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ABSTRACT

The formation and detachment of a leading edge
vortex (LEV)appearing on an airfoil when its effective
angle of attack is dynamically changed, induces additional
forces and moments on the airfoil. While the increased lift
during the LEV growth can be advantageous for certain
applications, e.g. on micro air vehicles (MAVs), on other
applications, such as helicopter blades or wind turbine
blades under gusty conditions, the detrimental pitching
moment during the LEV detachment can endanger the
structural integrity if components. These latter situations
motivated the present work dealing with a complementary
experimental and computational investigation of the flow
past a pitching-plunging flat plate. The experimental study
captures the time-resolved velocity field around the moving
airfoil using PIV (particle image velocimetry). In the com-
putational part an unsteady RANS (Reynolds-Averaged
Navier-Stokes) framework employs a transition-sensitive
Reynolds-stress model of turbulence proposed by Maduta
et al. (2018), which combines the Reynolds-Stress model
by Jakirlic et al. (2002) and a phenomenological transition
model governing the pre-turbulent kinetic energy by Wal-
ters & Cokljat (2008). The study focusses on the leading
edge vortex formation and its development, characterized
by highly dynamic processes of mass and circulation
transfer from the separated shear layer that ultimately
determines the size and circulation of the LEV, up to its
detachment from the airfoil. The present study deals with
the one-shot downstroke motion of a generic flat plate at
dimensionless numbers representative of efficient forward
flight. Combined pitching and plunging kinematics enable
the effective on-flow angle to be set arbitrarily.
Qualitative comparison of the flow fields and quantitative
comparison of the LEV circulation and position, with the
aid of vortex identification methods, show that computa-
tions successfully capture the vortex growth phase and its
detachment.

INTRODUCTION

Aerodynamic forces and moments induced by the
leading edge vortex (LEV) on airfoils that experience a
sudden change in angle of attack are of relevance for a
multitude of applications. The induced lift during the
growth phase of the LEV is exploited by insects to attain
higher lift and is often considered as a role model for the
development of propulsion concepts for Micro Air Vehicles
(MAVs). However, in other applications the negative
pitching moment on the airfoil during the LEV detachment
can endanger the structural integrity of components, for
example rotating helicopter blades or wind turbine blades.
Topological flow characteristics on an airfoil experiencing
a dynamic change of the on-flow angle are described by
the dynamic stall phenomena (McCroskey (1982) and Carr
(1988)). With an increasing angle of attack the flow over
the airfoil separates and recirculates increasingly earlier
until the boundary layer at the leading edge starts to roll up
into a LEV. When the angle of attack is further increased,
the vortex grows by accumulating mass and circulation
transferred from the separated leading edge shear layer. As
long as the vortex is attached to the airfoil, the dynamic
lift significantly exceeds the static lift. Dependent on
the experimental parameters, flow reversal at the trailing
edge or an eruption of the boundary layer beneath the
vortex lead to vortex detachment (Widmann & Tropea
(2015)). Both mechanisms have in common that secondary
structures growing above the airfoil surface, ahead of the
main vortex and cut off the LEV from its feeding shear
layer. Due to the convection of circulation, the dynamic
lift is significantly lower than the static lift during and
after the detachment phase of the vortex according to Wu
et al. (2006). Additionally, a negative pitching moment is
induced on the airfoil.
The overall scope of the current project is to increase the
dynamic lift by delaying the leading edge vortex detach-
ment experimentally with the aid of a dielectric barrier
discharge (DBD) plasma actuator. Preliminary numerical
studies are intended to identify topologically effective and
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efficient actuation strategies in terms of actuation strength,
timing and location. Therefore a common numerical and
experimental baseline case of the unactuated flow field
around a pitching and plunging flat plate airfoil is used to
validate the numerical setup and this baseline case is the
topic of the present study. Subsequently, based on a valid
numerical representation of the unactuated flow field, the
DBD plasma actuator will be introduced in future studies.

