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1. Introduction
Race car aerodynamics has always been a fasci-
nating subject, brought to its peak in Formula 1.
Since the 1960s, many teams tried to reach the
pinnacle of this sport, designing innovative solu-
tions to maximize the car performance. In this
field, aerodynamics has a fundamental impor-
tance, since it allows for a much better handling
in corners. However, in straight lines, aerody-
namics plays a marginal role, since it also brings
aerodynamic drag, opposing the car’s motion.
Therefore, many adjustable wings designs have
been conceived through the years, but have been
promptly banned by the FIA [4]. In 2011, the lat-
est adjustable wing design has been introduced
in the technical regulations: the Drag Reduc-
tion System, an apparatus composed by an ad-
justable flap on the rear wing and its actuation
mechanism. This device allows for an increase in
maximum velocity on straight lines, facilitating
overtakes between cars that are 1 s or less apart.
This work aims at designing a DRS mechanism
for a 1:2 scale rear wing model from scratch,
taking advantage of CFD simulations and FEM
analysis and then testing the model in Politec-
nico di Milano De Ponte wind tunnel through
steady and unsteady force measurements to as-

sess the loads generated and study its behaviour
in transient periods. Successively, additional
CFD simulations will be carried out to analyse
the flow surrounding the rear wing and its phe-
nomenology.

2. Rear Wing Model and Mech-
anism design

2.1. Starting geometry
Part of the wing geometry was already available
thanks to a previous work [3], including:

• Mainplane.
• Flap.
• Endplates.

However, the flap had to be modified to be able
to include two pins at its tips for its rotation,
also removing the gurney flap earlier included.
The endplates junction was changed from a "Z"
shape to an "S" one and also the upper part
was changed, performing a cut that followed the
mainplane and flap profiles. The mainplane in-
stead did not undergo any modification. The
imposed profile characteristics were the follow-
ing:
• Both profiles were set at an incidence 5°

lower than the previous one, to avoid any
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stall phenomenon in the wind tunnel.
• Gap and overlap between the profiles were

not altered, keeping them at 5 mm and 12
mm.

• Both the mainplane and the flap had a 0.505
m span, in order to be compliant with the
technical regulations.

• The flap’s chord was imposed to be paral-
lel to the line tangent to the mainplane’s
suction side trailing edge.

�[°] Chord [mm] Profile
Mainplane 8.56 140 BE-122-155

Flap 35.32 60 BE-152-125

Table 1: Geometric parameters.

2.2. Pylon design

Analysing the previous loads [3], an initial actu-
ator hypothesis was made to design its fairing,
therefore the preliminary pylon design was con-
ceived in order to include it with all its attach-
ments. The pylon section consisted in a chopped
NACA 0029, resulting in a 60 mm chord.

2.3. CFD
The CFD simulations were performed in Open-
FOAM, using the SimpleFoam solver, since the
needed setup was for a steady, incompressible so-
lution with turbulent flow. The RANS approach
was considered the best for the case and the tur-
bulence model adopted was k-! SST. Moreover,
to optimize the computational cost, wall func-
tions were used to model the viscous sublayer
and the log-law region and apply the boundary
conditions at the first cell height (y+ ≈ 30).
The simulations were conducted in free air, sim-
ulating only half of the wing to maximize the
number of cells per unit volume. A velocity of
50 m/s was imposed at the inlet, while a zero
pressure condition was defined at the outlet. Air
density was set to � = 1:225 kg/m3.
The mesh was generated using the built-in
OpenFOAM utilities: BlockMesh and Snappy-
HexMesh. A rectangular domain was initially
defined, whose dimensions were imposed consid-
ering the previous farfield convergence study [3].
The refinement level was chosen after a grid in-
dependence study, from which a 6.1 million cells
mesh was selected.
1500 iterations were performed for each simu-

lation, ensuring numerical convergence, while,
given the pylon bluff body nature, the coeffi-
cients showed an oscillation in value through the
iterations. Therefore, they were extrapolated
averaging on the last 500 iterations.
For the mainplane and flap profiles, the coeffi-
cients were computed taking into account their
actual wetted area, while for the whole wing co-
efficients, the wetted area was set to 1 m2.
From the CFD study, the flap produced around
40 N of downforce, so the actuator choice was
confirmed appropriate.

2.4. Actuator
Accordingly to the CFD results the suitable ac-
tuator was the Festo DSNU-S-12-25-P-A-MP: a
pneumatic stem actuator, able to develop 67.9
N in extension and 50.9 N in retraction at 6 bar,
with an operation pressure up to 10 bar [2]. Ac-
cessories to connect the actuator to the mecha-
nism were also included in the assembly.

