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Abstract

This work presents the aerodynamic study of the FST14, the latest Formula Student prototype
developed by FST Lisboa, focusing on its side elements. The study aimed not only to improve the
vehicle’s aerodynamic performance but also to evaluate and consolidate the numerical methodology
used in the team’s design process. A comprehensive computational fluid dynamics (CFD) framework
was established, including mesh convergence studies, numerical error estimation, and a systematic
assessment of the isolated effects of blockage, scaling, wheel and ground motion, and ground clearance
variations on the numerical results. The analysis focused on three side element configurations to
identify the most effective design in terms of aerodynamic efficiency and overall contribution to
vehicle performance. To evaluate the reliability of the numerical predictions, a 1:3 scale model of
the FST14 was designed, manufactured, and tested in the closed circuit wind tunnel at LNEC. The
aerodynamic force balance was recalibrated, enabling measurement of global forces and moments
together with surface static pressures and flow visualization using wool tufts. Despite measurement
uncertainties, the experimental results demonstrated consistent aerodynamic trends and agreement
with the numerical data, reinforcing confidence in the CFD methodology. Finally, the numerical
framework was extended to replicate on-track conditions, enabling assessment of aerodynamic behavior
beyond wind tunnel constraints. The modified boundary conditions altered the performance hierarchy
among configurations, affecting downforce, drag, and side element contribution. These findings
redefined the observed aerodynamic trends and guided the selection of the optimal configuration for
integration into the FST14 prototype under real-world conditions.

Keywords: Aerodynamic Design, Experimental Validation, Computational Fluid Dynamics, Wind

Tunnel Testing, Race Car Aerodynamics, Formula Student.

1. Introduction

Ground effect aerodynamics plays a decisive role
in the performance of open-wheel racing cars, where
the generation of downforce without excessive drag
directly influences cornering capability and overall
lap time [1-3]. In Formula Student (F'S), where ve-
hicles operate at relatively low Reynolds numbers
and within strict design envelopes [4], achieving this
aerodynamic efficiency is particularly demanding.
The flow around open-wheel cars is characterized
by intense three-dimensional flow behavior, large
wake regions, and strong vortex interactions, mak-
ing it more complex to simulate accurately through
Computational Fluid Dynamics (CFD) solely [5, 6].
Consequently, experimental testing remains indis-
pensable to evaluate numerical methodologies, en-
suring reliable simulated results under realistic op-
erating conditions [7, 8.

The side aerodynamic elements of the latest For-
mula Student Técnico (FST) Lisboa prototype, the

FST14, were selected for detailed study due to their
significant contribution to downforce generation, as
shown in Figure 1, mainly through ground effect.
Their position allows them to exploit low pressure
regions efficiently while controlling the interaction
between the front wheel wake and the downstream
flow. Previous FST Lisboa studies have already
highlighted the importance of integrating experi-
mental testing within the design process. The work
by Pacheco [9] demonstrated that CFD could in-
deed capture the global aerodynamic trends ob-
served experimentally, while also highlighting the
need to correct the numerical simulations replicat-
ing the wind tunnel environment for Reynolds scal-
ing and boundary condition simplifications to en-
hance the comparison of results under on-track con-
ditions. Similarly, Afonso [10] and Morgado [11]
emphasized the necessity of coupling CFD and Ex-
perimental Fluid Dynamics (EFD) for meaningful
aerodynamic design. However, none of these studies



provided a quantitative assessment of how confine-
ment, ground motion, ride height, or wheel rotation
differences individually affect the aerodynamic per-
formance in scaled car model testing.
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Figure 1: FST14’s downforce distribution.

The present work addresses this gap by estab-
lishing a systematic correlation between CFD and
wind tunnel measurements to quantify the aerody-
namic deviations induced by key boundary condi-
tion differences. A comprehensive numerical frame-
work was developed and verified through mesh con-
vergence and numerical error analyses, followed by
wind tunnel testing with a 1:3 scale complete car
FST14 model at the closed circuit facility of the
Laboratério Nacional de Engenharia Civil (LNEC).
The experimental setup employed a six-component
aerodynamic force balance capable of measuring
overall aerodynamic forces and moments [12]. Addi-
tionally, surface pressures simultaneously with wool
tuft visualization were also carried out enabling a
reliable and complete comparison with CFD simu-
lations.

