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Introduction
Aerodynamic vortices are ubiquitous in nature and engineering applications. They originate from
stationary or manoeuvring objects in an inviscid external flow and form as a result of the roll-up of
shear layers separating at the edges of the aerodynamic objects. Prominent examples of aerodynamic
vortices are von Karman vortices in the wake of bluff bodies, wing tip vortices or leading edge
vortices in flapping flight.
Although a universally accepted definition of a coherent vortex is still lacking, vortices are generally
considered to be concentrated regions of high vorticity [7]. The vorticity that ends up in the
aerodynamic vortices is generated at the surface of the aerodynamic objects as a result of a surface
pressure gradient or a relative acceleration of the object [9, 10]. After vorticity is generated and
transported away from the boundary, viscous interactions between local concentrations of vorticity
may lead to accumulation of vorticity and subsequently to the formation of a coherent vortex.
Despite the fundamental role of vorticity and vorticity accumulation in the organisation of turbulent
and unsteady separating flows, actual measurements or data on how exactly vorticity generated at
the surface evolves into coherent vortices is scarce.
The objective of the present study is to experimentally visualise how are formed from a generic
rotating flat plate vortex generator [2, 13]. A pitching flat wing was used as a vortex generator
as it represents a useful simplification of flapping wings [13]. Controlled laboratory experiments
including high temporally and spatially resolved velocity field measurements are conducted to
measure the instantaneous velocity fields around a thin two dimensional rectangular flat plate that
is rotated 180 about its span-wise axis in a quiescent fluid. The rotation of the plate gives raise to
the formation of multiple vortices. By varying the rotational velocity of the plate, different time
histories of the vorticity flux are achieved and analysed.
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Materials and methods
Experimental set-up
The experiments are conducted in an octagonal tank with an outer diameter of 0.75 m filled with
water (figure 1a). A transparent thin rectangular flat plate wing with chord length of c = 12 cm
and span s = 16 cm is fixed to a rotation mechanism. The rotation mechanism is fastened to an
outer aluminium frame such that the mid span of the plate is in the centre of the tank to avoid
wall interference effects. The wing is rotated around its span-wise axis by a rotation mechanism
including a Maxon EC 16 motor type combined with an incremental encoder characterised by a
resolution of 512 counts per revolution. The movement is made by a belt system with a 1:8 gear
ratio, which transfers the input motion from the motor shaft to the wing axis (figure 1b). The
angle of rotation, the rotational velocity, and the acceleration are controlled via a Galil DMC-40
motion controller which allows for accurate control of arbitrary motion profiles. For the present
investigation, we consider a trapezoidal rotational velocity profile and a fixed rotational amplitude
of 180 , as schematically presented in figure 2. To ensure a continuous acceleration profile, the
corners of the velocity trapezoid are smoothened according to the Eldredge smoothing function [4]:
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with t⇤ the time normalised by the duration of the motion, a the corner smoothening parameter,
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Figure 1: Schematic of the experimental set-up and the rotating mechanism.
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Figure 2: Rotational angle ↵, rotational velocity ↵,
˙ and rotational acceleration ↵
¨ profiles in function
of dimensionless time t⇤ . The grey shaded regions indicate the portions of the motion t⇤ acc during
which the plate is accelerated.
t⇤ acc the normalised duration of the acceleration, and k the parameter related to the maximum
velocity ↵˙ max . The grey areas in figure 2 are the regions in which added mass effects take place.
During the experiments, the corner smoothing parameter and the acceleration are kept constant to
10 and 2500 degree/s2 , respectively. To study the vortex formation process, the maximum rotational
speed is systematically varied in the range of 25 /s to 200 /s. Above this value, the flat wing hits the
formed vortices during the motion and the formation process is affected. For every variation of the
dimensional value of ↵˙ max five tests are conducted, to verify the repeatability of the measurements.
Time-resolved particle image velocimetry (PIV) is conducted in the cross-sectional plane at the
model mid span. A high-power pulsed light-emitting diodes (LED Pulsed System, ILA 5150 GmbH)
is used to create a light sheet with sufficient light intensity in the measurement plane. The wing
model is realised with a clear photopolymer resin for 3D printing and one light source is enough to
avoid shadows of the wing and have a clear view of the whole flow field. LED-based illumination
was selected here because it is less expensive, safer, and easier to set up than laser based illumination.
The LED light is shown to be sufficient to illuminate and image micron-sized fluorescent particles
for flow velocimetry [8]. The applicability of these high-power pulsed LED for PIV has been
demonstrated previously by [1]. A cylindrical lens is used to create a light sheet from the LED
of approximately 4 mm thickness, which operates with a wavelength around 530 nm. The fluid
tank is seeded with polyamide particles with an average diameter of d = 56 µm and a density of
⇢ = 1016 kg/m3 .
A FASTCAM SA-X2 high speed camera equipped with a 50 mm Canon lens is placed in front of the
wing such that its line of sight is perpendicular to the light sheet which is illuminating the mid-span
of the wing (figure 1). The images are acquired with a frame rate of 50 Hz, which is high enough to
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capture the dynamics of the motion, a pixel resolution of 1024 px ⇥ 1024 px (which corresponds to

