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a b s t r a c t

Vortex generators (VGs) have proven their capabilities in wind turbine applications to delay stall in
steady flow conditions. However, their behaviour in unsteady conditions is insufficiently understood.
This paper presents an experimental study that demonstrates the effect of VGs in unsteady flow,
including controlling and suppressing the dynamic stall process. An airfoil, particularly designed for a
vertical-axis wind turbine, has been tested in a wind tunnel in steady flow and unsteady flow caused by a
sinusoidal pitching motion. The steady and unsteady pressure distributions, lift, drag and moment were
measured for a range of cases. The cases vary in motion (mean angle of attack, frequency, amplitude) and
VG configuration. VGs have shown to delay or even suppress dynamic stall depending on the VG
configuration, with particularly important factors being VG height and VG mounting position. The VGs
promote a later dynamic stall onset and reduce the hysteresis loop. As soon as the VG’s effectiveness
vanishes, the configurations with VGs show a severe loss in normal coefficient, larger than in the case of
the clear airfoil. However, the flow reattaches quicker and the airfoil recovers easier from the deep-stall
conditions. The experimental results demonstrate that the use of VGs significantly changes the unsteady
aerodynamic loads. This experimental database can serve for validation purposes to evaluate whether
current modelling strategies in unsteady conditions are sufficient for blades equipped with VGs.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Vortex generators are widely adopted in wind energy applica-
tions. On modern horizontal-axis wind turbines, they are usually
applied inboard for stall separation control but also more outboard
to improve predictability and increase the energy extraction [1].
Although VGs are simple, passive devices, the technical issues
associated with the design and modelling of these blade add-ons
are convoluted. The physics behind airfoils equipped with VGs is
well studied in steady conditions. However, considering unsteady
flow conditions in the design phase is becoming increasingly
important, largely driven by the increasing size of wind turbines.

Blade-vortex interaction, yaw misalignment, wind shear and/or
aero-elastic behaviour, among others, will cause dynamic, unsteady
conditions to occurmore frequently for largewind turbines, even in
outboard regions of the blades [2e6]. In these cases, the blade
airfoil will experience a time-dependent change in the boundary
conditions at its surface due to, for example, pitching, plunging or
e Tavernier).
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any other type of motion, or other interactions with the flow.
Although it is often still possible to define an (equivalent) angle of
attach, the loading differs significantly from the steady flow situ-
ation. While it is possible to define an angle of attack in steady
conditions for which trailing edge separation, leading edge sepa-
ration and stall occur, these phenomena tend to be delayed in the
unsteady cycle. This change in the process of airfoil separation-
stall-reattachment in unsteady flow is commonly called dynamic
stall [5]. For vertical-axis wind turbines (VAWTs), this phenomenon
is even more significant, due to the inherent unsteadiness of
VAWTs [7e9]. The angle of attack of a VAWT is constantly changing.
At low tip speed ratios (below 4), the angle of attack might exceed
the static stall angle during rotation. As such, the dynamic effects
are by definition an important aspect in VAWT aerodynamics
[10e14]. For wind turbines, dynamic stall is considered the primary
source of unsteadiness in the blade loads and as such has a sig-
nificant effect on the performance and fatigue life of wind turbines.
It may negatively affect power output, introduce excessive struc-
tural vibrations, thereby reducing the fatigue life of a turbine, or
produce unwanted noise. Because of the rapid variations in the
wind perceived by the blades, dynamic stall is also more
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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unpredictable in the case of wind turbines as opposed to, for
example, helicopter rotors [15].

As the wind energy industry is anticipating extremely large wind
turbines with long and flexible blades, it becomes crucial to evaluate
and understand the performance and role of vortex generators, not
only in steady conditions, but also in unsteady conditions. This may
reveal that current modelling and design strategies are insufficient.
Therefore, it is important to study how VGs behave in unsteady
conditions and how do they affect the dynamic stall process. Spe-
cifically, the role of VGs in controlling and suppressing dynamic stall
within the context of wind turbine blades should be studied. For
these applications, the control objective is to reduce the lift over-
shoot due to the formation of the dynamic stall vortex but also to
reduce the lift drop as the separation zone extends into the flow [15].

1.1. State-of-the-art

Dynamic stall onset is characterized by a phase where viscous
effects cause a delayed separation of the boundary layer of the
airfoil. Light dynamic stall is initiated by initial boundary-layer
separation. The most obvious characteristic of dynamic stall is the
vortex-shedding process preceding this separation. Often, the
boundary-layer separation starts at the trailing edge, moving up-
wind with increasing perturbation. When the flow separation
reaches the leading-edge (we will ignore cases of leading edge
separation and reattachment), a leading edge vortex might be
formed, which rolls up and convects downstream. This results in an
extra lift component and moves the centre of pressure backwards.
As soon as the separation zone grows to a size in the order of one
chord, the flow becomes fully separated and the airfoil enters a
state of deep stall [16e18]. At this moment, there is an overall loss
of lift and an increase in drag, which is far more severe than in
steady state conditions. The vortex reaches the trailing edge, de-
taches from the airfoil and moves into the wake. When reducing
the angle of attack, the flow reattaches from front to rear and the
aerodynamic loads return to the pre-stalled value. While dynamic
stall is a significant, unsteady flow phenomenon beyond the static
stall condition, unsteady effects will continue to affect the airfoil in
attached flow. In both attached and separated flow, an amplitude
damping/amplification and phase shift can be identified when
compared with steady conditions. Several authors tend to refer to
the phenomenon in attached flow as the Theodorsen effect [19].

The use of vortex generators (VGs) has extensively been inves-
tigated as a mean to suppress separation in steady conditions at a
fixed angle of attack. Vortex generators create streamwise vortices
from the free tips of the VGs (and at the wall according to Helm-
holtz theorem). These vortices enhance mixing between the high-
energy flow in the outer part of the boundary layer with the low-
energy regions near the walls, and re-energize the flow close to
the surface. This makes the boundary layer more resistant against
flow separation [20]. Studies by, for example, Baldacchino et al.
[21,22] investigated the influence of VG parameters on airfoil per-
formance of a DU97W300 wind turbine airfoil. These authors
concluded that the chordwise position of the VGs and the VG height
are of prime importance for the effectiveness of suppressing stall,
while the VG length, inclination angle, shape, and array packing
density are of secondary importance.