The numerical setup was used to reproduce a se-
quence of progressively more realistic on-track con-
ditions, isolating the effects of Reynolds number,
ride height, blockage, and ground and wheel mo-
tion. The resulting analysis provides a quantitative
understanding of how confined flow testing differs
from open flow behavior, demonstrating that con-
clusions drawn solely from wind tunnel tests under
such conditions must be carefully interpreted, as
they do not fully represent the behavior observed
under real-world operating conditions.

2. Race Car Aerodynamics

The generation of downforce is essential to max-
imize cornering capability and overall grip, while
drag must be minimized to preserve straight line
performance [5]. In ground effect configurations,
the proximity between the car floor and the ground
surface accelerates the flow beneath the vehicle, fur-
ther reducing static pressure and creating an ad-
ditional suction force [2, 13]. The magnitude of
this effect depends on parameters such as ground
clearance, expansion angle, and underfloor curva-
ture, which collectively determine the pressure re-

covery capacity and the stability of the flow [14].
Excessive expansion or abrupt curvature may cause
boundary layer separation and a rapid loss of suc-
tion, thereby reducing both aerodynamic efficiency
and stability [7].

The aerodynamic devices of a Formula Student
car are designed to exploit these principles within
a compact and tightly integrated system. The
front wing manages the airflow entering the un-
derfloor and downstream components, influencing
both front downforce and the efficiency of the sub-
sequent elements. The side elements, particularly
their main wing, form the core of the low pressure
system, where the airfoil section accelerates the flow
beneath the car and recovers static pressure at the
exit. The rear wing operates in the wake of the up-
stream components and at a higher position, con-
tributing one of the largest portions of the total
downforce while defining the overall aerodynamic
balance [5] (see Figure 1). Endplates, vortex gen-
erators, and Gurney flaps are some of the auxiliary
appendages that complement the primary aerody-
namic components by guiding tip vortices and en-
hancing suction.

Figure 2: FST14’s main aerodynamic devices.

3. Numerical Aerodynamic Model

The numerical analyses were carried out using
a steady state Reynolds Averaged Navier—Stokes
(RANS)[15] solver in STAR-CCM+®  aiming to
establish a verified computational methodology ca-
pable of simulating both wind tunnel (WT) and on-
track aerodynamic conditions. The computational
domain, initially defined as a closed rectangular vol-
ume matching the LNEC test section and inlet-
to-model distances, was later expanded to repre-
sent open-flow conditions, as illustrated in Figure 3.
Boundary conditions reproduced the experimental
setup with a uniform velocity inlet, a pressure out-
let, static lateral and upper walls, and a steady
ground plane. Due to the geometric and flow sym-
metry, only half of the domain was modeled. For
on-track simulations, these were progressively mod-
ified to include a moving ground, rotating wheels,
and enlarged far-field boundaries to minimize block-
age effects.



Top Inner Side Wall

Outer Side -
Wall (hidden)

Ground  Car Model

Figure 3: On-track simulation domain.

Polyhedral cells were employed to ensure numer-
ical robustness and accuracy over complex geome-
tries, complemented by prism layers near selected
walls to resolve the boundary layer down to the vis-
cous sublayer, maintaining y= < 1. Local mesh
refinement regions were defined around the wheels,
wings, and side elements to capture strong pressure
gradients and vortex structures more accurately, as
illustrated in Figure 4. The k—w SST turbulence
model [16] was selected for its demonstrated capa-
bility to handle near wall adverse pressure gradi-
ents and flow separation phenomena characteristic
of ground effect race car aerodynamics. Conver-
gence of the solver was evaluated based on the decay
of normalized residuals below 10~% and the stabi-
lization of the integrated aerodynamic coefficients.

Side
Elements

Figure 4: Refinement boxes around the aerody-
namic package.