a field of view of 20 cm ⇥ 20 cm) and an exposure time of 1 ms. The raw data are processed with a

multigrid algorithm with image deformation and a final interrogation window size of 32 px ⇥ 32 px
and an overlap of 70%. This yields a physical resolution of 1 mm or 0.02c.

Lagrangian data analysis
A popular method for tracking vortices and analysing vortex dynamics is based on the calculation
of the finite-time Lyapunov exponent (FTLE). The FTLE quantifies the stretching between particles
and highlights repealing or attracting regions in the fluid. Practically, the flow map gradient rFtt01

is computed between times t0 and t1 by finite differences:
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The maximum stretching (t0 , x0 ) is given by the maximum eigenvalue of the Cauchy-Green tensor
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The finite-time Lyapunov exponent is defined as the growth exponent of the maximum stretching:
FTLEtt10 (x0 ) =

ln ( (t0 , x0 ))
.
t1 t0

(4)

For forward time integration (t1 > t0 ) FTLE ridges highlight repelling lines in the flow. By integrating
backward in time (t1 < t0 ) the attracting lines are highlighted. These FTLE ridges are effective at
identifying boundaries of the flow structures. Attracting lines are a good indicators of shear layers,
and their intersections with repelling lines define Lagrangian saddle points. The saddles points
topologically delimit vortices. A saddle point detaching from an object provides a good criterion to
identify vortex separation. The FTLE method in inherently objective and results are invariant with
respect to any Euclidean frame change.
The Lagrangian averaged vorticity deviation (LAVD) method, recently introduced by Haller et al.
[7] allows for the identification of coherent structures while offering the possibility to tag and trace
concentrations of vorticity backwards in time to identify the region where they originated. The
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Lagrangian-averaged vorticity deviation is defined at a time t by:
LAVDtt0 (x)

=

Z

t
t0

|!(x, ⌧ )

!(⌧ )| d⌧

(5)

