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Executive Summary

This chapter presented the facilities, equipment and set up details for the two campaigns carried out in the wind
tunnels of the National Technical University of Athens (NTUA) and Politecnico di Milano (POLIMI) within
the scope of Twin Test 3 of the TWEET-IE project. Namely, Twin Tests were conducted assessing the effect
of micro devices for enhanced performance of flatback airfoil sections. The utter goal was to investigate the
effect of freestream turbulence intensity, Reynolds number and blockage ratio on airfoil performance, 3D flow
separation and wake behaviour. Additionally, the effect of flow control devices regarding flow separation
control and drag reduction were assessed. The results between the two facilities deviate significantly even at
the baseline case, which at this stage is attributed to 3D separated flow and differences in blockage. When
fixing the boundary layer transition case over the airfoil surface, force and pressure timeseries demonstrate
a switching behaviour between intermittent states in both facilities but at different rangers of AoAs and at
different timescales. The use of Vortex Generators (GF) for flow separation control has a positive effect in
both facilities. Additionally, using a Gurney flap leads to an increase in lift force (almost doubling it), but it
comes with an increase in drag at both facilities, leading to small aerodynamic performance gains, especially at
low AoAs. Finally, the effectiveness of placing drag reduction devices at or near the Trailing Edge (TE) of the
airfoil (VGs and tabs) varies between facilities. Namely, at NTUA the aerodynamic performance is increased
in a similar way for the TE VGs and TE tabs, (25%), while the improvement is marginal (approximately 1%)
for the POLIMI tests.
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1 Introduction

The need for lower Levelized Cost of Energy (LCOE) for wind energy, requires, among others, an increase
in rotor diameter for modern Wind Turbines. Consequently, the need for novel solutions that can support
this size increase arises. One of these solutions is the use of flatback (FB) airfoils, i.e. airfoil profiles with a
blunt trailing edge (TE), at the root region of the Wind Turbine blade as they provide several aerodynamic,
structural, and aeroelastic advantages [1]. Namely, FB airfoils can provide higher lift values due to the
reduced adverse pressure gradient over the aft part of the suction side [1]. In addition, their aerodynamic
performance is insensitive to surface roughness when compared to that of traditional sharp TE airfoils when
certain design conditions are met [1]. Early studies performed on the 100Ԝ long SNL100-03 blade designed
by Sandia National Laboratories, showed that, blades with FB airfoils can be up to 16% lighter than blades
with traditional airfoils [2]. Additionally, due to the blunt TE and increased blade cross-sectional area, FB
blades have increased flapwise stiffness.

These benefits, however, come with an increase in profile drag. Furthermore, due to their relatively high
thickness, they may exhibit three-dimensional flow separation both at their pressure and suction side. The
maximum lift is observed at relatively low angles of attack and for certain cases the lift curve may exhibit
a minimum in between two maximums. Flow separation also leads to a bifurcating behaviour, related to
three-dimensional instabilities, that can be observed in the load and pressure timeseries. This observation,
in conjunction with the vortex shedding from the blunt TE, makes experimental studies of FB airfoils a
troublesome endeavour. Additionally, the scarcity of relevant experimental studies [1, 3, 4, 5, 6], makes
clear the need to investigate the effects of different WT facilities and operating conditions on FB airfoil
performance and behaviour.

Here, we present a Twin Wind Tunnel Test for a FB airfoil at two different facilities that took place in
Spring 2025. The utter goal is to investigate the effect of freestream turbulence intensity, Reynolds number
and blockage ratio on airfoil performance, 3D flow separation and wake behaviour. Wind tunnel tests were
carried out in two of the partners of the TWEET-IE project, namely at the National Technical University of
Athens (NTUA) and at Politecnico di Milano (POLIMI).

1.1 Twin Wind Tunnel Test outline
In both facilities, the same model was be tested. Namely, the FB4286-0802 airfoil, shown in fig. 1, present in
the SNL-03 reference wind turbine [2]. The maximum thickness of the model is 42.86% of the chord and the
TE thickness is 8.02% of the chord. The chord length is Ԓ = 0.5Ԝ and the model span is 1Ԝ, leading to an
aspect ratio of Ӷԇ = 2. Different setups were be used in each facility with the same model. A summary of
the employed measurement technqiques at each facility is shown in table 1.

0.0 0.2 0.4 0.6 0.8 1.0𝑥/𝑐−0.2
0.0

0.2

ਚ/𝑐

FB4286-0802

1Figure 1: The FB4286-0802 profile.
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Table 1: Summary of the Twin Test.

Facility Surface PressureHot-wire Balance Tufts SPIVReynolds number Transition

NTUA " " $ " " 1.25 × 106 Both
POLIMI " " " $ $ 1.18 × 106 Both

2 Setups & measuring methods

2.1 General description of the NTUA setup
The NTUA wind tunnel [7] tests took place in the small test section of the closed-loop Wind Tunnel belonging
to the Scool of Mechanical Engineering. The test section is an octagon with main dimensions 1.4m × 1.8m
(height × width). The maximum achievable wind speed in the test section is 45m/s and the turublence
intensity (TI) is lower than 0.2%. The model is placed vertically inside the test section, with endplates
mounted on both sides in order to minmize tip effects and the influence of the boundary layer (BL) of the WT
walls. Additionally, the model is extended vertically up to 0.5cm from the WT walls with wooden extensions
ensuring an even pressure distribution. The resulting bloackage ratio is 11.9%. The setup is shown in fig. 2.
Outside of the test section, the models’ top shaft is coupled to a stepper motor that controls the angle of
attack (AoA). Additionally, an angular displacement sensor is coupled to the bottom shaft of the model,
measuring the AoA. The freestream dynamic pressure was measured using a Pitot tube as well as the static
prerssure drop along the contraction nozzle before the test section. Additonally, freestream absolute pressure
and temperature were also measured. The NTUA tests included surface pressure measurements, hot-wire
measurements and Stereo PIV measurements. Both fixed and free transition cases were tested at a Reynolds
number of Re = 1.25 × 106. The transition of the boundary layer (BL) state from laminar to turbulent was
fixed by placing zig-zag tape with a height of ℎ֕քւ−֕ռւ = 0.125mm at both sides of the airfoil at chordwise
locations of 5%Ԓ and 10%Ԓ at the suction and pressure sides, respectively.

