to the static response. Although stall

delay and lift overshoot sound beneficial, dynamic stall is generally a phenomenon that is to

be avoided. Large excursions of the highly unsteady aerodynamic loads following stall onset

decrease the aerodynamic efficiency and yield strong vibrations and increasing structural

forces and bending moments that cause fatigue and potential damage to the airfoil and the

structure supporting it1–3.

Early research on dynamic stall was focussed on understanding the main evolution and

succession of flow phenomena and the effect of the kinematic parameter on the aerody-

namic forces and pitching moment of the airfoil4–8. Smoke flow visualisation was used to

qualitatively describe the coherent vortex structures developing during dynamic stall. The

development of unsteady pressure sensors made it possible to obtain accurate spatially and

temporally resolved surface pressure distributions and measure high frequency turbulent

flow oscillations9–13. The surface pressure measurements revealed the presence and contin-

ued growth of a suction peak at the leading edge during dynamic stall development. The

use of time-resolved particle image velocimetry allowed for accurate flow field measurements

that were analysed to reveal the dominant role of the dynamic stall vortex and its char-

acteristic time scales14–18. Recent high-fidelity large eddy simulations19,20 as well as direct

numerical simulations21 of dynamic stall on a pitching airfoil show excellent agreement with

experimental results22. Numerical simulations provide the complete flow field information,

including velocity field data, airfoil surface pressure and surface friction data, but they

remain computationally expensive for Reynolds numbers above 5× 105.

To protect the integrity of the airfoil and the supporting structure and avoid loss of aerody-

namic performance, it is essential to accurately predict the dynamic stall development and

onset. The response of the flow to unsteady changes in angle of attack is non-linear and

depends on many parameters such as the airfoil profile, inflow Reynolds number, motion

kinematics. If the angle of attack is increased fast enough to an angle above the static stall

limit, flow will separate from the leading edge23–29. It thus seems natural to search for the
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Modelling the interplay between the shear layer and leading edge suction

indication of massive dynamic flow separation near the leading edge. As early as 1959, Evans

& Mort30 presented evidence of a correlation between the minimum value of the leading edge

surface pressure coefficient and the steepness of the adverse pressure gradient at stall. Leish-

man & Beddoes31 defined their stall onset criterion for incompressible flows based on the

work of Evans & Mort30. They related the critical leading edge pressure to a critical normal

force coefficient to derive a practical stall onset criterion for their dynamic stall model that

predicts the aerodynamic loads for unsteady angle of attack variations. The influence of the

unsteady conditions that were taken into account are twofold. Due to the unsteady change

in angle of attack, there is a lag in the increase of the normal force coefficient with angle of

attack and there is a lag in the leading edge pressure response with respect to the normal

force coefficient. As a consequence, the critical leading edge pressure will be reached at a

higher value of the normal force coefficient, which in turn will be reached at a higher angle

of attack with increasing pitch rate. Both effects are included in a deficiency function that

describes the first order lag of the normal force coefficient with an empirical time constant

that depends solely on the Mach number. The influence of progressive trailing edge sepa-

ration, which is present in many dynamic stall cases even if they are dominated by leading

edge separation, is represented in the Beddoes-Leishman model as a variation of the slope

of the normal force coefficient curve in function of the angle of attack. The correction is

based on Kirchhoff’s law and includes an empirical evolution of the trailing edge separation

location with angle of attack32.

Noteworthy improvements of the Beddoes-Leishman model include the works of Niven & Gal-

braith33 and Sheng et al.34. Niven & Galbraith33 introduced an additional empirical time

constant adding to the lag of the normal force coefficient representing the finite time re-

quired for the disturbed flow to develop into a vortex. They also presented an extension

of the Kirchhoff law in the unsteady regime to improve the predictions of the dynamic

stall model for scenarios where trailing edge flow reversal is non negligible. According to

Niven & Galbraith33, a more aesthetic prediction of dynamic stall onset should be based on

a quantifiable feature of the unsteady trailing edge flow reversal behaviour. Sheng et al.34

criticise the uncertainties associated with the upper and lower bounds of the critical leading

edge pressure from the Evans & Mort correlation30 and proposes a new criterion for stall

onset that is based on a critical angle of attack instead of a critical normal force coefficient.

This new criterion relies on a linear variation of the dynamic stall onset angle of attack with
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Modelling the interplay between the shear layer and leading edge suction

U∞

γ(θ) =

A0 A1 A2 A3

FIG. 1. Schematic representation of the flow around the leading edge of a thin airfoil and the

associated vortex strength distribution γ of the vortex sheet representing the airfoil’s camber line

broken into the first 4 terms of the Fourier series. (Inspired by Katz & Plotkin39).

pitch-rate for ramp-up motions which does not hold for lower pitch rates and in scenarios

where unsteady trailing edge flow reversal is observed.

A more recent stall onset criterion that has rapidly gained popularity is the critical leading

edge suction parameter criterion proposed by Ramesh & al.35. This criterion was initially

developed for application in discrete vortex models36,37. It is based on the idea that an

airfoil can support a maximum amount of leading edge suction. If this maximum limit is

exceeded, vorticity is released from the leading edge, accumulates, and forms a leading edge

or dynamic stall vortex. The critical value of the leading edge suction parameter depends

on the airfoil shape and Reynolds number and is independent of the motion kinematics for

scenarios where no trailing-edge separation is present38.

