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Resumo

Este trabalho apresenta o estudo aerodinâmico do FST14, o mais recente protótipo Formula Stu-

dent desenvolvido pela FST Lisboa, com foco nos seus elementos aerodinâmicos laterais. O estudo

teve como objetivo não só melhorar o desempenho aerodinâmico do veı́culo, mas também avaliar e

consolidar a metodologia numérica utilizada no processo de conceção da equipa.

Foi estabelecido um modelo numérico de mecânica dos fluidos computacional (MFC), incluindo es-

tudos de convergência de malha, estimativa de erro numérico e uma avaliação dos efeitos de bloquea-

mento, escala, movimento das rodas e do solo, e variações da altura ao solo nos resultados numéricos.

A análise centrou-se em três configurações dos elementos laterais, com o objetivo de identificar a mais

eficiente em termos aerodinâmicos e de contributo para o desempenho global do veı́culo.

Para avaliar a fiabilidade das simulações numéricas, foi concebido, fabricado e testado no túnel de

vento de circuito fechado do LNEC um modelo à escala 1:3 do FST14. A balança aerodinâmica foi

recalibrada, assegurando a medição de forças e momentos globais em simultâneo com a aquisição de

pressões estáticas e a visualização do escoamento com fios de lã. Apesar das incertezas, os resul-

tados experimentais revelaram tendências consistentes e boa concordância com os dados numéricos,

reforçando a confiança na metodologia MFC.

Por fim, o modelo numérico foi estendido para reproduzir condições reais em pista, permitindo

avaliar o comportamento aerodinâmico para além das limitações do túnel de vento. As condições de

fronteira alteraram a hierarquia de desempenho entre configurações, afetando sustentação, arrasto e

contribuição dos elementos laterais, conduzindo à seleção da configuração ótima para integração no

protótipo FST14 em condições reais de operação.

Palavras-chave: Conceção Aerodinâmica, Validação, Mecânica dos Fluidos Computacional,

Ensaios em Túnel de Vento, Aerodinâmica de Veı́culos de Competição, Formula Student.
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Abstract

This work presents the aerodynamic study of the FST14, the latest Formula Student prototype de-

veloped 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 de-

signed, 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 exper-

imental 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.
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Chapter 1

Introduction

This chapter provides an overview of the thesis by outlining the motivation behind the work, the

context of the Formula Student competition, and the objectives and expected deliverables. Additionally,

the thesis structure is presented to guide the reader through the subsequent chapters.

1.1 Motivation

Aerodynamics is a crucial factor in modern motorsports, where improving vehicle performance de-

mands a careful balance between downforce and drag, as well as an even distribution of aerodynamic

forces across the vehicle, particularly between the front and rear axles, to ensure optimal handling and

stability at varying speeds. This is particularly true for Formula Student (FS) cars, which are open-wheel,

single-seater vehicles designed and built by university teams to compete in international engineering

competitions, as displayed in Figure 1.1. Unlike closed-wheel race cars, open-wheel vehicles have

exposed tires and typically feature complex aerodynamic appendages, such as front and rear wings,

diffusers, and side elements, that must work harmoniously to maximize performance.

Figure 1.1: FST13 competing at Formula Student Portugal 2024.

FS cars, operating at low Reynolds numbers, combined with their open wheel configuration, pose

unique aerodynamic challenges. The exposed wheels generate significant turbulence and overall com-

plex flow field phenomena that are difficult to predict using computational fluid dynamics (CFD) alone.
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Despite recent advances in CFD, such simulations struggle to accurately capture these complex flow

phenomena, particularly in scenarios involving separated flow, high turbulence, and high vorticity. There-

fore, wind tunnel testing remains a crucial validation tool for refining numerical setups. Wind tunnel

testing enables the analysis of the vehicle’s aerodynamic performance by replicating on-track conditions

as closely as possible within a controlled environment. However, the modeling accuracy of these tests

depends on critical factors, such as whether the ground plane is moving or fixed, whether the wheels

are rotating or stationary, and flow similarity.

This work is motivated by the desire to enhance the aerodynamics of the Formula Student Técnico

(FST) vehicle using both numerical simulations and wind tunnel testing. A critical aspect of this thesis

is the development of a 1:3 scale model of the FST vehicle to allow for affordable yet valuable experi-

mentation. The focus will be on studying the side aerodynamic elements, which play a vital role in the

vehicle’s overall aerodynamic efficiency. Ultimately, this work aims to bridge the gap between numerical

CFD simulations and real world aerodynamic performance. The approach adopted not only addresses

the inherent limitations of CFD estimations but also seeks to quantify the effects of geometry scaling

and changes in boundary conditions.

1.2 Formula Student

Formula Student is a global competition where university students design and build single seater,

open wheel race cars. The competition comprises static events, that evaluate theoretical and business

aspects, and dynamic events, that assess on-track performance [1].

Advanced aero packages, featuring multiple element wings, diffusers, and flow directing devices, are

increasingly important. However, the constraints imposed by the regulations in [2] define the design

envelopes shown in Figure 1.2, which limit wingspans and often lead to low aspect ratio wings.

Figure 1.2: Maximum dimensions and positioning of aerodynamic devices [2].

Wordley and Saunders [3] showed that, even at low speeds, downforce improves traction and lowers

lap times in autocross and endurance. Aerodynamics also aids performance in the skidpad by enhancing

lateral grip. However, in the acceleration event, a low-drag setup with a drag reduction system (DRS)

can be advantageous, even though traction continues to play an important role. Aerodynamics also
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contributes to the design event score, where justification and validation play a key role.

Over the years, several master’s thesis have been completed within the Técnico’s Formula Student

team, particularly in aerodynamics. The earliest relevant work, chronologically, is that of Oliveira [4],

which focused on the development of an aerodynamic force balance for wind tunnel testing, following the

design methodology established by Ferreira [5]. This balance was designed and equipped with strain

gauges and sensors to measure forces, moments, and environmental variables such as speed and

temperature. A user friendly interface for real time data visualization was also implemented. To ensure

accuracy, a static calibration was performed by applying known loads and using a least squares fitting

method to generate a calibration matrix. The effectiveness of the balance was demonstrated through

experimental testing on a rear wing model of a racing car. The endplates employed on the tested

rear wing were designed and developed in the work of Rocha [6], which presented a comprehensive

numerical and experimental investigation on airfoil shaped endplates for FS vehicles, demonstrating

their ability to reduce induced drag while maintaining downforce compared to flat profiles. The force

balance, originally designed for the Aerospace Engineering Laboratory at Instituto Superior Técnico [4],

was employed for the experimental testing in this work at the LNEC wind tunnel.

Another significant contribution is the work by Carreira [7], which focused on analyzing how varia-

tions in vehicle attitude influence the aerodynamics of the FST10e prototype. This study utilized CFD

simulations to develop an aerodynamic map that decomposed the vehicle’s attitude into five key param-

eters: front and rear ride heights, roll, steering, and yaw angles. The results from these simulations

were subsequently assessed through on-track tests, allowing the author to identify trends that aligned

with the CFD predictions. Throughout this work, Carreira performed a model analysis on the full scale

prototype and automated the setup process for CFD simulations on both straight and cornering condi-

tions by developing a macro. Additionally, the author created a parametrized CAD model of the vehicle,

enabling the adjustment of key parameters, such as ride heights and roll. For the present study, an

updated version of this parametrized CAD model was employed, along with a refined macro, adapted

for the latest Siemens Star-CCM+® versions.

Another pertinent work is that of Pacheco [8], which addresses the necessity for reliable experi-

mental data to evaluate the accuracy of CFD simulations, often the primary tool used in aerodynamic

design within FST Lisboa. Pacheco’s research involved the design, manufacturing, and testing of a

1:3 scale model of the FST10e, equipped with static tires and appendices that allowed for adjustments

to the vehicle’s height and attitude. The main objective was to compare wind tunnel test results with

CFD simulations to identify discrepancies and improve the reliability of numerical predictions. The study

demonstrated that while CFD simulations effectively captured general aerodynamic trends, wind tun-

nel experiments were critical for identifying specific inaccuracies, particularly in complex flow regions.

These findings led to refinements in the numerical models, thereby improving their accuracy and pre-

dictive power. This work laid the foundation for subsequent wind tunnel testing, including the present

study, by establishing a rigorous experimental process. It also involved the use of the aforementioned

aerodynamic force balance and provided key insights into building scaled models, some techniques from

which were employed in this work.
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The studies conducted by Afonso [9] and Morgado [10], undertaken within the same time frame,

shared the common objective of enhancing the performance of the FST prototype through the redesign

of different components of the aerodynamic package, utilizing both numerical simulations and wind tun-

nel testing. Afonso’s research focused on the vehicle’s rear end, while Morgado concentrated on the rear

wing. Building on the methodology from these studies, the design phase in the present work followed a

similar approach, involving an iterative design phase of the side elements of the prototype. Promising

designs were selected, 3D printed, and incorporated into the scaled model, which was developed for

wind tunnel testing.

Beyond the FST Lisboa team, access to publicly available research on aerodynamics in motorsports,

particularly within the context of Formula Student, is limited. Nonetheless, there remains relevant studies

that can be considered at this stage.

Wordley and Saunders [3] present the initial design of an aerodynamic package for a Formula SAE

vehicle, focusing on maximizing downforce while balancing the trade offs of increased drag and reduced

top speed. The research outlines the methodology for designing the wings and profiles through both CFD

and empirical methods. The authors acknowledge the difficulty in accurately predicting and quantifying

aerodynamic effects due to limited resources and testing opportunities. The follow up study [11] incor-

porates detailed CFD analysis, wind tunnel testing, and on-track validation to refine the high downforce

aerodynamic package for the Monash University Formula SAE vehicle. Multiple element wing profiles

are tested both isolated and integrated on the vehicle to assess the interaction between the wings and

the car’s body. The results show significant downforce reductions when the wings are mounted on the

vehicle, highlighting the complexity of aerodynamic interactions. Wind tunnel experiments and on-track

tests confirm that while CFD predictions are useful, experimental validation is essential to fine tune the

aerodynamics for competitive performance.

Additional relevant research by Cole [12], investigates the aerodynamic design of the 2022 West Vir-

ginia University (WVU) Formula SAE car. The research aims to integrate aerodynamic features such as

front and rear wings, an underwing, and sidepods into the vehicle and evaluate their impact on overall

vehicle performance. Using CFD and dynamic vehicle simulation tools, the author assesses the effects

of aerodynamic modifications on parameters like cornering speed, lateral acceleration, and yaw accel-

eration. Key findings show that the resultant aerodynamic package increased lateral acceleration and

reduced skidpad time during experimental testing. These results closely correlated with the predictions

from the dynamic simulations, which forecasted similar improvements in vehicle performance.

Lastly, Oxyzoglou [13] centers on the design of the aerodynamic package for the 2016 University

of Thessaly Formula Student car. The key design challenges identified include balancing aerodynamic

efficiency with regulatory constraints, optimizing the undertray to leverage ground effects, and achieving

a well distributed aerodynamic force between the front and rear of the vehicle.
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1.3 Objectives and Deliverables

One of the drivers of this work was the design of the side elements of the FST14 (Figure 1.3), the lat-

est prototype developed by FST Lisboa, and enhance its aerodynamic performance. This segment of the

aerodynamic package was selected mainly due to its efficiency in downforce generation, as illustrated in

Figure 1.4, relative to the increase in drag. This efficiency arises from its positioning, which enables it to

leverage from ground effect, making it possible to expect that the vehicle’s overall aerodynamic potential

can be better fulfilled through further refinement in this area.

Figure 1.3: FST14’s main aerody-
namic devices.

Figure 1.4: FST14’s downforce distribu-
tion.

Another key driver is to reintroduce wind tunnel testing as a validation tool within the team’s design

methodology. Although some previous work in this area had been conducted, it was not systematically

incorporated into the design process [8–10]. By integrating wind tunnel experimentation, this work aims

to further bridge the gap between CFD simulations and real world performance. A 1:3 scale model of

the FST14 was manufactured and tested across multiple configurations in the aeronautical wind tunnel

at the Laboratório Nacional de Engenharia Civil (LNEC), using IST’s aerodynamic force balance with the

necessary modifications to facilitate these experiments [4].

This work focused on developing an efficient and repeatable numerical methodology capable of accu-

rately predicting aerodynamic performance under both on-track and wind tunnel conditions. A sequence

of simulation stages was carried out to isolate the effects of factors such as geometric scaling, boundary

condition variations, and blockage. This systematic approach eventually allows for direct comparison

between numerical and experimental results, ensuring confidence in the CFD setup before applying it to

the performance assessment of the side elements. Notably, although the methodology developed in this

work was applied specifically to a Formula Student car, the approach can be extended to any aerospace

vehicle, highlighting the broader applicability of the techniques employed beyond automotive contexts.

To meet the goals, this work encompassed the following tasks:

• Side Element Design: Define the three side element designs for subsequent analysis;

• Numerical Characterization: Perform a mesh convergence study to estimate numerical error,

define the reference simulation setup, and select the mesh refinement appropriate for later stages

of the study;

• Force Balance Calibration: Calibrate the aerodynamic force balance to ensure the accuracy and

reliability of the results obtained from the entire experimental setup in the LNEC wind tunnel;

• Scaled Model Development: Develop, manufacture, and assemble a 1:3 scale model of the latest
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prototype for experimental evaluation;

• Configuration Testing: Execution of multiple wind tunnel tests across different configurations,

comparing aerodynamic coefficients and surface pressure distributions with CFD results to assess

performance trends;

• Flow Visualization: Apply wool tuft flow visualization to qualitatively assess the surface flow be-

havior and compare it with numerical predictions;

• Condition Assessment: Conduct numerical studies to isolate the effects of simulation parameters

specific to the experimental campaigns, thereby enabling meaningful comparisons

• Improved Design: Establish the improved side element design based on the analysis of the

numerical results under on-track conditions for the tested configurations, leaving it ready for imple-

mentation in the FST14 prototype.

1.4 Thesis Outline

This thesis is organized into seven chapters.

Chapter 1 introduces the research topic and outlines the specific objectives and expected deliver-

ables of the work. A brief overview of the thesis structure is also provided alongside a summary of

relevant previous work in the field.

Chapter 2 covers the fundamental principles of aerodynamics on a racing car. The methodologies

and instruments employed for aerodynamic analysis, such as CFD and experimental testing, are also

reviewed. The chapter concludes with an introduction of the working geometry of the FST14, highlighting

the design and respective purpose of its side elements.

Chapter 3 details the numerical methodology adopted throughout this work. It begins with the defini-

tion of the computational domain, boundary conditions, and wall modeling strategy, followed by a mesh

convergence study used to estimate the numerical error and select the desired mesh refinement.

Chapter 4 outlines the experimental setup used for the wind tunnel testing. It begins by describing

the force balance system, including its calibration procedure and data acquisition. The chapter then

details the characteristics of the wind tunnel employed in the present study. Finally, the testing procedure

is explained, along with a discussion of the limitations encountered during the experiments.

Chapter 5 focuses on the wind tunnel testing campaign and its comparison with numerical simula-

tions. It presents the design, manufacturing, and assembly of the 1:3 scale FST14 model, addressing

flow similarity, and instrumentation setup. The experimental results, including aerodynamic coefficients,

surface pressure distributions, and tuft based flow visualizations, are compared against the CFD simu-

lations to evaluate the correlation between both approaches.

Chapter 6 extends the validated numerical methodology to on-track conditions. The influence of ride

height, geometric scale, blockage, and varying boundary conditions is quantified, enabling the identifica-

tion of the main aerodynamic trends of the side elements under real world conditions. The performance

of the three side element configurations is then compared under representative vehicle conditions.

Chapter 7 summarizes the main achievements of the research, discussing the implications of the

findings for future Formula Student designs. It also highlights potential areas for future work.
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Chapter 2

Race Car Aerodynamics

2.1 Vehicle Performance

To fully comprehend the crucial role of aerodynamics in vehicle performance, it is essential to under-

stand the fundamental dynamics experienced by a car on track. Aerodynamic loads directly influence

performance through lift and drag forces and indirectly by modifying the tire friction coefficient as a result

of variations in lift or downforce.