Figure 2: Downstream view of the model inside the NTUA test section.
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2.1.1 Surface pressure measurements

31 pressure taps were connected to a 32-channel ᅷDAQ2 DTC pressure scanner from Chell Instruments.
The reference pressure was the static pressure in the inlet of the test section. The sampling frequency wasԕ֎,pressure = 1kHz and the acquisition time was typically equal to Δԣacquisition,pressure = 60s.
2.1.2 Hot-wire measurements

Single component measurements were taken using hot-film sensors made by TSI. The IFA-300 system of
TSI was used with a calibrator also manufactured by TSI. The probe was positioned ≈ 0.85Ԓ downstream
of the airfoil TE. Measurements were taken at a sampling rate of ԕ֎,HW = 20kHz with a low pass filter ofԕև֋ = 10kHz. The total acquisition time was Δԣacquisition,HW ≈ 50s The setup is shown in fig. 3.

Figure 3: NTUA hot-wire setup.

2.1.3 Stereo PIV setup

All measurements concern a plane normal to the wing axis at the center of its span. The cameras were located
above and below the test section, i.e. at a vertical distance of 70cm the center plane. The horizontal distance
from the wing TE is 110cm or 2.2Ԓ, and the camera-contained angle (ᅿ) was ᅿ ≈ 2 tan−1 ( 70cm110cm) = 65∘;
see fig. 4.

All stereo PIV measurements were taken with the wing at neaer-zero AoA and at Re = 1.25 × 106.
For each case, 1000 snapshots were taken and it is important to note that each snapshot was measured in
syncronously with pressure with a time interval between snaphots Δԣsnapshot ≈ 2.25s. The pulse separation
time for each snapshot was Δᅽ = 18 ᅷs. A 200 mJ Nd:YAG PIV laser (Litron Lasers) with dual cavities was

8
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used to create a 1.8-mm-thick light sheet at the measurement plane using the 90% power of the laser. The flow
was seeded with oil droplets of 1 ᅷm mean diameter created by a commercial generator (TSI model 9307).
Two 12 bit TSI Powerview Plus 4 megapixel Cameras with Sigma 150 mm f/2.8 lenses were used to obtain
the data. After stereoscopic reconstruction, the resulting measured plane has dimensions of 19.5cm× 11.6 cm
(width × height).

Regarding processing, firstly a background image was removed from each captured snapshot, Then, an
iterative image deformation algorithm was utilized starting from an interrogation window of 64 × 64 and
ending to an interrogation window of 32 × 32.

70 cm

110 cm

FOV

X

Y

19.5 cm

11.6 cm

X

Z

U

Figure 4: Sketch of the Stereo PIV Setup at NTUA.

2.2 General description of the POLIMI setup
The POLIMI wind tunnel experiments were conducted in the Low Turbulence Test Section of the Galleria del
Vento del Politecnico di Milano (GVPM). This facility is a closed-circuit wind tunnel with a vertical layout,
featuring two test sections located on opposite sides of the loop. The lower section (the Low Turbulence Test
Section), used in this Twin Test, is designed for low-turbulence experiments. The upper section, larger in
size, is intended for civil engineering testing (the Boundary Layer Test Section). The Low Turbulence Test
Section offers two interchangeable test chambers, allowing setup preparation and assembly outside the main
loop. This minimizes wind tunnel downtime and enables experiments to be prepared while other tests are
conducted in either test section.

9
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The facility is powered by an array of 14 fans, each 1.8 m in diameter and 100 kW, giving a total installed
power of 1.4 MW. The fans are arranged in two rows of seven 2 × 2m independent cells. The test section
used for these experiments measures 4Ԝ in length, with a cross-section of 4m × 3.84m. The maximum
wind velocity is 55 m/s, with a free-stream turbulence intensity below 0.1%, while the model blockage is
approximately 1.88%. Further technical details regarding the wind tunnel are provided in [8].

The POLIMI tests included surface pressure measurements, force balance measurements, and hot-wire
measurements. Surface pressure measurements were used to determine the basic aerodynamic performance
of the airfoil and to compare results between facilities. Force balance measurements provided insight into
the effect of three-dimensional separation on airfoil loads, while hot-wire measurements were used to assess
spanwise wake correlations. Both fixed and free transition cases were tested at a Reynolds number of
Re = 1.18 × 106. The transition of the boundary layer (BL) state from laminar to turbulent was fixed by
placing zig-zag tape with a height of ℎ֕քւ−֕ռւ = 0.125mm at both sides of the airfoil at chordwise locations
of 5%Ԓ and 10%Ԓ at the suction and pressure sides, respectively.
2.2.1 Model preparation

Themodel, the same as that used in the NTUA experiments, wasmounted vertically in the LowTurbulence Test
Section with a custom setup designed specifically for this study; see fig. 5. Ideally, for airfoil performance
characterizations, the airfoil would span the full height of the test section, as in the NTUA test section,
allowing for a wall-to-wall model. This is important for achieving truly two-dimensional airfoil performance
measurements, as it minimizes the influence of tip effects and sidewall interference, which can introduce
three-dimensional flow features that alter the aerodynamic loads and pressure distribution.

The model was mounted vertically rather than horizontally. Mounting it horizontally would have required
extensions to the model to create a wall-to-wall configuration, effectively changing the aspect ratio of the
airfoil. Additionally, the hot-wire correlation measurements required the model to be as low as possible in the
test section, since the traversing system, described in detail in section 2.2.4, is designed to measure spanwise
velocities in the inner, central portion of the model. Due to these main constraints, the vertical mounting with
endplates was chosen as the optimal setup.