The leading edge suction parameter proposed by Ramesh & al.35 is related to the first term

of the Fourier series of the distribution of the vortex sheet strength along the camber line

in thin airfoil theory. Thin airfoil theory determines the aerodynamic force on an airfoil as

the result of the potential pressure field induced by a vortex sheet with strength distribution

γ(θ, t) along the airfoil’s camber line39. The vortex sheet strength distribution represents

the deviation of the flow due to the presence of the airfoil and it is calculated such that

there is no net normal induced velocity along the camber line. The circulation distribution
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Modelling the interplay between the shear layer and leading edge suction

for a generalised camber line can be described as a Fourier series:

γ(θ, t) = 2U∞

(
A0(t)

1 + cos θ

sin θ
+
∞∑
n=1

An(t) sinnθ

)
(1)

where the angle θ is related to the chord-wise coordinate x along the camber line through:

x =
c

2
(1− cos θ) . (2)

The time-dependent Fourier coefficients An(t) are determined to satisfy the Kutta condition

at the trailing edge (figure 1). The first Fourier coefficient A0 represents the leading edge

suction peak resulting from the acceleration of the flow around the airfoil’s leading edge40.

The critical values of the dynamic stall onset parameters summarised above are generally well

defined for dynamic stall scenarios where trailing edge flow reversal is absent or suppressed.

However, in most occurrences of dynamic stall, progressive trailing edge separation and flow

reversal play a significant role12,19,20,41. In this paper, we consider experimental data of deep

dynamic stall on a pitching airfoil where stall onset is the result of the roll up of a free shear

layer at the interface between the outer flow and a region of flow reversal near the airfoil’s

suction surface. We will analyse the interplay between the unsteady development of the

free shear layer and the leading edge suction during dynamic stall development based on

experimental time-resolved velocity field and surface pressure data. Based on the results,

we will propose a theoretical model of the leading edge suction parameter with the temporal

evolution of the shear layer height as the quantifiable feature of the unsteady trailing edge

flow reversal. The characteristic time-scales of the evolution of the shear layer and the leading

edge suction will be identified and compared and critical values with regard to dynamic stall

onset will be identified.

II. EXPERIMENTAL SETUP

The experimental data used for the current analysis stems from experiments that were

conducted in a closed-circuit, low-speed wind tunnel of the German Aerospace Centre (DLR)

in Göttingen. The data from this measurement campaign was previously used to study the

onset and development of dynamic stall14,43,44. The wind tunnel had an open test section with

a rectangular nozzle of 0.75 m× 1.05 m. Simultaneous unsteady surface pressure and time-

resolved velocity field measurements using particle image velocimetry (PIV) were conducted
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Modelling the interplay between the shear layer and leading edge suction

~SLE

U∞

αλ

FIG. 2. Positions of pressure sensors on the airfoil shown by orange dots. The blue shaded region

defines the leading edge section that is considered to calculate the leading edge suction vector SLE

and its chord-wise component FS that is used to calculate the experimental leading edge suction

parameter. (Reprinted from Deparday & Mulleners42 with the permission of AIP Publishing.)

for a sinusoidally pitching airfoil. The airfoil had a OA209 cross section profile, a chord

length of c = 0.3 m, and an aspect ratio of 5. The airfoil was pitching around its quarter

chord axis. The OA209 airfoil profile is a typical helicopter blade profile and it represents

a class of airfoils that are potentially affected by dynamic stall in reality. It was placed

in a uniform flow of U∞ = 50 m/s (Rec = 9.2× 105). Measurements were taken in the

cross-sectional plane at the model mid-span.

The unsteady surface pressure distribution was determined using 41 surface-mounted pres-

sure transducers, which were sampled at a rate of 6 kHz and integrated to obtain the lift

history. The pressure data from the 13 pressure taps in the first 10 % of the chord was

integrated to obtain the leading edge suction SLE vector (figure 2).

The velocity field was measured using stereo PIV with an acquisition rate of 1500 Hz. The

PIV system consisted of a diode-pumped Nd:YAG laser (Lee Laser, LDP-200MQG Dual)

that emitted laser pulses with an energy of approximately 12 mJ per pulse and two high

speed CMOS cameras (Photron Ultima APX-RS) with 1024 px× 1024 px sensors. The ver-

tical plane at model mid-span was illuminated by the laser from above and the cameras

were mounted downstream of the airfoil in a stereoscopic set-up alongside the wind tunnels

diffuser. The width of the field of view covered the entire chord for the relevant angle of

attack range. Due to experimental limitations, valid velocity information was only available

down to approximately 3 mm or 0.01c above the airfoils surface. The time-resolved PIV

data were evaluated using a multi-grid algorithm with a final interrogation window size of

32 px× 32 px and an overlap of approximately 80 % yielding a spatial resolution of 1.2 mm,

or 0.004c. The detection probability of a valid displacement in the PIV data was higher

than 90 %. The remaining spurious vectors were detected and replaced using the automated
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Modelling the interplay between the shear layer and leading edge suction

post-processing algorithm of Garcia45. The relative measurement error was estimated to

be less than 0.02 every where. More details about the PIV error estimation can be found

in Mulleners & Raffel43. The velocity fields were rotated into the airfoil frame of reference

prior to analysis, with the x-axis along chord, the y-axis along span and the z-axis upward

perpendicular to the chord.

The angle of attack of the airfoil was varied sinusoidally around a mean incidence α0, close to

the static stall angle, with an amplitude α1, and an oscillation frequency fosc. A large range

of dynamic stall cycles was obtained by varying these three motion parameters. The reduced

frequencies k = πfoscc/U∞ of all cases are between 0.05 and 0.1. The instantaneous effective

unsteadiness α̇?
ss was introduced previously by Mulleners & Raffel14 as a single representative

parameter to describe the influence of the motion parameters describing a sinusoidal pitching

motion on dynamic stall development. It is defined as the rate of change of the angle of

attack at the moment when the static stall angle is exceeded and it is non-dimensionalised

by the convective time: α̇?
ss = α̇ssc/U0.