Since the tire contact patches constitute the only points of interaction between the race car and

the track surface, maximizing the generated tire forces during acceleration, cornering, and braking is

essential for optimal performance. There are primarily two methods for increasing the normal load on

each tire. The first involves raising the vehicle’s weight; however, this approach is undesirable, as it also

increases the vehicle’s inertia, thereby requiring additional power for acceleration, braking, and turning.

The second, a much more efficient method, is to enhance aerodynamic loads, specifically downforce,

by incorporating an aerodynamic package. This approach effectively increases vertical loads without

significantly adding to the vehicle’s mass [14].

Aerodynamics adds another layer of complexity, especially at higher speeds, when it comes to reach

the desired balance while cornering. In order to obtain as close to a neutral handling as possible,

each tire should experience approximately the same applied load. However, this condition is almost

unattainable, mainly due to the vehicle’s mass distribution combined with downforce generation. When

a vehicle carries a greater load on the front axle, it tends to exhibit oversteer, as the increased front

rotation may induce to sliding of the rear tires. Alternatively, if the load on the rear axle exceeds that on

the front, understeer occurs [15].

Achieving a balanced handling response between oversteer and understeer requires a design that

incorporates an appropriate aerodynamic load distribution, commonly referred to as aerobalance. Aer-

obalance is a critical parameter in the development of an aerodynamic package, as it significantly in-

fluences vehicle behavior during cornering. Nevertheless, a definitive target for aerodynamic balance

remains elusive, and the preference for either understeer or oversteer in a race car is often contingent

upon the individual characteristics of the respective driver, depending on personal driving styles.
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2.2 Fundamental Aerodynamic Phenomena

General Aerodynamics

As race cars travel through the air, pressure gradients form around their surfaces, usually body

work and wings, resulting in aerodynamic forces that ultimately act on the tires of the vehicle in motion

[16–19]. In particular the components Lift, L, and drag, D, perpendicular and parallel to the incoming

flow, respectively [20]. In addition, a side force, is also generated, mainly during cornering, and acts

towards the center of the respective corner. These three force components also correspond to the axes

of rotation for all moments generated, usually mentioned as yaw, roll, and pitch, illustrated in Figure 2.1.

Figure 2.1: Representation of the force components along with the axes of rotation.

Within FST Lisboa, the primary objective in the design of aerodynamic devices is the generation of

negative lift, commonly referred to as downforce, with drag minimization being a secondary considera-

tion. To enable meaningful analysis, it is essential to express each of these force components in terms

of dimensionless coefficients: the lift coefficient, CL, defined as positive for a downward force compo-

nent; the drag coefficient, CD, defined as positive in the downstream direction, and the pitching moment

coefficient, CMy
, defined as positive for a nose-up rotation,

CL =
−L

1
2ρU

2
∞A

CD =
D

1
2ρU

2
∞A

CMy
=

My
1
2ρU

2
∞Ac

, (2.1)

where ρ denotes the air density, A represents the reference area, typically the frontal area in motorsport

applications, U∞ is the uniform free stream speed, and c is the reference length, which in this study

corresponds to the car’s wheelbase.

Additionally, one further quantity of interest is the aerobalance, which describes the distribution of the

total aerodynamic forces between the front and rear axles. In the present work, it is expressed as the

percentage of the total load acting on the front axle, denoted as % Front, and serves as a key parameter

for tuning the vehicle’s handling balance and stability. Later in this work, to calculate the aerobalance

of the experimental model, the x-coordinate of the pressure center (CoP) was first determined relative

to the model’s attachment point to the force balance, using only the longitudinal loads Fz, Fx, and My,

while neglecting Fy, Mz, and Mx due to symmetry [8]:
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∑
MCoP = 0 ⇒My − Fx∆z − Fz∆x = 0 ⇔ ∆x =

My − Fx∆z

Fz
. (2.2)

In this calculation, the height of the CoP was assumed to coincide with that of the center of gravity (CoG),

estimated at z = 0.333 m for the full scale vehicle, which scales to z = 0.111 m for the experimental

model. With the x-coordinate of the CoP known, the aerobalance was then calculated using:

Aerobalance (% Front) =
xCoP − xRear

Wheelbase
× 100. (2.3)

Boundary Layer

Under realistic flow conditions, fluid elements in direct contact with a solid wall adhere to its surface.

The region near a surface where the quantifiable effects of shear stresses induced by velocity gradi-

ents and viscosity manifest is known as the boundary layer [16]. A boundary layer can exist in three

distinct regimes: laminar, transition or turbulent. In a laminar boundary layer, characterized by a low

Reynolds number, the flow is organized in well defined layers. In contrast, at sufficiently high Reynolds

numbers, the laminar boundary layer flow becomes unstable to small disturbances, triggering transition

to turbulence. The resulting turbulent regime is characterized by velocity fluctuations about a mean

value, encompassing a broad spectrum of frequencies [21]. The turbulent boundary layer exhibits much

stronger momentum mixing due to turbulent eddies, which act as an effective diffusivity several orders

of magnitude higher than molecular viscosity. As a result, turbulent boundary layers typically grow faster

and become thicker than laminar ones under equivalent flow conditions. Nonetheless, due to the en-

hanced mixing and higher momentum near the wall, turbulent boundary layers exhibit more resistance

to flow separation [16].

The phenomenon of boundary layer separation, illustrated in Figure 2.2, is of particular relevance to

this study. The boundary layer significantly influences airflow characteristics around a body, not only due

to the wall shear stresses that induce a friction force but also because, under adverse pressure gradients

( dpdx > 0), which often occur on the suction side of wings downstream of the suction peak, the airflow

may separate from the surface. This separation can substantially alter the airflow configuration, leading

to a significant increase of pressure drag and a potential loss of lift or downforce. The separation point is

defined as the location where the limiting streamline detaches from the surface. In two-dimensional flow,

this corresponds to the point where the wall shear stress becomes zero, i.e., τw = 0 [16]. Given that a

turbulent boundary layer is less prone to flow separation than a laminar one, with the onset of separation

effectively delayed, certain aerodynamic surfaces, such as wings, often incorporate devices that promote

transition to turbulent flow, even at the expense of increased friction drag, since the pressure drag

associated with flow separation is considerably greater.

Performance Aerodynamics

Several key concepts are essential for analyzing the aerodynamic performance of the various design

iterations developed in this study. The first is the concept of ground effect, which involves position-
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Figure 2.2: Airflow separation [16].

ing wings or other aerodynamic surfaces in close proximity to the ground [22]. This close proximity

constrains the airflow, further decreasing the static pressure in this region and thereby increasing the

downforce generated.

As the cross-sectional area decreases, the flow velocity must increase to conserve mass flow, result-

ing in a drop in static pressure within the narrow throat region, as described by Bernoulli’s equation [16].

This localized reduction in static pressure effectively pulls the aerodynamic devices toward the ground,

a phenomenon observable in Figure 2.3 [23].

Figure 2.3: Static pressure on a section of FST13.

To provide additional physical insight into the effect of ground proximity, one can resort to the method

of images. In the context of potential flow, this method allows the modeling of flows near solid boundaries

by introducing an image system that mirrors the real flow on the opposite side of the boundary. For

instance, a vortex of intensity +Γ located at a distance d from a plane wall can be represented by

introducing a symmetric image vortex of intensity −Γ positioned at an equal distance on the opposite

side of the boundary. As the vortex approaches the wall, i.e., as d→ 0, the interaction between the real

and image vortices can be approximated by a single vortex of effective intensity 2Γ, as shown in Figure

2.4 [16].

While this principle is strictly valid for potential flow and fusiform bodies, it offers valuable qualitative

insights even for more complex geometries such as competitive vehicles. In such cases, the image of

the vehicle can be considered a mirrored version reflected across the ground plane, as illustrated in

Figure 2.5. Since the vehicles under study feature aerodynamic surfaces, such as wings, placed close

to the ground, a two dimensional analysis with a cross section, such as the one depicted in Figure 2.3
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can be used to illustrate the effect. In this view, airfoils may be represented as bound vortices gener-

ating negative lift via the Kutta-Joukowski theorem. The presence of the image vortices beneath the

airfoils modifies the surrounding velocity field, compressing the streamlines below the surface, thereby

accelerating the flow and lowering the static pressure in accordance with Bernoulli’s principle [16].

Figure 2.4: Modeling of a vortex on a flat
wall [16].

Figure 2.5: Modeling of a vehicle on a road
[16].

Aerodynamicists seek to seal the vehicle’s underbody flow as effectively as possible; any leakage

compromises the suction effect, making ground effect less predictable and reducing its aerodynamic

benefit [23]. However, the trend of decreasing ground clearance resulting in increased downforce re-

verses at a certain minimal distance due to viscous effects, specifically the flow separation that can

occur in the adverse pressure gradient region if the suction at the throat becomes too intense. Regard-

ing drag, it increases consistently as ground clearance decreases [15].

Another key concept essential to this study is the formation of vortices. A vortex tube represents a

rotating motion of fluid around a central axis and is characterized by its circulation, which quantifies the

flux of vorticity (twice the rotation speed of the fluid elements) trough the vortex tube section [24]. At

first glance, vortices may seem undesirable, as they are often associated with flow separation, which is

generally detrimental to a vehicle’s aerodynamic performance. However, beneficial streamwise vortices

can be generated at sharp edges due to three-dimensional transversal flow separation, occurring as

the flow transitions from a high pressure region to a lower pressure one. As the air attempts to follow

the sharp turn imposed by the geometry, transverse flow separation occurs and an angular velocity

component is introduced, forming a vortex. The vorticity within the vortex core leads to a significant

reduction in static pressure. When positioned downstream, such vortices can be strategically exploited

in various ways. For instance, they can help reduce the static pressure under the vehicle, thereby

increasing downforce, or they may beneficially modify the airflow direction, such as by redirecting tire

wakes. Additionally, vortices can help sustain low pressure zones by effectively sealing flow regions.

Despite these advantages, vortex generation is inherently accompanied by an increase in drag. This

added drag, known as induced drag, arises due to the downforce generated and increases proportionally

with it, as described by

CDi
=

C2
L

πARe
, (2.4)

where AR is the aspect ratio and e is an efficiency factor [22]. Manipulating vortices to improve pressure

distribution around a vehicle carries inherent risks. A key phenomenon to consider is vortex burst-

ing, which occurs as a vortex moves downstream and gradually weakens and expands due to viscous
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dissipation of its kinetic energy. Eventually, if the vorticity in the vortex core decreases sufficiently, its

structure destabilizes and bursts, creating substantial wake regions. This effect can occur abruptly, lead-

ing not only to a loss of aerodynamic effectiveness but also to potential disruptions in downstream flow,

compromising overall performance [25].

2.3 Main Aerodynamic Devices

In FS type vehicles, the aerodynamic devices are usually divided into three primary groups: front,

side, and rear (Figure 1.3). Each component within these groups serves distinct functions to achieve op-

timal aerodynamic performance. The following sections will examine a typical Formula Student vehicle,

progressing from front to rear aerodynamic devices.

Front Aerodynamic Devices

Starting with the front wing (FW), displayed in Figure 2.6, its primary characteristic is to be the

first component to interact with incoming airflow, meeting it in a nearly undisturbed state. This allows

it to encounter flow unaffected by viscosity, which, combined with its typically low position to exploit

ground effect, enables it to generate downforce efficiently with relatively low drag. The second function

is to direct airflow appropriately through the rest of the vehicle, aligning with the chosen aerodynamic

concept. For instance, the front wing plays a critical role in directing sufficient airflow to the underbody,

maximizing its effectiveness [26].

A typical front wing consists of a multiple element wing and endplates. The multi-element configura-

tion primarily serves to generate downforce, though they also play a role in directing airflow by producing

beneficial wingtip vortices or by adjusting the load distribution across its wing span. The endplates, in

particular, mitigate wingtip vortex intensity, thereby reducing induced drag and effectively increasing the

angle of attack, which enhances downforce generation. The trend toward wider front wings, which natu-

rally increase downforce by providing more surface area, has also led to endplates capable of generating

advantageous vortices that better control downstream airflow and minimize wheel wake interference. To

amplify this effect, these endplates may be airfoil shaped to produce additional outwash, further redi-

recting airflow away from the tires.

Figure 2.6: Front wing of the FST14.
Figure 2.7: Example of a nose and a splitter on a FS
car.

The nose, while potentially generating small amounts of lift, plays a crucial role in channeling air
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toward the car’s underside. Meanwhile, the splitter assists in guiding air around the regulatory step in

the chassis and also directs airflow toward the side of the vehicle. Despite their relatively simple shapes

(see Figure 2.7), these components can significantly contribute to the vehicle’s overall aerodynamic

performance.

Side Aerodynamic Devices

Moving to the side elements on the vehicle, which are the focus of this work, the primary aerodynamic

component in this region of a typical Formula Student car is the side diffuser (Figure 2.8), which consists

of a main airfoil shaped plane with a relatively large chord that also leverages from ground effect [27].

Depending on the team’s design concept, the diffuser may be the most aerodynamically efficient part of

the car [28]. The performance of a diffuser is assessed by its pressure recovery, which is influenced by

factors such as inlet and outlet areas, diffuser or ramp angles [29].

Many teams often add a smaller flap directly above the diffuser’s outlet. This flap not only increases

the downforce by naturally expanding the area of aerodynamic surfaces but also enhances airflow in the

expanding section. By creating a low pressure region on its lower surface, the flap helps prevent flow

separation on the diffuser by drawing in and accelerating the airflow attenuating the adverse pressure

gradient close to the outlet region [30].

Furthermore, in an effort to maximize the design box space, teams commonly attach a component

known as a footplate to the main diffuser plane. The footplate typically consists of a flat, horizontal

plate positioned close to the ground and may incorporate additional vortex generators to isolate the side

diffuser, a crucial factor for maximizing its performance [15]. These vortex generators can also draw

disturbed air from within the diffuser, further enhancing its efficiency. Another form of vortex generator,

often referred to as strakes, consists of thin plates attached to the lower of the side diffuser. Strakes

generate vortices with low pressure cores that accelerate the surrounding airflow, intensifying the suction

peak. Additionally, the increased turbulence in this region helps delay flow separation. Depending on

the design concept, these vortices can also aid in redirecting airflow and generating additional outwash

[31].

Figure 2.8: Example of the side diffuser assembly of
a FS car (AMZ Racing).

Figure 2.9: Radiator placement on the FST13.
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Finally, many teams position their cooling devices in this region, where aerodynamic components can

be designed to enhance cooling performance. In previous FST Lisboa prototypes, the radiators have

been placed in front of the rear tires, mounted on a thin vertical flat plate, as seen in Figure 2.9. While

this vertical plate may initially appear to be a drag inducing element, as it is perpendicular to the airflow,

it actually provides beneficial effects by isolating the rear tire wake and preventing it from interfering

with the side diffuser, thereby enhancing its efficiency. Additionally, some teams place side pods above

the side diffuser to capture most of the cooling air, with air intake capture being their primary function.

Although their main role is to provide airflow unaffected by viscosity to the cooling inlets, side pods also

help prevent flow separation along the vehicle’s side due to their airfoil like shape. They further guide

airflow toward the rear components, improving overall aerodynamic efficiency. In fact, McBeath notes

that the drag coefficient of a radiator simply mounted on the side of a vehicle can be 7 to 13 times higher

than that of properly ducted systems [23].

Rear Aerodynamic Devices

The primary element in this region is the rear wing (RW), the most common aerodynamic appendage

on any competition vehicle. It may consist of a single or multiple multi-element wings along with large

endplates. For example, the FST13 featured two two-element configurations, each comprising a main

element and a smaller flap (Figure 2.11). The operating conditions of a rear wing differ significantly from

those of the front wing or side diffuser. Positioned higher on the vehicle, the rear wing is less able to

leverage ground effect, and, being located at the rear, in the disrupted flow region, it is less efficient.

Ideally, a rear wing should be positioned as high as regulations allow to minimize the influence of

upstream elements. Due to these airflow conditions, achieving substantial downforce, the rear wing’s

primary purpose, requires steeper camber lines and higher angles of attack. However, this design

increases drag, as low pressure regions form behind the rear wing, and steep angles can even cause

flow separations, a significant challenge in rear wing development [32]. To address the drag penalty,

teams now often incorporate a DRS into their rear wings, which allows for adjustments to the angle of

attack on certain elements of the multiple component wings [33].