with !(x, t) the vorticity field in space and time and !(t) the spatial average of the vorticity field.
The spatial average field is subtracted to ensure the objectivity of the method, i.e. the invariance of
the result with respect to any Euclidean frame change.
Results
The velocity and vorticity fields for selected time instants during the full 180 rotation of the flat
plate with a rotational speed of 50 /s are presented in figure 3. At the beginning and the end of the
rotation, the wing’s chord is oriented in the vertical direction. The wing is rotated clock wisely and
the rotational angle ↵ indicates the angle with respect to the initial vertical orientation of the wing.
During the rotation, multiple counter clockwise rotating vortices are formed at the tips of the plate
indicated by a concentration of positive vorticity. The flat plate wing is symmetric and is rotated
around the mid chord. The vortex development and shedding for both tips is similar and we focus
here on the structures generated around the tip that was initially at the bottom.
At ↵ = 10 , the constant rotational velocity of 50 /s is reached (figure 3 bottom). Fluid is accelerated
around the tip creating a first vortex directly at the tip (figure 3a). As the motion continues, this first
vortex further accumulates vorticity and grows in size until it separates (figure 3b). The first vortex
separates approximately at ↵ = 35 after the wing tip has covered a distance of 0.3 c. As the wing
continues to rotate after the first vortex is shed, vorticity continues to be generated and accumulates
around the wing tip, leading to the formation of second vortex (figure 3c). This second vortex
separates around ↵ = 50 and is much smaller than the first vortex. The process of successive vortex
generation and shedding is repeated approximately every 0.3 s or 15 until the rotation is finished.
Five vortical structures are detected at the end of the motion (figure 3d). The four later vortices
are approximately of the same size and they are substantially smaller than the first vortex. The
difference in size might be attributed to the acceleration of the motion at the beginning which gives
rise to an additional source of vorticity production according to Morton [10]. After the vortices are
shed, they following the trajectory of the wing tip and drift radially outward.
At the end of the wing’s motion, a clockwise rotating stopping vortex is formed at the tip (figure 3e).
During the wing motion, the fluid layer attached to the tip is moving with the wing. The resulting
velocity gradient leads to the formation of counter clockwise vortices. When the motion is stopped,
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Figure 3: Velocity and vorticity fields for several angular positions for a rotational speed of 50 /s.
At the end of the motion five vortices are shed from each tip of the wing.
the fluid layer attached to the tip is stopped and a clockwise rotating stopping vortex is formed at
the tip (figure 3e). The stopping vortex grows to a size comparable to the size of the first vortex until
it separates (figure 3f). The deceleration of the motion (figure 2) is responsible for the additional
production of vorticity that feeds the stopping vortex.
To describe the influence of the wing’s rotational speed on the vortex formation process, we compare
the snapshots of the flow field just before the end of the motion for ↵˙ max = 25 /s to 200 /s in figure 4.
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Figure 4: Velocity and vorticity fields at the end of the wing’s motion for a rotation velocity ↵˙ max of
(a) 25 /s, (b) 50 /s, (c) 75 /s, (d) 100 /s, (e) 175 /s, and (f) 200 /s.
For all rotational velocities, a total of five vortices are formed and shed from the wing tip. The first
vortex is are always larger than the later four which are comparable in size. The size of the vortices
are approximately the same for all rotational velocities.
At the end of the motion, when all five vortices are shed, the circulation entrained in each vortex is
calculated. Five rectangular regions are selected that contain the individual vortices. The circulation
is calculated by integrating the vorticity inside the rectangular areas and results are presented in
figure 5.
The first vortex is substantially larger than the other four. The later four have approximately the
same size, except for higher rotational speed, where the second vortex has still less vorticity than
the first vortex but slightly higher vorticity than the later ones. At the end of the motion, the
second vortex tends to merge with the first at higher rotational speeds (figure 4c-f). The difficulty to
distinguish between the first and the second vortex makes harder to select a rectangular box that
only contains the individual vortex. The circulation of the second vortex has a higher uncertainty
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Figure 5: (a) Dimensional and (b) dimensionless circulation associated with the five successively
shed vortices for different rotational speeds.
compared to the other ones, especially for the experiments at higher rotational speed. The circulation
of the vortices increases approximately linearly with increasing rotational speed (figure 5a) and
the difference of circulation between the first and the following vortices also increases with the
rotational speed (figure 5a).
To quantify the vorticity diffusion in time, the circulation of the first vortex is calculated at the
time when it sheds tshed . The shedding time is the instant in time when the vortex is no longer
connected with the vorticity region attached to the wing. The circulation at shedding is equal or
slightly larger than the circulation calculated at the end of the motion and the difference between
both values increases with increasing rotational velocity or increasing circulation (figure 5a). The
velocity gradients within the vortex are larger if the rotational velocity is higher. Larger velocity
gradients lead to stronger viscous diffusion.
For a rotating plate the circulation can be non-dimensionalised based on the chord length c and the
tip speed u = ↵˙ max c/2, yielding

⇤

= 2 /↵˙ max c2 . The dimensionless circulation of the individual

vortices is approximately constant for varying rotational speeds (figure 5b). At the very end of
the motion, the second and the third vortices tend to merge and interact with the other vortical
structures for the most tested cases. The measurement uncertainty for the second and the third
vortices increases. The higher the loss of dimensionless circulation for the first vortex the higher the
rotational speed.
The influence of the wing’s acceleration is evaluated by calculating the difference between the
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Figure 6: (a) Dimensional and (b) dimensionless circulation difference between the first vortex and
the later vortices due to the wing’s initial acceleration.
circulation of the first vortex and the average circulation of the later four vortices. This difference
is interpreted as the additional vorticity that is fed to the first vortex and is generated due to the
acceleration of the wing. The additional circulation