Verification of the numerical setup was conducted
through a systematic mesh convergence study fol-
lowing the methodology of Eca and Hoekstra [17].
Five geometrically similar meshes were generated
using a constant refinement ratio, Ri, to ensure
grid similarity across different resolutions. Round-
off errors were considered negligible due to the use
of double precision. Iterative errors were estimated
from the variation of aerodynamic coefficients be-
tween successive iterations of each simulation [18],
while discretization errors and the observed order
of accuracy were quantified using Richardson ex-
trapolation [17]. The discretization component was
identified as the primary source of numerical uncer-
tainty.

The evolution of the lift and drag coefficients with
mesh refinement, presented in Figure 5, exhibited
monotonic convergence with a consistent decrease
in numerical uncertainty. The uncertainties pre-
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Figure 5: Estimation of the discretization error.

sented were calculated conservatively, as indicated
by the high safety factors, primarily due to the data
scatter observed in the results, which was expected
given the geometric complexity of the problem. The
third level of mesh refinement level, shown in Fig-
ure 6, provided an optimal compromise between
computational cost and accuracy and was adopted
for all subsequent simulations.

Figure 6: Numerical mesh on the car surface.

The estimated numerical uncertainties are a con-
sequence from the estimated discretization errors
of 4.29% and 1.1% for the lift and drag coefficients,
respectively. This verification process ensured that
the aerodynamic trends analyzed in the subsequent



stages of this work could be attributed to physical
effects, such as boundary condition variations and
geometric modifications, rather than numerical un-
certainty.

4. Wind Tunnel Experimental Setup

The experimental setup was developed to en-
able reliable aerodynamic measurements during the
wind tunnel testing. The 1:3 scale model of the
FST14 was mounted on a six-component aerody-
namic force balance [12], which underwent mechan-
ical repairs and a complete recalibration proce-
dure to ensure measurement accuracy and reliabil-
ity across all axes.

The force balance calibration was performed us-
ing a custom-built apparatus [19] capable of ap-
plying known forces and moments through a ca-
ble and pulley system designed to replicate the
expected load ranges. The resulting strain gauge
data were processed using a weighted least-squares
method [12] to derive the calibration matrix relating
sensor outputs to the resultant aerodynamic loads
acting on the model. A total of 221 load cases were
applied (see example in Figure 7), encompassing the
full range of aerodynamic forces and moments antic-
ipated during testing and enabling the assessment of
cross-axis sensitivity and potential non-linear cou-
pling between measurement channels.

Figure 7: Pure vertical load case for calibration.

The experimental campaign was carried out in
the LNEC closed circuit aeronautical wind tunnel,
shown in Figure 8, whose 1.2 x 1.0 m test section
and adjustable fan drive provided stable, control-
lable, and uniform free stream conditions. Flow
uniformity and turbulence intensity, 71, were cer-
tified through institutional characterization giving
TI < 1%. Data acquisition was performed using
National Instruments® NI 9237 modules for strain-
gauge signal acquisition and a Pressure Systems®
ESP-64HD pressure scanner for surface pressure
measurements. Sampling frequencies and averaging
procedures were optimized to minimize electronic
noise and ensure signal stability

The car model was mounted through an attach-
ment system that ensured pitch, yaw, and roll align-

Figure 8: Aeronautical wind tunnel at LNEC.

ment relative to the free stream, maintaining geo-
metric repeatability across all configurations. The
test matrix included aerodynamic measurements
for three side element configurations, covering the
Reynolds number representative of the scaled wind
tunnel CFD simulations, with airspeed variations
adjusted according to the instantaneous tempera-
ture during testing. Each test consisted of steady
state force acquisition combined with local pressure
mapping on the main wing of the side elements,
as well as qualitative flow visualization using wool
tufts to identify regions of flow attachment and sep-
aration.

5. Wind Tunnel Testing and Comparison
with CFD Simulations

The experimental and numerical results obtained
for the three side element configurations of the
FST14, designated as configurations A, B, and C,
are presented and analyzed.