AIRFOIL AND MOTION KINEMATICS
A flat plate airfoil of 120 mm chord and 6 mm thick-

ness with an asymmetric, sharp leading and trailing edge of
30◦ tip angle, as shown in Fig. 1, is chosen as a generic flow
configuration. The sharp leading edge geometry is intended
to produce a distinct shear layer separation that allows sta-
ble vortices to emerge during the airfoil motion. As an ex-

c = 120 mm

t = 6 mm

Figure 1: Flat plate airfoil of 5% thickness with a sharp
leading edge (30◦ tip angle).

tract from cyclic motion, i.e. sinusoidal, one-shot, down-
stroke kinematics with combined pitching and plunging mo-
tion, is investigated. By adding pitching motion to pure
plunging motion, the effective angle of attack of the on-flow
on the flat plate αe f f ,PitchPlunge(t) can be adjusted by adding
a geometric angle of attack αgeo,PitchPlunge(t) to the angle of
attack induced by the plunging motion αe f f ,Plunge(t).
The computational study follows closely the experimental
conditions; accordingly, the effective angle of attack his-
tory was chosen to be quasi-sinusoidal with 30◦ amplitude
to generate a sinusoidal αgeo,PitchPlunge(t) evolution accord-
ing to Eq. (1):

αgeo,PitchPlunge(t) = 30◦sin(
πt
T
) (1)

To investigate a flow configuration representative of bio-
logical propulsion in terms of dimensionless numbers, the
chord based Reynolds number Re = U∞c

ν
,with the free

stream velocity U∞, the chord of the flat plate c and the
kinematic viscosity ν , was set to 24000 (Anderson et al.
(1998)). With the same intention, the reduced frequency
k = πc

U∞T , with the motion period of the full cycle T , was set
to 0.48 and the Strouhal Number St = hc

U∞T , with the stroke
height h = 0.15m. The corresponding evolution of effective
and geometric angles of attack can be seen in Fig. 2.

EXPERIMENTAL SETUP
The experimental investigations were conducted in

an open return wind tunnel at the Technische Universiät
Darmstadt, with a test section of cross-section of 450 x
450 mm. The free stream turbulence level in the test section

Figure 2: Evolution of the effective angle of attack
αe f f ,PitchPlunge introduced by the combined pitching
and plunging motion of the airfoil. The geomet-
ric angle of attack αgeo,PitchPlunge is added to the in-
duced angle of attack αe f f ,Plunge to produced a dis-
tinct αe f f ,PitchPlunge evolution for Re = 24000, St =
0.1 and k = 0.48.

Tu was measured to be below 0.3% for the investigated
free stream velocity of U∞ = 3.335ms−1. An encoder
controlled pitch-plunge apparatus using magnetic driven
shafts was used to move the airfoil that spanned the entire
tunnel width to avoid three-dimensional flow effects. The
maximum deviation of acceleration between the prescribed
and measured value was always less than 7% for the
investigated parameter range.
The flow field was measured using 2D2C time-resolved
particle image velocimetry at an image pair acquisition
frequency of 1000 Hz. A laser light sheet positioned at
a quarter span of the airfoil with 2 mm thickness was
produced by a frequency doubled, dual cavity Nd:YLF
laser. A Photron c© SA1.1 CMOS camera with a resolution
of 1024 x 1024 pixels captured the DEHS seeded flow in
a field of view spanning x/c = 1.2 in the flow direction
and x/c = 1.2 in the airfoil plunging direction. DEHS
particles of about 1 µm size and a density of 900 kgm−3