While the detailed performance of vortex generators in un-
steady conditions is still largely unexplored, some efforts at
uncovering the underlying mechanisms have been made. Most
researchers have focused on vortex generators (in the broad
meaning of the term) close to the leading edge. Martin et al. [23]
demonstrated the use of counter-rotating rectangular VGs in a
dynamically oscillating airfoil test. For the VR7 airfoil operating at a
Mach number up to 0.3, the use of VGs installed at 10% of the chord
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eliminated the pitching moment associated with dynamic stall
completely in light stall cases, but failed for deep stall. Geissler et al.
[24] also presented an experimental (and numerical) study focus-
sing on the effect of miniature leading edge vortex generators on
the OA209 airfoil section. Heine et al. [25] presented an experi-
mental study in which the effect of passive low-aspect ratio cyl-
inders mounted near the leading edge of an airfoil were studied in
dynamic stall conditions. These cylinders serve as passive turbu-
lence generators, and the experiments showed the effectiveness of
these devices in reducing the negative pitching moment peak and
hysteresis effects. While most researchers focus on passive VGs,
Pape et al. [26] studied an active control principle based on
deployable leading-edge vortex generators. Their paper addresses
the validation of the effectiveness of the devices to delay static stall
and alleviate dynamic stall penalties.

In wind turbine applications, VGs are typically positioned be-
tween 20% and 40% of the chord to balance the stall delay with the
additional drag introduced by the VGs in pre-stall conditions. Zhu
et al. [27] presented a numerical study of passive triangular VG
positions between 20% and 40% of the chord on a wind turbine
airfoil (DU97W300) in sinusoidally pitching conditions. The airfoil
flow was simulated by numerically solving the unsteady Reynolds-
averaged Navier-Stokes equations with fully resolved VGs. These
authors concluded that the VGs were effectively suppressing the
dynamic stall and that the lift hysteresis intensity is greatly
reduced. The VG size and chordwise positioning proved to be of
great importance to the effectiveness. The same authors [28] also
presented the effect of a double-row of passive VGs as dynamic stall
control device. This study was performed using unsteady RANS
simulations on the NREL S809 airfoil with and without rectangular
VGs. According to the authors, no experimental evidence is pre-
sented in literature for these kind of VGs in dynamic conditions.

In addition to vortex generators, several other means have been
proposed in literature to control dynamic stall (particularly for
wind turbine applications), including constant blowing air jets
[29,30], periodic suction/blowing [31e34], leading edge suction
[35], or plasma actuators [36e39].
1.2. Objective

Forwind turbine applications, VGs are often positioned between
20 and 40% of the chord in order to balance stall delay and drag
increase in pre-stalled conditions. Many studies have been per-
formed to evaluate VGs in steady conditions. However, there is a lag
in understanding the behaviour in unsteady conditions. Therefore,
this work aims to evaluate the role of VGs in unsteady conditions and
experimentally demonstrate the use of VGs to control dynamic stall,
with a particular interest towards wind turbine applications. The goal
of this paper is to report the experimental results that can guide
further investigations in revealing the physical mechanism of VGs
in dynamic conditions and consequently serve as a basis for vali-
dation purposes of dynamic stall modelling including VGs.

In this work, an experimental campaign is set up in the low
speed, low turbulence tunnel of the TU Delft. Pressure measure-
ments are taken in the wake and on the airfoil surface to identify
the behaviour of an airfoil designed for a VAWT application. The
effect on the lift, drag and moment coefficient of two VG sizes at
different chordwise locations is studied statically. Furthermore, the
airfoil is subjected to a sinusoidally pitching motion with various
frequencies and amplitudes in the attached regime and in the
positive and negative deep stall regimes. The effect of VGs on the
unsteady behaviour is quantified and further investigated to
identify the role of passive VGs in unsteady airfoil aerodynamics.
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2. Methodology

2.1. Wind tunnel facility

An experiment is conducted in the low speed low turbulence
wind tunnel (LTT) of Delft University of Technology [40]. The LTT is
an atmospheric wind tunnel of the closed-throat single-return
type. It is driven by a six-bladed fan with a 708 kW DC motor. The
wind tunnel has an octagonal test section with a width of 1.80m, a
height of 1.25m and a length of 2.60m. Its powerful motor allows to
reach a maximum test section velocity of 100 m/s. The maximum
chord-based Reynolds number for 2D airfoil testing, that can be
achieved with acceptable blockage effects, is 3:5E6. The wind
tunnel can provide low levels of turbulence due to its high
contraction ratio of 17.8 between the settling chamber and the test
section. The free-stream turbulence level in the test section varies
from 0.015% at 20 m/s to 0.07% at 75 m/s.
2.2. Wind tunnel model

The experimental test set-up consists of threemain components
i.e. the airfoil model, the pitching mechanism and the vortex gen-
erators. An artistic impression of these components is provided in
Fig. 1.

The airfoil model tested in the wind tunnel has an airfoil profile
specifically designed for a sub-megawatt scale vertical-axis wind
turbine (VAWT) as part of the Tulyp Wind project under the RVO
grant reference TEHE117057 [42]. The airfoil optimisation scheme is
set up to balance the aerodynamic and structural performance. The
aerodynamic objective at rotor scale is to maximize the power
output. On airfoil scale, this is translated to maximize the lift
gradient over drag in the angle of attack range that is encountered
by the rotor. The structural objective function focusses on max-
imising the bending stiffness in flapwise direction. The work of
Ferreira et al. [43e45] and De Tavernier et al. [46] presents more
details of the airfoil optimisation scheme.
Fig. 1. CAD-drawings of the compone
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The airfoil profile, visualised in Fig. 2(a), has a maximum
thickness of 25.48% chord and a trailing edge thickness of 1.36%
chord. The airfoil coordinates are provided in Table A.2. The model
had a chord length of c ¼ 0:36m and spans the height of the test
section. This makes the model aspect ratio to be approximately 3.5.
The airfoil model has been manufactured in 5 pieces using the
Ultimaker S5 3D printer. The pieces are assembled together and
stiffened with a steel non-circular rod in spanwise direction at the
quarter chord point. Additionally, two extra end caps are manu-
factured from aluminium to avoid rotation of the rod inside the
model. This is illustrated in Fig. 1(c). The blade surface is smoothed
with sandpaper, inequalities are filled with spray filler and the
surface is finished with spray paint. The centre piece of the model is
equipped with 75 pressure orifices with a diameter of 0.4 mm
surrounding the airfoil model. The pressure taps are installed under
an angle such that they do not interfere with each other.