Figure 2.10: Example of a rear diffuser on
a FS car (KA Raceing).

Figure 2.11: FST13’s rear wing with DRS
open.
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Additionally, teams often attach a thin perpendicular tab known as a Gurney flap to the trailing edge

of the final flaps of their respective multi-component wings [34], although it can also be applied to front

wings but less frequently. A Gurney flap promotes boundary layer separation near the trailing edge on

the upper surface of the flap, leading to the formation of recirculation zones both fore and aft of the tab.

This separation alters the streamline curvature and effectively increases the camber, thereby enhancing

downforce generation, albeit with an associated drag penalty [35].

Regarding rear wing endplates, their geometries can become quite complex. While the primary

function of any endplate is to mitigate the drag inducing wingtip vortex that would otherwise form, rear

wing endplates in Formula Student cars serve multiple additional purposes. Due to their typically large

dimensions and location, endplates are able to block the interference of rear tire wake with the rear wing.

Endplates can further enhance downforce or reduce drag through features like louvers or cutouts [36].

Cutouts, often placed at the top of the endplate, help reduce drag by creating a counter rotating vortex

that weakens the main wingtip vortex. Louvers, on the other hand, are small airfoil shaped openings

that, when properly positioned, generate smaller vortices than those naturally formed at the endplate tip,

thereby reducing the associated drag. These vortices can also be directed toward the lower surface of

the wing, effectively decreasing the local static pressure and enhancing aerodynamic efficiency.

Finally, at the rear most section of a Formula Student car, some teams choose to incorporate a

rear diffuser (see Figure 2.10). The primary distinction from the side diffuser lies in the location of the

expanding section, with the rear diffuser’s outlet positioned behind the rear tires. In terms of width,

the rear diffuser may span the full track of the vehicle or only the monocoque portion. This makes it

essential to design a monocoque underbody that effectively utilizes the Venturi principle, ensuring the

rear diffuser’s aerodynamic efficiency and overall viability of the part.

2.4 Methodologies for Aerodynamic Analysis

Aerodynamic analysis typically encompasses three main components: numerical simulations using

CFD, wind tunnel testing, and on-track testing. On-track testing falls outside the scope of the study.

2.4.1 Computational Fluid Dynamics

Computational fluid dynamics uses numerical methods and computer codes to obtain solutions of

the equations that govern fluid flows. In the past, aerodynamic designs could only be tested through

physical prototypes. However, with advancements in computational power and numerical algorithms,

CFD has introduced numerous advantages to the aerodynamic design process. Today, CFD is a widely

used and highly effective tool. In the motorsport industry, for example, it allows engineers to simulate

the airflow behavior around a car without needing to build prototypes of new designs for track or wind

tunnel testing. This makes CFD a more cost effective and time efficient solution.

The governing equations that describe airflow behavior are the Navier-Stokes equations, which are

a set of partial differential equations. These equations represent the most comprehensive model cur-
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rently available for fluid motion, capturing the relationships between velocity, pressure, temperature, and

density in a moving fluid while accounting for viscous effects. However, solving these complex and

non-linear equations for complex geometries and high Reynolds numbers, is incredibly challenging and

would require significant computational resources.

Solving the Navier–Stokes equations directly through Direct Numerical Simulation (DNS) requires

resolving the full spectrum of turbulent scales, from the largest energy containing eddies to the smallest

dissipative structures. This demands extremely fine spatial and temporal resolutions, rendering the

approach computationally prohibitive for most practical applications [37, 38].

Large Eddy Simulation (LES) was proposed as a less expensive and more approximate method,

where the flow equations are solved numerically, but only the larger turbulent structures (or eddies) are

directly calculated. This approach provides an approximation of the actual flow, where smaller details

are not included. To address this gap, subgrid scale models are added to represent the smaller eddies

and their role in energy dissipation [38]. This allows for a coarser computational grid compared to DNS

[39]. However, even with these simplifications, LES still requires significant computational resources for

analyzing most real world flow scenarios.

Lastly, there is the Reynolds Averaged Navier-Stokes (RANS) approach, especially used in wall

bounded flows, which introduces Reynolds decomposition and averages the Navier-Stokes equations

over space and time. In the Reynolds decomposition, the dependent variables in the N-S equations are

split into mean and fluctuating components. This statistical procedure generates the Reynolds stress

tensor that accounts for the effects of turbulent motions on the mean flow [40]. While this method is less

computationally demanding compared to the previously discussed approaches, it models all turbulent

scales (see Figure 2.13) and so it looses modeling accuracy, as displayed in Figure 2.12. Nevertheless,

RANS remains the most widely used method for analyzing complex flows at high Reynolds numbers, as

it allows for the evaluation of nearly any geometry [41].

Figure 2.12: Comparison of DNS, LES and RANS on an interfacial flow. [42].

Since turbulence is present in nearly all flows, it must be modeled when using the RANS approach.

Commonly used two-equation models solve two separate transport equations for independent turbu-

lence quantities that are directly related to turbulence length and time scales. Among the most popular

models are the k − ϵ model, which derives length and time scales from the turbulent kinetic energy, k,

and the turbulent dissipation rate, ϵ, and the k−ω model [43], which solves two transport equations: one

for k and another for the reciprocal turbulent time scale, ω = ϵ/k. These models differ in how they handle

flows, particularly near walls. The k − ω model excels in predicting boundary layer behavior, while the

k − ϵ model performs better outside the boundary layer, where k − ω tends to be too sensitive to outer
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flow boundary conditions [44].

Figure 2.13: Turbulence modeling approaches [45].

To combine the strengths of both models, Menter [46] introduced two improved versions of the k− ω

model. The Baseline (BSL) model provides results similar to the original k−ω but reduces its sensitivity

to arbitrary free stream values. This model matches the k − ω formulation in the inner 50% of the

boundary layer and transitions to the k − ϵ model towards the outer edge, achieving good performance

in free shear layers. The second version, the Shear Stress Transport (SST) model, builds on the BSL

approach by incorporating the transport of principal turbulent shear stresses, particularly in adverse

pressure gradient boundary layers. The SST model retains independence from free stream values while

delivering better agreement with experimental data in these scenarios, highlighting its importance in the

context of the present study.

Additionally, many other approaches and turbulence models can be used, such as the Detached

Eddy Simulation (DES), which is essentially a hybrid method combining RANS and LES techniques.

Another example is the k − ϵ − Cas turbulence model introduced in [47], which aims to improve the

accuracy of the RANS approach specifically for motorsport applications.

Assessment of the Numerical Quality of Results

To determine the numerical accuracy of CFD results, it is key to quantify the numerical error asso-

ciated with the simulations. The numerical error e(ϕ) of any variable is given by the difference between

the approximated solution ϕi and the exact solution ϕexact [48],

e(ϕ) = ϕi − ϕexact . (2.5)

As the numerical problems to be solved in this work are highly non-linear, it is impossible to obtain

ϕexact. Nevertheless, some methods may be employed to obtain an estimation of the numerical error as

adopted in Section 3.2.2. First, it is necessary to split the numerical error into its components [49]:

• Round-off Error: arises from the finite precision of computer arithmetic and the limited number of

significant digits that can be retained during calculations. Accurately quantifying this type of error

would require knowledge of the numerical solution computed with infinite precision, which is not

feasible.
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• Iterative Error: arises from several factors, including the non-linear nature of the equations, the

deferred corrections applied in the discretization schemes to achieve second-order accuracy, the

iterative methods employed to solve the resulting system of linear equations, and the segregated

solution approach, in which equations are solved sequentially rather than simultaneously. How-

ever, in the present work, a coupled solving method was applied to the RANS equations in the

numerical simulations. Be that as it may, the solution of the turbulence model remained segre-

gated.

• Discretization Error: arises from the transformation of the differential equations in the governing

mathematical models into a system of algebraic equations, which are then solved numerically.

This source of error is typically the dominant component of the overall numerical error, especially

when the geometry involves high curvature. Unlike round-off and iterative errors, discretization

error tends to decrease as the number of degrees of freedom increases. However, estimating

the discretization error requires knowledge of the exact solution, ϕexact, which is not available in

the present case. Consequently, discretization error is often estimated using mesh convergence

studies.

2.4.2 Experimental Testing

While CFD serves as a powerful tool for aerodynamic design, the experimental validation of com-

putational models remains an essential part of the development process. Such validation, however,

requires wind tunnel facilities capable of reproducing a highly specific set of conditions relevant to the

application. Experimental Fluid Dynamics (EFD) generally comprises two primary approaches: wind

tunnel testing and on-track testing. On-track testing is difficult to control, whereas wind tunnel testing

offers a controlled environment but severally modified relative to real on-track conditions. In this study,

wind tunnel testing is employed as the chosen EFD method.

In wind tunnel testing, typically a scaled model of the desired geometry is positioned in the test

section of the tunnel, where large fans generate a controlled airflow around the model [50]. This setup

keeps the model stationary while simulating the airflow it would experience on the track. The resulting

data can then be evaluated and compared to the predictions obtained from CFD simulations.

Wind tunnels can be classified based on their test section configuration, which can be either open

or closed. Additionally, they can be categorized by their tunnel geometry: an open return tunnel draws

air from the surrounding room into the test section and exhausts it back into the room, while a closed

return tunnel recirculates the air within the system [51]. The wind tunnel used in this study was the

aeronautical wind tunnel at LNEC. It is a closed return tunnel with a closed test section, though it can

also be configured as an open section if needed (see Section 4.3).

For gathering results, three main methods will be employed in this study. First, aerodynamic forces

and moments can be directly measured by placing the model on a force balance [4]. It is crucial to

ensure proper calibration of the balance for accurate results. This process will be discussed in Section

4.1. Additionally, if the model is equipped with pressure taps in specific areas, pressure measurements
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can be taken, allowing for the static pressure distribution along key surfaces to be obtained [23]. Lastly,

flow visualization techniques can be applied, such as attaching wool tufts to the model’s surface, using

an oil mixture to capture the airflow pattern, or employing smoke to visualize the free stream flow through

the model [23]. All of these techniques assume that the flow visualization medium moves in sync with

the airflow, enabling a qualitative comparison between CFD simulations and real world conditions by

observing streamlines and separation zones.

While wind tunnel testing is a valuable tool, it does have its flaws and limitations. These tests often

use scaled models, which can make it difficult to match the Reynolds number to that of the full sized

vehicle. To achieve similar Reynolds numbers under incompressible flow, the airflow speed must be

increased. However, this can cause the Mach number to exceed that of real world conditions, making

it nearly impossible to achieve full flow similarity. Such differences can lead to variations between the

experimental data, the numerical results and the performance of the actual full scale vehicle. In many

cases of partial similarity, especially at lower Mach numbers, which is the case in this work, aerodynamic

behavior is more affected by the Reynolds number. As a result, matching the Reynolds number alone

can often provide a reasonable level of dynamic flow similarity [52].

Another limitation is the use of closed test sections, which can lead to blockage effects. The boundary

layers on the walls of the test section can interfere with the airflow around the model and disturb wake

development, leading to inaccurate estimates of aerodynamic forces and moments [53]. Using larger

test sections can help reduce these blockage effects, but this would also increases the cost of the

experiments.

Additionally, model geometries in wind tunnel tests are often simplified. Small features are usually

left out because they are considered to have less impact on the results compared to errors caused by

flow similarity issues and blockage effects.

Wind tunnel testing, compared to on-track testing, has the primary advantage of being significantly

less expensive. It removes the need to book track time or transport a fully manufactured and functional

prototype. This experimental method is typically employed during the design phase, where underper-

forming regions can be identified and improved. On the other hand, on-track testing is more commonly

conducted during the final design stages, allowing for minor adjustments.

2.5 Car Geometry and Side Elements Design

2.5.1 Geometry Preparation

Before performing a numerical analysis, it is essential to have a prepared geometry suitable for test-

ing. In this work, all 3D modeling was carried out using Siemens NX ®, which enabled a more seamless

and efficient integration with the CFD software Siemens Star CCM+ ®. The geometry employed in the

simulations corresponds to a simplified CAD model of the FST14 prototype, presented in Figure 2.14a.

Here, ”simplified” refers to deliberate modifications made to the original model to reduce complexity

while preserving the essential aerodynamic characteristics. These modifications include the removal of
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minor details that do not significantly affect the external aerodynamic behavior of the car, such as inter-

nal components, fasteners (bolts, nuts, washers), various lids or covers, suspension bellcranks, and the

headrest. Furthermore, certain components were geometrically simplified and smoothed to reduce the

total cell count. Examples include a fully enclosed chassis, simplified wheel assemblies, which include

the rims and uprights, the anti-roll hoop, and suspension brackets. An additional modification was the

inclusion of a driver model, which plays a critical role in influencing the airflow around the vehicle.

The tires were also modified to include individual contact patches. As vertical aerodynamic loads are

applied to the tires, their shapes deform accordingly, leading to the formation of these contact patches.

To prevent issues during mesh generation, an extrusion was added extending downward from each

contact patch, as illustrated in Figure 2.14b.

(a) Complete FST14 vehicle. (b) Detail of tire contact patches.

Figure 2.14: Overview of the simplified CAD Model.

Finally, regarding the aerodynamic components, the trailing edges of the wings were thickened to

values between 1 mm and 2 mm, depending on the chord length. This modification improves the quality

of the local mesh, as extremely thin trailing edges (approaching zero thickness) pose challenges for

mesh generation, often resulting in poor mesh quality in those regions.

2.5.2 Side Element Geometry Description

Each geometry was designed and numerically tested under on-track conditions with the goal of

maximizing the overall downforce generated by the car, that is, maximizing CL, without significantly

increasing CD.

The design process began by analyzing the configuration of the lateral diffuser used in the previous

car, the FST13 prototype, shown in Figure 1.1. This setup incorporated a high chord, low angle of attack,

custom airfoil shaped main wing designed to take advantage of ground effect aerodynamics. Additionally,

it featured a flap with the Selig S1223 airfoil and an endplate that extended perpendicularly from the tip

of the main wing, following its contour before enclosing the flap. Further outboard, a horizontal flat plate,

the footplate, houses a diagonal tubular vortex generator. Finally, three strakes located on the lower

surface of the main wing were employed.

20



Over 80 design iterations were conducted to arrive at the final configuration implemented in the 2025

FST Lisboa prototype, the FST14, with a selection of 25 iterations and some of their results summarized

in Table A.1. Among these, three representative designs were selected for detailed discussion in this

work. Their respective design rationales are presented alongside their geometrical characteristics to

enable performance comparisons and, more importantly, to identify aerodynamic trends relevant to this

study.

The first design presented, configuration A, shown in Figure 2.15, follows the core principles of

the FST13 design philosophy. It features a large airfoil shaped main wing integrated into the chassis,

inspired by the Lotus 79 Formula 1 side diffuser, serving as the primary element of the lateral diffuser.

This is combined with a custom designed flap derived from the Selig S1223 airfoil. The key innovation

in this configuration is the implementation of a continuous surface along the upper surface of the main

wing, extending seamlessly onto the footplate. This approach is intended to eliminate sharp junctions

between perpendicular surfaces, thereby reducing the likelihood of flow separation, decreasing drag, and

mitigating the formation of adverse vortices at transition regions. In addition, the continuous geometry

promotes smoother pressure gradients, enhancing overall aerodynamic efficiency. Furthermore, the

integrated surface enables enhanced passive flow control, generating a more coherent downstream

flow and contributing to increased overall aerodynamic efficiency. As a result of this design, a dedicated

endplate was introduced to enclose only the flap. This endplate is mounted on the footplate, which

occupies the remaining allowable space defined by the design box. It is strategically shaped to follow

the contour of the main wing’s trailing edge, maximize the flap dimensions within the regulatory limits [2],

and to be aligned with the expected local airflow to avoid the risk of flow separation. In this iteration,

the tubular vortex generator was simplified into a straight configuration to facilitate manufacturing and

enhance vortex generation efficiency. No additional strakes were included on the lower surface of the

main wing in this initial version.