5.1. Formula Student Scaled Model

The 1:3 scale model of the FST14 used during the
wind tunnel campaign represented the complete ve-
hicle, as illustrated in Figure 9, and incorporated
modular components such as the different side ele-
ment assemblies analyzed.
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Figure 9: Final FST14 model.

The model was designed to maintain geometric
fidelity across all external surfaces while providing
sufficient structural stiffness to prevent deformation
under loading. Mounting interfaces were integrated
within the chassis interior to enable repeatable in-



stallation on the aerodynamic force balance, avoid-
ing geometric misalignment and minimizing inter-
ference with the underfloor flow.

The wind tunnel airspeed was set to match the
Reynolds number of the conditions simulated nu-
merically for the 1:3 scale representation of the
wind tunnel case, which was conducted under Stan-
dard Sea Level (SSL) conditions. The selected scale
offered an optimal balance between manufactur-
ing feasibility, aerodynamic representativeness, and
compatibility with the test section, as shown in Fig-
ure 10. The same car geometry, including identical
simplifications, was used in the CFD simulations to
ensure consistency.

Figure 10: Scaled FS model inside the WT test
section (frontal view).

5.2. Comparison of Pressure Distributions on the
Side Diffuser

Surface pressures were recorded along chordwise
and spanwise locations on the upper and lower sur-
faces of the main side wing. Figure 11 presents
the experimental and numerical pressure coefficient
distributions for configuration A, considered as the
baseline case, together with additional modified nu-
merical simulations. The data reveals strong agree-
ment on the upper surface, where CFD accurately
captured the suction region downstream of the stag-
nation point and the subsequent pressure recovery.
On the lower surface, the discrepancies were con-
siderably more noticeable, as the experimental re-
sults exhibited weaker suction peaks located further
downstream. This deviation may be attributed to
attitude changes observed during testing, as com-
plementary simulations demonstrated that an in-
crease in ride height leads to suction peak atten-
uation, while the downstream displacement of the
minimum C), was reproduced in a pitched angle sim-
ulation, confirming the sensitivity of the pressure
distribution to variations in model attitude.

To further evaluate the influence of dynamic atti-
tude changes on the results, the experimental trends
between configurations A and B were compared
with the numerical simulations at the nominal neu-
tral attitude, as well as with the cases of increased
ride height and nose-up pitch variation in Figure 12.

4
350 e Experimental
Numerical - As Designed
3 + Numerical - Nose Up Pitch
25 + Numerical - Higher Ride Height
2t
s %. 3 *
AR R 4
»
0.5 g
ol
05
o 10 2 3 a4 60 70 8 90 100

0 50
z/c (%)
(a) Upper surface at |y2|/(w/2) = 49%.

351 e Experimental
Numerical - As Designed
37 + Numerical - Nose Up Pitch
25 + Numerical - Higher Ride Height
ob
S
4t oo’
Z
05 £
0 g’
05
0 10 20 30 4 60 70 80 90 100

o 50
z/c %]
(b) Lower surface at |y2|/(w/2) = 49%.

Figure 11: Pressure distributions obtained experi-
mentally and numerically for configuration A.

The analysis revealed that variations in the aero-
dynamic coefficients across these conditions re-
mained below 15%, while indicating that the overall
aerodynamic trends were preserved within an ac-
ceptable range. The main sensitivity was observed
in the aerodynamic balance, which shifted under
pitch variation due to the corresponding change
in the longitudinal position of the pressure center,
which is a direct impact of the rotation itself. Over-
all, the consistency between the numerical and ex-
perimental results confirmed the robustness of the
as-designed numerical setup as a reliable baseline
while highlighting the importance of considering re-
alistic platform variations when comparing with ex-
perimental data.

5.3. Comparison of Aerodynamic Coefficients

The comparison of aerodynamic coefficients
across the three side element configurations, sum-
marized in Figure 13, shows agreement between nu-
merical and experimental trends. From configura-
tion A to B, both datasets indicate a clear increase
in downforce accompanied by a moderate drag rise,
confirming that the design modifications enhance
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Figure 12: Sensitivity of aerodynamic coefficients
of configuration B relative to configuration A with
ride height and pitch angle.

load generation under WT conditions. Configura-
tion C yields a slight reduction in downforce relative
to B while maintaining higher performance than the
baseline, together with a partial recovery in drag.