The endplates were carefully designed to preserve as much two-dimensionality as possible. They help
reduce spanwise flow near the tips, mitigating the development of vortices, as well as minimize the influence
of the BL formed in the WT walls. The placement, gap size, and support of the end plates were carefully
chosen to balance structural stability and aerodynamic fidelity. In detail, the lower endplate is not attached
directly to the airfoil but is positioned on a table constructed from Bosch elements, leaving a 5mm gap
between the model and the end plate. The upper end plate was installed similarly; however, to ensure proper
decoupling from the model, an external support, show in fig. 5(a), was used. The gaps between the endplates
and the model where 0.5 cm or ≈ 0.5% of the model span, well within the suggested gaps by the literature [9].
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(a) (b)

Figure 5: (a) View fo the installed model at the GVPM. (b) CAD Assembly of the setup.

2.2.2 Surface pressure measurements

63 pressure taps are located at the centre-line of the model. Their locations can be seen in fig. 6(a). A
pressure measurement system consisting of tubes mounted on the pressure taps and connected via two quick
connectors to two 32-channel ESP-32HD-DTC pressure scanners, allowing for the acquisition of synchronous
measurements for all pressure taps, compared to NTUA where only 32 taps were used. The tubing system
inside the model is shown in fig. 6(b). The total and static pressures were also measured at the same time. A
Pitot tube was used in both cases. The sampling frequency was ԕ֎,pressure = 500Hz and the acquisition time
was typically equal to Δԣacquisition,pressure = 30 s. For specific cases where flow separation behaviour is more
complex, larger acquisition times were used.

(a) (b)

Figure 6: (a) Pressure taps positioning. (b) View of the tubing inside the model.
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2.2.3 Balance measurements

In the setup at POLIMI, the use of a balance was integrated already during the design phase. The balance
employed is a RUAG 192-6L Balance and measurements were taken for Δԣacquisition,balance = 30 s with a
sampling rate of ԕ֎ = 1 kHz As shown in fig. 7(a), it was mounted on a specially prepared plate installed on
the turntable, allowing it to rotate together with the model. Therefore, the measured forces were the normal
and tangent components, here aligning with the ӻ֓ and ӻ֔ components of the balance and a rotation was
required to obtain lift and drag; see section 2.3.1. A second custom-designed plate was used to connect the
balance with the model through a clamp-like system that prevented any undesired movement of the model;
see fig. 7(a). To protect the balance from direct exposure to the oncoming airflow, a circular polystyrene
structure (fairing) was installed around it, thereby isolating the instrument and avoiding possible measurement
disturbances. Particular care was taken to ensure that the endplates, were not included in the forces measured
by the balance as the whole fairing structure was not in direct contact with either the model or the balance, as
shown in fig. 7(b).

(a) (b)

Figure 7: (a) Side view of the constructed mounting mechanism. (b) Assembly of the balance fairing.

2.2.4 Hot-wire measurements

In order to characterize the wake generated by the FB airfoil, hot-wire measurements were also carried out. A
dedicated setup was developed, shown in fig. 8, incorporating two triple-hotwire probes, namely two tri-axial
fiber-film probes from Dantec Dynamics, that are capable of simultaneously measuring the three velocity
components and capturing turbulent fluctuations with high temporal resolution. The probes were arranged in
a correlated configuration. One probe, serving as a fixed reference, was positioned at a defined height and
remained stationary throughout the measurements. The second probe was mounted on a dedicated support
system that allowed controlled movement relative to the fixed one, while ensuring vertical alignment to
preserve spatial correlation between the two signals.

The support structure consisted of a main column equipped with vertical rails along which a sliding plate
could be fixed at the desired height. Two cylindrical supports were installed on the plate: one for the fixed
probe and one for the movable probe, as shown in fig. 8(a). The reference probe was positioned at 20% of

12
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the chord length above the lower edge of the airfoil, ensuring stable placement within the wake. The movable
probe, mounted on a motorized translation system, was displaced in the spanwise direction while maintaining
strict alignment with the reference probe.

The initial spacing between the probes was carefully selected to avoid aerodynamic interference while
complying with the mechanical constraints of the support system. Namely, the initial distance was equal
to Δ֕,initial ≈ 1ℎյ զ, while the step of the vertical movement was ᅮ֕ = 4mm ≈ 0.1ℎյ զ. Both probes were
placed downstream of the trailing edge at approximately 60% of the chord length, as shown in fig. 8(b). This
configuration enabled systematic scanning of the central span region, away from tip vortices, providing a
clear characterization of the typical wake features of the flatback geometry. The acquisition was carried out
at a sampling rate of ԕ֎ = 2.5 kHz for a total time Δacqusition,HW = 30 s per point. Finally, the calibration was
carried out in-situ with the model removed.

(a) (b)

Figure 8: (a) The installed traversing system. (b) The traversing system in relation to the installed model.

2.3 Data reduction

2.3.1 Integration of surface pressure distribution

The pressure coefficient for the Ԙ-th pressure tap is defined as:Ӹ֋,ք = ԟstatic,ք − ԟstatic,∞Ԡ∞ (1)

where Ԡ∞ = 12ᅻԊ2∞ is the dynamic pressure of the freestream, with ᅻ and Ԋ∞ being the freestream density
and velocity respectively, Next, the lift Ӹ𝐿 and pressure drag Ӹե,֋ coefficients, defined as:Ӹ𝐿 = ԁԠ∞Ԓ (2)Ӹե,֋ = ӹԠ∞Ԓ (3)

can be easily calculated by integrating the pressure coefficient (Ӹ֋) distribution around the airfoil (see for
example [9] or [10]).