2.5. Kinematics
In order to have a simple mechanism, a 1 de-
gree of freedom system was deemed appropri-
ate for the purpose, therefore, after a kinematic
study to assess the right geometry parameters
for a good force transmission, the following sys-
tem was chosen:
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Figure 1: New kinematics design.

a 33.96 mm
b 9.70 mm
d 22 mm
‘ 2

3c
∡OAB 50°

Table 2: Mechanism geometric data1.

1c refers to the flap’s chord
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2.6. 3D design
The mechanism illustrated above was then de-
signed in SOLIDWORKS and included:

• The actuator and annexed accessories.
• An aluminium block, fixed to the pylon,

onto which the actuator was positioned, to
introduce the fixed hinge in O (Figure 1)
and allow the actuator to rotate.

• 2 3D-printed elements, that linked the ac-
tuator to the flap.

Also the position of the attachment to the flap
was subjected to a study, conducted with the
CAD software. From this analysis, the position
that offered the highest flap excursion was 20
mm along the chord and 7 mm high from the
flap.

2.7. FEM
To assess the resistance of the 3D-printed pieces,
a FEM analysis was performed to determine the
stresses necessary to apply the Tsai-Hill crite-
rion to the components along their layer planes.
The material available for the Fused Deposition
Modeling process was Creality Hyper-PLA, con-
sidered sufficiently strong for the purpose. A
load of 80 N was applied to the pieces, tested in
their tensile strength.
The stresses were determined after a mesh in-
dependence study on each component, applying
the Tsai-Hill criterion afterwards, resulting in
components failure for a stress increase of 20%
and 113%. Considering the sensibly higher load
applied with respect to the real one, the pieces
were considered suitable for the tests.

2.8. 3D printing
The printer used for the final version of the
components was Creality K1 Max, an enclosed
printer that allows for a better printing environ-
ment control and more accurate results.
Furthermore, additional printing tests were per-
formed to assess the best layer dimension to ap-
ply among 0.1 mm, 0.12 mm and 0.16 mm. The
printed prototypes underwent increasing loads
applied through graduated weights from 2.5 kg
up to 12.5 kg. Both 0.1 and 0.12 mm compo-
nents broke when subjected to 10 kg, while the
0.16 mm one broke only under a 12.5 kg load.
Therefore, the thickest layer was selected for the
production process.

3. Experimental setup
The preliminary phase to the experimental tests
will be explained in the following lines, including
the manufacturing and the setup.

3.1. Manufacturing
Given the numerous changes that the flap under-
went, it was decided to produce it through addi-
tive manufacturing using Selective Laser Sinter-
ing, in Windform® XT 2.0 and presenting a 4
mm hole at each tip to insert the pin necessary
for its rotation. To connect the flap with the
actuator, a small aluminium "T" shaped plate
was then glued onto the flap.
The mainplane was already available and had
been produced milling a solid carbon fibre block.
The endplates were produced cutting two 5 mm
thick steel alloy plates, following the profiles
shape. A 2 mm deep hole was then realized on
each endplate to position the pin necessary for
the flap rotation.
Regarding the pylon, it was produced in lam-
inated carbon fibre, for faster production and
high stiffness, then two countersunk holes were
realized to fix the actuator pedestal. An addi-
tional plate was also manufactured to support
the pylon, along with a FDM printed pylon sup-
port to fix it on the plate.
The actuator pedestal was produced milling an
aluminium block, also including backward and
forward appendices to connect the actuator and
the mechanism lever.
Finally, the mechanism components were 3D
printed in Hyper-PLA.
The available wing support was composed by a
central cylinder and a top aluminium plate onto
which two "L" flanges were mounted.

3.2. Wind tunnel
The De Ponte wind tunnel was employed for the
tests. It is a closed-loop system, featuring a rect-
angular test chamber with dimensions 3×1×1:5
m and capable of reaching a wind speed of 55
m/s, with 0.1% turbulence intensity.
The model was aligned with the flow, adjusting
its pitch and yaw angles to zero.
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Figure 2: View of the model positioned inside
the wind tunnel test chamber.