The thermal images iIn Fig. 2(b-c) displays the pressure and
suction side of the airfoil at zero angle of attack a ¼ 0+ and Rey-
nolds number RE ¼ 1E6. The transition from the light to the dark
color represents the location of transition from laminar to turbulent
flow. These results are used to confirm the mostly 2D behaviour of
the flow. Note, however, that a small dark peak is present on the
pressure side, indicating that at that spanwise location, early
transition occurs due to the presence of unwanted roughness. This
location is assumed to be far enough (in the order of a chord length)
from the location of the pressure orifices and the impact on pres-
sure measurements is deemed to be sufficiently small. Also, the
sensitivity to this roughness element is not visible for all angles of
attack. It depends on the location of natural transition as well as the
boundary layer thickness. A thinner boundary layer (occurring at
smaller angles of attack) is more sensitive to the roughness element
than a thicker boundary layer.

In some cases, transition is forced at 5% chord length measured
from the leading edge both on the suction and pressure side. This is
realised by using zig-zag tape. The zig-zag tape has a thickness of
0.2 mm.
nts used in the test set-up [41].



Fig. 2. Thermal images of pressure and suction side of the DU17DBD25 airfoil at an angle of attack of 0+ and a Reynolds number of 1E6.

D. De Tavernier, C. Ferreira, A. Vir�e et al. Renewable Energy 172 (2021) 1194e1211
The airfoil model is equipped with vortex generators along its
span. The VGs are sized and designed based on the results of the
experimental parametric study performed by Baldacchino et al.
[22]. Delta-shaped vortex generators are designed, spaced in
counter-rotating configuration. Two sizes are considered, where
VG1 is the largest with a height of hVG ¼ 6mm, a length of lVG ¼
18mm and an inflow angle of b ¼ 15+. The inter-vane distance dVG
is 21 mmwhile the inter-pair distance DVG is 42 mm VG2 is smaller
and has a height of hVG ¼ 4mm. All other dimensions are scaled
with respect to the VG height. The VG height is sizedwith respect to
the boundary layer thickness calculated by Xfoil [47] near the stall
angle at x=c ¼ 0:3. For easy handling and installation of the VGs on
the airfoil surface, the individual vanes are attached to a strip with
an approximate length of 200 mm, 20 mm width and 0.5 mm
thickness, as shown Fig. 1(a). The sizing variables are visualised in
Fig. 3. The VGs are manufactured using 3D printing.

For the static polar tests, the airfoil blade is clamped vertically in
between thewalls of the tunnel. A turning table is used to rotate the
blade and change the static angle of attack. For the dynamic test, in
Fig. 3. Top and side view of the VG configura
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which the airfoil is subjected to a pitching motion, the steel rod
inside the model is connected to a linear actuator. The linear
actuator uses a crank mechanism to rotate the blade at relatively
high frequencies. The blade is clamped and set in place using
rotating bearings at the top and bottom. To avoid friction between
the tunnel walls and the model, a small gap of 1 mm at each side is
allowed. For the static tests, this gap is taped, while for the dynamic
test the gap remains open. The outlet of the pressure tubes going
through the model requires a hole in the bottomwall. We note that
this could cause unavoidable 3D effects in the unsteady polars.
Fig. 1(b) shows the commercially available off-the-shelf electric
cylinder actuator with a precision ball screw drive used in the
experiment. The actuator is controlled using LabVIEW.

In Fig. A.18 in the appendix, some additional pictures are pro-
vided from the experimental set-up. It includes photos of a piece of
the 3D printed model, including pressure tabs, the finished
assembled model, the model installed in the test section and the
pitching mechanism installed on top of the wind tunnel.
tion. All VG size variables are indicated.
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2.3. Data acquisition and post-processing

The pressure measurements performed on the airfoil surface
and in the wake allow to determine the 2D lift and drag of the
model. The wake rake, positioned behind the airfoil, measures the
static and the total pressure in the wake. It has 67 total pressure
tubes and 16 static pressure tubes over a length of 504 mm. The
pressure deficit between the pressure in the wake and in the free
stream, or essentially the momentum loss of the flow, is directly
related to the profile drag. The uncorrected drag is obtained using
Equation (1). Cp;t and Cp;s are the total and static pressure in the
wake. Integrating the pressure coefficient of the upper (Cp;u) and
the lower surface (Cp;l) allows to determine the normal force co-
efficient of the blade (see Equation (2)). From the normal force and
the drag force, the lift coefficient can be determined as given by
Equation (3), in which a refers to the angle of attack. The moment
coefficient around the leading edge is defined as Equation 4

C0
d ¼

2
c

ð
wake

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cp;t � Cp;s

q �
1�

ffiffiffiffiffiffiffiffi
Cp;t

q �
dy (1)

C0
n ¼

ð1
0

�
Cp;l �Cp;u

�
d
�x
c

�
(2)

C0
l ¼

C0
n

cosðaÞ � Cd,tanðaÞ (3)

C0
m;LE ¼

ð1
0

�
Cp;u

�
xþ dyu

dx
yu

�
�Cp;l

�
xþdyl

dx
yl

��
d
�x
c

�
(4)

The measured lift, drag and angle of attack are corrected using
the standard corrections for wall effects as given by Allen and
Vincenti [48]. This includes lift-interference, wake blockage, solid
model blockage and streamline curvature.When thewake becomes
unstable or wider than the wake rake, it is impossible to retrieve
the drag from the wake rake. In that case the drag is derived from
the surface pressure, which is common practice. Data is gathered at
5Hz and averaged over approximately 25 s. During this time period,
the wake rake is moved up or down in spanwise direction. Pressure
ports that are covered with VGs or zig-zag tape are disregarded
from the calculations. For the steady measurements, thermal
cameras were also installed to monitor the pressure and suction
side of the airfoil model. These thermal images provide information
about the location of transition, separation (to some extent) and 3D
variations.