were generated by blowing pressurized air through 4
Laskin nozzles into a seeding generator from which the
aerosol was directed into the settling chamber of the wind
tunnel through a seeding rake. Raw images were correlated
using a multi-pass, multi-grid interrogation scheme with
a final interrogation area (IA) size of 16 x 16 pixels and
50% overlap, providing a resolution of 1.3 mm/IA and 92
velocity information over the chord of the flat plate. A
median based outlier filter with a threshold of 2 was used to
exclude invalid vectors within a 3 x 3 neighbourhood after
the final correlation. The maximum percentage of excluded
velocity vectors was always below 3%. Excluded vectors
were subsequently interpolated from their respective 3 x 3
neighbourhood.
In order to quantify the leading edge vortex circulation
ΓLEV and its center position (xLEV and yLEV ), two scalar
functions based on the method proposed by Graftieaux
et al. (2001) were used. With the aid of the Γ1 function
the center of the vortex was identified while the Γ2 scalar
was used to obtain the vortex boundary by thresholding the
scalar circulation field with Γ2 = 0.95. To obtain ΓLEV ,
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the vorticity within the detected Γ2 boundary was spatially
integrated. For the investigated parameter set, 10 individual
runs were recorded and correlated prior to the extraction of
vortex quantities, which were then finally phase-averaged.
For all investigated vortex quantities the standard deviation
of the phase-averaged characteristics was found to be
within 4 % of the asymptotic standard deviation computed
from 30 runs.

COMPUTATIONAL METHOD, DETAILS
A differential Reynolds stress model (RSM) sensi-

tive to transitional flow behavior was employed within the
Unsteady RANS (Reynolds-Averaged Navier-Stokes) pro-
cedure. The modelling approach is based on blending
the relevant source terms in the momentum and Reynolds
stress equations with those originating from an appropri-
ately modified eddy-viscosity based model governing the
pre-turbulent kinetic energy. This model is designed to
predict laminar-to-turbulent transition, rather than explic-
itly modifying the RSM equations in a term-by-term man-
ner (see Maduta et al. (2018) for more details).
The model equations are implemented into the finite-
volume-based open source toolbox OpenFOAM R©, with
which the present simulations are performed. The tem-
poral resolution adopted yields a Courant number smaller
than 1 over the entire solution domain. The discretization
of the convective terms is performed by applying the well-
known differed correction approach, blending appropriately
between the Central Differencing (CDS) and the Upwind
Scheme.
The flow domain is meshed using the OpenFOAM R© code
and its utility ”blockMesh”. A structured, fully hexahedral
grid (Figure 3) consisting of 100,000 cells in the vertical
plane is generated with a grading towards the plate and
wind tunnel walls, providing the wall-next computational
node situated well in the viscous sublayer with the dimen-
sionless wall distance y+ being substantially smaller than
one for the entire simulation time. Accordingly, the gov-
erning equations are integrated to the wall, insuring that the
near-wall region is fully resolved. The grid movement and
deformation occurring during the pitching-plunging motion
is accounted for by using the technique based on the radial
basis function developed by Bos et al. (2013). The experi-
mentally measured inflow velocity and turbulence are pre-
scribed at the inflow plane situated at 0.985m in front of the
flat-plate leading edge.

Figure 3: The numerical grid around the flat plate

RESULTS AND DISCUSSION

Phase-averaged experimental results of the flow field
around the flat plate undergoing combined pitching and
plunging downstroke motion in terms of normalized vortic-
ity ω = ωc