Overall, the consistency of trends between
datasets indicates that the numerical setup is a re-
liable tool for comparative assessment of aerody-
namic configurations. Despite differences in abso-
lute magnitudes, the simulations accurately capture
the relative aerodynamic behavior observed experi-
mentally, supporting their use for subsequent aero-
dynamic analyses.

5.4. Flow Visualization

Wool tuft visualization was employed to com-
plement the force and pressure measurements and
qualitatively assess the flow behavior around the
FST14. Tufts were attached to the right side of the
1:3 scale car model, and the flow was recorded si-
multaneously with the aerodynamic measurements.
The experimental observations were compared with
the limiting surface streamline plots and the skin
friction coeflicient, Cy,, where positive values de-
note attached flow and negative values indicate sep-
aration.

The comparison between experimental and nu-
merical results showed good overall agreement
across the main aerodynamic components, partic-
ularly on the side elements. On the main side
wing, both approaches identified predominantly at-
tached flow near the inboard leading edge and local-
ized separation toward the outboard region, mainly
for configuration A, consistent with the numerical
predictions shown in Figure 14. The presence of
attached flow above the tubular vortex generator
and separation over the footplate surface were ac-
curately captured, while configuration C exhibited
a noticeable reduction in flow separation compared
to A. Downstream, the experimental wool tuft visu-
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Figure 13: Lift and drag for the three tested con-
figurations.

alization and CFD streamlines also showed strong
correspondence, consistently reproducing the flow
structures generated by the side assembly with good
agreement.

When comparing configurations, configuration A
exhibited pronounced separation on the main and
midplate leading edges and along the footplate,
whereas configurations B and C effectively sup-
pressed large scale detachment, promoting more co-
herent surface flow structures. This evolution re-
flects a clear aerodynamic improvement and con-
firms the design advantage of the later configura-
tions.

Flow visualization of other components, includ-
ing the front and rear wings, also showed satisfac-
tory agreement between CFD and experiments. On
the front wing, some discrepancies were observed:
although attached flow along the main element was
successfully captured on both ends, localized sepa-
ration near the endplate was detected experimen-
tally but not reproduced numerically. Tuft vibra-
tion confirmed that the incoming flow was already
turbulent upon reaching the model, supporting the
decision to omit a transition model in the simu-
lations. At the rear wing, both approaches cap-



(b) EFD.

Figure 14: Flow visualization on main wing leading
edge upper surface of configuration A.

tured endplate leading edge and flap separation re-
gions, though small discrepancies appeared in local
attachment on the upper sections. These differences
highlight the local sensitivity of the flow in this area.

Overall, the tuft visualization results corrobo-
rate the fact that the CFD setup accurately repro-
duces the main flow features observed experimen-
tally. Together with the force and pressure correla-
tions presented previously, these findings establish
confidence in the numerical methodology, providing
a robust basis for subsequent on-track aerodynamic
analysis.

6. Numerical Assessment of Differences be-
tween WT and On-Track Conditions

The main discrepancies between the WT setup
and actual on-track operation are discussed in terms
of their impact on aerodynamic performance. The
parameters assessed numerically are ride height,
Reynolds number related to the scaling, ground and
wheel motion, and domain size.

6.1. Ride Height

As a first step, the model ground clearance was
reduced from 5mm to Omm across all configura-
tions. The bottom view pressure field for config-
uration C (Figure 15) shows intensified suction be-
neath the floor and main side wing, with higher

mass flow acceleration. The integrated coefficients
in Figures 19a and 19b confirm a consistent rise
in C, for all configurations, while drag increases
only marginally, maintaining the same performance
trends. The aerobalance shifts modestly forward
due to enhanced suction near the floor throat and
front wing. The performance trends among config-
urations is preserved, and downforce generated by
the side elements increases by about 10-15 %.
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Figure 15: Ride height effect on pressure coefficient
on model bottom for configuration C.