III. DYNAMIC STALL LIFE CYCLE

The typical dynamic stall flow development within a single pitching cycle is represented in

figure 3 by means of selected instantaneous velocity fields. The colour map represents the

out-of-plane vorticity component ωy = ∂u/∂z− ∂w/∂x. The angle of attack in this example

varies sinusoidally around a mean angle of attack of α0 = 20◦ with an amplitude of α1 = 8◦

and a reduced pitching frequency k = 0.05. We consider the start of the pitching cycle

when the angle of attack is lowest. The first half of the cycle is referred to as the pitch-up

motion and the second half as the pitch-down motion. The maximum angle of attack in the

presented case is αmax = 28◦ and well beyond the static stall angle of attack αss = 21.4◦ under

the given circumstances. The temporal history of the lift coefficient during the dynamic stall

cycle is presented in figure 4 and displays the characteristic features of deep dynamic stall

including stall delay to an angle of attack beyond the static stall angle, lift overshoot with

respect to the maximum static lift, and large load fluctuations following dynamic stall. The

timing of the individual snapshots in figure 3 is indicated in the lift history. The evolution of

the circulation during the selected pitching cycle is also included in figure 4. The solid line

represents the positive circulation calculated by integrating all positive vorticity in the field
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Modelling the interplay between the shear layer and leading edge suction

α = 21.5◦0

0.2

0.4
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α = 26.5◦0

0.2

0.4
z
/
c

α = 26.8◦

α = 27.2◦

−0.2 0 0.2 0.4 0.6

0

0.2

0.4

x/c

z
/
c

α = 17.5◦

−0.2 0 0.2 0.4 0.6

x/c

a.

c.

e.

b.

d.

f.

−40 −20 0 20 40
ωyc/U∞

FIG. 3. Selected instantaneous velocity and vorticity field snapshots during a single sinusoidal

pitching cycle described by α0 = 20◦, α1 = 8◦, k = 0.05, and normalised effective unsteadiness

α̇?
ss = 0.013. The snapshots were taken at t/T = 0.28 (a.), 0.36 (b.), 0.40 (c.), 0.41 (d.), 0.43 (e.),

0.80 (f.) within the same pitching cycle. The timing of the snapshots is also indicated in the lift

history in figure 4. (Modified from Deparday & Mulleners42 with the permission of AIP Publishing.)

of view and the dashed line represents the negative circulation calculated by integrating

all negative vorticity in the field of view. The leading edge vortex has positive signed

circulation and the trailing edge vortex negative circulation. The evolution of the shear layer

is characterised in terms of its dimensionless average shear layer height ∆z? (figure 4c.). It is

defined as the dimensionless chord-wise averaged chord-normal distance between the shear

layer location and the airfoil’s suction surface at any given time43. The shear layer location

is identified in individual velocity field snapshots by the location of clock-wise rotating shear

layer vortices that in turn are identified using Eulerian vortex criteria14,46.

The temporal evolution of the dynamic stall development has been discussed in detail in

previous publications14,43,44 and is summarised here for reference. From the beginning of
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Modelling the interplay between the shear layer and leading edge suction

a.

b. c.

d.

e.

f.

a.

0.5

1

C
L

-10 0 10 20 30 40
t?

12 20 28 20 12

α [◦]

b.

0

0.5

1

Γ
?
L
E

V

0

0.2

0.4

0.6

Γ
?T

E
V

c.

0 0.1 0.2 tss tds 0.5 0.6 0.7 0.8 0.9 1

t/T

0

0.05

0.1

0.15

0.2

∆
z
?

FIG. 4. Temporal evolution of the lift coefficient (a.), positive and negative circulation (b.), and

chord-wise average chord-normal shear layer distance (c.) during an individual pitching cycle

described by α0 = 20◦, α1 = 8◦, k = 0.05, and α̇?
ss = 0.013. The labels a. to f. in the lift history

indicate the timing of the velocity and vorticity field snapshots in figure 3. The shaded regions refer

to the stall development stages between the time when the static stall angle of attack is exceeded

tss and the dynamic stall onset is reached tds. The dashed lines in c. represent the linear fits of ∆z?

characteristic for the primary instability and the vortex formation stage.
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Modelling the interplay between the shear layer and leading edge suction

the pitch-up motion until the static stall angle is reached at tss, the flow is attached to

the airfoil (figure 3a.). During this attached flow stage, the spatially averaged shear layer

height from instantaneous velocity fields is close to zero and the lift coefficient and positive

circulation increase with increasing angle of attack. Beyond the static stall angle αss, the lift

keeps increasing and the flow starts to detach at the trailing edge (figure 3b.). The trailing

edge separation point moves upstream with increasing angle of attack (figure 3b.-c.). At

the interface between the region of flow reversal near the trailing edge and the free stream,

a shear layer forms where positive vorticity is concentrated. The vorticity contained in the

shear layer is accumulated in small-scale co-rotating vortices, as a result of a primary shear

layer instability or Kelvin-Helmholtz instability21,47. The reversed flow region expands with

increasing angle of attack pushing the shear layer further away from the airfoil’s suction

surface. During this initial spread of the trailing edge separation region, the average shear

layer height increases approximately linearly in time and the lift coefficient increases at a

lower rate than below the static stall angle (figure 4). Later in the cycle, the shear layer

vortices start to pair, which initiates the roll-up of the shear layer into a large scale coherent

dynamic stall vortex (figure 3c.-d.)44. The period between the time at which the static stall

angle is exceeded up to the time at which the shear layer starts to roll up is called the

primary instability stage and is highlighted in the figures that present time histories by the

light colour shading. The period during which the shear layer rolls up into a primary stall

vortex is called the vortex formation stage and is highlighted in the figures by the dark

colour shading.