U∞
are shown in figure 4 for different dimensionless

time instants t/T . The on-flow is in the positive x-direction
and the airfoil is translated in the negative y-direction. For
t/T = 0.125 the vortex grows close to the leading edge,
attached to the airfoil surface, with the rear flow reattach-
ment point behind the vortex at about x/c = 0.25. At this
early stage the vortex core consists of concentrated vortic-
ity with a large gradient at its outer boundary. The normal-
ized vorticity attains values of about −40 within the vortex
core during this phase of the LEV growth. At t/T = 0.25 a
counter-rotating secondary vortex arises on the airfoil sur-
face between the vortex and the separated shear-layer at the
leading edge. The rear reattachment point behind the vortex
reaches the trailing edge at about t/T = 0.375, where the
vortex center has passed half of the airfoils chord. At this
instant the absolute dimensionless peak vorticity value has
decreased to about −30. Subsequently, further growing sec-
ondary structures, in terms of the secondary and a tertiary
vortex, ahead of the LEV can be observed that separate the
vortex from its feeding shear layer at t/T = 0.5, where the
vortex center has travelled downstream of the trailing edge.
Fig. 5 illustrates the temporal evolution of the normalized
vorticity field obtained from numerical simulations (Fig-
ure 5). At the first dimensionless time instant, a concen-
trated vortex core containing normalized vorticity with val-
ues around −40 and the stagnation point of the flow be-
hind the vortex at about x/c = 0.25 are in close agreement
with the experimental results. The thinner layer of opposite
(positive) signed vorticity below the leading edge vortex on
the airfoil surface can be attributed to the increased spa-
tial resolution of the numerical results. At t/T = 0.25 pro-
nounced secondary structures ahead of the main vortex can
be observed, in agreement with experimental results at this
instant. The dimensionless time instant at which the rear
reattachment point behind the vortex has travelled down-
stream of the trailing edge (t/T = 0.375) is, analogously to
the experimental flow fields, accompanied by growing sec-
ondary structures, that separate the LEV from the leading
edge shear layer at T/T 0.5. The absolute dimensionless
vorticity peak value at t/T = 0.375 is with −30 compara-
ble with experimental results at the same time instant.
To quantify the agreement between experiments and sim-
ulations in terms of leading edge vortex characteristics, its
circulation ΓLEV was obtained from velocity fields using the
vortex identification method proposed by (Graftieaux et al.,
2001). Figure 6 shows the comparison of the time resolved
normalized circulation of the LEV obtained by spatial in-
tegration of the vorticity within the area detected by the
Γ2 scalar field with a threshold of Γ2 = 0.95. For the ex-
perimentally determined circulation evolution, vortex char-
acteristics were extracted independently from single runs
prior to phase averaging. The gray shaded area indicates
the standard deviation from phase averaging in both direc-
tions for the experimental results. The computationally ob-
tained normalized circulation evolution follows the exper-
imental obtained circulation closely up to t/T = 0.2. For
later non-dimensional time instants, the experimentally de-
termined circulation is lower than the computationally ob-
tained one, with an almost constant offset considering the
inherent scatter of the experimental data. Inspection of sin-
gle frame experimental vortex identification results reveals
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(a)

(b)

(c)

(d)

Figure 4: Time-resolved development of the normal-
ized vorticity field ωc

U∞
at t/T = [0.125 0.25 0.375 0.5]

for Re= 24000, St = 0.1 and k = 0.48 from PIV mea-
surements.

that the drop in the experimentally obtained circulation evo-
lution is caused by the fact that the leading edge shear layer
is not contributing to the main vortex from t/T = 0.2 on.
Based on this, the deviation of circulation evolution, en-
countered from t/T = 0.2 onward, can be attributed to the
vortex identification approach used. The peak LEV circu-
lation of both results was detected at about t/T = 0.4 with

(a)

(b)

(c)

(d)

Figure 5: Temporal development of the normalized
vorticity field ( ωc

U∞
) obtained computationally. Key

and scales as in Fig. 4.

similar normalized circulation values, indicating good tem-
poral and quantitative agreement between numerics and ex-
periments regarding the LEV circulation evolution.
It is interesting to notice that the peak circulation occurs
shortly after the rear reattachment point of the flow behind
the vortex - a half saddle bound on the airfoil surface from
a topological point of view - has travelled downstream of
the trailing edge as observed in the flow fields. When this
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Figure 6: Comparison of the evolution of the normal-
ized circulation of the vortex obtained by spatial inte-
gration of the vorticity within the area detected by the
Γ2 scalar field.

half saddle convects downstream beyond the trailing edge,
fluid from below the airfoil can recirculate around the trail-
ing edge and become entrained below the main vortex to
finally be fed into the secondary vortex. The growing sec-
ondary vortex in turn can cut off the main LEV from the
feeding shear layer, as observed by Rival et al. (2014) and
thus, cause its detachment from the airfoil. In order to test
this detachment hypothesis for the current experimental pa-
rameters, the velocity tangential to the airfoil surface, aver-
aged over the first three velocity values above the airfoil is
shown in figure 7.