To retrieve the force coefficients for the dynamically pitching
airfoil, the pressure measurements need to be corrected. The signal
received at the transducer carries a phase lag and attenuation
compared to the signal at the surface of the airfoil. To correct for
this, the software tool PreMeSys V2.0 [49] (Pressure Measurement
System version 2.0) is used. This tool translates the Bergh and Tij-
demans theory from 1965 [50] into an easy user-friendly Matlab
code. The response time is obtained by subjecting the system to
small amplitude perturbations. The theory assumes that the system
is a series connection of N pressure tubes where the output pres-
sure of a particular tube is the input pressure of the next tube. The
transfer function between the pressure at the port opening and the
pressure sensed by the pressure sensor (for a single pressure
measuring system) is given by Bergh and Tijdeman [50], as given in
Equation (5). A series of connecting tubes is nothing more than the
combination of all pressure relationships within its path from the
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first to the last volume/tube, as given in Equation (6).

p1
p0

¼
�
coshð4LÞ þ Vv

Vt

�
sþ 1

k

�
n4Lsinhð4LÞ

��1

(5)

pN
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¼ pN
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q
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is the shear wave number

including viscosity, i is the imaginary unit, rs is the mean density, n
is the frequency, m is the absolute fluid viscosity,
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is the polytropic constant, Pr ¼ mCp

l
is the

Prandtl number, g ¼ Cp

Cv
is the specific heat ratio, Jm is the Bessel

function of the first kind with order m, s is the dimensionless in-
crease in transducer volume due to diaphragm deflection, k is the
polytropic constant for the volumes. The three geometrical pa-
rameters which affect the frequency response function are the tube
radius R, the tube length L and the pressure transducer and tube
volume Vv and Vt[50]. The possibility of an oscillating air column
inside the pressure tubes due to the airfoil motion is not considered
as an additional factor for the reliability of pressure measurements.

While this theory is extensively validated in literature by
comparing the experimental and theoretical results of the phase-
lag and amplification for various measuring systems with
different tube lengths and tube radii [50], we have set up a simple
calibration test to demonstrate the correct use of this model and its
implementation in this particular application. A random pressure
signal is applied to a tube. The signal is split in two and the response
is measured at the beginning of the tube and at the end of the tube.
The tube is a replica of the tube used in the real experimental set-up
from the pressure port at the airfoil surface till the pressure mea-
surement system. A schematic representation as well as a photo of
this calibration test is provided in Fig. 4. The result of two inde-
pendent calibration tests is presented in Fig. 5, although more tests
are performed. The green line represents the signal measured at the
end of the tube. The blue line is the pressure signal measured at the
beginning of the tube and serves as the reference. The red, dashed
line shows the signal at the end of the tube corrected with the
Bergh and Tijdeman’s theory. Various frequencies and amplitudes
are applied. The error between the reference signal and the cor-
rected signal is nearly normally distributed with a mean of 0.49Pa
and a standard deviation of 40.40Pa. This calibration test demon-
strates a correct implementation of the theory to this application.

After correcting the pressure signals for the phase delay and
amplitude loss, the pressure at the airfoil surface can be translated
to the normal load coefficient and moment coefficient around the
leading edge as given in Equation (2) and Equation (4) respectively.
The drag cannot be calculated, meaning that the lift coefficient can
also not be retrieved. For every unsteady angle of attack variation,
data is taken for at least 20 revolutions at a sampling frequency of
300Hz. Pressure ports that are covered by zig-zag tape or VGs are
disregarded from the calculations. Additionally, pressure ports that
visually showed a clear response delay compared to the other ports
are not further considered.
2.4. Test plan

Experimental data is acquired for a predefined set of test cases.
This set of test cases is summarised in Table 1. The data set consists
of a set of steady polars in free and forced transition (using zz-tape
at 5%) state, with and without VGs. The angle of attack ranges from



Fig. 4. The set-up of a calibration test to validate the Bergh and Tijdeman’s theory to correct for the unsteady signal measured at the end of the tube compared to the real signal at
the beginning of the tube.

Fig. 5. Validation of unsteady pressure signal correction method using the Bergh and Tijdeman’s theory.
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around �25+ to 25+, to make sure that the stall region is captured
properly. For the steady cases, no frequency is defined. An unsteady
data set is gathered for a sinusoidally varying angle of attack. The
angle of attack oscillations are defined by a mean angle of attack a0,
an amplitude A and a frequency f, and given by Equation (7). t is the
time in seconds.

aðtÞ¼ a0 þA,sinð2pftÞ (7)

The unsteady polars are similarly collected in free and forced
transition state, with and without VGs. Depending on the airfoil
configuration, the mean angle of attack is set between a0 ¼ � 15+

and 15+ and the amplitude from A ¼ 3+ to 7+. The frequency is
varied from f ¼ 0:5 to 2Hz, which corresponds to a reduced fre-
quency of k ¼ 0:014 to 0.054. The reduced frequency k is a
dimensionless value defining the degree of unsteadiness at a
certain frequency and is given by Equation (8). For values below
0.03, the unsteady effects are generally small while the flow be-
comes highly unsteady for values above 0.03. The Reynolds number
1199
is kept constant at RE ¼ 1E6. This corresponds to a wind speed of
around 42 m/s. The turbulence level is well below 0.015%.

k¼pcf
V∞

(8)

While not all cases will be used in the results and discussion of
this work, the post-processed experimental data sets and some
supplementary graphs are publicly available via the 4TU Centre for
Research Data (see Ref. [51]).

3. Results & discussion

3.1. Steady polars

Before analysing the behaviour of the airfoil in unsteady con-
ditions, it is important to quantify and understand the effect of the
VGs on the static behaviour of the airfoil.

In Fig. 6, thermal images are presented of the airfoil’s pressure



Table 1
Overview of the steady test cases (top) and unsteady test cases (bottom).

Reynolds no. Transition VGs VG loc. Mean AoA Amplitude Frequency Reduced freq.