13
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Firstly, we calculate the forces at the normal and tangent directions of the airfoil surface by projecting the
pressure that is, by definition, normal to the airfoil elemental surface on the respective dimensions and then
integrating it, as shown in Figure 9. Therefore, the normal and tangent force coefficients (for unitary span)
are given by: Ӹկ = 1Ԓ ∮ Ӹ֋ cos ᅲdԢ = 1Ԓ ∫ Ӹ֋dԧ (4)Ӹյ = 1Ԓ ∮ Ӹ֋ (− sin ᅲ) dԢ = −1Ԓ ∫ Ӹ֋dԨ (5)

If the pressure taps are ordered counterclockwise around the airfoil, the above expressions can be easily
turned into simple summations using the trapezoid rule:

Ӹկ ≈ 1Ԓ կtaps−1∑ք 12 (Ӹ֋,ք + Ӹ֋,ք+1) (ԧք+1 − ԧք) (6)Ӹյ ≈ −1Ԓ կtaps−1∑ք 12 (Ӹ֋,ք + Ӹ֋,ք+1) (Ԩք+1 − Ԩք) (7)

We can calculate the moment coefficient around the leading edge Ӹֈ𝐿𝐸 in a similar way as:Ӹֈ𝐿𝐸 = −1Ԓ2 ∫ Ӹ֋ԧdԧ − 1Ԓ2 ∫ Ӹ֋ԨdԨ (8)Ӹֈ𝐿𝐸 = −1Ԓ2 կtaps−1∑ք 12 {(Ӹ֋,քԧք + Ӹ֋,ք+1ԧք+1) (ԧք+1 − ԧք) + (Ӹ֋,քԨք + Ӹ֋,ք+1Ԩք+1) (Ԩք+1 − Ԩք)} (9)

Next, we need to project the normal and tangent components back to the global system in order to obtain
the lift and drag coefficients for unitary span, giving:Ӹ𝐿 = Ӹկ cosᅫ − Ӹյ sinᅫ (10)Ӹե,֋ = Ӹկ sinᅫ + Ӹյ cosᅫ (11)

Figure 9: Pressure integration around an airfoil profile.

The same transformation is carried out for the balance data, as the balance is aligned with the local airfoil
coordinate system and rotates with it, as shown below
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Ӹև,balance = Ӹկ,balance cosᅫ − Ӹյ ,balance sinᅫ (12)Ӹտ,balance = Ӹկ,balance sinᅫ + Ӹյ ,balance cosᅫ (13)

where

Ӹկ,balance = ӻ֓Ԡ∞Ԓ (14)Ӹյ ,balance = ӻ֔Ԡ∞Ԓ (15)

2.3.2 Dynamic pressure response

The standard approach to model the dynamic pressure response of the tubing system is the one developed by
[11]. In this method the unsteady longitudinally varying fluid partial differential equations are integrated in
the frequency domain to give an end-to-end frequency response model. This solution can only be written in
the frequency domain. The resulting end-to-end input/output transfer function isԅ𝐿(ᆂ)ԅ0(ᆂ) = Υ(ᆂ) = 1

cosh [ᆂΓ֋ 𝐿վ ] + շ ᇖΓՕբՈվ sinh [ᆂΓ֋ 𝐿վ ] (16)

where ԅ0(ᆂ) and ԅ𝐿(ᆂ) are the frequency domain representations of ԟ0(ԣ) and ԟ𝐿(ԣ). Additionally, the
parameter Ԓ is the local sonic velocity, Ӷվ is the tube cross-sectional area, and Γ֋ is the wave propagation
factor. The cross-sectional area is assumed to be constant. As derived by [11] for continuum flow conditions
the most general form of the propagation factor isΓ֋ = √ᅭӿ0(ᅫ)ᅹ − 1 (17)

where ᅫ is the shear wave number given byᅫ = (ԙ3/22 ) √ᆂᅻ0ӹ2ᅷ (18)

In eq. (18) the parameter ᅷ is the dynamic viscosity of the working fluid, ᅻ0 is the longitudinal mean fluid
density in the tube, and ӿ0, ӿ2 are zero and second-order Bessel functions of the first kind. The parameter,ᅹ, models the wave expansion compression as a polytropic process. Generally, ᅹ is complex valued and is
dependent on the input wave frequency. The variation of ᅹ with the shear wave number is given byᅹ = 11 + ᇁ−1ᇁ ի2(√ձ՗ᆿ)ի0(√ձ՗ᆿ) (19)

The deconvolution of ԅ𝐿(ᆂ) with Υ(ᆂ) provides an estimation of the surface pressure ̂ԅ0 (ᆂ). However,
this can result in increased amplification of ԅ𝐿(ᆂ) with increasing frequency and when ̂ԅ0(ᆂ) is transformed
to the time domain, this amplification at high frequencies results in a noise dominated signal [12]. Therefore,
a deconvolution that reconstructs the surface pressure signal without amplifying the measurement noise is
desired. In order to achieve this, [12] suggested the use of the Wiener deconvolution [13]. Namely, an optimal
filter Ӽ(ᆂ) is used in place of Υ−1(ᆂ) such that:
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̂ԅ0(ᆂ) = Ӽ(ᆂ)ԅ𝐿(ᆂ) (20)

The filter function Ӽ(ᆂ), proposed by [12] aims to minimize the difference between actual and estimated
surface pressures when noise is present on ԟ𝐿(ԣ), and is given byӼ (ᆂ) = Υ∗ ( ||ձ0||2||կ||2 )||Υ||2 ( ||ձ0||2||կ||2 ) + 1 (21)

where the quantity ( ||ձ0||2||կ||2 ) can be considered as an approximation of the squared signal to noise ratio,
SNR, which in typically approximated as

SNR ≈ ∥ᅷձ𝐿∥ᅼձ𝐿 (22)

where ᅷ֋𝐿 is the mean and ᅼ֋𝐿 is the standard deviation of ԟ𝐿(ԣ). However, this approach is insufficient
for cases where the underlying physics influence the ratio ᅷ/ᅼ. A better approach, inspired from [14], is to
estimate SNR as:

SNR ≈ 10 log10 ԅ֋𝐿ԅnoise
(23)

where ԅ֋𝐿 and ԅnoise are the power of ԟ𝐿(ԣ) and the estimated noise, respectively. The noise is estimated by
taking pressure measurements with the same parameters without the WT operating. The power ԅ֓ of a time
signal ԧ(ԣ) with a duration of ԉ is given by:ԅ֓ = 1ԉ յ∑֏=0 ‖ԧ2(ԣ)‖ (24)

2.4 Wind tunnel corrections
The conditions in a wind tunnel do not allow the flow to develop precisely the same way, as in free air.
For airfoil sections spanning the tunnel, the variation in static pressure along the axis of the test section is
considered insignificant. However, the walls create the following constraints:

• The area through which the flow passes around a model is reduced, due to the presence of the wind
tunnel walls (solid blockage), which essentially increases the free stream velocity near the model.