At the beginning of the shear layer roll-up, the lift coefficient reaches a maximum. During

the shear layer roll-up, the lift coefficient decreases while the positive circulation keeps

increasing. The average shear layer height now increases at a rate 15 times higher than

during the primary instability stage. Another characteristic feature of the second stage of

stall development is the emergence of negative vorticity at the airfoil surface underneath the

shear layer (figure 3c.). The induced velocity due to the growing positive circulation of the

primary stall vortex pushes the negative vorticity towards the leading edge and ultimately

leads to the self-induced detachment of the dynamic stall vortex (figure 3d.)14,48. The timing

of the pinch-off of the dynamic stall vortex is referred to as the dynamic stall onset (tds). After

pinch-off, the dynamic stall vortex is convected downstream and the airfoil is fully stalled

(figure 3e.). During the fully stalled stage of the dynamic stall life cycle, the average shear
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Modelling the interplay between the shear layer and leading edge suction

layer height is maximum and strong fluctuations in the lift coefficient and the circulation

are observed which are attributed to the formation and shedding of successive stall vortices.

Near the end of the pitch-down motion, for an angle of attack lower than the static stall

angle αss, the flow reattaches to the airfoil starting from the leading edge (figure 3f.). During

flow reattachment, the lift coefficient increases and the shear layer height and circulation

values decrease. At the end of the pitch-down motion, the flow is fully reattached and the

lift coefficient has relaxed to the same value obtained at the beginning of the sinusoidal

motion.

The time-resolved velocity field data reveals that dynamic stall development is a two-stage

process. A first stage, named the primary instability stage, is characterised by an increasing

region of flow reversal indicated by a linear growth of the chord normal distance between

the shear layer and the airfoil’s suction surface. Flow reversal occurs in the boundary

layer directly at the airfoil’s surface and is not immediately followed by flow separation in

a dynamic stall life cycle33,49. During this first stage, the lift overshoot with respect to

the static stall limit is generated and there is limited interaction between the individual

vortices in the shear layer. A second stall development stage, named the vortex formation

stage, is characterised by the roll-up of the shear layer into a large coherent dynamic stall

vortex. During this second stage, the flow actually separates and the free shear layer no

longer follows the airfoil contour. The transition between the primary instability stage

and the vortex formation stage was determined directly from the velocity field data as

the intersection between the linear fitting curves of the temporal evolution of the average

height of the shear layer (figure 4c.). The dynamic stall onset was determined by the first

peak in the time development coefficient of the proper orthogonal decomposition mode that

represents the dynamic stall vortex. The timing of this peak coincides with the departure

of the Lagrangian saddle point, which marks the intersection between the attracting and

repelling material lines that bound the dynamic stall vortex, away from the surface14. The

emergence and trajectories of Lagrangian saddle points are not only reliable indicators of the

pinch-off or lift-off of coherent leading edge or wake vortices but they also leave a distinct

footprint in the surface pressure distribution and the force history50–53.

Time-resolved velocity field data allows for accurate determination of dynamic stall onset

but it cannot be readily utilised as an observable parameter to serve as prediction input

for practical applications such as flow control or gust alleviation54–58. Inspired by the idea
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Modelling the interplay between the shear layer and leading edge suction

of Niven & Galbraith33 that an aesthetic prediction of dynamic stall onset and the critical

leading edge suction should be based on a quantifiable feature of the unsteady trailing edge

flow reversal, we aim to derive a theoretical model of the leading edge suction parameter

based on the height of the shear layer. Prior to proposing a theoretical model of the leading

edge suction parameter based on thin airfoil theory and the evolution of the shear layer

height, we will first describe the interplay between the shear layer development and the

evolution of the experimentally determined leading edge suction parameter.

IV. LEADING EDGE SUCTION DURING DYNAMIC STALL

A. Leading edge suction parameter

The leading edge suction parameter for our experimental data is derived from the leading

edge suction vector ~SLE which is determined by integrating the pressure signals from the 13

unsteady pressure sensors located in the front 10 % of the airfoil (figure 2)42. Approximately

40 % of the lift and 90 % of the chord-wise force component during the pitch-up motion are

generated by the front 10 % of the airfoil. Figure 5 presents the phase-averaged evolution of

the leading edge suction vector during pitch-up for the example dynamic stall case presented

in figure 3. The phase-averaged quantities were obtained by averaging over more than 35

pitching cycles. As a measure for the variability of the signals between cycles, we have

added the minimum and maximum envelopes. Prior to the dynamic stall vortex pinch-off,

the repeatability of the pressure measurements and leading edge suction vector is high and

the phase-averaged evolution is representative for all pitching cycles. During the stalled

stage, cycle-to-cycle variations of the leading edge suction vector rapidly increase, mainly

due to variations in the vortex shedding process and timing.

The leading edge suction vector is characterised by a magnitude SLE (figure 5a.) and an

angle λ relative to the inflow velocity direction (figure 5b.). The experimental leading edge

suction parameter A0 (figure 5c.), is calculated based on the chord-wise projection of the

leading edge suction vector according to Katz & Plotkin39:

A0,exp =

√
2

π
|SLE| cos (λ− α) . (3)

The magnitude of the leading edge suction vector SLE increases during the attached flow

and the primary instability stage and decreases during the vortex formation stage. The
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Modelling the interplay between the shear layer and leading edge suction

leading edge suction magnitude reaches a maximum exactly at the transition between the

primary instability and the vortex formation stage and a local minimum at the dynamic

stall onset. The timing of the stages is determined directly from the velocity field data that

does not include information from within the boundary layer and the leading suction vector

only includes information from the front 10 % of the airfoil. The concurrence between crucial

changes in the flow field and the leading edge suction is remarkable, it confirms the existence

of a two-stage stall development, and it is encouraging to further explore the potential of

stall criteria based the leading edge suction.

The orientation of the leading edge suction vector gives us additional information about the

location of the region that contributes most to the leading edge suction. During the attached

flow and primary instability stage, λ ≈ 85◦ and the leading edge suction vector is approx-

imately perpendicular to the incoming flow (figure 5b.). This indicates that the topology

of the flow around the leading edge has not yet been altered during the primary instability

stage despite the growing region of flow reversal near the trailing edge. As a consequence, if

the pitching direction is reversed prior to the onset of the vortex formation stage, massive

flow separation and load hysteresis can be significantly reduced. This condition has been

identified in literature as light dynamic stall7,14. During the vortex formation stage, the

suction angle slightly decreases first, i.e. suction shifts towards the leading edge, and then

increases to ≈ 90◦ at dynamic stall onset. At the beginning of the fully stalled stage, the

primary dynamic stall vortex is convected downstream and the leading edge suction vector

will roughly point in the direction of the vortex indicated by the rapid increase of the leading

edge suction angle up to ≈ 120◦ when the maximum angle of attack is reached.