The large negative (blue) diagonal areas in both dia-
grams are caused by the induced velocity of the clockwise
rotating main LEV on the airfoil, which is against the on-
flow direction. The white strip of zero velocity (marked
with a green line) behind the LEV trace of negative veloc-
ity, indicates the location on the airfoil where the tangen-
tial velocity sign changes and thus the rear reattachment
or half saddle of the flow behind the vortex. When the
half saddle is convected downstream of the trailing edge
at x/c = 1 (marked with an arrow), the above-mentioned
detachment mechanism is initiated. The experimentally de-
termined trace of the half saddle reaches the trailing edge at
about t/T = 0.36 as shown in figure 7a, while the numeri-
cally obtained half saddle reaches the trailing edge at about
t/T = 0.38. The time instant from which fluid can recir-
culate around the trailing edge occurs just before the cor-
responding peak LEV circulation is reached. This tempo-
ral sequence of fluid recirculation around the trailing edge
and subsequent stop of circulation accumulation, in com-
bination with growing secondary vortices, suggest a vortex
detachment in accordance with the observations by (Rival
et al., 2014) for both investigations. Additionally the exper-
imentally observed detachment mechanism is reproduced
by computations.
In order to assess the vortex center convection parallel to
the airfoil, which also determines the lift force exert by the
LEV on the airfoil according to Wu et al. (2006), the vor-
tex center was computed time-resolved from the velocity
field using the Γ1 criterion. Again, center locations were
processed for individual experimental runs prior to phase-
averaging. Figure 8 shows the comparison of numerically

(a)

(b)

Figure 7: Evolution of the velocity tangential to the
airfoil surface normalized by U∞. The trace of the
half saddle behind the LEV is marked with a green
line and the time instant of recirculation around the
trailing edge with an arrow. (a) Experimental tangen-
tial velocity; (b) Numerical tangential velocity.

and experimentally obtained vortex center locations, where
the gray shaded area indicates the standard deviation of ex-
perimental phase averaging.

Up to t/T = 3.3 both center locations evolve in close
agreement, whereas afterwards an increasing divergence
of xLEV up to 17% at t/T = 0.45 can be observed. Since
the vortex was found to detach from its feeding shear layer
due to recirculation of fluid around the trailing edge from
t/T = 0.375 on, the deviation of its center position occurs
at time instants that are no longer in focus for this study
or for the overall project. A potential explanation of the
deviation is the sensitivity of the vortex topology to small
deviations early in the downstroke. Up to t/T = 0.375 the
deviation of the LEV center position was found to be below
10%, which is considered as acceptable agreement.

CONCLUSIONS
Comparative numerical and experimental investiga-

tions of the leading edge vortex formation and detachment
on a pitching and plunging flat plate have shown that com-
putations successfully capture the vortex growth and de-
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Figure 8: Comparison of the evolution of the vortex
center x-location detected by the Γ1 criterion. Frame
of reference is parallel to the airfoil surface, with its
origin at the moving leading edge.

tachment obtained from time-resolved particle image ve-
locimetry. Topological flow features in terms of the LEV
size and position, as well as the reattachment point of the
flow behind the vortex on the airfoil surface and the evolu-
tion of secondary structures ahead of the main vortex are in
close agreement.
A quantitative assessment of the time resolved LEV circu-
lation and center position evolution with the aid of vortex
identification methods has shown that numerical results co-
incide with experimentally obtained characteristics up to the
detachment of the LEV. The vortex peak circulation value
and instant, as well as its center position, could be repro-
duced numerically.
The LEV was found to stop accumulating circulation af-
ter the rear reattachment point of the flow behind the vortex
has travelled downstream of the trailing edge. This suggests
that for the investigated experimental conditions, a recircu-
lation of fluid around the trailing edge initiates the growth
of secondary structures that finally cut off the LEV from its
feeding shear layer, as reported by (Rival et al., 2014). This
vortex detachment mechanism is common to both, experi-
mental and numerical investigations.

OUTLOOK
Future numerical and experimental investigations con-

cerning the LEV development on a NACA 0012 airfoil and
experimental force measurements are intended to provide a
wider base of comparison in terms of airfoil shapes and the

lift coefficient. These will finally enable the application of
the DBD plasma actuator numerically and experimentally,
with the goal of prolonging the LEV growth phase; hence,
attaining a stronger dynamic lift.
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