Re [�] e e xVG=c [�] a0 [�] A [�] f [Hz] k [�]

Steady polars:
1E6 Free e e �25 to 25 0 0 0

VG1 0.2 �25 to 25 0 0 0
VG1 0.3 �25 to 25 0 0 0
VG1 0.4 �25 to 25 0 0 0
VG2 0.2 �25 to 25 0 0 0
VG2 0.3 �25 to 25 0 0 0
VG2 0.4 �25 to 25 0 0 0

1E6 Forced e e �25 to 25 0 0 0
VG1 0.2 �25 to 25 0 0 0
VG1 0.3 �25 to 25 0 0 0
VG1 0.4 �25 to 25 0 0 0
VG2 0.2 �25 to 25 0 0 0
VG2 0.3 �25 to 25 0 0 0
VG2 0.4 �25 to 25 0 0 0

Unsteady polars:
1E6 Free e e �15,-10,0,10,15 3,5,7 0.5,1,1.5,2 0.014,0.027,0.041,0.054

VG1 0.2 �10, 0, 10 7 1,2 0.027,0.054
VG1 0.3 �10, 0, 10 7 1,2 0.027,0.054
VG1 0.4 �10, 0, 10 7 1,2 0.027,0.054
VG2 0.2 �10, 0, 10 7 1,2 0.027,0.054
VG2 0.3 �10, 0, 10 7 1,2 0.027,0.054
VG2 0.4 �10, 0, 10 7 1,2 0.027,0.054

1E6 Forced e e �15,-10,0,10,15 3,5,7 0.5,1,1.5,2 0.014,0.027,0.041,0.054
VG1 0.2 �10, 0, 10 7 1,2 0.027,0.054
VG1 0.3 �10, 0, 10 7 1,2 0.027,0.054
VG1 0.4 �10, 0, 10 7 1,2 0.027,0.054
VG2 0.2 �10, 0, 10 7 1,2 0.027,0.054
VG2 0.3 �10, 0, 10 7 1,2 0.027,0.054
VG2 0.4 �10, 0, 10 7 1,2 0.027,0.054
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side with and without VGs at an angle of attack of 7+ and a Rey-
nolds number of 1E6. The incoming flow goes from right to left. In
this example case, VGs with a height of 4 mm are installed at 40% of
the chord on both sides of the airfoil. The thermal images reveal the
effect of the VGs in a qualitative way. It is evident that the VGs
(installed on a strip with 0.5 mm thickness) cause the flow to
transition earlier. The shed vortices of the VGs and their down-
stream path can be recognised. In the absence of VGs, it is expected
that the flow is mostly 2D and thus the spanwise variation should
be negligible. VGs do introduce a three-dimensional flow; however,
the flow becomes spanwise periodic because of the array configu-
ration. To assess the airfoil drag coefficient with VGs from the wake
rake, a spanwise traverse was conducted, spanning a range of three
Fig. 6. Thermal images of pressure side of the airfoil w
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VG pair spacings (3� DVG). A typical wake scan as a function of the
span is shown in Fig. 7 for an angle of attack of 0+ and 6+. At the
location of a VG pair, at the inflow region, the drag coefficient
reaches its minimum. In this region, there is a strong downwash
creating a fuller boundary-layer profile. In between two VG pairs, in
the so-called upflow region, the flow is moved away from the wall
causing an additional momentum deficit. Therefore, the drag co-
efficient is reaching a maximum value at that spanwise location. To
assess the 2D drag coefficient, the spanwise average (ranging three
VG pairs) is computed.

In Fig. 8 and Fig. 9, the (spanwise-averaged) lift and drag polars
are provided of the clean airfoil as well as the airfoil equipped with
VGs at different positions. In Fig. 8 the airfoil is exposed to a free
ith and without VGs at an angle of attack is 7+ .



Fig. 7. Drag coefficient as a function of spanwise direction extracted from the wake-
rake pressure data.
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transition case while Fig. 9 considers the airfoil in forced transition
conditions. Forced transition is created by means of zig-zag tape at
5% of the chord on the suction and pressure side.

The choice of VG height and chordwise positioning plays a
significant role in the effectiveness of the VGs to delay static stall. In
all flow conditions, the highest lift coefficient is experimentally
achievedwith the largest VGs at themost frontward position that is
considered in this experimental campaign. Also, the VGs positioned
closest to the leading edge can postpone the stall angle the most
and achieve a wider drag bucket. In general, the largest VGs
Fig. 8. Experimental lift and drag polar in free
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generate larger vortices, create more downwash, re-energize the
boundary layer by convecting more momentum from the external
flow into the near-wall flow and thus make the boundary layer
more resistant to the adverse pressure gradient. This makes the
boundary layer stronger to overcome separation. VGs positioned
closer to the leading edge have a larger control space. Hence, for a
larger range of angles of attack the streamwise vortices will be shed
upstream the separation point. The lift slope in the linear part of the
polar is increasing with VG size and is the smallest at the most
frontward mounting position. The lift polars show that the more
frontward the VG mounting position, the more abrupt the stall
characteristic. The drag at zero lift shows a significant increase that
may be attributed to the earlier transition (mainly depending on
the VG location) on one hand and on the additional VG profile drag
(mainly depending on the VG size) on the other hand. These ob-
servations apply to the polars in the positive and negative angles of
attack region as well as in free and forced transition. In forced
transition, stall occurs earlier and there is more drag at zero lift
compared to the free transition case. In Fig. A.19 and Fig. A.20, the
experimental lift and drag polars are compared to the polars
calculated by XfoilVG [52].

More information on the flow around the airfoil can be gathered
from the pressure distribution at the airfoil surface. In Fig. 10 and
Fig. 11, the experimental pressure distributions are presented for
the DU17DBD25 airfoil at an angle of attack in the linear part of the
polar and one above stall in absence of VGs. For the free transition
case, the selected angles of attack are a ¼ 7+ and a ¼ 20+. For the
forced transition case, these angles are a ¼ 5+ and 15+. Note that at
the location of the VG and/or zig-zag tape, no pressure measure-
ments are available and linear interpolation is performed.

At the smallest angle of attack, the pressure distributions are
nearly identical for all VG configurations. These distributions imply
that the flow is attached over the entire surface. In the pressure
distribution of the large angle of attack, clear differences may be
observed. Fig. 10(b) and (d) reveal that only VG1 at 20% and 30% or
transition with various VG configurations.



Fig. 9. Experimental lift and drag polar in forced transition with various VG configurations.

Fig. 10. Experimental pressure distribution in free transition with various VG configurations.
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VG2 at 20% are able to prevent the airfoil from stalling in free
transition. All other configurations showa clear stalled behaviour at
this angle of attack. This is evidenced by the plateau of constant
pressure initiated at x=c ¼ 0:2 on the suction side. In case of forced
transition, a similar observation can be made. In the linear part of
the polar, the pressure distributions and thus the lift are rather
1202
similar. At an angle of attack of 15+ (see Fig.11(b) and (d)) the airfoil
without VGs is fully stalled and the flow is separated for nearly 70%
of the airfoil. With VGs, the flow remains attached longer but the
point of separation (if any) depends on the mounting point of the
VGs. In forced transition, it is only the VGs installed at x=c ¼ 0:2 that
may keep the flow completely attached. In all other cases the flow



Fig. 11. Experimental pressure distribution in forced transition with various VG configurations.
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separates but more downstream than in case of no VGs. From
Fig. 11(b) it can be identified that the flow around the airfoil with
VG1 at x=c ¼ 0:4 remains attached longer than in case the same VGs
are installed at x=c ¼ 0:3. This is a clear example of the fact that VGs
positioned more upstream may reach a larger stall angle but
experience a more abrupt stall behaviour.