The leading edge suction vector ~SLE gives an idea about the spatiotemporal pressure evo-

lution around the leading edge during the different stages of the dynamic stall life cycle

and is further condensed in a single leading edge suction parameter that is proposed as a

simple but robust parameter that governs leading edge or dynamic stall vortex formation

by Ramesh & al.35. The evolution of the leading edge suction parameter is similar to the

evolution of the magnitude of the leading edge suction vector with an increase during the

attached phase and the primary instability stage, a maximum at the transition between

the primary instability and the vortex formation stages, and a decrease during the vortex

formation stage (figure 5c.). The main difference between the evolution of the leading edge

suction magnitude and parameter is the absence of a secondary local suction peak due to
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FIG. 5. Magnitude SLE of the leading edge suction force (a.), its orientation λ relative to the

inflow velocity (b.), and the leading edge suction parameter (c.) for a pitching motion described

by α0 = 20◦, α1 = 8◦, and k = 0.05. The thick black line represents the phase average and the grey

region is delineated by the minimum and maximum envelopes.

the shedding of the primary stall vortex in the suction parameter because the downstream

convection of the vortex does not seem to affect the chord-wise component of the leading

edge suction.
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Modelling the interplay between the shear layer and leading edge suction
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FIG. 6. Temporal evolution of the measured phase-averaged leading edge suction parameter A0

during the dynamic stall development stage for different normalised effective unsteadiness α̇?
ss. The

static stall angle is reached at t? = 0. Full lines represent the evolution up to dynamic stall onset

and dashed lines represent the post-stall evolution.

B. Critical values and characteristic time scales

The leading edge suction parameter represents the suction maintained at the leading edge.

There is a critical amount of suction that the leading edge can sustain and above which the

airfoil stalls59. According to Ramesh & al.38, the critical value of the leading edge suction

parameter depends mainly on the airfoil shape and the Reynolds number and is independent

of the motion kinematics except when high degrees of trailing-edge flow separation occur

during the motion. The ideal dynamic stall prediction parameter has a critical value at

dynamic stall onset that is largely independent of the flow and motion conditions and can

easily be determined or derived for various airfoil geometries. The leading edge suction

parameter has strong potential in this direction, but we need to further explore how the

temporal evolution of the leading edge suction parameter and its critical values vary with

the unsteadiness of the motion kinematics for dynamic stall cases where stall onset is the

result of the roll up of the free shear layer bounding the region of flow reversal near the

airfoil surface.

The phase-averaged temporal evolution of the experimental leading edge suction parameter

for various sinusoidal pitching motions with different amplitudes, mean angles of attack, and
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FIG. 7. Characteristic values of the leading edge suction parameter (a.), the inverse of the stall

delay (b.), the positive circulation associated with the leading edge or dynamic stall vortex (c.), and

the chord-wise averaged chord-normal shear layer height (d.) in function of the normalised effective

unsteadiness. The colour of the symbols indicate whether the values represent the situation at the

start of the dynamic stall development tss, at the transition between the two stall development

stages tt, or at dynamic stall onset tds.

pitching frequencies are presented in figure 6. The line colour indicates the unsteadiness of

the harmonic pitching motions in terms of the normalised effective unsteadiness. The latter

is defined as the dimensionless pitch rate when the static stall angle of attack is exceeded.

It was found to be a suitable scaling parameter for the timing of stall onset by Mulleners

& Raffel14 and Mller-Vahl et al.28. All curves are aligned in time with respect to the time

when the static stall angle is exceeded which is considered the start of the dynamic stall

development stage. The lines are solid up to the occurrence of dynamic stall and dashed

thereafter.

The general evolution of the leading edge suction parameter is similar for the different
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Modelling the interplay between the shear layer and leading edge suction

motions. It starts with a linear increase during the primary instability stage followed by a

linear decrease during the vortex formation stage. For a non-separated flow, the value of the

leading edge suction parameter is related to the angle of attack and all curves intersect at

t? = 0, where the angle of attack equals the static stall angle of attack. During the primary

instability stage, the slope of the leading edge suction parameter increases with increasing

normalised effective unsteadiness due to the increasing rate of change of the angle of attack

around t? = 0. The maximum leading edge suction increases and is reached earlier for higher

pitch rates. During the vortex formation stage, which starts sooner for higher normalised

effective unsteadiness, the slope increases with increasing unsteadiness. The maximum or

critical value of the leading edge suction parameter, which is reached for all motions at

the transition between the two stall development stages, is not constant but increases with

increasing unsteadiness. This in line with the recent observations by SureshBabu et al.60.

The characteristic values of the leading edge suction parameter at the start of the stall

development stage and the maximum values at the start of the vortex formation stage are

summarised in figure 7a in function of the normalised effective unsteadiness. The maximum

value of the leading edge suction parameter increases approximately linearly with increasing

unsteadiness and the same holds for the reciprocal of the convective time at which the

maximum value is reached (figure 7b). The higher the local pitch rate, the faster a critical

leading edge suction value is reached. At the same time, an increasing lag in the onset of

the instability that leads to the roll-up of the shear layer seems to increase the value of

the critical amount of suction that is obtained at the leading edge. The deficiency function

introduced in Leishman & Beddoes’ dynamic stall onset criterion takes into account that a

critical value of the leading edge pressure will be reached at a higher value of the normal

force coefficient which in turn will be reached at a higher angle of attack with increasing

pitch rate, but it does not consider an increase of the value of the critical leading edge

pressure.