(a) Top view. (b) Bottom view.

Figure 2.15: Configuration A - First design of side elements.

The second iteration, configuration B, shown in Figure 2.16, retains the same lateral diffuser general
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concept as the first, but introduces several refinements aimed at improving aerodynamic performance.

First, the wingspan of the main element was increased, thereby expanding the surface area of the down-

force generating wing and enhancing its overall contribution to downforce. In addition, the leading edge

of the footplate was reshaped to more effectively manage the wake generated by the front tires, reduc-

ing the amount of disturbed flow entering the underside of the lateral diffuser and minimizing associated

losses.

The tubular vortex generator was shortened and no longer spans the entire length of the horizontal

flat plate. This adjustment was made because downstream of a certain point, the vortex generator

ceased to produce coherently and instead introduced detrimental vortex bursting. Furthermore, the main

wing was modified by slightly decreasing its angle of attack, and two strakes were added to introduce

the ”tunnel” concept. This approach leverages the surrounding surfaces and ground to confine and

sustain the vortices generated by the strakes, delaying or ideally preventing their breakdown, thereby

maximizing vortex induced downforce.

However, the most significant modification in this configuration lies in the flap geometry. While it

still consists of a custom airfoil emerging from the chassis, it now transitions smoothly into the footplate

with a continuous airfoil shape, whose leading edge conforms to the trailing edge of the main wing.

This change was initially motivated by persistent flow separation issues observed near the previously

mounted endplate, which the new design successfully addresses. Additionally, the new configuration

offers several aerodynamic advantages. The continuous geometry eliminates sharp edges and sur-

face discontinuities that typically promote flow separation and vortex shedding. Moreover, this design

enhances flow acceleration along its entire lower surface, further reducing local static pressure. This

intensified suction promotes upstream flow acceleration, namely beneath the main wing, resulting in a

significant increase in downforce generation capability. Finally, a smaller continuous flap geometry was

added outboard to house the cooling radiators, similar to Figure 2.9, with the aim of integrating them in

an aerodynamically efficient manner.

(a) Top view. (b) Bottom view.

Figure 2.16: Configuration B - Second design of side elements.
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The final design, configuration C, presented in Figure 2.17, builds upon the previous iteration, in-

troducing several key modifications. First, the airfoil profile guiding the main wing was rotated slightly

nose-up at the leading edge to better align with the incoming airflow. Additionally, the leading edge

was thickened and rounded to prevent sudden flow separation on either side of the wing near this re-

gion. The 3D modeling of each main wing surface was also improved to eliminate small concavities and

unintended inflection points that may have existed, ensuring seamless manufacturability.

The smaller, continuous flap introduced in the previous design was removed, as its impact on aero-

dynamic performance was negligible. Eliminating this component allowed for resource savings. The

continuous flap geometry was further refined: its horizontal portion had its angle of attack, gap, and

overlap explored, while the vertical portion was treated as a separate airfoil, with its position also an-

alyzed. This vertical element leveraged an existing in-house mold already owned by the team, again

contributing to reduced manufacturing effort and cost.

The most significant modifications were implemented on the lower surface of the main wing. Firstly,

the number and configuration of strakes were adjusted. Previous numerical simulations indicated that

three strakes provided the optimal balance between performance and complexity. Once this number

was established, their lengths and shapes were carefully analyzed. The longer strakes were designed

with the aim of generating vortices with lower pressure cores that persist over a longer distance, thereby

promoting flow attachment. Notably, although three strakes are employed, only two distinct shapes are

used, a deliberate decision to streamline manufacturing by minimizing the need for mold machining.

Lastly, a small yet impactful addition was made: a blend surface between the lower surface of the

main wing and the monocoque, displayed in Figure 2.17c. This blend was applied only in the expansion

region of the wing, an area that previously exhibited sizable separation zones, which limited downforce

production. The blended surface aims to eliminate these separations, thereby increasing downforce

generation.

23



(a) Top view. (b) Bottom view.

(c) Close up of the monocoque blend on the lower
surface.

Figure 2.17: Configuration C - Final design of side elements.
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Chapter 3

Numerical Aerodynamic Model

This chapter begins by presenting the base parameters and models that will be constant across

most simulated scenarios. Then, the CFD simulations under different conditions are described and the

respective mesh convergence study showcased and the numerical error estimated.

3.1 Numerical Modeling and Computational Domain

To accurately represent the physical phenomena involved, it is necessary to select appropriate math-

ematical models, boundary conditions, numerical solution methods, and discretization procedures for

the specific type of study being conducted. A number of choices made for the CFD simulations in this

work followed what was introduced in [7]. The model parameters selected in Siemens Star CCM+®[54]

were as follows:

• Mathematical Models

Steady: Time averaging technique is applied to define the mean flow, resulting in a three dimen-

sional flow that is considered as steady state.

Turbulent: A fully turbulent free stream condition was initially selected. This assumption will be

further evaluated in later stages to determine whether incorporating laminar flow modeling and its

transition to turbulence is necessary or beneficial in any of the scenarios analyzed in this study.

RANS k − ω SST: To model the flow, the RANS equations were chosen. To provide closure to

these equations, the two equation k − ω SST turbulence model, introduced in Section 2.4.1, was

used.

• Boundary Conditions

All y+ Wall Treatment: The all y+ wall treatment employs blended wall functions that adapt based

on the local mesh resolution. It replicates low y+ wall treatment behavior when a fine layered mesh

is used to resolve the boundary layer, and transitions to high y+ wall treatment in regions a with

coarser mesh, providing flexibility across varying mesh densities. A deeper insight on this topic is

presented later in this section.
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Wall Distance: This parameter represents the distance from a cell centroid to the nearest wall

surface subject to a no-slip boundary condition. It is essential for physical models that account for

near wall effects. The Implicit Tree method was selected to compute this distance, as it performs

an exact projection in real space based on a triangulation of the surface mesh.

• Material Properties

Air with constant density and viscosity: Since the FST car operates regularly at Standard

Sea Level (SSL) conditions and at relatively low speed, an incompressible gas was assumed,

characterized by a constant density of ρ = 1.225 kg/m
3 and a dynamic viscosity of µ = 1.8 ×

10−5 Pa · s.

• Solution Techniques

Coupled Flow: This model simultaneously solves the conservation equations for mass and mo-

mentum, resulting in faster convergence compared to the segregated flow model, which handles

these equations sequentially. However, this improved convergence comes at the cost of higher

computational demand per iteration. When modeling coupled flow phenomena, it is also relevant

to note the Courant-Friedrichs-Lewy number (CFL) being used, which is a dimensionless parame-

ter that plays a critical role in ensuring the stability and accuracy of numerical simulations. It may

be defined as

CFL =
U∆t

∆x
, (3.1)

With U being the flow speed, ∆t the time step and ∆x the spatial step (mesh cell size) [55].

In steady state simulations, such as those presented throughout this work, although the flow field

remains temporally invariant, the numerical solver typically employs a pseudo-time stepping ap-

proach to iteratively advance the solution toward convergence. Within this context, the CFL number

governs the extent to which the solution is updated in each iteration. While increasing this dimen-

sionless number can accelerate convergence, excessively high values may introduce oscillations

or even lead to divergence. Consequently, the CFL number effectively acts in a similar manner to

an under-relaxation factor, serving as a critical tuning parameter within the solver. In the present

study, it is gradually increased over the initial 100 iterations to strike a balance between conver-

gence rate and solution stability, as illustrated in Figure 3.1.

• Discretization Techniques

Gradients: This model allows the user to specify both the gradient computation method and the

limiter method. The Venkatakrishnan limiter [56] was selected, as it offers a good balance between

numerical stability and accuracy, particularly in regions with strong gradients.

Cell Quality Remediation: This model identifies poor quality cells based on predefined criteria,

such as a Skewness Angle exceeding a specified threshold. Once these cells and their neighboring
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Figure 3.1: CFL number along the solver iterations.

cells are flagged, the computed gradients within them are adjusted to enhance the robustness and

stability of the solution.

Numerical methods require the definition of a computational domain and a set of boundary condi-

tions where the governing equations can be solved. The computational domain is modeled as a paral-

lelepiped, with varying dimensions according to the specific scenario being simulated. For the on-track

condition simulations, the computational domain was defined as a 50× 7× 10 m volume, as illustrated in

Figure 3.2a, together with the corresponding reference coordinate system, where the x-axis is oriented

downstream, the y-axis directed to the right of the model, the z-axis pointing upwards, and the origin

located at the intersection of the front axle with the vehicle’s longitudinal symmetry plane, coincident

with the ground plane. To accurately model the airflow within this domain, it is essential to specify the

behavior of the flow at its boundaries. This is achieved by assigning appropriate boundary conditions to

each surface. In this work, only straight line simulations are considered. This allows for the assumption

of symmetrical airflow behavior, enabling the computational domain to be halved. Consequently, only

the right-hand side of the car is simulated, as shown in Figure 3.2b and the results are subsequently

mirrored to represent the full vehicle.

(a) On-Track simulation domain. (b) Rotating wheels boundary condition.

Figure 3.2: Domain boundaries defined in the simulations.

The boundary conditions applied in the simulations conducted were defined as follows:
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• Inlet: The domain inlet boundary is defined as a Velocity Inlet, allowing the specification of

the inflow conditions. In this setup, the velocity is given by U = Ux = Uinlet, with its value varying

depending on the specific simulation scenario performed. For both the on-track and the wind tunnel

(WT) simulations, the inlet velocity was set to Uinlet = 15m/s.

• Outlet: The domain outlet boundary was defined as a Pressure Outlet, where a constant static

pressure was imposed to represent the outflow condition. This pressure was set to P = 0 Pa,

defined relative to atmospheric pressure, for both on-track and wind tunnel simulations. The outlet

boundary was positioned approximately 13 car lengths downstream of the model for both simula-

tion sets, ensuring sufficient distance for the wake to stabilize before reaching it and approach the

prescribed conditions, thereby reducing residuals and enhancing convergence stability.

• Ground: For track reproduction, the domain’s bottom boundary is defined as a Wall, imposing a no

slip condition. To replicate the moving ground effect encountered on track, this surface is assigned

a velocity equal to the inlet velocity, Uinlet. This boundary condition is modified in simulations

replicating wind tunnel conditions, in which, the wall velocity is set to zero, allowing a boundary

layer to develop and mimick the actual WT experimental setup.

• Side and Top Walls: The remaining walls, namely, both side walls of the domain (including the

one corresponding to the car’s symmetry plane) and the top wall, are defined as Symmetry Plane

boundaries for on-track conditions. This configuration prevents the development of non-physical

boundary layers in these regions and more accurately reflects real-world conditions, where the car

is not confined by physical walls. A Symmetry Plane boundary enforces zero normal gradients

for all flow variables of interest, effectively functioning as a slip wall. To simulate the wind tunnel

conditions, some boundaries, specifically the outer and top surfaces, were redefined as Wall,

imposing a no-slip condition. This adjustment leads to the development of additional boundary

layers, thereby providing a closer replication of the experimental environment.

• Car: All surfaces of the car are defined as Wall boundaries, enforcing a no-slip condition with a

fixed wall velocity of U = 0m/s. This configuration therefore ensures an accurate representation

of viscous flow effects, enabling the development of boundary layers along the vehicle’s surfaces.

This approach is critical for accurately capturing the flow dynamics necessary for a comprehensive

aerodynamic performance assessment.

• Wheels: For on-track conditions, the wheel surfaces are defined as Wall boundaries with a rota-

tional wall motion for real-world conditions, as introduced by Carreira [7]. Each wheel is assigned

an individual coordinate system with its origin located at the respective wheel center, enabling

precise specification of the rotation axis. The angular velocity of each wheel is determined based

on its center height and the inlet velocity specified as an input, which effectively represents the

vehicle’s velocity within the simulation framework. However, to accurately replicate the conditions

encountered experimentally, the wheels were defined as fixed surfaces for the WT simulations, as

the scale model does not incorporate rotating wheels.

28



Additionally, whenever required, the turbulence intensity was set to TI = 0.01, and the turbulence

viscosity ratio was defined as µt/µ = 10. Furthermore, an initial condition prescribing a uniform

velocity of 80% of Uinlet is applied throughout the entire domain to accelerate convergence.

Wall Modeling

Walls are a significant source of vorticity in most practical flow problems. Consequently, an accurate

prediction of the flow and turbulence parameters across the wall boundary layer (BL) is essential. This

is particularly relevant in the context of this work, where the behavior of the airflow is strongly influenced

by viscous phenomena in near wall regions, such as transition and flow separation, which can have a

major impact on the car’s overall performance.

To accurately resolve the entire boundary layer flow, a prism layer mesh was applied to the car’s

surfaces, enabling the discretization of the small scale dimensions characteristic of the BL inner region

[54]. This approach complements the polyhedral meshing employed throughout the remainder of the

domain (further details regarding the mesh used are provided in Section 3.2). As the addition of a prism

layer significantly increases the total cell count, both the prism layer height and the number of layers

were adjusted based on the available computational resources and the boundary layer development

along the car’s length. A target y+ value close to unity was set for these surfaces to ensure that the first

prism layer lies within the viscous sublayer.

In certain regions, however, the prism layer meshing was deliberately disabled, as the boundary

layers of these components were assessed to have a limited impact on the overall aerodynamic per-

formance of the car. The separation zones associated with these parts were not expected to vary

significantly, thereby justifying the reduction in cell count. The components where prism layers were

omitted include the suspension arms, the wheel assemblies, the anti-roll hoop and the rear wing sup-

ports. In these areas, a traditional wall function approach, known as a high y+ treatment, is consequently

employed. Conversely, for the remaining components, a more accurate boundary layer resolution was

achieved through a low y+ treatment, made possible by the finer mesh provided by the prism layers.

As a result of employing both high and low y+ approaches, an All y+ treatment was implemented, as

shown in Figure 3.3a. The resulting wall y+ distribution across the vehicle surfaces is shown in 3.3b,

indicating an average value below 1 for the majority of the geometry, which lies within the recommended

range for the wall functions employed [54].

Transition Model Assessment

At this stage, it was important to evaluate whether the implementation of a transition model was

justified, particularly in the wind tunnel scenario, where the Reynolds number is considerably lower than

that encountered under on-track conditions, typically in the order of 106.

The transition from laminar to turbulent flow is a key phenomenon in aerodynamic simulations, par-

ticularly at low Reynolds numbers, as it strongly influences boundary layer development and overall

aerodynamic performance. Standard turbulence models, such as the k-ω SST, are calibrated for fully
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(a) All y+ approach [54]. (b) Wall y+.

Figure 3.3: Chosen wall modeling approach and resulting wall y+.

turbulent flows and therefore fail to predict the onset and progression of transition without dedicated

models. Neglecting this process can lead to significant inaccuracies in quantities such as skin friction

and pressure distribution where transition occurs [57]. Incorporating a transition model can thus enhance

modeling accuracy [58].

However, as demonstrated in [8], simulations performed under wind tunnel conditions comparable to

those of the present study achieved better agreement with experimental data when no transition model

was employed. Considering this, together with the characteristics of the current setup, particularly the

relatively large inlet-to-model distance that promotes a thicker boundary layer, it was deemed appropriate

to rely solely on the baseline turbulence model. This decision reduced both computational cost and

simulation time while maintaining sufficient accuracy for the objectives of this work.

3.2 Mesh Convergence Analysis

3.2.1 Grid Generation

Despite using a simplified model, the prototype still presents a highly complex geometry. To ensure

a clean and simulation-ready geometry and to avoid geometric inconsistencies, the surface wrapper

feature was employed. This tool is part of the geometry preparation suite and is capable of generating

clean, manifold, and watertight surfaces from a non ideal input CAD model, thereby eliminating the need

for additional Boolean operations [54].

The Star-CCM+® software provides three primary meshers: Polyhedral, Trimmed, and Tetrahedral. In

this study, the Polyhedral mesher was selected due to its ability to handle complex geometries effectively

while offering high refinement capabilities when required [54]. Polyhedral meshes are relatively easy to

construct and require no more surface preparation than tetrahedral meshes, while also reducing the

total cell count (typically by a factor of five) compared to an equivalent tetrahedral mesh. Although the

generation of polyhedral meshes can be more time-consuming, especially when compared to trimmed

meshes, they often require fewer iterations to reach a converged solution [59]. This strategy produced

the surface mesh illustrated in Figure 3.4.