6.2. Reynolds Number

The second step restored fluid properties to
full scale values, isolating Reynolds number effects.
Surface static pressure coefficient on the bottom of
the model show a deeper, more continuous low pres-
sure footprint with sharper throat gradients, consis-
tent with thinner boundary layers and reduced vis-
cous diffusion. The coefficients indicate steeper in-
crease in C'f, with nearly constant Cp. Side element
downforce increases for all configurations, with con-
figuration B retaining the highest load. The aer-
obalance shifts forward, suggesting a more even dis-
tribution of Reynolds number effects between axles.
The results also indicate that the variations primar-
ily cause an almost uniform shift in the magnitude
of the key aerodynamic parameters across configu-
rations. Therefore, the relative trends established
under wind tunnel conditions remain consistent so
far, as illustrated in Figure 16, which shows that
the normalized differences of the main coefficients
relative to configuration A are largely preserved.

6.3. Moving Ground and Wheel Rotation

The next step introduced moving ground and
rotating wheels. The ground speed matches free
stream velocity and each wheel rotates at the cor-
respondent angular speed (Figure 17).

The pressure distribution beneath the floor
and side elements show pronounced suction, with
stronger minima on the main wing and along the
floor edge vortex generators. Eliminating the up-
stream floor boundary layer allows an almost uni-
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Figure 16: Influence of Reynolds number on nor-
malized lift and drag coefficients for the tested con-
figurations.
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Figure 17: Boundary conditions with ground and
wheels motion.

form approach flow and reinforces underfloor suc-
tion, as shown in Figure 18. The integrated re-
sponse (Figures 19a and 19b) confirms higher Cp,
across all configurations, with the hierarchy Cr, >
Cr; > Cr, now pronounced and exceeding numer-
ical uncertainty for comparing configurations B and
C. Drag exhibits configuration dependent behavior:
configuration C increases due to higher underfloor
mass flow and stronger vorticity, while configura-
tions A and B remain neutral or slightly lower with
smoother recovery limits induced and less vortex re-
lated losses. The aerodynamic balance shifts mod-
estly forward, consistent with intensified front wing
suction and a more momentum filled underbody
stream. Introducing moving ground and rotating
wheels before domain enlargement allowed to iso-
late blockage effects in the subsequent step by re-
moving the confounding influence of the upstream
floor boundary layer.

6.4. Domain Size

Finally, the computational domain was enlarged,
in this case to a 7 x 10m cross section for the half-
car simulation with lateral and top boundaries now
set as symmetry planes, the inlet is moved to ap-
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Figure 18: Influence of ground and wheel motion
on pressure coefficient on model bottom for config-
uration C.

proximately 3 car lengths and the outlet is kept
to 13 car lengths. The pressure distribution shows
weaker suction under the floor and side elements,
with smoother gradients, confirming that part of
the previous load amplification arose from blockage
effect. Figures 19a and 19b show decreases in both
C, and Cp for all configurations, reflecting reduced
blockage. Downforce generated by the modified
components drops as side vortices weaken without
wall proximity. The aerobalance shifts mildly for-
ward since the rear loses proportionally more load.
Under the on-track domain, a clear hierarchy is ob-
served: Cr, > Cr, > Cr,, and for side element
downforce, DFc > DFp > DFj4, accompanied by
a more front-biased aerodynamic balance compared
to the moving ground case. Configuration C bene-
fits the most from realistic kinematics due to its un-
derfloor and side element design. Configuration B
remains competitive but exhibits greater sensitiv-
ity to operating conditions in terms of aerodynamic
performance. Configuration A exhibits the lowest
overall performance, serving primarily as a baseline
reference for comparison.

6.5. Geometry Comparison under On-Track Condi-
tions

In summary, from the initial wind tunnel setup to
the final on-track condition, a consistent increase in
aerodynamic forces is observed, indicating that the
progressive introduction of more realistic boundary
conditions enhances overall load generation up to
the stage where the domain size is expanded in
the on-track simulations, as displayed in Figure 19.
These findings confirm that the aerodynamic per-
formance trends obtained under wind tunnel condi-
tions differ significantly from those observed in on-
track operation, preventing direct comparison with-
out appropriate numerical corrections.