The observations made in the lift polar, drag polar and pressure
distribution as a function of the VG height and positioning follow
the conclusions made by Baldacchino et al. [22].

3.2. Unsteady polars without VGs

In Fig. 12 and Fig. 13, the aerodynamic response to a sinusoidally
oscillating angle of attack is presented. Three pitching motions are
considered: (1) a0 ¼ � 11+, A ¼ 7+, f ¼ 2Hz, (2) a0 ¼ � 1+, A ¼
7+, f ¼ 2Hz and (3) a0 ¼ 9+, A ¼ 7+, f ¼ 2Hz. The three cases
represent unsteady conditions in the deep stall region of the
negative angles of attack, in the linear part of the polar and in the
deep stall region of the positive angles of attack respectively. The
normal coefficient, moment coefficient and pressure distributions
at a ¼ a0 are analysed. In the figures, a distinction is made between
the part of increasing angle of attack (upstroke, indicatedwith a full
line) and the part of decreasing angle of attack (downstroke, indi-
cated with a dashed line). The shaded area presents the standard
deviation over 15 revolutions. The steady polars are also repre-
sented in the normal and moment polars.

The unsteady effects in attached flow cause a hysteresis loop.
The variation of the normal and moment coefficients are lagging
behind the change in angle of attack since the wake is not imme-
diately updated and, thus, not fully developed. In the up-going
stroke, the normal coefficient is lower than in steady case, while
the moment coefficient (around the leading edge) is larger. In the
down-going stroke, the opposite is true. The average slope of the
normal coefficient polar is slightly lower than in steady case.

A larger unsteady effect is recognised in deep dynamic stall
conditions. The unsteady curves are characterized by a higher
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maximum normal coefficient, a higher stall angle, a large hysteresis
loop and a larger (negative for positive angles of attack and positive
for the negative angles of attack) peak pitching moment. The
fluctuations (i.e. the standard deviation) of the curves during 15
revolutions is the largest in the downstroke and significantly larger
in case of separated flow compared to attached flow.

The pressure distributions at the mean angle of attack (a ¼ a0)
in the upstroke and downstroke are not identical. The flow is
mainly attached in the upstroke. On the other hand, in the down-
stroke, the flow is separated at the same angle of attack. In the
attached flow region, the difference between up- and downstroke
is significantly smaller.

In forced conditions, similar observations may be made. The
stall behaviour in steady case is less abrupt in forced conditions
than in clean conditions. This seems to affect the behaviour in
unsteady conditions, as the hysteresis loop is smaller.

As already mentioned earlier, a small gap of 1 mm was present
between the wind tunnel walls and the airfoil model. Additionally,
there was a hole in the bottom wall to be able to connect the
pressure ports of the model to the measurement system. In steady
conditions these gaps were taped, while this was no longer possible
in the unsteady measurements. This might introduce unwanted,
yet unavoidable, 3D effects that are not present in the steady polars.

One of the parameters that dictates the unsteady behaviour of
the airfoil model is the oscillation frequency f. The larger the fre-
quency, the more unsteady the operating conditions are. In Fig. 14,
the experimental normal coefficient polar is presented for four
different frequencies, namely f ¼ 0:5Hz, 1Hz, 1.5Hz and 2Hz. For
this experiment, this corresponds to a reduced frequency of k ¼
0:014, 0.027, 0.041 and 0.054. The mean angle of attack is set to
a0 ¼ �1+ or 9+ to present the effect of the oscillation frequency in
attached and separated flow. The amplitude of the angle of attack
oscillations are set to A ¼ 7+.

In attached flow, an increasing oscillation frequency causes the
hysteresis loop to become wider. The difference between the up-
going and down-going stroke is, thus, the largest for larger



Fig. 12. Dynamic normal coefficient polar, moment coefficient polar around the leading edge and pressure distributions at a ¼ a0 in free transition.
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frequencies. At higher frequencies, the aerodynamic properties lag
the angle of attack variations more. Also, the slope of the normal
coefficient decreases with increasing frequency. In case of deep-
stall conditions (see Fig. 14(b)), the hysteresis significantly in-
creases with the oscillation frequencies and stall-induced drop in
normal coefficient is larger. The maximum achieved normal coef-
ficient and corresponding angle of attack is the largest for high
frequencies but it also takes more time to reattach the flow again in
the down-going stroke. This can be derived from the pressure
distributions over the airfoil surface (not presented here). Also, the
overall slope of the normal coefficient is reduced. The negative peak
moment is the largest for the highest frequency.

Another parameter of interest is the oscillation amplitude A. The
pitching rate is linearly proportional to the amplitude. From
Fig. 15(a), one could argue that the width of the hysteresis (the
difference between pitching up and pitching down) is the largest
for higher amplitudes in case of attached flow. Fig. 15(b) shows the
effect of the oscillation amplitude in separated conditions. Since a
larger angle of attack is reached at larger amplitudes, a bigger part
1204
of the airfoil separates and the size of the hysteresis loop increases.
With an amplitude of A ¼ 3+, the flow separates only close to the
trailing edge. The part of the flowmore upstream remains attached.
In case of an amplitude of A ¼ 7+, stall is delayed further than in
case of A ¼ 5+, yet the hysteresis is larger and the recovery takes
longer. The slope of the normal coefficient seems not to depend on
the oscillation amplitude.

The observations with respect to the reduced frequency and
oscillating frequency without flow control are in agreement with
what is previously reported in older and more recent publications
(for example Ref. [17,53e57].
3.3. Unsteady polars with VGs

In this section, the influence of vortex generators on the dy-
namic stall characteristics is studied. In attached flow, the effect of
VGs on the normal and moment coefficient is negligible. Therefore,
the focus of this section is on medium- and deep-stalled conditions
in the positive and negative angle of attack regime. The influence of



Fig. 13. Dynamic normal coefficient polar, moment coefficient polar around the leading edge and pressure distributions at a ¼ a0 in forced transition.