To improve the mesh quality around the car model, several refinement regions were defined using

volumetric control boxes of varying shapes and sizes. Three volumetric controls were dedicated to
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Figure 3.4: Example of surface mesh on the half-domain FST car.

refining the mesh around each of the main aerodynamic components: the front wing, the side elements,

and the rear wing, as shown in Figure 3.5b. These components are expected to exhibit strong adverse

pressure gradients and significant vorticity, particularly on their lower surfaces; refining these areas is

therefore essential to accurately resolve small scale flow features. Additionally, three more volumetric

controls were introduced to gradually increase the mesh size from the car surface outward to the domain

boundaries, as illustrated in Figure 3.5a.

(a) Boxes around the whole car. (b) Boxes around the aerodynamic package.

Figure 3.5: Grid refinement boxes.

3.2.2 Numerical Error

Round-off Error

The simulations in this study were conducted using a version of Star CCM+ ® with double precision

arithmetic. This implies that all variables and functions are computed using 64-bit floating point numbers,

offering 14 significant digits of accuracy. As a result, it is reasonable to assume that round-off error is

negligible, particularly when compared to other sources of numerical error.

Iterative Error

To ensure that the estimation of the overall numerical error, typically assumed to be dominated by

the discretization error, is not compromised, the iterative error should be considerably smaller than the
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discretization error [60]. In this study, a total of 550 iterations were performed for the mesh conver-

gence study and all subsequent simulations. Convergence of the solver was evaluated by monitoring

the decay of the non-normalized residuals to values below at least 10−4, as illustrated in Figure 3.6,

together with the stabilization of the integrated aerodynamic loads, including the generated downforce

and drag, whose evolution across iterations for both the total vehicle and the right side element is shown

in Figures 3.7a and 3.7b, respectively.

Figure 3.6: Residuals monitor.

(a) Downforce. (b) Drag.

Figure 3.7: Integrated aerodynamic load monitors for the total vehicle and for the right side element.

The results were then averaged over the final 40 iterations, and the iterative error was initially moni-

tored by computing the standard deviation of three key variables over these same iterations: CL, the lift

coefficient; CD, the drag coefficient; and the downforce generated by the side elements. The standard

deviation values obtained were on the order of 10−3 in the worst case scenarios.

Naturally, iterative error can only be reduced to the level of round-off error. However, a fully converged

solution up to machine precision is generally sufficient to approximate ϕexact when estimating iterative

error. To facilitate this estimation, the methodology proposed in [61] was employed, allowing for a more

straightforward evaluation and direct comparison with the previously computed standard deviation val-

ues. This method requires input from at least five levels of residuals, ideally equally spaced, as well as

the corresponding values of the selected key variables. The output consists of power series expansions
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to estimate ϕexact for each variable, providing an estimate of the iterative error along with the solution

down at machine-level accuracy. The resulting plots for the selected variables of interest are presented

in Figure 3.8, where the five grids employed are identified by their respective typical cell size, hi.
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(c) Downforce from side elements.

Figure 3.8: Iterative error estimation for the five distinct geometrically similar meshes for the selected
variables of interest.

As the observed standard deviation values are considerably lower than the corresponding estimated

iterative errors, the latter are deemed reliable and will be used in subsequent comparisons and analyses.

Discretization Error

In this work, the discretization error was estimated using a power series expansion, following the

methodology described in [60]. The approach first estimates the exact solution and then evaluates

the associated error and corresponding uncertainties, which are derived from the standard deviation of

each data point at high confidence levels. This approach relies on a mesh convergence study involving
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at least three geometrically similar grids. Five such grids were employed in the present study. To ensure

geometric similarity across grids while working with unstructured meshes in a commercial meshing

environment, a scaling parameter, Ri, was used across all relevant mesh controls, such as surface and

volume mesh sizes, and prism layer thicknesses, allowing consistent refinement levels to be achieved

efficiently [7]. The behavior of the discretization error can be described as

e(ϕi) = ϕi − ϕexact = αhpi , (3.2)

where α is the error constant, p the convergence order and hi is the typical cell size, defined by hi =√
N1

Ni
, where Ni represents the number of faces on the car’s surface of each mesh and N1 is the number

of faces of the finest mesh.

The key variables selected for monitoring during the mesh refinement study were, again, the over-

all CL, CD, and the downforce generated by the side elements. The first two were chosen as they

characterize the global aerodynamic forces acting on the vehicle and will later be used for comparison

with wind tunnel test results. The side element downforce was included due to the emphasis placed

on these components throughout the work. Tracking this variable across the five geometrically similar

meshes provides greater confidence in the results obtained in this region and supports more reliable

comparisons between different geometrical configurations.

The results obtained for the three monitored variables are summarized in Table 3.1. In addition to the

aerodynamic performance indicators, the table also includes the total solver time, the memory usage of

each simulation, and the number of surface mesh faces on the car model, as these parameters were

considered relevant for evaluating the computational cost and mesh resolution. All simulations were

performed on two different workstations: one equipped with a quad-core Intel® Xeon® W-2123 CPU and

128 GB of RAM, and another featuring an Intel® CoreTM i7-6700K CPU with four total cores and 64 GB

of RAM, both providing sufficient computational capacity to ensure numerical stability and convergence

within reasonable runtime.

Table 3.1: Mesh convergence results.

Mesh hi
Setup and Solver Results

Ni (×105)
Total

Time (h)
Memory

Required (GB)
CL CD

Lat. Downforce
(N)

hi = 3.0 1.52 2.57 17.00 3.942 1.471 95.064
hi = 1.9 3.87 3.81 27.98 4.180 1.397 100.699
hi = 1.5 5.79 5.04 45.23 4.399 1.447 105.404
hi = 1.2 8.98 9.24 75.33 4.455 1.475 106.387
hi = 1.0 13.28 22.88 124.06 4.398 1.449 105.054
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The plots generated using the previously described methodology couple the least squares error

estimation method with the Richardson extrapolation to estimate the values of the selected key variables

at hi = 0. These extrapolated values are thus treated as the exact solutions for each variable. The

estimated exact values for CL, CD, and the downforce generated by the side elements are 4.5836,

1.4430, and 108.33 N , respectively, as shown in Figure 3.9.
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Figure 3.9: Estimated discretization error and associated uncertainties.

As expected, the most refined mesh (hi = 1.0) exhibits the lowest error and uncertainty. However,

both the total solver time and memory requirements for this mesh are prohibitively high, rendering it

impractical for routine use. For this reason, the third mesh level, corresponding to a refinement ratio

of hi = 1.5, offers a good compromise between computational cost and solution accuracy. This mesh

maintains adequate grid resolution around the car, enabling the capture of small scale flow phenomena

that may be missed by coarser meshes.
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Lastly, the uncertainties presented in the plots of Figure 3.9 result from the estimated discretization

errors, which were approximately 4.29% and 1.1% for the lift and drag coefficients, respectively, and 3.2%

for the downforce generated by the side elements. These uncertainties were estimated 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. When comparing the iterative and dis-

cretization components, both uncertainty values were found to be calculated with high safety factors,

hence, the discretization component was identified as the dominant contributor and its corresponding

values are henceforth considered as the numerical error estimates. Moreover, any further attempt to

reduce the discretization error to approach the iterative component would require an unreasonably fine

mesh, rendering additional refinement unjustifiable in terms of computational cost.

This verification process ensured that the aerodynamic trends analyzed in the subsequent stages of

this work could be confidently attributed to physical effects, such as boundary condition variations and

geometric modifications, rather than numerical error. The established CFD setup therefore provided a

reliable foundation for the comparative analyses presented in the following sections.
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Chapter 4

Wind Tunnel Experimental Setup

4.1 Force Balance Calibration

Before initiating the calibration procedure, certain adjustments were necessary to ensure the proper

functioning of the force balance. Upon installation at the work site, one of the sensing bars on the force

balance was observed to be significantly bent, as illustrated in Figure B.1. This required replacing and

individual calibration of the sensing bar to ensure accurate measurements, as described in Appendix B.

To estimate the aerodynamic loads acting on the force balance during the wind tunnel campaign,

CFD simulations (Section 5.2) were performed under flow conditions designed to match those expected

in the experimental test. The aerodynamic forces and moments obtained from the CFD simulation were

rescaled to match the expected values for the 1:3 model. Since aerodynamic forces such as lift and drag

scale with the square of the characteristic length, they were converted as

FWT =
FCFD

32
=
FCFD

9
, (4.1)

while moments, being the product of force and distance, scale with the cube of the characteristic length,

thus

MWT =
MCFD

33
=
MCFD

27
. (4.2)

These scaling relationships were applied to the lift, drag, and side forces, as well as to the pitch, roll,

and yaw moments. The resulting estimates provide a reference for calibrating the aerodynamic balance

and verifying the measurement ranges prior to the wind tunnel tests. Table 4.1 presents the numerically

obtained values of the quantities of interest, namely lift, drag, and pitching moment, calculated for the

vehicle configuration featuring the final side element design, configuration C. To these values, the actual

weight of the scaled prototype (see Section 5.1.2) was added to the z-force component, and a safety

factor of 1.5 was applied to each quantity.
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Table 4.1: Expected force and moment component magnitudes.

Fz (N) Fx (N) My (N·m)

Aerodynamic loads -69.48 29.46 0.17

W/ model weight and safety factor -220.94 44.20 0.26

In preparation for the wind tunnel testing phase, a complete calibration of the six-component aerody-

namic balance was conducted to ensure accurate and reliable measurement of aerodynamic forces and

moments acting on the 1:3 scale vehicle model. The balance consists of six aluminum bars instrumented

with strain gauges, arranged to measure three orthogonal forces (Fx, Fy, Fz) and three moments (Mx,

My, Mz). The strain signals are acquired via two NI™ 9237 modules, processed in real time through a

LabVIEW ™ interface, and post-processed in MATLAB®.

The calibration procedure was conducted in two distinct stages, following the methodology originally

developed by Oliveira [4] and later refined by Pacheco [8] through the use of a new calibration apparatus.

In the first stage, previously outlined, each bar was individually calibrated to determine the relationship

between its strain output and the axial force it experiences. A linear regression was then used to obtain

a unique calibration equation for each bar, which translates the raw strain readings into physical force

units (N). This step ensures that the response of each structural element is independently characterized

before they are considered as part of the full balance system.

On the second stage, a global calibration of the balance was performed to link the individual bar

forces to the total aerodynamic loads acting on the model. A dedicated calibration rig, originally built

by Ferreira [5] and adapted for the LNEC working environment, employed a cable and pulley system to

apply known forces and moments to the support structure. By adjusting the cable routing and application

points, the setup allowed precise directional control of the loads. Vertical weights generated horizontal or

vertical forces as well as pure moments or combined loading conditions, depending on their attachment

relative to the balance center.

To minimize hysteresis and eliminate slack in the cables, a small preload was applied before each

load case, maintaining constant tension throughout the measurements. Gaps between pulley brackets

and axle bars were filled to prevent unintended movement under load. The weight sets ranged from 1 N

to 20 N, covering the expected aerodynamic forces and moments during wind tunnel tests. Each weight

was verified on a high-precision scale (accuracy of 10−5 kg) and numbered before use.

Loads were applied for approximately 30 seconds while strain, and consequently axial force data,

were continuously recorded. Only the most stable 15-second interval was used to compute mean val-

ues, minimizing the influence of transient effects and manual weight handling. The calibration procedure

followed the methodology described by Pacheco [8]. During the initial 30 seconds, no loads were ap-

plied; all weight supports were then loaded in the subsequent 30 seconds, followed by the sequential

application of each additional load case at 30-second intervals until completing the full load combination.

Figure 4.1 illustrates two representative load cases.

The load cases were defined to match the aerodynamic conditions expected during testing, ensuring
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(a) −Fz load case with approximately
290 N in negative z direction. No moment
created due to symmetrical loading.

(b) −Fx with −Mz composed load case with
approximately 30 N employed.

Figure 4.1: Examples of load cases.

calibration under representative operating scenarios. Each sequence was repeated three times. In

total, 24 combinations produced 221 individual load cases, as summarized in Figures B.10 and B.11.

The resulting calibration coefficient matrix C, obtained using a relative strain approach, is provided in

Figure B.12.

Unlike the original approach proposed by Oliveira [4], this work used relative strain values rather

than absolute strain measurements. For each load combination, the initial zero load case served as

the reference, and all subsequent strain values were offset accordingly. This adjustment compensated

for baseline inconsistencies observed during initial calibrations, likely caused by temperature variations

and day-to-day conditions. The same procedure was later applied during experimental testing: the zero

load strain was recorded, absolute strain values converted to relative strains, then transformed into axial

forces in each bar and finally resolved into resultant forces in the working coordinate system.

The calibration matrix was derived using a weighted least squares fit between the known applied

loads and the measured bar forces obtained through the relative strain measurements. The load matrix

emphasized the dominant test components: drag (Fx), downforce (−Fz), and pitch moment (My), while

including off-axis load cases to capture cross sensitivities. These cases comprised pure forces, pure

moments, and combined force-moment scenarios.

Finally, to evaluate the force balance calibration model and enable accurate interpretation of the

experimental results, the model uncertainty was estimated through the propagation of the main error

sources, namely the uncertainties associated with the applied masses and the balance resolution, to-

gether with the repeatability uncertainty derived from the three repetitions performed for each loading

sequence. These components were combined to construct a covariance matrix of the model parame-

ters, from which the overall uncertainty of the calibration model was obtained. The resulting expanded

uncertainty, encompassing all contributing components at a 95% confidence level, was estimated at ap-

proximately 1 N. The detailed characterization of the calibration model for the force balance used was

conducted by Lopes [62] following the described methodology.
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4.2 Data Acquisition

The experimental measurements relied on two dedicated data acquisition systems to record the

aerodynamic loads and surface pressures on the scaled model. The aerodynamic forces and moments

from the balance were acquired using two National Instruments® NI 9237 modules (Figure 4.2a), known

for their high precision in strain gauge and bridge based measurements. Each module provides simulta-

neous, high resolution input channels with integrated excitation, which minimizes wiring complexity and

ensures stable and low-noise signal capture. For this test campaign, the bridge signals were sampled

at an actual frequency of 1613 Hz and averaged in blocks of 100 samples, yielding an effective output

rate of 16.13 Hz with no additional digital filtering applied. Time averaging of these 16.13 Hz records was

then performed to obtain the desired data values.

Surface pressure data were obtained using a Pressure Systems® ESP 64HD pressure scanner (Fig-

ure 4.2b), a 64-channel electronic pressure scanning system widely employed in wind tunnel testing.

This device integrates on-board temperature compensation, reference calibration, and fast multiplexing,

allowing reliable sampling of all taps with minimal drift. In the present work, pressure channels were

sampled at 5 Hz and averaged at each operating condition to obtain mean pressures.

(a) NI 9237 strain gauge meter. (b) Pressure Systems™ ESP
64HD pressure scanner.

Figure 4.2: Data acquisition hardware.

4.3 Wind Tunnel Characterization

All experiments were performed in the low speed, closed circuit wind tunnel at LNEC, shown in

Figure 4.3. The WT is L = 3.0m long and it has a rectangular test section with W × H = 1.2 × 1.0m.

[63]. Flow speed is continuously variable; acceptance tests reported a nominal top speed ≈ 49 m s−1

with an empty tunnel [64], while the current facility note specifies operation up to 45 m s−1. During the

experimental campaigns, airspeeds ranged from U∞ = 15 to 17 m s−1..