• On the contrary, the wake generated by the model in the test section respectively “blocks” an area
downstream of the model, which increases the velocity outside the wake and in turn creates a pressure
gradient. This is referred to as wake blockage.

• Finally, the walls cause a confinement known as streamline curvature, which limits the development of
the curvature of the free stream.
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2.4.1 NTUA

Here, corrections regarding the aforementioned effects are accounted for following the works of [15] and [16].
Specifically, for a model of chord Ԓ and tunnel breadth ℎ, the parameter ᅼ is defined as:ᅼ = ᅺ2Ԓ248ᅬ2ℎ2 (25)

where ᅬ = √1 − Ԃ20 is the compressibility factor, with Ԃ0 being the upstream Mach number. The
coefficients for solid ᅯ֎ս and wake ᅯ֒ս blockage are given by:ᅯ֎ս = ᅺ6 Αᅬ3ℎ2 (26)ᅯ֒ս = 14 Ԓᅬ2ℎӸե (27)ᅯ = ᅯ֎ս + ᅯ֒ս (28)

where Α is the effective airfoil cross-sectional area. Typically, the variation of Α with AoA is given by:ΑԒ2 = (1 + 1.2ᅬ ԣԒ) (1 + 1.1Ԓԣ ᅬᅫ2) Αւր֊ֈԒ2 (29)

where ԣ is the max thickness of the airfoil and Αւր֊ֈ is the cross-sectional area of the airfoil. At higher
AoA, either positive or negative, the stall of the airfoil gives rise to a region of separated flow that occupies a
significant volume of the test section. This effect strongly increases the effective cross-section [17] and can
be accounted for [18]: ΑծԒ2 = 3ᅺ ᅬ32 − Ԃ2 ℎ2Ԓ2 (−1 + √1 + 4 ԒℎӸեԸ) (30)

This additional effective cross-sectionΑծ due to the volume occupied by flow separation, computed from
Maskell’s method [19], should be added to the effective cross-section of the airfoil without flow separation.
The increase in drag coefficient associated to flow separationӸեԸ is taken as the uncorrected drag coefficient,
minus the minimum drag coefficient of the polar curve: ӸեԸ = Ӹե − Ӹե,ֈք։, as measured from the surface
pressures. The AoA is corrected for lift interference as:ᅫ′ = ᅫ + 57.3ᅼ2ᅺ (Ӹ𝐿 + 4Ӹֈ) (31)

Finally, the corrected coefficients become:Ӹ′𝐿 = Ӹ𝐿 (1 − ᅼ − 2ᅯ) (32)Ӹ′ե = Ӹե (1 − 3ᅯ֎ս − 2ᅯ֒ս) (33)Ӹ′ֈ = Ӹֈ (1 − 2ᅯ) + 14ᅼӸ′𝐿 (34)

where the ′ symbols represent the corrected coefficients. It is important to note that Ӹֈ is the moment
coefficient at the quarter chord point, i.e. Ӹֈ = ӸֈՈ/4 . Therefore, before the correction, we convert theӸֈ𝐿𝐸 to ӸֈՈ/4 as: ӸֈՈ/4 = Ӹֈ𝐿𝐸 + Ԓ4Ӹ𝐿 (35)

then apply the corrections to ӸֈՈ/4 and convert back to Ӹֈ𝐿𝐸 .
17
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2.4.2 POLIMI

Standard three-dimensional wind-tunnel corrections are applied [9]. The solid blockage correction factor ᅯ֎ս
is given by: ᅯ֎ս = Ԁԋmodelᅬ3√Ӹ3 (36)

where Ԁ = 0.9, ԋmodel is the model volume and Ӹ is the wind tunnel cross-sectional surface, for the POLIMI
WT, C=3.84m × 4m = 15.36m2. The solid blockage is also calculated for the fairing construction, leading
to: ᅯ֎ս,total = ᅯ֎ս,model + ᅯ֎ս,fairing (37)

The wake blockage correction factor is the given by:ᅯ֒ս = Ԉ4ᅬ2ӸӸե (38)

with Ԉ being the model surface. Thus, the dynamic pressure can be corrected as:Ԡվ֊֍֍ = Ԡ(1 + 2ᅯ֎ս + 2ᅯ֒ս) (39)

And consequently the force coefficients can be recalculated as:Ӹ′𝐿 = ԁԠվ֊֍֍Ԉ = ԁԠԈ ԠԠվ֊֍֍ = Ӹ𝐿 11 + 2ᅯ֎ս + 2ᅯ֒ս (40)Ӹ′ե = ӹԠվ֊֍֍Ԉ = ӹԠԈ ԠԠվ֊֍֍ = Ӹե 11 + 2ᅯ֎ս + 2ᅯ֒ս (41)Ӹ′ֈ = ԂԠվ֊֍֍ԈԒ = ԂԠԈԒ ԠԠվ֊֍֍ = Ӹֈ 11 + 2ᅯ֎ս + 2ᅯ֒ս (42)

For Ӹֈ the same procedure applies as in the NTUA case. The downwash corrections are applied to the AoA
and the drag coefficient: ᅫ′ = ᅫ + 57.3ᅮԈӸ Ӹ𝐿 (43)Ӹ′ե = Ӹ′ե + ᅮԈӸ Ӹ2𝐿 (44)

The boundary correction factor ᅮ can be estimated from the literature [9]. Namely, for elliptical load distribu-
tion, a rectangular test section with an aspect ratio of approximately 1, and a model span of approximately
0.25 times the jet width, ᅮ ≈ 0.14.
2.5 Uncertainties
The presence of uncertainties is inherent in every measurement; therefore it is important to be able to have an
estimate of them. Using the framework laid out by JGM [20], we consider uncertainties to be of two types:

• Type A: uncertainties estimated via statistical analysis, e.g. using the standard deviation.