The time at which the leading edge suction parameter reaches a maximum coincides with the

transition between the two dynamic stall development stages as determined previously based

on the evolution of the shear layer height. The durations of the two stall development stages

in terms of convective time units are independently quantified based on the global velocity

field data and based on the surface pressure date at the leading edge and results are compared

in figure 8. We obtain the same resulting time delays for the primary instability stage ∆t1
?
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FIG. 8. Time duration of the two stall development stages for different normalised effective un-

steadiness measured independently by local pressure measurements (A0) and by global velocity

field measurement (∆z?).

and the vortex formation stage ∆t2
? for both measurements. This result is not trivial. The

velocity field measurements do not include information from within the boundary layer near

the airfoil’s surface. The leading edge suction parameter was calculated taking into account

only the surface pressure measurements in the front 10 % of the airfoil profile. The fact that

we are able to identify two stall development stages in these two independently measured

quantities and extract the same associated characteristic time scales for the stall stages

clearly demonstrates the direct connection between the evolution of the shear layer height

∆z? and the leading edge suction parameter A0. This results also underlines the potential

of the latter to serve as an observable parameter for the prediction of dynamic stall onset

and control applications.

The remaining drawback of the leading edge suction parameter as a universal dynamic stall

onset indicator, is the variation of its critical value with the unsteadiness of the pitching

motion. By linking the leading edge suction to other characteristic parameters that obtain

limiting critical values at dynamic stall onset or at the transition between the two stall de-

velopment stages, we aim to contribute to the applicability and generalisability of a dynamic

stall criterion based on the leading edge suction parameter and to a better understanding

why dynamic stall happens when it happens.

The durations of the stall development stages reach characteristic values that aid to under-
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Modelling the interplay between the shear layer and leading edge suction

stand the influence of the motion kinematics on the stall delay. The duration of the vortex

formation stage is independent of the normalised effective unsteadiness (figure 8). This

stage is characterised by the roll-up of the shear layer into a coherent dynamic stall vor-

tex and is predominantly driven by viscous interactions which dependent on the Reynolds

number but not on the motion kinematics. This constant time delay corresponds to the

empirical time constant that was introduced by Niven & Galbraith33 as an extension of the

Beddoes-Leishman model.

The governing mechanisms during the primary instability stage are different and yield a

decreasing time delay with increasing increasing unsteadiness even though the critical leading

edge suction increases (figure 8). We can also present the reciprocal of the time delay, which

decreases linearly with increasing effective unsteadiness (figure 7b).

Even though the dependence of the stall delay with the motion kinematics is clear, it does

not provide a general critical value above which stall onset is triggered. Motion independent

critical values are observed for the shear layer height and positive circulation associated

with leading edge vortices (figure 7c-d). For both parameters, the values at the start of

dynamic stall development (tss), at the transition between the two stall development stages

(tt), and at dynamic stall onset (tds) are constant for all different motions. The values at

these key points in the dynamic stall life cycle increase with increasing convective time and

progression in the stall development. At dynamic stall onset, the standard deviation of

the values from different motions is larger and some minor dependence on the unsteadiness

could still be present for the circulation at tds. As previously concluded, the flow development

during the vortex formation stage is governed by viscous interactions and the convective time

duration of this stage is independent of the motion kinematics. The relevant critical values

for dynamic stall onset are the threshold values at tt as they trigger the roll-up of the shear

layer into the dynamic stall vortex. An increase in circulation within the free shear layer will

increase the mutual interaction between small scale shear layer vortices13 and the tendency

of the shear layer to roll-up. The shear layer can only roll up if its chord normal distance to

the airfoil surface is large enough. This explains why both parameters reach critical values

at the start of the shear layer roll-up independent of the motion kinematics. The higher the

effective unsteadiness of the pitching motion, the sooner the critical circulation threshold is

reached and the shorter the stall delay associated with the primary stall development stage.

Critical thresholds of the circulation and the shear layer height are reliable indicators of stall
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Modelling the interplay between the shear layer and leading edge suction

onset for the airfoil profile and Reynolds number considered here. The threshold values are

independent of the motion kinematics but the parameters are not easily accessible outside

of the laboratory environment. The leading edge suction parameter is a robust and more

practical parameter that could even be determined in flight and serve as an observable for

in-situ flow control applications where early detection of the inception of dynamic stall is

essential. Its applicability and reliability hinges upon an a priori knowledge of the critical

value of the leading edge suction in function of the pitching motion parameters. A low-

order model based on thin airfoil theory is proposed in the follow section to predict the

critical values and the evolution of the leading edge suction parameter during dynamic stall

development by including the effect of trailing edge flow reversal.

V. THEORETICAL MODEL OF THE LEADING EDGE SUCTION

PARAMETER

A. Comparison with thin airfoil theory

The leading edge suction parameter is the first coefficient of the Fourier series of the circu-

lation distribution along the chord. It is calculated by integrating the local induced velocity

vind(x, t) normal to the surface:

A0,theor = − 1

π

π∫
0

vind(x, t)

U∞
dθ. (4)

The induced normal velocity represents the deviation of the parallel free stream due to

the presence of the airfoil. For a pitching airfoil, the normal induced velocity has three

contributions:

vind(x, t) = −U∞ sinα− α̇xp +
∂η

∂x
U∞ cosα . (5)

The first term represents the effect of the angle of attack, the second term represents the

influence of the unsteady pitching motion, where xp is the location of the airfoil’s pivot

point, and the last term represents the influence of the camber of the airfoil, where η(x) is

the chord-normal coordinate of the camber line along the chord.