Starting upstream of the test section, the WT comprises four turning corners, two diffusers, a settling

section with flow straightening screens, and a 4:1 contraction leading into the test section. After passing

through the test section, the flow is gently decelerated in a two-stage diffuser and routed through two

guide-vane corners. An axial fan then accelerates the stream, after which a conical diffuser conditions

the discharge before the remaining corners steer the flow back toward the settling section. As illustrated
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Figure 4.3: Aeronautical wind tunnel at LNEC.

in Figure 4.4, each corner is equipped with a bank of 21 sheet steel guide vanes. The central vanes in

corners 3 and 4 are braced, and corner 2 contains a streamlined strut. Immediately downstream of the

final corner, the duct expands to its maximum diameter, where two screens are installed: a protective

electro welded steel grill with square mesh and a fine brass turbulence reducing screen. A short quieting

section then transitions into the sheet metal contraction, delivering a uniform, low turbulence core into

the test section. Only the closed wall configuration was used in the present study, although the facility

allows side window removal to operate as an open test section [63].

The test section incorporates radiused wall fillets that progressively increase in thickness down-

stream to accommodate boundary layer growth. A controlled circumferential gap of approximately 20 mm

at the downstream end of the test section helps maintain the flow near ambient static pressure during

operation. Integrated lighting and large removable observation windows provide full optical access to

the test section. Additionally, the balance support arm enters the test section approximately 2.2 m down-

stream of the inlet [63].

Figure 4.4: Schematic of the LNEC aeronautical wind tunnel [63].
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The test section area is W × H = 1.20 m2. With the scaled model giving a frontal area of approxi-

mately Af = 0.126 m2, the blockage ratio is

β =
Af

WH
=

0.126

1.20
= 10.5%. (4.3)

Classical closed wall corrections were not applied in this work. Instead, interpretation relied on CFD

performed in a domain reproducing the tunnel’s closed wall environment and model ride height, so the

reported results are specific to the WT configuration used.

The WT drive group consists of an axial fan with twelve individually adjustable blades followed by

a nine vane straightener designed to remove swirl and recover static pressure. The facility employs

variable frequency drive (VFD) control for the fan, enabling smooth, continuous frequency adjustment

and gentle acceleration/deceleration ramps. During this campaign, the blade pitch was kept fixed, and

test speeds were set by commanding the fan rpm via the VFD and verifying the resulting free stream

speed against the facility’s Pitot tube at the test section centerline [64]. The test section exhibits a

baseline turbulence intensity below 1%; in fact, acceptance measurements reported TI ≈ 0.78% at the

centerline (x ≈ 2 m) [65].

The relationship between fan frequency and test section speed is essentially linear at fixed blade

pitch, which allows repeatable set pointing of U∞ [64]. In practice, fan frequency as rpm served as the

primary control variable, while the Pitot reading provided the reference for logging and fine trim near

each target speed.

4.4 Testing Procedure and Limitations

The experimental procedure adopted in this study followed the sequence illustrated in Figure 4.5.

Initially, the force balance was secured in place and the support arm adjusted to the prescribed yaw

angle and nominal ground clearance. The model, already configured with the intended geometry, was

then installed in the test section and attached to the balance. Ground clearance was measured and doc-

umented. If any aspect of the setup, such as attachment points, ride height, or yaw angle, deviated from

the intended configuration, the model was removed, the discrepancies corrected, and the installation

repeated.

Once the mechanical setup was verified, the data acquisition chain was activated, comprising two

NI modules interfacing with the six-component balance, the pressure scanner, and the pre-existing

thermometer within the test section. The wind tunnel was then gradually accelerated to approximately

15 m s−1. Under this condition, it was essential to confirm that the wheels did not contact the floor and

that the configuration remained stable.

Before defining the final operating point, temperature stability in the test section was verified. If

thermal equilibrium had not yet been achieved, the tunnel was allowed to run until the temperature

stabilized. Once stable, the target free stream velocity was calculated based on the desired Reynolds

number, ReCFD, matching that used in the numerical simulations under SSL conditions, and using the
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instantaneous air properties:

Utarget(T ) =
ReCFD µ(T )

ρ(T )L
, (4.4)

and the fan frequency was iteratively adjusted until the Pitot-measured speed matched Utarget.

The instantaneous air properties were computed as functions of the measured temperature. First,

the air density (kgm−3) was determined from the ideal gas law,

ρ =
p

RT
, (4.5)

where p corresponds to the atmospheric pressure (≈ 101325 Pa) and R is the specific gas constant for

air (≈ 287.05 J kg−1K−1) [19]. Second, the dynamic viscosity (Pa s−1) for the given temperature was

obtained from the Sutherland’s formula:

µ(T ) = µref

(
T

Tref

)3/2
Tref + C

T + C
, (4.6)

where µref is the reference dynamic viscosity (1.8·10−5 Pa s) at the reference temperature Tref = 293.15 K

(20◦C), and C is Sutherland’s constant (110.4 K) [19, 66].

Data acquisition proceeded in a fixed sequence. Forces and moments were recorded first to establish

the zero offset during post-processing. After a 1 min stabilization period to allow the balance to stabilize,

pressure measurements were initiated. Each run lasted 5 min under steady conditions, enabling five

one-minute data sets per run. For each configuration, three consecutive runs at the target condition

were conducted to assess repeatability and to provide sufficient raw data for reliable statistical averages.

Runs were repeated whenever the desired speed could not be reached or maintained, sensor errors

were detected, or the operator observed anomalies.

The balance support arm and the wind tunnel floor attachments can locally disturb the flow and

introduce unwanted effects, particularly near the ground, an area critical to capturing the aerodynamic

behavior of interest. Since the geometry, model incidence, and yaw were held constant throughout

the entire test matrix, the influence of the balance arm support exposed to the incoming airflow largely

cancels when comparing differences between configurations.

To reduce hysteresis in the multi-component balance, the model was removed from the balance

at the end of each tested configuration. As balance zero offsets may drift over long campaigns, zero

aerodynamic load readings were verified between run groups to monitor measurement accuracy.

Ambient temperature also posed a significant challenge during the experimental campaign. Con-

ducted in summer, the campaign was subject to room and test section temperatures considerably higher

than the numerical reference conditions. Exactly for this reason was the temperature logging approach

employed for each run and used to compute the corresponding target free stream speed, ensuring that

the intended Reynolds number was maintained despite variations in air properties.
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Figure 4.5: Wind tunnel testing procedure.
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Chapter 5

Wind Tunnel Testing and Comparison

with CFD Simulations

5.1 Formula Student Scaled Model

This section outlines the key decisions made in developing the scaled FST car model for the experi-

mental campaigns, including the definition of its scale, its manufacturing process, and its attachment to

the force balance.

5.1.1 Flow Similarity and Scale Definition

Reynolds Similarity

In WT experiments, the presence of a model within the airstream perturbs the surrounding flow field,

generating measurable aerodynamic forces. The magnitude and distribution of these forces depend on

both the geometry of the model and the properties of the airflow, including velocity, density, and viscosity.

To ensure that WT measurements provide a representative approximation of full scale vehicle behavior,

dimensionless similarity parameters that capture the fundamental characteristics of the flow must be

guaranteed [17]. Among these parameters, the Reynolds number,

Re =
ρV L

µ
, (5.1)

where V and L are the reference speed and length, respectively. Re quantifies the relative influence of

inertial and viscous effects and it is one of the fundamental parameters that determines the flow regime,

whether laminar, transitional, or turbulent. Achieving Reynolds similarity between the model and the full

scale vehicle requires adjusting the free stream velocity in accordance with the characteristic length of

the model, under the assumption of constant fluid properties: V ∝ 1
L . Proper scaling in this manner

ensures that the dimensionless aerodynamic forces measured in the WT are representative of those

experienced by the vehicle under real operating conditions [67].
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Scale Definition

The scale of the WT model was determined through an evaluation of the competing constraints of

aerodynamic similarity, WT capabilities, manufacturability, and measurement quality. In principle, a full

scale Formula Student car would provide the closest similarity; however, such a model cannot physically

fit within the LNEC closed section wind tunnel [63]. This immediately rules out full scale testing and

motivates the use of a reduced model.

At the opposite extreme, very small scales, such as 1:4 or 1:5, would easily fit into the test section

with minimal blockage, but the resulting Reynolds numbers would be much lower than that of the real

car, even at the tunnel’s maximum operating speed of 45 m/s. Consequently, the flow regime obtained

in the WT would differ from that on-track, potentially leading, for example, to laminar separation on the

front wing of the model. Furthermore, the aerodynamic forces scale with L2 so, at smaller scales, they

would approach the resolution limits of the aerodynamic balance, amplifying relative uncertainty and

measuring errors. These drawbacks make very small scales unsuitable for meaningful comparisons

between experiments and simulations.

The 1:3 scale emerges as the most balanced solution. At this size, the projected frontal area cor-

responds to an acceptable blockage ratio, as shown in Figure 5.1 and estimated in Section 4.3. The

Reynolds number achievable at the tunnel’s operating limit is significantly higher than for smaller scales,

placing the flow in a regime where key aerodynamic mechanisms are preserved with reasonably good

fidelity. The forces generated by the model are expected to be above the sensitivity threshold of the

balance, reducing measurement uncertainty and enabling reliable coefficient determination. Simultane-

ously, the model is compact enough to be manufactured within the project’s available time and resources,

yet large enough to reproduce fine geometric features such as cascade profiles, diffuser strakes, and

inlet details without requiring further unrealistic thickening or simplification. Besides aerodynamic and

facility considerations, the 1:3 scale also offers practical advantages for instrumentation and modularity.

Pressure taps and tubing remain feasible to be installed given the available volume inside the parts,

while structural stiffness is sufficient to suppress aeroelastic deformation under tunnel loads. The scale

is compatible with the mounting hardware and balance system already available, which reduces rigging

complexity and allows interchangeable modules to be tested efficiently.

Figure 5.1: Scaled FS model inside the WT test section (frontal view).
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Wind Tunnel Free Stream Speed

As previously noted, the maximum speed of the wind tunnel is 45 m/s, which would, in theory, al-

low for Reynolds number similarity with on-track conditions, given that the FST14 averages a speed

of 15 m/s during competition. However, for the experimental campaigns, the airspeed was lowered to

15 m/s. This choice was motivated by several factors: preliminary tests revealed that the WT was unable

to maintain stable temperatures throughout extended operation, and, as reported in [8], higher veloci-

ties could induce vibrations that would compromise the accuracy of the force balance measurements.

Operating at a lower velocity would mitigate both vibration and temperature fluctuations while ensuring

that the scaled model could safely withstand the generated loads, which would have been almost one

order of magnitude (9 times) higher at 45 m/s. Given that the model scale was already determined,

Reynolds similarity with full scale on-track conditions could not be achieved. Nevertheless, similarity of

Reynolds number between the wind tunnel experiments and the CFD simulations is maintained to allow

meaningful comparisons.

Model Position in the Wind Tunnel

The placement of the scaled model inside the WT is constrained by its geometry. The balance

support arm could only be installed at a predefined location, approximately 2.2 m downstream of the test

section inlet, as seen in Figure 5.2. Although this distance had to be respected, positioning the model

closer to the inlet would have been preferable. A shorter upstream distance would limit the growth of

the wind tunnel wall boundary layers before reaching the model, thereby preserving a larger region of

uniform core flow in the test section. On the other hand, the existence of a turbulent boundary layer

on the bottom wall upstream of the model guarantees that the flow around the front wing is mainly

turbulent, helping to maintain consistent flow conditions between simulations and experiments. Thus,

the model was mounted at the fixed longitudinal location. In order to ensure consistency with numerical

simulations, the car was positioned transversely at the centerline of the test section, thus maintaining

symmetry, as displayed in Figure 5.1.

Figure 5.2: Scaled FS model inside the WT test section (side view).

Regarding vertical positioning, the objective was to place the model at the lowest possible height,

constrained by the requirement that the wheel contact patches must not touch the wind tunnel floor to

ensure that the aerodynamic forces were only transmitted to the force balance rather than dissipated
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through ground contact. This setup ensures that both the wheels and the aerodynamic components

remain as close as possible to the ground, reproducing the proximity effects observed under real track

conditions. To meet these requirements while preventing physical contact, the model wheels were ini-

tially set to be elevated by 5 mm above the WT ground. Ultimately, the experiments and simulations

are compared under conditions that differ from actual race track operation in several aspects: Reynolds

number (scale effects), ground clearance, non-rotating wheels, stationary ground, and the boundary

conditions at the lateral and top walls of the wind tunnel (blockage effects). The influence of all these

factors is analyzed using CFD in Chapter 6.

5.1.2 Modeling and Manufacturing

Geometry Preparation

The preparation of the scaled model geometry began with the simplified representation of the FST14

previously introduced in Section 2.5. From this baseline, the geometry was adapted to ensure both

manufacturability and proper assembly. This process involved splitting the vehicle into several separate

components, further splitting larger elements where necessary, and designing appropriate mounting

systems, the outcome of which is shown in Figure 5.3a. Additional modifications included the incorpo-

ration of fastener holes and small fixation elements (highlighted in cyan in Figure 5.3b), the design of

fitting mechanisms, and the addition of auxiliary parts to reinforce critical joints (highlighted in yellow in

Figure 5.3b), ensuring that the model could withstand the loads expected near connection points. All

modifications were designed to minimize their impact on the airflow around the model.

(a) Overall view. (b) Highlights of some geometry modifications.

Figure 5.3: WT Scaled FS car model geometry preparation.

Compatibility for Pressure Readings

Surface pressure measurements provide insight into the airflow around aerodynamic appendages,

enabling direct comparisons with numerical simulations and thus validating the numerical models. In the

present study, pressure taps were installed on the main wing of the side elements. To accommodate
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these taps and route the associated silicone tubing, these elements were manufactured as hollow struc-

tures. Additionally, the chassis, divided into five separate parts, was designed as a hollow structure to

accommodate the pressure scanner (Section 4.2), which can be accessed both through the removable

driver cockpit and through a detachable rear lid. This design also facilitates overall model assembly and

accessibility by enabling easier access to attachment points and also allows the mounting interface with

the force balance arm to be housed inside the model.

(a) View of upper surface taps on right side element. (b) Example of spanwise pressure tap section plane

(|y2|/(w/2) = 49%).

Figure 5.4: Pressure taps on WT model.

Concerning the placement of the pressure taps, it was chosen to instrument both left and right

wings of the prototype, covering both the upper and lower surfaces, where a subset can be observed in

Figure 5.4a. Two chordwise planes were instrumented per wing, with the spanwise coordinates differing

between the left and right sides, resulting in a total of four measurement planes. This configuration takes

advantage of the symmetry of the straight line condition being tested, with each side occupying half of

the measurement space. Positioning the pressure taps along chordwise planes allows the pressure

distribution along the wing chords to be captured in 2D plots, enabling direct comparisons with the

corresponding planes in the numerical simulations. By sampling pressure at multiple spanwise locations,

it is possible to reconstruct the pressure gradient at various key points along the surfaces, providing

critical insight into the local aerodynamic behavior.

The four measurement planes were positioned at y1 = 89 mm and y2 = 117 mm on the right wing,

and at y3 = −102 mm and y4 = −129 mm on the left wing. These spanwise coordinates represent the

distances from the scaled model’s symmetry plane and correspond to approximately 38%, 49%, 43%,

and 55% of the car’s half width, w/2, respectively. The selected locations ensure a balanced distribution

of pressure measurements across the constant airfoil region of the wing. For reference, the main wing

extends laterally from about 33% to 97% of the car’s half width. For all planes considered, pressure

taps were installed on both surfaces of the wing at 5%, 15%, 30%, 50%, 65%, and 80% of the chord

length in each of the three configurations under study, resulting in a total of 48 pressure readings per

configuration. The chordwise distribution was defined based on insights from the numerical simulations.
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A higher resolution of taps was applied in the compression region to better capture the suction peak

behavior, while the remaining taps were spaced more evenly to capture the subsequent expansion

phase of the flow. A summary of the pressure tap positioning is presented in Appendix C.

Design Features

The design of the scaled model followed a modular approach, aiming to maximize flexibility. The

model is divided into several assemblies, each composed of multiple parts, as illustrated in Figure 5.5.

While this increases the overall complexity of both the design and manufacturing process, it allows

individual components to be replaced or reassembled without the need to rebuild entire sections. An

illustrative example of the benefits of this modular approach is found in the region of the side elements.

In this area, the monocoque features a dedicated slot designed to accommodate the main wing of each

configuration, which is then fastened to an internal tab. For the corresponding flaps, the monocoque

incorporates an oversized rectangular cavity. This solution allows the flaps to be manufactured with

this standardized rectangular base, enabling different wing geometries to be inserted into the cavity and

subsequently fastened in place.

