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1. Introduction
Dynamic stall occurs on lifting profiles subjected to an unsteady increase in angle of attack
beyond the static stall angle. This phenomenon affects rotating blades on helicopters or wind
and tidal turbines, which experience varying inflow conditions during rotation [6, 4, 1]. Among the
characteristic features associated with dynamic stall are the delay of flow separation beyond the
static stall angle and a lift overshoot. Undesirable effects such as large fluctuations in aerodynamic
loads caused by large scale vortex shedding are observed after the onset of stall. Due to the
nondeterministic character of the vortex shedding, load fluctuations are not always identically
reproduced in subsequent motion cycles, leading to large so-called cycle-to-cycle variations. These
large aerodynamic load excursions decrease aerodynamic efficiency while introducing strong
vibrations and increasing structural loads and bending moments [5, 2, 10]. Load variations
associated with dynamic stall have not been treated with the same level of diligence as stall
onset although an understanding of dynamic stall load characteristics is essential to predicting
overall aerodynamic efficiency and structural endurance of wings and blades.
Following up on the previous analyses of stall onset and the associated stall delay [7, 8], we focus
here on the vortex shedding during onset and its associated fluctuations in aerodynamic loads for
a flat plate subjected to a ramp-up motion. Of particular interest are the transient decay in lift,
following shedding of the first leading edge vortex, the temporal separation between the shedding
of the first leading edge vortex and subsequent vortices, the steady-state lift coefficient reached
following this event, and the time between the beginning of motion and the first shedding event.
In order to analyse these flow features, time resolved dynamic stall experiments are conducted
in the newly designed recirculating water channel at EPFL. Spatially and temporally resolved
measurements of the velocity field are acquired through planar particle image velocimetry (PIV)
and are correlated with force measurements from a load cell. The experimental data is analysed by
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associating flow features in the velocity and the vorticity fields with changes in force measurements.
Special emphasis is directed towards the characterisation of successively shed dynamic stall vortices
and their influence on hydrodynamic forces.
2. Experimental set-up
2.1 Facility and measurement hardware
Experiments were conducted in the SHARX recirculating water channel at EPFL. The facility has a
0.6 m ⇥ 0.6 m ⇥ 3.0 m test section and can attain a freestream velocity U1 = 1 m/s. The entire test

section is constructed of plexiglass walls bounded by a metallic frame, providing uninterrupted
optical access for PIV. A flat plate of chord length c = 0.15 m and span s = 0.6 m (AR =

s
c

= 4) was

placed at the centre of this test section. The plate was constructed from plexiglass to the laser sheet
to pass trough and reduce shadows. It was suspended vertically in the channel, with a minimal gap
between the tip and the lower wall of the channel in order to minimise tip effects. The upper tip
extended above the free surface to serve as the mounting point for the airfoil.
A NEMA17 stepper motor geared at a ratio of 1:25 rotated the plate about its quarter-chord
position. The shaft was connected directly to a 6-component ATI loadcell, which served as the
interface between the motor and the airfoil to enable direct measurement of hydrodynamic forces.
Measurements were recorded with a sampling frequenzy of fs = 1 kHz, a sensing range of 125 N
and a resolution of 0.02 N. Output from the loadcell was transmitted to a computer using an NI
data acquisition system.
Time-resolved particle image velocimetry was used to measure the velocity field around and behind
the airfoil. Two sCMOS cameras with 12 bit, 2560 px ⇥ 2160 px arrays (ILA 5150 GmbH), were

placed side by side to cover a region of interest including the airfoil and the wake. A double cavity
diode pumped ND:YAG laser ( = 532 nm) with a maximum pulse energy of 200 mJ was used
to create the laser sheet. The light sheet was oriented horizontally at a distance of 0.2 m from the
bottom of the water channel to reduce the influence of the free surface and any remaining tip effects
at the lower tip-wall boundary on the velocity field measurements (figure 1).
For each measurement point, 400 images were captured at a rate of 15 Hz yielding a total measurement
time of 26.67 s. The measurement series covers both the initial ramp-up motion and the transient
decay of the flow to a quasi-steady state. The images were processed for both cameras separately
according to standard procedures, with the multigrid algorithm with image deformation, a final
window size of 64 px ⇥ 64 px, and an overlap of 50% [9]. This yields a grid spacing or physical
resolution of 3.14 mm = 0.021c. To reduce the influence of noise, two background images were
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Figure 1: Schematic describtion of the experimental set-up
calculated and then substracted from the raw images prior to processing.
2.2 Test parameters
The airfoil was actuated to undergo a ramp motion, moving from an angle of attack ↵ = 0 to
↵ = 20 at a prescribed pitch rate. Constant pitch rates ranging from ↵˙ = 5 /s to ↵˙ = 25 /s were
tested in 5 /s steps. The freestream velocity U1 was fixed at 0.5 m/s for all tests to isolate the effects
of varying pitch rate. The chord Reynolds number was Rec =

⇢U1 c
µ

= 80000.