3.3. Force measurements
Force measurements were conducted using a six
components external balance, while the tare was
assessed by measuring the force components of
the only wing support and subtracting them
from the whole wing. The interference instead
was not determined, since considered negligible.
The acquisition was performed in both steady
and unsteady measurements with a 1 kHz sam-
pling rate. The steady ones were performed
at 20, 25, 30 and 50 m/s, acquiring 10 values
averaged over periods of 5 seconds, while un-
steady measurements where conducted at 20,
25, 30, 35 and 40 m/s, since the actuation did
not work beyond this wind speed. Different un-
steadiness configurations were chosen with single
opening/closing actions and single or multiple
opening/closing cycles. Each measurement was
repeated at least twice.
In the post-processing phase the standard devia-
tions and the wind tunnel corrections (solid and
wake blockage) [1] were evaluated to correctly
analyse the results. The unsteady measurements
signals were filtered with a second order But-
terworth filter to better represent the transient
period.

4. Results and Discussion
4.1. Wind tunnel campaign

4.1.1 Steady force measurements

The first objective of the measurements was
to define the wing behaviour at different wind

speeds in both configurations.
Measurements with the flap in the closed posi-
tion were first performed and the data showed
an initial decrease in the CL up to 30 m/s, while
for 50 m/s a trend inversion occurred, probably
due to model deformations. Regarding the CD,
it showed no variation up to 25 m/s and then
increased linearly up to 50 m/s.

CL CD

20 m/s -0.1797 0.0533
25 m/s -0.1799 0.0533
30 m/s -0.1809 0.0544
50 m/s -0.1771 0.0583

Table 3: Aerodynamic coefficients for inactive
DRS.

In the active DRS configuration, the CL showed
a pseudo-quadratic behaviour, decreasing for
higher speeds, while the CD showed an initial
decrease, followed by an increase at 50 m/s, with
a similar pseudo-quadratic trend.

CL CD

20 m/s -0.0972 0.0291
25 m/s -0.0972 0.0287
30 m/s -0.0980 0.0286
50 m/s -0.1059 0.0303

Table 4: Aerodynamic coefficients for active
DRS.

The percent variation between coefficients at
same speeds was then computed and the �CL

showed a less intense downforce variation at 50
m/s with respect to slower wind speeds, with a
value of 40.2%, while the �CD increased con-
sistently up to the highest wind speed, where it
reached its maximum value of 48%.

(a) CL (b) CD

Figure 3: Aerodynamic coefficients variation
with respect to velocity.
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4.1.2 Unsteady force measurements

Force components were measured also through
time to see the evolution of loads in transient
periods, following the types of actuations men-
tioned above.
Single actuations were performed at 20, 25 and
30 m/s and showed a fast system response,
reaching the regime condition almost immedi-
ately for both opening and closing, while keep-
ing comparable aerodynamic coefficients values
with respect to the steady ones.
Opening and closing cycles were also performed,
taking around 3 seconds per cycle and exhibiting
a fast response and coherent coefficient values.
Finally, multiple cycles per acquisition were
tested also at 35 and 40 m/s. The data showed
again a fast response and the computed coeffi-
cients for the last two wind speeds showed co-
herent values for 35 m/s, while at 40 m/s values
deviated from the expected ones since the flap
did not open fully, generating more downforce
and drag than it should. Therefore, lift deltas
were found to be 42.6% at 35 m/s and 21.9% at
40 m/s, while drag deltas were 44.7% at 35 m/s
and 36.6% at 40 m/s.

CL CD

35 m/s DRS inactive -0.1785 0.0544
DRS active -0.1024 0.0301

40 m/s DRS inactive -0.1802 0.0571
DRS active -0.1408 0.0362

Table 5: Coefficients and deltas for 35 m/s and
40 m/s.

Figure 4: CL and CD in time for multi-cycle
actuations.

Looking at the data, it was found that the
system did not suffer from any hysteresis phe-
nomenon.

4.2. CFD analysis
Further CFD simulations were performed at dif-
ferent flap angles, including the one experienced
in the wind tunnel.

4.2.1 Wind tunnel-CFD comparison

The results were then compared with the experi-
mental measurements, showing good agreement.

�CL;WT-CFD �CD;WT-CFD
DRS inactive 11.52% 9.78%
DRS active 8.12% 2.90%

Active-inactive 4.58% 8.22%

Table 6: Wind tunnel-CFD comparison.

4.2.2 Vortex release estimation

Analysing the distribution of aerodynamic coef-
ficients along the flap span and taking advan-
tage of the Kelvin’s and Kutta-Joukowsky the-
orems, the optimal position for a Particle Im-
age Velocimetry laser sheet was found to be at
y = ±0:17 m, where the circulation variation is
more significant.

Figure 5: Distribution of circulation for active
and inactive DRS.

4.2.3 Flow field analysis

Examining the Cp at y = 0:17 m, it is clear how
the flow is substantially changed, showing a big
variation both on the mainplane and the flap.
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