• Type B: uncertainties that are quantified by other means such as calibration certificates etc.
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The estimation of Type B uncertainties is achievable only for a part of the measured quantities, as some
information may be unavailable between the two facilities. Conversely, the estimation of Type A uncertainties
is challenging when the measured signals are non-stationary (e.g. the temperature increases as the WT
operates) or the measured behaviour is inherently unsteady (e.g. vortex shedding or separated flow). To
alleviate this, a bootstrapping approach was used, taking the average standard deviation of small increments
of the signals where Type A uncertainties were evaluated.

Once the uncertainty of each measured quantity is estimated, we can estimate the uncertainties of the
derived quantities. To achieve this, assuming that the measurements of different quantities are uncorrelated,
the propagation of error can be done using the following formula:ᅮԤ2 = կ∑ք=1 ᅲԕᅲԧք Ԥ2(ԧք) (45)

where Ԥ is the standard uncertainty of the quantity of interest, calculated as ԕ (ԧ1, … ԧկ) with ԧք being theԘ-th independent variable, ԃ the number of independent variables and Ԥ(ԧք) is the uncertainty of the Ԙ-th
independent variable.

2.5.1 NTUA

The uncertainties for the NTUA setup are summarized in table 2.

2.5.2 POLIMI

The uncertainties for the POLIMI setup are summarized in table 3.
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3 Flow control devices design and testing

Three differnt families of flow control devices, as well as their combinations were tested. Namely, the effect
of using Vortex Generators (VGs), Gurney Flaps and TE tabs was investigated.

3.1 Vortex Generators
Vortex Generators (VGs) are small vanes that protrude a wing surface close to its leading edge and generate
streamwise vortices that energize the local boundary layer (BL), leading to delayed flow separation and, as a
result, increased lift. Typically VGs are placed in arrays at a predefined chordwise position along the span of
a wing. The definition of the main geometrical parameters describing an array of VGs is shown in fig. 10. In
this Twin Test, VG arrays were 3D printed and the thickness of each VG vane was 0.8mm, a baseplate was
also included in the design with beveled edges in order to minimize the disturbance to the flow.

3.1.1 Flow separation

The ’traditional’ use of VGs is to delay flow separation and are therefore placed near the maximum thickness
of the airfoil. In this Twin Test we placed VGs both at the pressure and suction side of the airfoil, a common
practice for very thick airfoils [21]. The VG height ℎշ ը was determined in relation to the height of the
separating boundary layer (BL), as determined by precursory Computational Fluid Dynamics simulations.

For the suction side VGs, the vane angle was ᅬ = 15∘, the distance between consecutive counterrotating
VGs ԓ = 3.5ℎշ ը and the VG length ԁշ ը = 3ℎշ ը. The distance between consecutive VG pairs isӹ/ℎշ ը = 7. Regarding the VG height, initially, the VGs were designed in order to be placed at a chordwise
location of ԧ/Ԓ = 40%, where ᅮ = 0.86%Ԓ at 0∘ and a height of ℎշ ը = 0.8ᅮ was selected. However, during
the NTUA campaign, the effect of VGs was minimal and a decision was made to move the array to a more
upstream position, namely at ԧ/ = 30%, corresponding to ℎշ ը ≈ 1.43ᅮ.

Similarly, for the pressure side VGs, ᅬ = 15∘, ԓ = 3.5ℎշ ը, ԁշ ը = 3ℎշ ը and ӹ/ℎշ ը = 7. The initial
placement was at a chordwise location of ԧ/Ԓ = 55%, where ᅮ = 1.18%Ԓ at 0∘ and a height of ℎշ ը = 0.8ᅮ
was selected. The final position of the arrays was at ԧ/Ԓ = 35%, corresponding to corresponding toℎշ ը ≈ 1.48ᅮ.
3.1.2 Drag reduction

A different utilization of the streamwise vortices generated by the VGs was considered also here, using said
vortices in order to influence the (spanwise) vortices shed from the thick TE of the FB airfoil. The goal is
to suppress vortex shedding near the TE, and as a result to increase base pressure and reduce airfoil drag.
Different arrays of triangular VGs were placed at the suction side of the airfoil at a streamwise position ofԧ/Ԓ = 90%. The VG height ℎշ ը was determined in relation to the height of suction side separating BL, as in
the case of the VGs for flow separation. Namely, ᅮ = 3.84%Ԓ at 0∘ and we selected ℎշ ը = 0.5ᅮ; the height
of the baseplate (0.6mm) was included in the final height of the VGs. Typical values (see e.g. [22]) were
selected for the vane angle ᅬ = 15∘, the distance between consecutive counterrotating VGs ԓ = 2.5ℎշ ը
as well as the VG length ԁշ ը = 3ℎշ ը. Different spanwise distances between consecutive VG pairs ӹ
were examined based on the spanwise wavelengths of secondary wake instabilities present in bluff body
shedding [23], namely, ӹ/ℎյ զ = (1, 1.4, 2), or equivalently ӹ/ℎշ ը = (4.2, 5.85, 8.35).
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Figure 10: Definition of geometrical parameters of an array of VGs [24].