increases linearly with the wing’s rotational

speed (figure 6a). The dimensionless circulation difference

⇤

is approximately constant and

independent of ↵˙ max (figure 6b). The acceleration is constant for all motion profiles and the rotational
speed is the only parameter that is varied. To confirm that the difference in circulation between
the first and the second vortex is solely due to the wing’s acceleration, additional experiments are
planned for different wing accelerations.
To evaluate the temporal evolution of the feeding and the shedding of the five vortices, we consider
a narrow rectangle box directly behind the wing tip and calculate the temporal evolution of the
circulation within this area. The location of the rectangle box with respect to the wing’s position is
exemplarily indicated in figure 7a. The temporal evolution of the circulation

⇤
box

in this integration

area serves as a measure for the feeding history of the vortices and aids to estimate the time instant
in which they shed from the wing tip.
The temporal evolution of the circulation for a rotational speed of 50 /s is presented as an example
at the top of figure 7 together with selected snapshots of the flow fields at specific time instants.
As long as the vortex is attached to the wing, positive vorticity is present inside the box and high
values of circulation are detected. The first large peak centred around t ⇡ 0.7 s corresponds to the

growth of the first vortex. When the vortex detaches from the wing at approximately, the circulation
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fields.
⇤
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decreases. The first detachment occurs approximately 1 s after the start of the motion for an