Fig. 14. Dynamic normal coefficient polar in free transition for various oscillating frequencies.
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the VGs is analysed on the overshoot in normal coefficient, the
dynamic stall onset, the size of the hysteresis loop and the process
1205
of recovery and reattachment.
Fig. 16 presents the effect of the VG location on the dynamic stall



Fig. 15. Dynamic normal coefficient polar in free transition for various oscillating amplitudes.
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behaviour. It contains the normal coefficient polar, the moment
coefficient around the leading edge polar, the pressure distribution
at a ¼ a0 in the up-going stroke and the down-going stroke. The
angle of attack is varied dynamically with an amplitude of 7+ at a
frequency of 2Hz. This corresponds to a reduced frequency of 0.054
for this experimental set-up. Themean angle of attack is either a0 ¼
9+ or a0 ¼ �11+ to be able to capture dynamic stall in the positive
and negative angle of attack range respectively. The airfoil model is
equipped with VG1 along its whole span at three locations: (1) x=
c ¼ 0:2, (2) x=c ¼ 0:3 and x=c ¼ 0:4. As a reference, the measure-
ments of the clean airfoil without VGs are also presented.

Consider first the positive angle of attack range and the results
presented in Fig. 16(a-c-e-g). The airfoil model with VGs (for all
mounting positions), shows that the hysteresis loop in the normal
and moment coefficient polars is significantly suppressed. A larger
maximum normal coefficient is achieved and a higher peak
moment is reached. The slope of the normal and moment coeffi-
cient polar is the largest when the VGs are installed at the most
downstream position. This corresponds to the results in steady
case. The pressure distribution at an angle of attack of a ¼ 9+ in the
up-going stroke does not show much dependency on the VG
location. The flow is attached in absence of the VGs as well as with
the VGs. However, at the same angle of attack in the down-going
stroke, the presence of the VGs causes the flow to remain
attached. Contrary, without VGs the flow is separated for nearly
50% of the airfoil.

In the negative angle of attack region, where a0 ¼ � 11+, more
effect of the VG location may be observed. The aerodynamic results
are given in Fig. 16(b-d-f-h). The normal and moment coefficient
polars already reveal that only VG1 at 20% chordwise position is
able to fully suppress dynamic stall and keep the flow attached. All
other cases show a clear dynamic stall behaviour and a large hys-
teresis. This was expected, since the airfoil model with VG1 at 20%
in steady-state conditions is the only one that is not stalling at a ¼
� 18+.

Since the airfoil with the VGs installed more downstream ex-
periences deeper stall (i.e. a larger part of the flow is separated) at
a ¼ � 18+, a larger hysteresis is expected, which is clearly visible in
Fig. 16(b). With VGs, a higher maximum Cn is achieved. However,
the drop in Cn as the flow separation moves upstream is more
significant compared to the case without VGs. This could be inter-
preted to be different, as was indicated in the studies with VGs near
the leading-edge [25,26].

As soon as the effectiveness of the VGs to overcome the high
adverse pressure gradient reduces, the aerodynamic properties
approach the results of the clean airfoil. The aerodynamic behav-
iour of the airfoil with VG1 installed at 30% remains in between the
behaviour with VGs installed at 20% (fully attached) and with the
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VGs installed at 40% (fully separated). The recovery of the deep stall
occurs the fastest for the VGs installed most upstream. This
observation can be supported by the pressure distributions at
a ¼ �11+ shown in Fig. 16(f) and (h), for the up-going stroke and
down-going stroke respectively. In the down-going stroke (for
decreasing angle of attack), all cases present very similar pressure
distributions. For the up-going stroke, where the angle of attack is
increasing again, it is clear that in case of the clean airfoil and the
airfoil with VG1 at x=c ¼ 0:4, the flow is separated from 35% on. As
the VGs are installed in front of the separation point in clean airfoil
case, the flow remains attached.

The size of the VGs already showed to affect the effectiveness of
the VGs in steady conditions. As such, it might be possible to also
identify an effect in unsteady conditions. In Fig. 17, the normal co-
efficient polar of the DU17DBD25 airfoil in forced transition con-
ditions is presented. A distinction is made between VG1 and VG2
mounted at various chordwise locations along the span. The results
are presented for a dynamically oscillating angle of attach where
A ¼ 7+, f ¼ 1Hz and a0 ¼ 9+ or a0 ¼ � 11+. By comparing
Fig. 17(aeb) with Fig. 17(ced), one may conclude that the airfoil
model equipped with VG1 can suppress the dynamic stall hyster-
esis significantly more than VG2. VG1 is shedding stronger vortices,
mixing the outer flow more with the inner flow and can, thus,
prevent separation more than VG2. This is clearly visible in the size
of the hysteresis loop, the deep stall angle and the recovery speed. It
may be recognised both in the positive and the negative angle of
attack range.

Although the purpose of this paper is not to reveal the physical
reasons of the favourable effects of the VGs on the dynamic stall
behaviour, it is reasonable to expect that the vortices developed by
the VGs itself will interact with the boundary layer. The additional
momentum transfer of the vortices created by the VGs will delay
the stall onset, resulting in a delayed separation of the boundary
layer and subsequent formation of the leading-edge vortex [15,28].
In the deep stall regime, where the leading-edge vortex dominates
the flow field, the interaction of the VG’s vortices may lead to a
prolonged leading-edge vortex growth phase and, thus, a larger
vortex. This could explain the increased normal force drop and
pitching moment during detachment. The faster recovery may be
attributed to the additional mixing and re-energising of the
boundary layer due to the VGs. A detailed analysis of this interac-
tion is recommended future investigations to confirm these
thoughts.
4. Conclusion

This paper presents an experimental study of a wind turbine
airfoil equipped with passive vortex generators undergoing pitch



Fig. 16. Dynamic normal coefficient polar, moment coefficient polar and pressure distribution at a ¼ a0 in free transition with various VG configurations.
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oscillations. The unsteady behaviour of the aerodynamic properties
is analysed, in order to identify the role of VGs in suppressing or
preventing dynamic stall.