3. Results
The main features of the dynamic stall development on our flat plate wing during a constant velocity
ramp up motion are presented in figure 2. Instantaneous snapshots of the velocity and the vorticity
field are presented for selected time instants during the ramp up motion from 0 to 20 with a pitch
rate of 15 /s.
At the start of the ramp motion (↵ = 0 ) the flow around the airfoil is symmetric and CL is close
to zero. A vortex street is formed in the wake (figure 2a), with a shedding frequency of f ⇡ 5 Hz.

The corresponding Strouhal number St = f Ut1 based on airfoil thickness t and free stream velocity
U1 is approximately St ⇡ 0.1. As ↵ increases, CL increases linearly. When the angle of attack is

increased beyond ↵ = 12 , the flow at the leading edge starts to separate and the first leading edge
vortex begins to form (figure 2b). With increasing ↵, the leading edge vortex grows (figure 2c,d)
in the chord-normal and in the chordwise direction until it separates completely from the airfoil
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(figure 2e). The lift coefficient continues to increase approximately linearly with ↵ until it reaches a
maximum when the first leading edge vortex detaches. An indication of detachment is an increase
in positive vorticity in the region between the leading edge vortex and the upper surface of the
airfoil. After detachment, CL decreases and a counter-rotating vortex is formed at the trailing edge.
The trailing edge vortex grows around the trailing edge and is much smaller than the leading edge
vortex. As it grows, the trailing edge vortex is convected downstream until it separates (figure 2f).
At the same time, a second leading edge vortex starts to form (figure 2g) and induces a rise in the lift
coefficient. This vortex grows similarly to the first vortex in the chordwise direction, but its growth
in the normal direction is smaller, yielding a more elongated shape. When it spans the chord, it
separates (figure 2h). This moment of detachment corresponds to a local maximum in CL , which is
followed by a drop similar to that observed after the detachment of the first leading edge vortex.
The second CL peak is smaller than the first. After the second peak, the lift coefficient converges to
a quasi-steady state after a convective time tc = 20. After tc = 20 clear vortex shedding is no longer
observed in the near wake of the airfoil. The local maxima in the lift coefficient are a consequence of
the detachment of a leading edge vortex. Under the selected conditions, two distinct lift peaks and
corresponding shedding events are noted.
A comparison of the different lift coefficients for the investigated pitch rates is shown in figure 3a.
The behaviour of the lift coefficient varies with the pitch rate. For all pitch rates, the lift coefficient
increases linearly with ↵ at the beginning of the motion until it reaches its maximum. With an
increasing pitch rate, the slope of the CL curve becomes steeper and maxima are reached at an
earlier convective time. The time delay

tc between the start of motion and the first maximum

decays asymptotically to a post stall value with increasing pitch rate ↵˙ ss (figure 4a).

To facilitate the comparison of the properties of the lift coefficient histories for the different pitch
rates, the time delay

tc is used to align the first maxima of the curves (figure 3b). For a pitch rate

of ↵˙ = 5 /s a single local maximum can be identified at tc = 14. For the higher pitch rates two local
maxima occur before a fully developed separated flow state is reached. The alignment of the first
maxima also leads to the alignment of the second maxima for the higher pitch rates. The timespan
between subsequent maxima is nearly constant for all pitch rates (figure 4b). The convective time tc
between them ranges from 4 to 5, corresponding to the classical value of tc ⇡ 4 for vortex formation
time [3] or a chord Strouhal number of St ⇡ 0.25.