3.2 Gurney Flaps
Another common flow control solution is the use of Gurney Flaps (GFs), they are thin strips placed normal to
the pressure side that are extending the trailing edge of the airfoil. The underlying flow control mechanism
is the shift to the Kutta condition via the modification of the circulation around the airfoil, leading to an
increase in both lift and drag. The use of GFs has been explored for FB arifoils [21] and wind turbine airfoils
in general [25, 26, 24].

Regarding the height, the GF must lie inside the pressure side BL; see e.g. [27, 28]. Due to the large
separating BL thickness in thick airfoils, typical values of GF heights are ℎըէ = 3%Ԓ to 7%Ԓ. In the NTUA
tests, three variations of a GF with ℎըէ = 3%Ԓwere used. Namely, a uniformGF and two different segmented
variants, one with rectangular and one with triangular [29] segments. The aim of using segmented GFs is
based on the idea that by reducing the total area of the GF, the drag induced by it is reduced, while lift stays
the same. While in the POLIMI campaign, a uniform GF with ℎըէ = 5%Ԓ made out of a thin metal sheet
was used.

3.3 Trailing Edge tabs
Finally, another drag reduction device utilized in the Twin Test were small tabs placed near the in the pressure
side of the airfoil. The concept of TE tabs was firstly discussed by [30]. The underlying mechanism the
mean-velocity modification along the spanwise direction, i.e. deceleration and acceleration of the mean
streamwise velocity near and away from the tab, respectively. This mean-velocity distribution along the
spanwise direction causes the spanwise mismatch in the vortex-shedding process and eventually results in
vortex dislocation in the wake [30]. For the WT tests, arrays of tabs were 3D-printed. Each tab was 2.5mm
thick, while the height of each tab was ԛ֔/ℎյ զ = 0.1 and their width along the span was ԛ֕/ℎյ զ = 0.25.
Regarding the spanwise distance between consecutive tabs ᅶ, three different configurations were testedᅶ/ℎյ զ = 1, 1.5, 2

Additionally, combinations of the previously desicribed flow control options were also investigated.
In fig. 11 the airfoil model with some of the tested flow control options is shown. Namely the VG arrays for
flow separation control are placed in both the pressure and suction sides. Addtionally, in the suction side (left
hand side of the TE) the array of VGs designed for drag reduction is visible in black. Finally, the TE tabs
extending in the pressure side of the TE (right hand side) are shown in brown.
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VGs for Flow Separation
Suction Side

VGs for Flow Separation
Pressure Side

VGs for Drag Reduction TE Tabs

Figure 11: The model installed in the NTUA WT with a combination of flow control devices. View of the
model trailing edge looking upstream.
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4 Results

In this section we present the results for the two campaigns and it is organized as follows. First the baseline is
established for both the free and fixed transition cases. Next, the effect of the designed and tested flow control
devices is demonstrated. Namely, the improvement in flow separation behaviour introduced by placing
VGs near the maximum thickness of the airfoil is highlighted. Additonally, we show the effectiveness of
drag reduction achieved by the concept of placing VGs near the TE, as well as tabs placed near the TE.
Furthermore, the lift increase introduced by the use of GFs is presented. Finally, the combination of GFs and
TE VGs is shown.

4.1 Baseline - Free BL transition
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Figure 12: Polars for the baseline case with free BL transition (a) Ӹ𝐿 (b) Ӹե.
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Figure 13: Pressure coefficient Ӹ֋ distribution around the airfoil at (a) ᅫ = 2∘ and (b) ᅫ = 6∘ for the baseline
case with free BL transition (a) Ӹ𝐿 (b) Ӹե.

0.0 0.1 0.2 0.3 0.4 0.5𝑆𝑡
10−1210−10
10−810−6
10−4

PS
D

Free Transition - Baseline

Pressure - NTUA at 1.8
Pressure - POLIMI at 2.0
Balance - POLIMI at 2.0

1(a)

0.0 0.1 0.2 0.3 0.4 0.5𝑆𝑡
10−1210−10
10−810−6
10−410−2

PS
D

Free Transition - Baseline

Pressure - NTUA at 6.8
Pressure - POLIMI at 7.0
Balance - POLIMI at 7.0

1(b)

Figure 14: Spectral behaviour of Ӹ𝐿 at (a) ᅫ = 2∘ (b) ᅫ = 6∘ for the baseline case with fixed BL transition.
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(a) (b)

Figure 15: Surface flow vizualisation with tufts for (a) NTUA at ᅫ = 6∘ (b) POLIMI at ᅫ = 18∘.

(a) (b)

Figure 16: Stereo PIV results for the baseline case with free BL transition at ᅫ − 0.3∘(a) normalized velocity
magnitude |Ԋ|/Ԋ∞ and (b) normalized Reynolds stress −Ԥ′ԥ′/Ԋ2∞ contours.
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(a) (b)

Figure 17: Stereo PIV results for the baseline case with free BL transition at ᅫ3.9∘(a) normalized velocity
magnitude |Ԋ|/Ԋ∞ and (b) normalized Reynolds stress −Ԥ′ԥ′/Ԋ2∞ contours.
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1Figure 18: Power Spectral Density for the hot-wire measurements taken at NTUA for two AoAs. Baseline
case with free BL transition
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Figure 19: Distribution of mean value of each velocity component along the span measured via hot-wires in
POLIMI for free BL transition.