An experiment is set up in the low speed, low turbulence wind
tunnel of the TU Delft. The model has a DU17DBD25 profile, which
is specifically designed for a sub-MegaWatt vertical-axis wind
turbine. The model is equipped with vortex generators of two
different sizes (the VG height is sized with respect to the boundary
layer thickness near the stall angle at x=c ¼ 0:3) and mounted at
different chordwise positions along the span. The aerodynamic
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properties are analysed in free transition conditions and forced
transition conditions by using zig-zag tape at x=c ¼ 0:05 on pres-
sure and suction side. Pressure measurements are taken on the
airfoil surface and in the wake in steady and unsteady conditions.

The steady polars evidenced that the maximum lift coefficient
and corresponding stall angle are the largest for the biggest VGs
mounted at the most upstream position (VG1 at x=c ¼ 0:2). The
bigger VGs generate larger vortices, push more momentum from
the external flow into the near-wall flow and thus make the
boundary layer more resistant to the adverse pressure gradient that



Fig. 17. Dynamic normal coefficient polar, moment coefficient polar and pressure distribution at a ¼ a0 in forced transition with various VG configurations.
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induces separation. The vortices shed by the VGs positioned closer
to the leading edge, have a larger control space. The drag at zero lift
increases in presence of the VGs due to the additional profile drag
and earlier transition to turbulent flow.

The performance of the wind turbine airfoil in unsteady con-
ditions showed that in attached flow, the hysteresis is small and
remains close to the steady polar. The average lift slope decreases
with increasing oscillating frequency. In medium-to deep-stall
conditions, the hysteresis significantly increases with the oscil-
lating frequencies. The normal coefficient overshoot and corre-
sponding angle of attack is the largest for high frequencies, but it
also takes more time to reattach the flow again in the down-going
stroke. Introducing vortex generators enables the suppression of
dynamic stall and delay the onset as long as the VGs can overcome
the high adverse pressure gradient and prevent separation.
Therefore, the VG mounting location and height play a significant
role. However, as soon as the angle of attack becomes too large, the
dynamic stall process is still initiated (and this depends on the VG
configuration), the drop in normal coefficient is significantly more
severe than in case of a clean airfoil. The VGs do help the flow to
reattach quicker.

From this study, it may be concluded that the use of passive VGs
in wind turbine applications is highly promising in controlling the
unsteady aerodynamic loads. Although VGs introduce an extra drag
component, they cause a later onset of dynamic stall. This implies
that wind turbines would be able to withstand larger variations in
wind speed and direction without entering dynamic stall condi-
tions. Additionally, preventing or at least suppressing dynamic stall
will reduce the load variations and, thus, improve the fatigue life.

This experimental database is of significant use in developing
and calibrating unsteady models. It could be used to evaluate cur-
rent modelling strategies and derive closure relations for VGs in
unsteady flow for integral boundary-layer methods and/or CFD
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methods. This work could also serve as a basis for revealing the
physical reasons of the favourable effects of VGs on the dynamic
stall behaviour. This development and understanding is crucial in
order to model wind turbines in unsteady conditions and further
quantify how VGs affect load variations and the wind turbine
design.
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Appendix A. Appendix
Figure A.18. Pictures of the experim

Figure A.19. Experimental lift and drag polar and polars obtained with XFOILV
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ental set-up and equipment.

G [52] for DU17DBD25 in free transition with various VG1 configurations.



Table A.2
Airfoil coordinates of DU17DBD25 airfoil.

x=c [�] y=c [�]

1 0.0068
0.966454 0.013244
0.902653 0.025238
0.830271 0.039774
0.755865 0.056557
0.679287 0.075557
0.601612 0.095573
0.528128 0.11365
0.460557 0.128092
0.398278 0.138356
0.340473 0.144181
0.286646 0.145743
0.236802 0.143136
0.19145 0.136855
0.151288 0.127557
0.116954 0.116197
0.088506 0.103715
0.065522 0.090921
0.047262 0.07823
0.032911 0.065847
0.021793 0.053847
0.013382 0.042264
0.007304 0.031114
0.003205 0.020469
0.000819 0.010404
-8E-06 0.000978
0.000967 �0.00828
0.004465 �0.01758
0.010525 �0.02662
0.018979 �0.0354
0.02993 �0.0441
0.043797 �0.05292
0.061335 �0.06209
0.083657 �0.07174
0.112205 �0.08173
0.14815 �0.0916
0.191479 �0.10023
0.241028 �0.10632
0.295108 �0.109
0.352739 �0.10772
0.413882 �0.10244
0.478977 �0.09311

Figure A.20. Experimental lift and drag polar and polars obtained with XFOILVG [52] in free transition with various VG2 configurations.

Table A.2 (continued )

x=c [�] y=c [�]

0.548989 �0.08001
0.624481 �0.06385
0.701668 �0.047
0.774889 �0.03235
0.843826 �0.0209
0.908437 �0.013
0.966823 �0.00838
1 �0.0068
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Nomenclature

a: Angle of attack [�]
a0: Mean angle of attack in oscillations [�]
bVG: Inflow angle of vortex generators [�]
m: Dynamic fluid viscosity [Pas ]
rs: Mean air density [kg=m3]
A: Oscillation amplitude [�]
c: Airfoil chord length [m]
C0
n: 2D normal coefficient (uncorrected) [� ]

C0
m;LE: 2D moment coefficient around leading edge (uncorrected) [� ]

Cd: 2D drag coefficient (corrected) [� ]
Cl: 2D lift coefficient (corrected) [� ]
Cm: 2D moment coefficient around quarter-chord point (corrected) [� ]
Cm;LE: 2D moment coefficient around leading edge (corrected) [� ]
Cp;l : Pressure coefficient lower surface [� ]
Cp;s: Static pressure coefficient [� ]
Cp;t : Total pressure coefficient [� ]
Cp;u: Pressure coefficient upper surface [� ]
DVG: External pair distance of vortex generators [mm]
dVG: Internal pair distance of vortex generators [mm]
f: Oscillation frequency [Hz ]
hVG: Height of vortex generators [mm]
k: Reduced frequency [� ]
L: Pressure tube length [m]
lVG: Length of vortex generators [mm]
p: Pressure [Pa ]
Pr: Prandtl number [� ]
R: Pressure tube radius [m]
RE: Reynolds number [� ]
t: Time [s]
V∞: Incoming velocity [m=s]
Vt: Tube volume [m3]
Vv: Transducer volume [m3]
x: X-coordinate airfoil profile, chordwise position [m]
y: Y-coordinate airfoil profile [m]
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