For a sinusoidal pitching motion around the quarter chord, the theoretical leading edge
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FIG. 9. Comparison of the experimental (A0,exp) and theoretical (A0,theor) leading edge suction pa-

rameter for the same motion as presented in figure 3. The influence of the different terms in

equation (6) are presented by the dashed lines.

suction parameter reads:

A0,theor = sinα + α̇
c

4U
−Kη cosα (6)

where

Kη =
1

π

∫ π

0

∂η(θ)

∂x
dθ (7)

represents the influence of the airfoil’s camber.

The influence of the angle of attack, pitching rate, and camber terms during a pitching

motion are presented in figure 9 with dashed lines. The theoretical leading edge suction

parameter is presented by the dark line and the experimental phase-averaged leading suc-

tion parameter by the bright line. The time on the abscissa is non-dimensionalised by the

convective time. The time over a pitching period and the angle of attack are indicated on

the top. The two stages of the dynamic stall development are marked by the shaded areas.

The first term sinα is an order of magnitude higher than the other terms. It ranges

from 0.2 to 0.4 while the second term composed of the pitch rate is almost zero and the

third term varies around −0.02. The first term is the dominant term in the model of the

theoretical leading edge suction parameter and evolves sinusoidally with a maximum for the
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Modelling the interplay between the shear layer and leading edge suction

U1

↵
↵eff

FIG. 10. Schematic representation of the influence of the shear layer growth on the effective angle

of attack (αeff) and the effective camber.

maximum angle of attack. The experimental leading edge suction parameter and its model

are in close agreement during the attached flow stage and the reattachment stage.

During the first stage of the dynamic stall development, the experimental leading edge

suction parameter A0,exp increases at a slower rate than during the attached flow stage. This

is not correctly represented by the theoretical leading edge suction parameter that increases

at a higher rate than the experimental leading edge suction parameter. The values of

both at the time the static stall angle of attack is reached (t? = 0) are almost identical.

Due to different growth rate during the primary instability stage, the model overestimates

the leading edge suction during stall development. At the transition between the primary

instability and the vortex formation stage, the experimental leading edge suction parameter

reaches a maximum which is not represented by the potential model. During the vortex

formation stage, the theoretical leading edge suction parameter continues to increase while

the experimental leading edge suction drops to values close to zero when the flow is separated.

When the flow reversal region spreads from the trailing to the leading edge during the

primary instability stage, the curvature of the flow is effectively decreased reducing the

acceleration of the flow around the leading edge and the leading edge suction. This effect is

not included in the model presented by equation (6). Thin airfoil theory predicts well the

increase of the experimental leading edge suction parameter when the flow is attached but

needs to be extended to include the growth of the flow reversal region during the primary

instability stage.
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Modelling the interplay between the shear layer and leading edge suction

B. Influence of shear layer on the leading edge suction parameter

The experimental results revealed that the shear layer plays an important role in the dynamic

stall development. We propose an improvement of the theoretical model of the leading

leading edge suction parameter by taking into account a twofold influence of the evolution

of the shear layer, being a change in the effective camber and a change of the effective angle

of attack of the airfoil (figure 10).

The position of the shear layer above the airfoil’s suction surface virtually increases the

thickness of the airfoil. The height of the shear layer is added to the position of the airfoil’s

suction surface relative to the camber of the airfoil. During the primary instability stage,

the shear layer height which is defined here as the vertical distance between the shear layer

and the airfoil’s suction surface, is larger near the trailing edge than at the leading edge

where the height is almost zero (figure 3b).

If the height of the shear layer is taken into account, the effective thickness teff is the sum of

the airfoil’s geometrical thickness tgeo and the shear layer height tsl:

∀x, teff(x) = tgeo(x) + tsl(x) . (8)

Using the definition of the purely geometric camber for the airfoil ηgeo

zupper,geo = ηgeo +
1

2
tgeo , (9)

and the definition of the effective camber for the virtual airfoil profile ηeff

zupper,eff = ηeff +
1

2
teff , (10)

we calculate the effective camber of the virtual airfoil profile as a function of the shear layer

height and geometric camber:

ηeff = ηgeo +
1

2
tsl . (11)

We now modify the third term of the potential model of the leading edge suction parameter

(equation (6)) by using the virtually altered airfoil profile according to:

Kηeff
= Kη +

1

2π

∫ π

0

∂tsl(θ)

∂x
dθ (12)

= Kη + ∆z? (13)
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Modelling the interplay between the shear layer and leading edge suction

where ∆z? is the experimentally determined dimensionless chord-wise average of the shear

layer height.

The first term of this equation (12) represents the influence of the geometric camber accord-

ing to equation (7) and the second term represents the influence of the shear layer height

on the effective camber. The growth of the shear layer leads to an increase in effective

camber. The chord-wise variation of the shear layer height is approximated here by a linear

increase from zero at the leading edge to 2 ∆z? at the trailing edge. The linear increase

of the shear layer height is a first order approximation that seems reasonable during the

primary instability stage (figure 3d).

The additional consequence of the development of the shear layer is a change in the effective

angle of attack. The shear layer has a maximum height at the trailing edge which leads to a

change in camber but also an upward shift of the virtual trailing edge and a decrease of the

effective angle of attack which is schematically represented in figure 10. The effective angle

of attack is given by:

αeff = α− αsl

= α− tan ∆z? . (14)

This calculation of the effective angle of attack could be further extended to include the

effect of varying pivot point locations based on the recent work by Li et al.61.

The modified model for the leading edge suction parameter taking into account the influence

of the shear layer growth during stall development is given by:

A0,theor’ = sinαeff + α̇
c

4U
−Kη cosαeff −∆z? cosαeff . (15)

By replacing the geometric angle of attack in equation (6) by the effective angle of attack

and adding a new term, the change of camber due to the presence of the shear layer is taken

into account. The first term in equation (15) is still an order of magnitude higher than the

other terms and is presented in figure 11 by the dashed line, along with the newly added term

∆z? cosαeff in the dot-dashed line. Figure 11 also presents the final result of the modified

leading edge suction parameter model A0,theor’ by the dark solid line and the experimentally

obtained leading edge suction parameter A0,exp by the bright solid line.