angle ↵ = 39.5 (figure 7a).
After the first vortex detached, the second vortex is formed, leading again to an increase of the
circulation. The increase in circulation is much lower than for the first vortex. At this moment
in time, the wing has reached a constant velocity and less vorticity is fed into the second vortex
compared to the first vortex. A second local minimum in the circulation history is observed around
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t = 1.3 s, when the angle is 55.7 . At this moment, the second vortex sheds and the third vortex
starts to form (figure 7b). The vortices are periodically shed every 0.3 s and every detachment
corresponds to a local minimum in the circulation history (figure 7c).
The results of this Eulerian analysis depend strongly on the position and the dimensions of the
rectangular integrations area. The area should be positioned directly behind the wing tip where
vorticity that is continuously generated at the wing’s surface accumulates into coherent vortices.
These vortices remain attached to the wing’s surface until they separate. If the integration area
includes the wing tip, the circulation remains high and shedding event cannot be detected. If the
integration area is too far away from the tip, the temporal history of circulation is delayed and the
time of shedding cannot be accurately determined. A sensitivity analysis of the dimension of the
integration area was conducted to obtain the best results. If the area is too narrow, the time history
of the circulation is noisy. If the area is too large, the circulation continuously increases in time and
the information about the time of shedding is lost. The best compromise is to select an area as wide
as the distance between the shed vortex and the vorticity region near the tip.
The circulation history computed inside the integration area is an example of an Eulerian approach.
The observation of shedding events from the snapshots of the flow field correspond to a local
minimum in the circulation history, but it remains a challenge to precisely detect the vortex
separation based only on the circulation history. The detection requires the use of manually
selected thresholds and is not very robust. Eulerian methods are also limited to a single snapshot
or observation. Lagrangian methods take advantage of temporal information by integrating the
observed quantities over a time interval. They are more complex to apply but provide additional
information about the flow field dynamics and they exploit the ergodicity of the system which
makes them inherently more robust to measurement noise and turbulent fluctuations. Lagrangian
structure identification methods based on the finite time Lyapunov exponent (FTLE) and the
averaged vorticity deviation (LAVD) are applied here to gain further insight into the formation and
shedding of the vortices from the rotating wing [6, 5].
Particle trajectories were integrated forward and backward in time, yielding positive (pFTLE) and
negative finite-time Lyapunov exponent (nFTLE) fields. The FTLE fields corresponding to the
Eulerian flow fields in figure 7a-c are presented in figure 7d-f. The ridges in the FTLE fields help
identify the boundaries of coherent flow structures and the intersection between the ridges of the
positive and negative FTLE fields indicate saddle points. The saddle points closest to the wing
tip are marked by circles in figure 7d-f. The emergence of the saddles points indicated vortex
detachment from the wing tip [11, 12, 8]. The periods in time, during which a saddle point is
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Figure 8: (a) LAVD field and detected vortices at the end of the motion for ↵˙ max = 50 /s; (b)
circulation of the first vortex at the end of the motion for different rotational velocities.
observed within the integration area for the circulation history are indicated by the grey bars in the
top of figure 7. The saddles points are observed around the time when there is a local minimum in
the circulation history. The Eulerian and the Lagrangian approaches lead to the same results for the
detection of the timing of the shedding of the individual vortices on the rotating plate.
The Lagrangian averaged vorticity deviation (LAVD) method allows for the identification of the
location and the boundaries of coherent structures. An example of the LAVD field at the end of
the rotational motion for a rotational speed of 50 /s is presented in figure 8a. This LAVD field
corresponds to the velocity and vorticity field in figure 3d. Local LAVD maxima are indicated by
the dots in figure 8a. The size of the vortex is determined by the outermost almost convex contours
surrounding the local LAVD maxima. Based on LAVD, five vortices are detected in the snapshot
in figure 8a. The contours of these five vortices are now clearly defined and the circulation was
recalculated using the LAVD contours. The results of the circulation from the Lagrangian analysis
are presented in figure 8b for the first and largest vortex at the end of the rotation for the different
rotational speeds. The Eulerian results previously presented in figure 5 are repeated here. The
Lagrangian results are slightly higher than the Eulerian circulation values because the vortex area
from the LAVD can be larger than the manually selected rectangular integration areas that were use
for the Eulerian analysis. The difference between the Lagrangian and the Eulerian results is smaller
than the variations that were observed between various runs at the same rotational velocity.
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The theoretical circulation expected for the first vortex on a rotating wing can be estimated by
⇡ ↵˙ max c2
analogy to the vortex formation process for a cylindrical piston [3] by = Lv =
with
16
⇡c
L=
the approximate arc length or trajectory of the wing tip up to the moment when the vortex
42
↵˙ max c
detaches and v =
the wing tip velocity. This theoretical predication, included in figure 8b,
2
predicts well the experimental Lagrangian and Eulerian circulation results.
Conclusion
The formation and shedding of vortices from a wing rotating along its mid-chord are experimentally
studied by combining high temporally resolved velocity field measurements and Eulerian and
Lagrangian vortex identification methods.
During the rotation, five counter clockwise rotating vortices are formed at the tips of the plate. The
first vortex is shed approximately 1 s after the start of the motion when the angle is 39.5 . The first
vortex is bigger than the later four and this difference in size can be attributed to the acceleration of
the motion. The process of successive vortex generation and shedding is repeated approximately
every 0.3 s or 15 until the rotation is finished. After the motion is stopped, a clockwise rotating
stopping vortex is formed at the tip. The stopping vortex grows to a size comparable to the size
of the first vortex. The deceleration of the motion leads to additional vorticity which feeds the
stopping vortex.
At the end of the motion, the amount of circulation for each vortex is computed. The first vortex
is characterised by higher circulation values than the later four. The following four vortices have
a comparable size. The influence of the wing’s acceleration is evaluated based on the difference
between the circulation of the first vortex and the average circulation of the later four vortices.
The additional circulation increases linearly with the wing’s rotational speed. The dimensionless
circulation difference is constant and independent of ↵˙ max . Additional experiments to confirm the
influence of the acceleration to the difference in circulation between the first and the following
vortices will be performed.
The temporal evolution of the circulation in a narrow rectangular integration area immediately
behind the wing tip serves as a measure for the feeding history of the vortices and aids to estimate
the time instant in which they shed from the wing tip. The first peak centred around t =⇡ 1 s in the
circulation history corresponds to the growth of the first vortex. The detachment of vortex leads to a
decrease in the circulation history. The following four vortices are periodically shed every 0.3 s and
every detachment event corresponds to a local minimum in the circulation history. The Eulerian
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analysis strongly depends on the position and the dimension of the rectangular integrations area and
is complemented by a Lagrangian analysis based on the finite time Lyapunov exponent. Lagrangian
saddle points are detected near the wing tip when the individual vortices shed. The formation
and development of the individual vortices is further analysed by using the Lagrangian averaged
vorticity deviation. The LAVD provides further insight into the formation and shedding of vortices
and allows for a more robust measurement of the circulation of the vortices. The experimental
results of the vortex circulation in function of the rotational velocity based on the Lagrangian and
⇡ ↵˙ max c2
Eulerian approaches can be predicted by =
which was derived by analogy to the vortex
16
formation process for a cylindrical piston.
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