The magnitudes of subsequent maxima decrease. Between the pitch rates of 5 /s, 10 /s and 15 /s
the magnitudes of the first as well as the second maximum change. For pitch rates above 15 /s the
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Figure 2: Snapshots of the velocity and vorticity field at selected instants during the dynamic stall
cycle, lift history and change of angle of attack for a ramp motion with a pitch rate of ↵˙ = 15 /s
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Figure 3: a. Lift coefficient CL for various pitch rates, b. lift coefficients CL for all pitch rates shifted
about the time instant of the first maximum tc (↵)
˙ including the fitted exponential decay function.
change in magnitude is negligible (figure 4). The decay of the local lift maxima is modelled using
an exponential decay function in the form of CL (t) = Ae

Ct

, for t > tpeak , with A and C as the fitting

parameters. The lift coefficient for all pitch rates reaches a constant value CL,ss after a convective
time of 20. It is equal to the static lift coefficient for ↵ = 20 . For tc > 20 the behaviour of the flow
converges to its static stall state. The lift coefficient calculated with the decay model approaches
zero as tc ! 1. The exponential decay does not describe CL,ss , but indicates the influence of the

leading edge vortex shedding on the lift. The influence of the leading edge vortices decreases in
time, from the first to the second, until no more individual leading edge vortices are generated and
a fully developed separated flow state is reached.

The similarities and differences in the behaviour of the lift coefficients for different pitch rates can
be further investigated by analysing the velocity field snapshots corresponding to the maxima in
the lift coefficient (figure 5). Here, pitch rates between 10 /s and 25 /s that display two local peaks
are considered. An accumulation of negative vorticity in the area above the airfoil can be identified
as the leading edge vortex in all the velocity fields. Between this vortex and the surface of the airfoil,
an accumulation of positive vorticity signals the separation of the shear layer and the detachment of
the vortex from the airfoil. For all pitch rates, detachment of the first leading edge vortex coincides
with the maximum lift coefficient.
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Figure 4: a. Convective time distance between two maxima in lift coefficient CL for all pitch rates,
b. time delay tc between start of the motion and the first CL peak, c. lift coefficient values, d.
Non-dimensional circulation for the first and second leading edge vortex
The shapes of the subsequently shed leading edge vortices differ. The first leading edge vortex
develops closer to the leading edge and has a roughly circular shape. The second leading edge vortex
develops further along the chord and has a more elongated form. This is due to the differences in
the wake area. For the first leading edge vortex, the flow in the wake area is nearly undisturbed,
only the trailing edge causes some small disruptions. The vortex can develop freely without any
interferences in chord-normal and chordwise directions. For the second leading edge vortex a big
area of vortical structures can be identified in the wake near the airfoil. The vorticity field shows a
mixture of positive and negative vorticity, indicating that the previous leading and trailing edge
vortices are still influencing the wake. The presence of this accumulation of vorticity obstructs the
development of the second leading edge vortex.

To quantify the difference between these two vortices for the different pitch rates, the non-dimensional
circulation

cU1

is calculated in a rectangular area around the airfoil, indicated in figure 5a. The
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Figure 5: Snapshots of the velocity and vorticity field at the convective time tc , at which maxima in
the lift coefficient occur, for ↵˙ = 10 /s (a.-b.), 15 /s (c.-d.), 20 /s (e.-f.), 15 /s (g.-h.).

19th International Symposium on the Applications of Laser and Imaging Techniques to Fluid Mechanics · LISBON | PORTUGAL · JULY 16-19, 2018

circulation of the first leading edge vortex is higher than that of the second, which is again partly
due to the wake area, but also a result of the ramp-up motion. The first leading edge vortex arises
during the motion and detaches shortly after the motion is finished. Its circulation is accumulated
during the motion. The second leading edge vortex arises after the motion has already finished. Its
circulation develops from the residual energy. The circulation of the leading edge vortices increase
between the pitch rates of 10 /s and 15 /s. For pitch rates between 15 /s and 25 /s the circulation
stagnates. The circulation is shown in figure 4d. Its behaviour is similar to the behaviour of the
maxima of the lift coefficients for the different pitch rates, shown in figure 4c. The circulation of
the leading edge vortex is directly related to the magnitude of the lift maxima. An increase in
circulation results in an increase in the magnitude of the lift.
4. Conclusion
Simultaneous particle image velocimetry and force measurements provide the means to describe
the realtion between the behaviour of the lift and the occurring dynamic stall for a flat plate
undergoing a ramp-up motion. The analysis of the experimental data shows that the detachment
of an leading edge vortex causes a maximum in the lift coefficient. The strength of the vortex
influences the magnitude of this maximum. Different pitch rates influence the timing of the first
leading edge vortex as well as its strength. The time between subsequently shed leading edge
vortices is independent of the pitch rate. The decay between the maxima of the lift coefficient is
exponential. The exponential fit describes the influence of the leading edge vortices on the lift.
The decrease in strength of subsequent vortices leads to a decrease in the magnitude of the local
maxima in lift. The influence of the vortices on the lift lessens with their strength until a quasi-static
behaviour is reached and no new leading edge vortices are formed.
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