4.2 Baseline - Fixed BL transition
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Figure 20: Polars for the baseline case with fixed BL transition (a) Ӹ𝐿 (b) Ӹե.
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Figure 21: Pressure coefficient Ӹ֋ distribution around the airfoil at (a) ᅫ = 3∘ and (b) ᅫ = 5∘ for the baseline
case with fixed BL transition (a) Ӹ𝐿 (b) Ӹե.
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Figure 22: Spectral behaviour of Ӹ𝐿 at (a) ᅫ = 3∘ (b) ᅫ = 5∘ for the baseline case with fixed BL transition.
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Figure 23: Timeseries of Ӹ֋ at the tap located at ԧ/Ԓ = 0.48 and Ԩ/Ԓ = 0.2 for the AoAs demonstrating
bifurcating behaviour for the fixed BL transition at (a) NTUA (b) POLIMI.
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1Figure 24: Power Spectral Density for the hot-wire measurements taken at NTUA for two AoAs. Baseline
case with fixed BL transition.
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Figure 25: Distribution of mean value of each velocity component along the span measured via hot-wires in
POLIMI for fixed BL transition.
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4.3 Flow Control

4.3.1 VGs for flow separation

4.3.1.1 Performance of VGs
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Figure 26: Polars for the case with VGs for flow separation control and fixed BL transition (a) Ӹ𝐿, (b) Ӹե,
(c) Legend.
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4.3.1.2 Effect of BL transition
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Figure 27: NTUA results for the case with VGs for flow separation control (a) Ӹ𝐿, (b) Ӹե, (c) Legend.
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(a) (b)

Figure 28: Stereo PIV results for the case with VGs for flow separation control and free BL transition atᅫ0.1∘(a) normalized velocity magnitude |Ԋ|/Ԋ∞ and (b) normalized Reynolds stress −Ԥ′ԥ′/Ԋ2∞ contours.

4.3.1.3 Bifurcation observed in POLIMI
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Figure 29: Polars only from surface pressure measurements for the case with VGs for flow separation control
and fixed BL transition (a) Ӹ𝐿 (b) Ӹե.
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4.3.2 VGs for drag reduction
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Figure 30: Polars for the case with VGs for drag reduction and free BL transition (a) Ӹ𝐿, (b) Ӹե, (c) Ӹ𝐿/Ӹե
(d) Legend.
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Figure 31: Distribution of mean value of each velocity component along the span measured via hot-wires in
POLIMI for free BL transition and VGs placed at ԧ/Ԓ = 0.9 on the suction side.

(a) (b)

Figure 32: Stereo PIV results for the case with VGs for drag reduction and free BL transition at ᅫ0∘(a)
normalized velocity magnitude |Ԋ|/Ԋ∞ and (b) normalized Reynolds stress −Ԥ′ԥ′/Ԋ2∞ contours.
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4.3.3 TE tabs
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Figure 33: Polars for the case with TE tabs and free BL transition (a) Ӹ𝐿, (b) Ӹե, (c) Ӹ𝐿/Ӹե.
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Figure 34: Distribution of mean value of each velocity component along the span measured via hot-wires in
POLIMI for free BL transition and using TE tabs.
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4.3.4 Gurney Flaps
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Figure 35: Polars for the case with Gurney flaps and free BL transition (a) Ӹ𝐿, (b) Ӹե, (c) Ӹ𝐿/Ӹե.
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(a) (b)

Figure 36: Stereo PIV results for the case with Gurney flaps and free BL transition at ᅫ0.5∘(a) normalized
velocity magnitude |Ԋ|/Ԋ∞ and (b) normalized Reynolds stress −Ԥ′ԥ′/Ԋ2∞ contours.
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4.3.5 Gurney Flaps & VGs for drag reduction
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Figure 37: Polars for the case with VGs for drag reduction and GF for free BL transition (a) Ӹ𝐿, (b) Ӹե, (c)Ӹ𝐿/Ӹե (d) Legend.
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(a) (b)

Figure 38: Stereo PIV results for the case with VGs for drag reduction and GF and free BL transition atᅫ0∘(a) normalized velocity magnitude |Ԋ|/Ԋ∞ and (b) normalized Reynolds stress −Ԥ′ԥ′/Ԋ2∞ contours.
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5 Summary

This chapter presented the facilities, equipment and set up details for the two campaigns carried out in the wind
tunnels of the National Technical University of Athens (NTUA) and Politecnico di Milano (POLIMI) within
the scope of Twin Test 3 of the TWEET-IE project. Namely, Twin Tests were conducted assessing the effect
of micro devices for enhanced performance of flatback airfoil sections. The utter goal was to investigate the
effect of freestream turbulence intensity, Reynolds number and blockage ratio on airfoil performance, 3D flow
separation and wake behaviour. Additionally, the effect of flow control devices regarding flow separation
control and drag reduction were assessed. The results between the two facilities deviate significantly even at
the baseline case, which at this stage is attributed to 3D separated flow and differences in blockage. For the
fixed BL transition case, force and pressure timeseries demonstrate a switching behaviour between intermittent
states, in both facilities but at different rangers of AoAs and at different timescales. The use of VGs for flow
separation control has a positive effect in both facilities. Additionally, using a Gurney flap leads to an increase
in lift force (almost doubling it), but it comes with an increase in drag at both facilities, leading to small
aerodynamic performance gains, especially at low AoAs. Finally, the effectiveness of placing drag reduction
devices at or near the TE (VGs and tabs) varies between facilities. Namely, at NTUA the aerodynamic
performance is increased in a similar way for the TE VGs and TE tabs, (25%), while the improvement is
marginal (approximately 1%) for the POLIMI tests.
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A Setups tested only at NTUA

A.1 VGs for flow separation chordwise placement
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Figure 39: Polars for different chordwise placements of VGs for flow separation control tested at NTUA (a)Ӹ𝐿, (b) Ӹե, (c) Legend.
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A.2 VGs for drag reduction spacing
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Figure 40: Polars for different spacings between pairs of VGs used for drag redution. The transition of the
BL is free and the cases were evaluated at NTUA (a) Ӹ𝐿, (b) Ӹե, (c) Ӹ𝐿/Ӹե.
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A.3 TE tabs Spacing
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Figure 41: Polars for different TE tabs spanwsie spacing for free BL transition evaluated at NTUA (a) Ӹ𝐿,
(b) Ӹե, (c) Ӹ𝐿/Ӹե.
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A.4 GF designs
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Figure 42: Polars for different Gurney flap designs for free BL transition evaluated at NTUA (a) Ӹ𝐿, (b) Ӹե,
(c) Ӹ𝐿/Ӹե.
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0. History and Changes 
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