The magnitude of the term sinαeff still ranges from 0.2 to 0.4 but its maximum is no longer

reached at half period but at the transition between the two stages of the dynamic stall
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FIG. 11. Comparison of the experimental phase-averaged leading edge suction parameter (A0,exp)

and the modified theoretical model (A0,theor) that takes into account the twofold influence of the

shear layer on the effective angle of attack and the effective camber. The influence of different

terms in equation (15) are presented by dashed lines.

development. When the flow is attached, the geometric and effective angles of attack are

close. When the flow starts to separate and when the shear layer rolls up, the shear layer

height increases, reducing the effective angle of attack. This leads to a reduction in the

contribution of the first term when the flow progressively separates.

The last term ∆z? cosαeff in equation (15) is negative throughout the cycle and mirrors the

evolution of the average shear layer height presented in figure 4c. The term ∆z? cosαeff is

an order of magnitude lower than the term sinαeff (figure 11), and the modified theoretical

leading edge suction parameter is dominated by the effective angle of attack.

The new model accurately predicts the experimentally obtained leading edge suction param-

eter during the attached flow, the primary instability stage, and the vortex formation stage.

During the primary instability stage, the model correctly predicts the decreasing slope of

the experimental leading edge suction. The modified theory predicts a maximum value at

the transition between the primary instability and the vortex formation stage and a decrease

of the suction at the leading edge during the latter. Both the value and the timing of the

maximum leading edge suction are correctly estimated. When the shear layer starts to roll
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FIG. 12. Values of the leading edge suction parameter, A0, at tss when the static stall angle

is exceeded, and the maximum values during the dynamic stall development for various motion

kinematics in function of the normalised effective unsteadiness.

up, the assumptions of the thin airfoil theory reach the boundaries of their validity but the

sharp decrease of the leading edge suction parameter is still correctly modelled. During

the fully stalled stage, the modified model of the leading edge suction parameter decreases

over time but not sufficiently to match the experimental values. At the end of the pitch

down motion, during the reattachment stage, the modified theoretical leading edge suction

parameter increases and relaxes at the same rate than the experimental leading edge suction

parameter, but with a short time lag with respect to the experimental values.

A comparison of the critical values for the experimental and model leading edge suction

parameter in function of normalised effective unsteadiness for various motion kinematics is

presented in figure 12. The experimental values are presented by squares and the model

values taking into account the influence of the shear layer are presented by diamonds. The

modified theoretical model predicts well the critical values of the experimental leading edge

suction parameter for the range of normalised effective unsteadiness studied.

The general evolution of the modified model of the leading edge suction parameter is domi-

nated by the effective angle of attack. The maximum value of the theoretical leading edge

suction parameter is predicted with the correct amplitude at the correct time if the twofold

influence of the shear layer is taken into account. The shear layer evolution over the entire

airfoil has an influence on the local pressure at the leading edge. The pitch rate has no
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Modelling the interplay between the shear layer and leading edge suction

direct influence on the suction at the leading edge through equation (15) for this range of

reduced frequencies (k ∈ [0.05 : 0.1]) and at this Reynolds number (Re = 9.2× 105), but

it has a strong influence on the flow development on the pitching airfoil and on the shear

layer development1,8. The influence of the pitch rate on the leading edge suction parameter

is thus indirectly taken into account by modelling the effective angle of attack and effective

camber variations due to the shear layer development.

VI. CONCLUSIONS

The dynamic stall life cycle is analysed for a sinusoidal pitching motion by time-resolved

velocity field and surface pressure measurements. A two-stage dynamic stall development

is independently confirmed by the global velocity field measurements and the local airfoil

surface pressure measurements around the leading edge. During the first stage, which is

called the primary instability stage, the flow separates near the trailing edge and the separa-

tion point moves gradually upstream with increasing angle of attack. During this stage, the

leading edge suction increases approximately linearly up to a maximum. During the second

stage, the vortex formation stage, the shear layer rolls up to create a dynamic stall vortex

that pinches off at stall onset. The leading edge suction decreases rapidly during this stage.

The two-stage dynamic stall development is characterised by critical time delays. The time

duration of the first stage of the dynamic stall development decreases linearly with increasing

motion unsteadiness promoting an earlier roll-up of the shear layer, while the formation

of the dynamic stall vortex and the duration of the vortex formation stage are virtually

independent of motion unsteadiness. The critical time delays of the two stages are related

to the evolution of the shear layer but are independently extracted from the velocity field

measurements above the airfoil and the measurement of the leading edge suction parameter

derived from the airfoil surface pressure data around the leading edge.

The leading edge suction parameter condenses the spatiotemporal pressure evolution at the

leading edge during the dynamic stall life cycle in one robust parameter. The experimentally

obtained values of the leading edge suction parameter are analysed for various sinusoidal

motions. The maximum leading edge suction increases and is reached sooner for increased

normalised effective unsteadiness of the pitching motion. During the vortex formation stage,

which starts sooner for higher normalised effective unsteadiness, the gradient of the decrease
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in leading edge suction increases with increasing unsteadiness. The leading edge suction

parameter is a practically accessible parameter with high potential to serve as a robust

stall onset indicator, but the trigger that leads to the roll-up of the free shear layer is

better indicated by motion independent critical values of the chord normal height and the

circulation of the shear layer.

An improved model of the leading edge suction parameter is proposed based on thin airfoil

theory that links the evolution of the leading edge suction and the shear layer during stall

development. The influence of the growth of the shear layer during dynamic stall devel-

opment on the flow around the airfoil is described in terms of an increase of the effective

camber and a decrease of the effective angle of attack of the airfoil. By taking into account

this twofold influence of the shear layer development, a new model is derived for the leading

edge suction parameter that accurately predicts the value and the timing of the maximum

leading edge suction on the pitching airfoil.
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