(a) Front axle section. (b) Rear axle section with rear wing. (c) Rear end of the model.

Figure 5.5: Model modular features.

Next, the CFD estimated pressure center of the model was selected for the attachment point to

minimize moments (pitching, rolling, or yawing), thereby preventing undesired changes in the model’s

attitude and avoiding the measurement of erroneous force components. Under on-track conditions, the

pressure center continuously shifts with changes in vehicle attitude and flow conditions. However, for the

purposes of this study, the CoP was assumed to remain approximately fixed and not undergo significant

variations under steady state WT conditions.

The pressure center of the model was determined using the numerical simulations performed, specif-

ically from the final side element configuration. The CFD software includes a feature for calculating the

center of loads, which identifies the point where the resultant of the aerodynamic forces is expected to

act. This calculation requires reference planes or input surfaces that intersect the line of action of the

resultant force. With at least two such references, it is possible to define the line of action of the aero-
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dynamic resultant force. Considering the geometric constraints of both the wind tunnel and the model’s

desired height, and in an effort to minimize the flow disturbance caused by the force balance mounting,

the attachment point was sought to be located inside the model. While this choice increases the com-

plexity of the model and the number of additional components required for the experimental campaign,

it provides a more representative setup. To compute the resultant force line of action, two reference

planes were used: z = 0, corresponding to the ground plane, and z = 111 mm, which was selected as it

approximates the center of gravity of the FST14 prototype based on the team’s mass distribution data.

These two planes were chosen as they define the limiting positions of the anticipated attachment point.

Figure 5.6: Attachment point of FS model to force balance.

Figure 5.6 illustrates the obtained resultant force line of action. This line is drawn along the symmetry

plane of the car, taking advantage of the experimental symmetry. Together with this symmetry consider-

ation, the line enables the precise definition of the attachment point, set with the desired elevation of the

model of 5 mm above the wind tunnel floor. Once the attachment point was defined, the actual mounting

system was designed. A more detailed description of the mounting system used in this study is provided

in Appendix C.

Regarding the adjustability of the scaled model, modifications are possible both in its geometry and in

its overall attitude. Geometrically, the angle of attack of the rear wing flaps can be adjusted analogously

as in the full scale prototype, functioning as a DRS for the model if a low drag configuration is desired.

Concerning model attitude, both the ground clearance and the pitch of the car can be slightly adjusted by

using washers to improve correlation with the numerical results (further information in Appendix C). With

respect to yaw control, the balance itself enables rotation of the support arm, thus allowing the entire

prototype to rotate and enabling side wind experiments. Finally, components such as the suspension

arms and the front wing supports can be indirectly adjusted by replacing the intermediate fitting elements

(highlighted in yellow in Figure 5.3b), which are easily and quickly manufactured. This approach enables

modifications to both the suspension geometry and the front wing height.

Manufacturing Process

The predominant manufacturing process was 3D printing, which accounted for approximately 75%

of the components. Several materials were employed, including Polylactic Acid (PLA), Polyethylene

Terephthalate Glycol (PETG), PETG reinforced with carbon fiber, and Polyamide High-Temperature
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(PAHT) filament reinforced with carbon fiber. The aerodynamic package was entirely produced using

3D printing, primarily due to its complex geometries and the time constraints of the present work, while

still achieving acceptable surface finish levels. The overall printing process required 583 hours, corre-

sponding to roughly 24 days in total.

To ensure both quality and time efficiency, as well as maximize consistency across components,

most of the parts directly exposed to the incoming airflow, such as the aerodynamic elements and the

monocoque sections, were printed using Bambu Lab® printers [68]. The remaining components, typi-

cally smaller or supporting parts where surface finish was less critical and longer print durations were

acceptable, were manufactured on Prusa Research® machines [69]. Specifically, the Bambu X1 Car-

bon™ and the Original Prusa™ MK3S+ from the iStart Lab Técnico were employed for these purposes.

In addition, the rear wing endplates were printed on a Raise 3D Pro3™, as their size exceeded the build

volume of the aforementioned printers [70]. Each of the printers was operated using its dedicated open

source slicing software, which converted the geometries into layers and generated the corresponding

g-code: Bambu Studio™ (v2.1.1), Prusa Slicer™ (v2.9.2), and ideaMaker® (v5.3.1 Beta). Each printed

component was manufactured with specific settings according to its purpose; further details are provided

in Appendix C.

In total, more than 700 hours of printing time were dedicated to the model’s manufacture, including

both finished parts and unsuccessful or incomplete prints. This process consumed approximately 10 kg

of PLA, 1 kg of PAHT-CF, 1 kg of PETG, and 0.5 kg of PETG-CF. In the end, the completed prints were

sanded to further improve surface quality where necessary, particularly for components exposed to the

incoming airflow.

The remaining components consisted of steel threaded rods and aluminum rods. The steel rods were

cut to size and inserted into some of the model wings to increase robustness, while the aluminum rods

were trimmed and sanded to fit their designated locations, serving mainly as suspension arms. The use

of aluminum in this area provided the necessary strength while limiting the additional weight introduced

by metallic components.

Final FST14 Model

The final FST14 WT 1:3 scaled model had a total weight of 7.93 kg and was composed of 138

components, excluding fasteners and accessories such as nuts and washers. Figure 5.7 illustrates the

fully assembled model without the pilot lid component, providing an overview of the components used in

its assembling.

5.2 Comparison of Pressure Distributions on the Side Diffuser

Following the procedure described in Section 4.4, the WT campaign comprised nine runs in total,

three for each side element configuration. Apart from the side element changes, no other modifications

were made to the vehicle to enable direct comparisons between configurations. The intended attitude

of the car was set to yaw, pitch, and roll angles of 0◦, with the tire contact patches positioned at a height
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Figure 5.7: Final FST14 model.

of 5 mm. The incoming airflow Reynolds number was maintained as closely as possible by controlling

the tunnel airspeed, targeting the conditions encountered at a reference velocity of 15 m s−1 and a

temperature of 15◦C.

As a starting point, the pressure readings were compared with the corresponding numerical results

in Figure 5.8, which illustrates the pressure distribution on the upper and lower surfaces of the main wing

of the side elements for configuration A at the section plane |y2|/(w/2) = 49% of the scaled model. This

comparison provides an initial assessment of the flow features that are successfully captured during the

experimental campaign and those that are absent relative to the numerical conditions simulated.

These plots show that, on the upper surface, the measured static pressure values fall well within

acceptable agreement with the numerically obtained results. This agreement is further reinforced by the

observation that the pressure distributions on this surface, under the different conditions tested, exhibit

approximately the same behavior, which was consistently captured during the experimental campaigns.

On the lower surface, however, the agreement is weaker: the measured values exhibit a suction peak

located further downstream than in the as-designed numerical predictions, with a considerably lower

intensity.

To investigate these discrepancies, additional numerical simulations were performed. First, the model

height was increased from 5 mm to 8 mm to assess whether the suction peak intensity would decrease;

indeed, it rose from approximately Cp ≈ −1.9 to Cp ≈ −1.6 (comparing the blue and green data sets in

Figure 5.8b). Subsequently, a realistic pitch variation of the car was introduced numerically by setting

the axle height difference to 8 mm instead of the previous 0 mm, corresponding to a nose-up rotation of

θ = 0.893◦. Under this condition, the suction peak shifted downstream from x/c ≈ 36% to x/c ≈ 45%.

These findings suggest that the car’s attitude during testing was likely not maintained constant, and

that accurately quantifying such effects would require active and precise measurement at each corner

of the model. Moreover, differences in transition control between the numerical simulations and the wind

tunnel setup, together with the presence of an imperfect stationary ground and the resulting mismatch

between the experimental and simulated boundary layer profiles at the vehicle’s front, may have con-
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Figure 5.8: Pressure distributions obtained experimentally and numerically for configuration A.

tributed to the attenuation and downstream displacement of the suction peak on the lower surface. In

addition, the small portion of the force balance arm exposed to the incoming airflow beneath the car

model, along with the corresponding slot on the wind tunnel floor, may have further disturbed the flow

behavior in this region. Nonetheless, the observed trends with the geometric modifications help explain

the differences between the as-designed numerical static pressure predictions and the experimental re-

sults, increasing confidence that the numerical simulations capture the essential performance trends and

aerodynamic behavior. Similar conclusions were drawn from the pressure distributions of the remaining

configurations B and C and spanwise sections (y1,y3,y4), further corroborating these observations.

To further assess the influence of dynamic attitude changes in the results, the experimentally ob-

served trends between configurations were compared with those predicted at the nominal as-designed

neutral attitude, as well as with cases in which the model attitude was deliberately varied. The objec-
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tive was to assess whether such changes would significantly alter the values expected experimentally,

thereby reducing confidence in the predicted results. Since the exact model attitude during WT testing

could be guaranteed, this comparison also serves to evaluate whether deviations can be reconciled with

the as-designed numerical predictions. Accordingly, Figure 5.9 presents the key aerodynamic coeffi-

cient ratios for configuration B relative to configuration A, allowing a direct comparison of whether the

trends vary significantly. The ratios are shown for the experimental results, the as-designed numerical

simulations, and the numerical cases with increased ride height and with a nose-up pitch rotation.

Figure 5.9: Sensitivity of aerodynamic coefficients of configuration B relative to configuration A with ride
height and pitch angle.

Across the different numerical conditions, the largest variations within a given aerodynamic coeffi-

cient remained below 15%, while the overall trends were preserved within an acceptable range. This

indicates that attitude changes within the tested intervals do not severely compromise the results. The

main exception was observed for the aerobalance, which exhibited a noticeable shift under pitch vari-

ation, a result that is expected, since pitching directly alters the longitudinal position of the model’s

pressure center. Nevertheless, the consistent behavior observed across these comparisons reinforces

confidence in the robustness of the as-designed numerical data and its alignment with the experimental

measurements.

Overall, the comparison between the experimental and numerical results demonstrates that the sim-

ulations capture the dominant aerodynamic trends with reasonable accuracy, particularly for drag, where

confidence is highest given the minimal sensitivity to attitude changes. Lift predictions, while systemat-

ically lower in magnitude, remain consistent in trend and thus still provide reliable comparative insight.

The most attitude sensitive quantities were the pitching moment and the resulting aerobalance, where

small deviations in ride height or pitch can significantly alter the load distribution. The fact that the

height-modified case produced the closest agreement to the experimental balance strongly suggests

that minor installation effects in the wind tunnel, rather than fundamental modeling limitations, are re-

sponsible for most of the observed discrepancies. Taken together, these results certify the use of the

as-designed numerical setup as a robust baseline, while also highlighting the importance of considering

realistic platform variations when comparing with experimental data.
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5.3 Comparison of Aerodynamic Coefficients

The evolution of the aerodynamic coefficients across the three side element configurations are il-

lustrated in Figures 5.10a and 5.10b for the absolute and relative values of CL and CD, and Figures

5.11a and 5.11b for CMy
and the aerobalance. Normalization with respect to configuration A not only

simplifies the interpretation of performance differences but also provides a clearer basis for assessing

the consistency between numerical predictions and experimental measurements.

(a) Absolute values. (b) Normalized values.

Figure 5.10: Lift and drag for the three tested configurations.

The lift and drag coefficients for the three tested configurations, shown in Figure 5.10, exhibit consis-

tent tendencies between numerical and experimental results. From configuration A to B, both datasets

indicate a marked increase in CL, hinting that the side wing modifications indeed enhance downforce

generation under the tested conditions. This improvement is accompanied by a moderate rise in CD. For

configuration C, the downforce seems to slightly decrease relative to B while still exceeding the base-

line, with a partial recovery of the drag penalty. These trends are consistently captured in both datasets,

and despite some discrepancies in absolute values, the simulations demonstrate strong reliability in

reproducing the experimental tendencies.

The pitching moment coefficient and the aerodynamic balance, presented in Figure 5.11, exhibit

analogous tendencies. Experimentally, the progression from configuration A to C reveals a reduction

in the nose-up pitching moment, indicating that the side element modifications redistribute loads in a

manner that alleviates rear axle demand. The numerical results reproduce this trend with only minor de-

viations in magnitude. Likewise, both approaches capture the forward shift in load distribution introduced

by configuration B, which becomes slightly more pronounced in configuration C.

Overall, these findings show that the relative aerodynamic behavior observed experimentally across

configurations is consistently reproduced numerically. Under the controlled conditions of the wind tunnel,

the agreement in trends identifies the numerical setup as a reliable tool to inform guide subsequent

aerodynamic development.
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(a) Absolute values. (b) Normalized values.

Figure 5.11: Pitching moment and aerobalance for the three tested configurations.

5.4 Flow Visualization

At this stage, the focus was on establishing correlation and building confidence in the numerical

methodology, which forms the basis for later quantitative comparisons between configurations. In addi-

tion to the experimental analysis presented so far, wool tuft visualization was employed to qualitatively

assess the aerodynamic behavior of individual components, thereby complementing the global force and

moment measurements. Tufts were attached to the right side of the model, and the flow was recorded

using two complementary devices: an action camera placed inside the test section downstream of the

model to capture its rear, and a high-resolution digital camera positioned outside the test section for

close up surface views. Visualizations were carried out for all three configurations simultaneously with

the force and pressure measurements. Although the overall aerodynamic behavior of the vehicle was

qualitatively assessed, particular attention was directed toward the side elements, as these were the

focus of the development, while the global flow behavior served to further evaluate the reliability of the

numerical predictions.

The comparison between EFD and numerical predictions rely mainly on the x-axis skin friction coef-

ficient, Cfx , with surface streamlines overlaid. In these plots, red regions (Cfx > 0) represent attached

flow, while blue regions (Cfx < 0) indicate separation. It should be noted that, as turbulence is highly

non-linear, evaluating single frames from the recordings requires caution, some transient effects visi-

ble in video sequences may not appear in still images. In contrast, the numerical results represent a

time-averaged solution.

5.4.1 Side Element Configurations

In Figures 5.12a and 5.12b, region 1 highlights the region near the leading edge of the main wing,

where the flow remains attached on the inboard section close to the monocoque but appears separated

further outboard. This behavior is consistent with the numerical predictions. Region 2 also indicates

a notable correlation: on the footplate surface the flow is separated, whereas above the tubular vortex
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generator it appears attached to the model surface. In Figures 5.12c and 5.12d, considerably smaller

separation zones are predicted numerically in this region, and this behavior is well captured experimen-

tally, with the surface streamlines appearing coherent as well. A direct comparison between configura-

tions A and B in the region displayed in Figure 5.12 further highlights that the later configuration exhibits

noticeably reduced separation, suggesting a more stable flow field, improved load consistency across

the surface, and potentially lower drag, thereby indicating a more effective aerodynamic performance of

configuration B.

(a) EFD - Configuration A. (b) CFD - Configuration A.

(c) EFD - Configuration B. (d) CFD - Configuration B.

Figure 5.12: Flow visualization on main wing leading edge upper surface - Configurations A and B.

In Figures 5.13a and 5.13b, region 1 corresponds to the leading edge of the midplate, where both

experimental and numerical results consistently indicate a clear separation zone. Notably, close to the

footplate, the tuft orientation even suggests local flow reversal, with a tuft pointing upstream. Region 2

shows strong agreement between surface streamlines, capturing the outwash generated by the front

wing upstream. The intensity of the outwash diminishes closer to the monocoque, a trend also repro-

duced in the numerical simulations. Furthermore, region 3 highlights the trailing edge of the midplate,
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where the flow exhibits a clear upwash motion. This behavior is consistently observed in both the exper-

imental tuft visualization and the numerical simulations.

For configuration B in Figures 5.13c and 5.13d, no significant longitudinal separation zones were

obtained numerically in this area, and this was consistently observed experimentally, with no major sep-

aration regions developing. The surface streamlines also exhibited strong agreement between the two

approaches. Region 1 highlights a divergent streamline pattern on the upper surface of the continuous

flap, which is similarly captured in both CFD and EFD. Conversely, region 3 shows a convergent flow

behavior on the upper surface of the smaller continuous flap around the radiator, once again well re-

produced by the experimental tuft visualization. On the main wing upper surface, region 2 illustrates

outwash behavior as the flow develops downstream, a tendency evident in both methods.