A comparison of configurations under the final
on-track setup confirms the field level mechanisms.
For configuration C, the bottom view C,, distribu-
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Figure 19: Key aerodynamic parameters for the
configurations across the simulated scenarios.

tion, illustrated in Figure 20 shows a broader and
more upstream suction footprint on the main wing
relative to configuration A, while front and rear
wing load levels remain comparable. A total pres-
sure coeflicient analysis, C,,., suggest that the ex-
tended strakes in configuration C form compact vor-
tex cores confined by the channel-like geometry, de-
laying breakdown and directing total pressure more
efficiently beneath the side wing.

The integrated results in Table 1 quantify the dif-
ferences among configurations: Cp increases from
3.95 (A) to 4.40 (C), Cp remains essentially un-
changed at 1.44, and efficiency improves from
Cr/Cp = 2.74 to 3.05 (+11.3%). Aerobalance
shifts forward from 45.98% to 49.35%. Down-
force generated by the lateral components rises from
164.7N to 210.6 N (+27.9 %). Mesh convergence es-
timates from Section 3 confirm that the gains from
configuration A to C lie beyond numerical uncer-
tainty, while the near equality in Cp aligns with
the small drag uncertainty.

7. Conclusions
The present work developed, tested, and applied
a computational and experimental framework for
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Figure 20: Comparison of pressure coefficient on
model bottom for configurations C and A.

Table 1: Comparison of key aerodynamic parame-
ters under on-track conditions.

Aerobalance

Configuration C, Cp CL/Cp (% Front) Lat. DF (N)
0
A 3.95 1.44 2.74 45.98 164.68
B 4.06 1.36 2.98 51.74 193.80
C 4.40 1.44 3.05 49.35 210.62

the aerodynamic design of the FST14. A complete
1:3 scale model was designed, manufactured, and
tested at LNEC, reinstating WT experimentation
as a reliable tool within the team’s workflow. The
numerical methodology was verified through a de-
tailed mesh convergence study, establishing numer-
ical errors of approximately ~ 4.3% in Cp, =~ 1.1%
in Cp, and = 3.2% in side element downforce.

The experimental phase involved calibrating the
six-component balance, performing force and pres-
sure measurements, and conducting tuft based flow
visualization. The CFD simulations reliably re-
produced the experimental trends, while discrep-
ancies on the lower surfaces were attributed mainly
to attitude variations during testing. The quali-
tative agreement of the flow visualization patterns
with the numerical streamlines further reinforced
the credibility of the numerical approach.

The CFD setup was then extended to simulate
on-track conditions, progressively incorporating the
effects of ride height, Reynolds number, ground and
wheel motion, and flow confinement. This system-
atic approach isolated the impact of each parame-
ter and demonstrated that configuration C deliv-
ered the highest aerodynamic efficiency and flow
coherence under more realistic conditions. Rela-
tive to configuration A, configuration C achieved
11.4% increase in Cp, maintained Cp nearly con-
stant, improved Cr/Cp by 11%, shifted the aero-
dynamic balance forward by 3.4%, and the specific
side element downforce generated increased by 28%.

Although the main objectives were fulfilled, sev-
eral areas remain open for further improvement.
Experimentally, future campaigns should focus on



increasing measurement precision and repeatability
by refining the balance design, expand pressure tap
network, and optimize calibration procedure. Im-
plementing a moving ground and rotating wheels
would better replicate on-track conditions, while
additional visualization techniques, such as smoke
or oil-flow methods, could provide deeper insight
into three-dimensional flow behavior.

Numerically, future work should aim to reduce
numerical uncertainty through targeted local mesh
refinement in regions of steep pressure gradients
and intense vorticity. The adoption of transitional
or hybrid RANS-LES turbulence models could fur-
ther improve simulation accuracy if computational
resources allow.
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