(a) EFD - Configuration A. (b) CFD - Configuration A.

(c) EFD - Configuration B. (d) CFD - Configuration B.

Figure 5.13: Flow visualization on main wing upper surface, midplate and flaps - Configurations A and
B.

Altogether, the streamline patterns on the upper surfaces for all configurations are reproduced with

good accuracy across all observable surfaces, in line with the pressure measurements discussed in

Section 5.2, where numerical and experimental pressure coefficients showed agreement in this area.

Configuration C exhibited comparable flow behavior throughout, with streamline patterns matching be-

tween experimental and numerical results, leading to the same conclusions.

When comparing the configurations, a clear distinction emerges between configuration A and con-

figurations B and C in the present analysis. Configuration A exhibited pronounced separation zones,

particularly on the midplate, footplate, and at the leading edge of the main wing, whereas configura-
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tions B and C showed no significant separation in either the numerical or experimental analyses. This

contrast highlights a clear aerodynamic improvement, as the evolution from configurations A to B/C ef-

fectively suppressed large scale separation and promoted more coherent surface flow structures. These

differences emphasize the design advantage of the later configurations in stabilizing the flow around the

side elements and enhancing overall aerodynamic efficiency.

However, it is important to note that the side elements of the car are positioned immediately down-

stream of the front tires and are therefore directly influenced by their turbulent wake, which is inherently

unsteady. In contrast, the numerical results are obtained from time-averaged solutions of the Navier-

Stokes equations, which do not capture the full instantaneous behavior of the flow. Moreover, the wool

tufts themselves filter out high-frequency perturbations due to their length, meaning that small-scale

separation zones may not even be observable during the experimental campaigns. These aspects rep-

resent some of the inherent limitations of the present analysis and highlight the need for caution when

drawing conclusions based solely on this data.

5.4.2 Other Elements

Besides the main focus of the present study, flow visualization was also performed on other aerody-

namic elements of the car.

(a) EFD. (b) CFD.

Figure 5.14: Flow visualization on front wing upper surfaces and endplate.

On the upper surface of the main element of the front wing, region 1 of Figure 5.14 shows that the

flow remains attached along its entirety, a behavior corroborated by the experimental results. Some

relevant discrepancies arise on the endplate area: in region 2, the experiments reveal local separation

zones, whereas the numerical results predict separation slightly further downstream. This offset is aero-

dynamically relevant, as endplate separation strongly affects the strength and positioning of the outboard

vortex structures responsible for managing the front tire wake, making this region particularly sensitive

to small positional shifts. Region 3 highlights vorticity around the canards in the experiments. While

this feature cannot be directly compared with Figure 5.14b, since it does not capture three-dimensional

behavior alone, the absence of separation in the numerical results suggests a further discrepancy in
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this area. Finally, in region 4 of 5.14a, the tufts are observed rotating into the tubular vortex generator,

confirming its ingestion of the local flow and showing agreement with the surface streamlines predicted

numerically in Figure 5.14b.

In addition, tuft vibrations were observed during the WT experiments, most notably in the front wing

region. As the front wing is the first component to interact with the incoming airflow, this observation

indicates that the flow had already transitioned to turbulent before reaching the scaled model, thereby

supporting the decision not to implement a transition model in the numerical setup. However, it should

be emphasized that the front wing is the component most affected by discrepancies between the exper-

imental and simulated boundary layer development along the bottom wall upstream of the car model.

(a) EFD. (b) CFD.

Figure 5.15: Flow visualization on rear wing upper surfaces and endplate.

On the outer surface of the rear wing endplate, at its leading edge, highlighted as region 1 in Fig-

ure 5.15 shows good agreement in the upper portion, where clear separation is observed both exper-

imentally and numerically. In the lower portion, however, some disagreement arises: the numerical

results predict a smaller but existent separation zone, whereas the experiments suggest attached flow.

On the upper surface of the flap (region 2), a central separation zone on the wing is consistently captured

by both approaches. Further downstream on the endplate, region 3 also indicates acceptable agree-

ment between the experimentally and numerically obtained surface streamlines, showing that the global

outboard flow behavior is reproduced numerically. Finally, on the upper surface of the flap in region 4,

discrepancies emerge once again: the experimental results reveal separations and a clear recirculation

zone, while the numerical predictions indicate fully attached flow. Such differences may be relevant, as

they highlight the sensitivity of this area to specific local flow conditions.

Overall, the flow visualization, together with the previous force and pressure comparisons discussed

in Sections 5.2 and 5.3, reveals that the numerical setup is capable of capturing the essential aerody-

namic phenomena and performance trends. This establishes the confidence needed in the numerical

approach, allowing the simulation conditions to now be adapted to represent on-track scenarios and

thereby assess the behavior of each configuration under those conditions.
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Chapter 6

Numerical Assessment of Differences

between WT and On-Track Conditions

Building upon the results presented in the preceding chapter, this chapter aims to assess the influ-

ence of the main discrepancies between the WT setup and the actual on-track operating conditions on

the aerodynamic performance of the vehicle. The parameters considered include the Reynolds number

associated with the reduced car model scale, the increased ground clearance, the absence of wheel

rotation, the stationary ground, and the boundary conditions imposed at the lateral and upper walls of

the test section, which give rise to blockage effects. A series of numerical simulations is conducted to

isolate the contribution of each factor, enabling a systematic transition toward conditions representative

of real race track operation.

6.1 Ride Height

To initiate the transition from the wind tunnel numerical setup to the real on-track conditions, the

model ground clearance was first reduced from 5 mm to 0 mm, corresponding to the tires being in

direct contact with the ground. To isolate the effect of ride height on the results, a dedicated set of

simulations was performed with this single modification in the setup, applied across all three side element

configurations.

As shown in Figure 6.1, which depicts configuration C, the reduction in ground clearance leads to

a clear intensification of the low pressure regions beneath the floor, particularly along the main wing of

the side elements. This expansion of the suction footprint reflects a higher mass flow acceleration and

more effective pressure recovery within the diffuser, ultimately resulting in a net increase in the overall

downforce generated by the car.

Quantitatively, in Figure 6.2, this behavior is reflected in a consistent rise in the lift coefficient across

all configurations, with ∆CL values ranging approximately between 0.15 and 0.25 (about 5%), while the

drag coefficient increases only marginally. Consequently, the aerodynamic efficiency slightly improves,

suggesting that the floor operates closer to its optimal sealing condition without entering a regime of
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Figure 6.1: Ride height effect on pressure coefficient at the bottom of the model for configuration C.

diffuser choking or flow separation. The enhanced suction near the floor throat and front wing also

contributes to a forward redistribution of aerodynamic loads, resulting in a modest but consistent increase

in the aerodynamic balance towards the front axle. This effect is particularly evident for configuration B,

which exhibits the highest front end sensitivity and benefits most from the improved ground effect while

maintaining stable rear flow behavior.

(a) Lift and drag coefficients. (b) Lateral downforce and aerobalance.

Figure 6.2: Influence of ride height on key aerodynamic parameters for the three configurations.

The relative performance ranking among configurations remains unchanged when the model height

is reduced, indicating that the aerodynamic trends previously observed under wind tunnel conditions are

consistent through this first step toward on-track operation. The downforce generated by the components

that were modified (lateral downforce) follows the same tendency, increasing by approximately 10−15%.

Overall, reducing the ride height to 0 mm enhances the underbody effectiveness and slightly shifts the

aerodynamic balance forward, while preserving the relative hierarchy between configurations.
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6.2 Reynolds Number

The second step toward on-track conditions involves restoring the fluid properties to their real scale

values, reversing the wind tunnel scaling applied in the previous section. Up to this point, the 1:3 scale

model had been represented numerically by tripling the dynamic viscosity corresponding to the reference

conditions. This approach allowed the geometry, and consequently the mesh, to remain consistent

across all scenarios, as presented in Figure 6.3. Restoring the viscosity to its nominal value isolates the

pure Reynolds number effects, ensuring that the simulated flow matches the conditions expected during

on-track operation.

(a) Scaled model in the test section geometry. (b) CFD boundary setup.

Figure 6.3: Simulation overview for the isolation of the scale effect.

The bottom view Cp field for configuration C, shown in Figure 6.4, exhibits a deeper and more con-

tinuous low pressure footprint across the monocoque and main side wings, with sharper gradients near

the throat and a smoother pressure recovery within the diffuser section. This behavior is consistent with

thinner boundary layers and reduced viscous diffusion at higher Re, which enhance underfloor pumping

and delay incipient separation without any evidence of flow choking.

Figure 6.4: Reynolds number effect on pressure coefficient at the bottom of the model for configuration
C.

The aerodynamic coefficients presented in Figure 6.5 confirm the field level observations discussed

previously. Relative to the preceding case, the lift coefficient increases across all configurations, while

the drag coefficient remains nearly constant, resulting in a net gain in aerodynamic efficiency. The
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downforce generated by the side elements increases significantly for all configurations, reflecting more

coherent and less diffusive vortex structures along the strakes and stronger suction within the tubular

vortex generators. In contrast to the global CL, the configuration hierarchy for this metric remains un-

changed from the previous scenario, with configuration B still producing the highest lateral load. Finally,

the aerodynamic balance shifts only slightly toward the front, and by a smaller margin than in the ride

height reduction step, indicating that the higher Re effects are distributed relatively evenly between both

axles.

(a) Lift and drag coefficients. (b) Lateral downforce and aerobalance.

Figure 6.5: Influence of Reynolds number on key parameters for the three tested configurations.

Up to this point, the main observation is that the variations primarily result in an almost uniform shift

in the magnitude of the key aerodynamic parameters across configurations. Consequently, the relative

trends previously established under wind tunnel conditions remain consistent, as shown in Figure 6.6,

which presents the normalized differences of the main coefficients with respect to configuration A, con-

firming that the comparative behavior between configurations is largely preserved.

(a) Lift and drag coefficients. (b) Lateral downforce and aerobalance.

Figure 6.6: Influence of Reynolds number on normalized key parameters for the three tested configura-
tions.
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6.3 Moving Ground and Wheel Rotation

The next step toward on-track conditions introduces the motion of both the ground and wheels within

the wind tunnel domain, while maintaining the increased Reynolds number. For this purpose, the ground

boundary was set to a speed equaling the airspeed to mimick the exact relative motion of the car while

on road in real life conditions and also the wheel rotation was enabled by turning on the angular velocity

of each wheel based on the inlet speed specified. Prism layers were disabled on the ground surface.

This setup is shown in Figure 6.7 and enforces the correct kinematic conditions at the tire road interface,

eliminating the steady bottom wall boundary layer that previously developed upstream of the model. As

a result, the flow approaching the car maintains a uniform velocity profile, allowing the effects of wheel

rotation and ground movement to be assessed in isolation.

Figure 6.7: Boundary conditions with ground and wheels motion.

The bottom view Cp field for configuration C in Figure 6.8 reveals a pronounced intensification of

the suction regions beneath the car once ground and wheel motion are activated. Compared with the

previous increased Reynolds setup, the low pressure footprint extends further longitudinally along the

floor and laterally across the side elements, while the minimum Cp values deepen in the main wing and

near the floor edge vortex generators. The moving ground suppresses boundary layer growth along the

floor and primarily upstream of the car, increasing the portion of the flow that remains weakly affected by

viscosity as it reaches the underbody. This allows the flow in this region to reproduce more faithfully the

behavior observed under real on-track conditions. These mechanisms, primarily induced by the ground

motion, enhance the underfloor suction and substantially reinforce the ground effect contribution. The

intensified suction beneath the front wing further confirms this behavior, while the steeper pressure

gradients observed along the floor and its edges align with the expected aerodynamic response to

realistic kinematic boundary conditions: higher local velocities, stronger load coupling between the floor

and the lateral diffuser, and an overall increase in downforce without signs of adverse flow separation or

significant asymmetry.

The integrated aerodynamic results in Figure 6.9 are consistent with the field level observations.

When the motion of the ground and wheels is activated, the lift coefficient increases across all config-
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Figure 6.8: Wheel rotation and ground movement effect on pressure coefficient at the bottom of the
model for configuration C.

urations relative to the previous state, confirming the reinforcement of ground effect suction observed

in the Cp maps. The overall trend reverses and CLC
> CLB

> CLA
becomes pronounced, even lying

outside the numerical uncertainty particularly for configurations B and C, which exhibit the strongest sen-

sitivity to the more realistic near ground flow conditions. The additional momentum introduced by this

different set of boundary conditions increases the mass flow rate beneath the car, translating directly

into higher downforce levels.

The drag response exhibits a configuration dependent behavior. Only configuration C shows a no-

ticeable increase in CD, attributable to the higher underfloor mass flow and the stronger tire and diffuser

associated vorticity accompanying its larger downforce rise. In contrast, configurations A and B dis-

play CD variations that are neutral or slightly negative, suggesting that their incremental pressure drag

penalty is compensated by smoother pressure recovery and limited growth in induced and vortex-related

losses at this stage.

The aerodynamic balance experiences a modest forward shift, as the front axle gains proportionally

more load driven by the intensified suction beneath the front wing and a more momentum-filled under-

body stream, resulting in a slight forward migration of the pressure center. The downforce generated by

the modified elements increases across all configurations, as expected, maintaining the trend observed

in the CL plot, with configuration C exhibiting the largest increment, consistent with the reinforced suction

throughout.

It is important to note that if the enlargement of the computational domain and the increase in inlet

distance had been performed prior to activating the ground and wheel motion, the effect of the domain

size would not have been properly isolated. Under a stationary ground condition, the incoming boundary

layer develops along the floor between the inlet and the car, thickening with distance and reducing the

effective flow momentum at the vehicle’s leading edge, artificially decreasing the underfloor mass flow

and overall downforce. Consequently, the impact observed in such a step would represent a combination

of two distinct phenomena: the reduction of blockage due to the enlarged domain and the attenuation of

ground effect caused by the thicker upstream boundary layer. By introducing ground and wheel motion
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(a) Lift and drag coefficients. (b) Lateral downforce and aerobalance.

Figure 6.9: Influence of boundary conditions on key aerodynamic parameters for the three configura-
tions.

first, the floor boundary layer is effectively eliminated, as the moving wall enforces U = U∞. This

approach ensures that the subsequent domain enlargement isolates only the blockage effects, allowing

for a more accurate assessment of the phenomena governing the transition toward on-track conditions.

6.4 Domain Size

The final transition to numerically simulated on-track conditions involved enlarging the computational

domain and relaxing the confinement imposed by the remaining wind tunnel boundaries. The paral-

lelepiped domain was expanded to a 7 × 10 m cross section for the half-car simulation, with the top

and outer boundaries redefined as symmetry planes. Prism layers were disabled on these surfaces, as

no boundary layers are purposefully expected to be resolved there. The inlet was moved upstream to

approximately 3 car lengths, while the outlet was kept at about 13 car lengths downstream, as shown in

Figure 3.2a. These modifications effectively isolate blockage and wall proximity effects while preserving

the same geometry, mesh, operating Reynolds number and wheel and ground movement.

The bottom view Cp field for configuration C in Figure 6.10 shows an attenuation of the suction

regions beneath the floor and side elements once the computational domain is enlarged and the inlet

distance is extended. Compared with the previous step, the pressure gradients become smoother and

the low pressure areas lose some intensity, particularly in the side elements’ main wing and in the front

wing as well. This reduction in suction confirms that the aerodynamic force amplification previously

observed was partly driven by wall confinement effects within the smaller wind tunnel domain. As the

boundaries move farther away, the free stream acceleration and artificial sealing effects induced by the

no-slip walls disappear, allowing the flow to recover its natural external field expansion. This results in

a more realistic pressure distribution consistent with unconfined on-track operation, where blockage is

minimal and the mass flow through the underfloor is constrained solely by the car’s geometry.

The integrated aerodynamic results in Figure 6.11 corroborate once again these field level observa-
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Figure 6.10: Domain size effect on pressure coefficient at the bottom of the model for configuration C.

tions. The lift coefficient decreases for all configurations relative to the confined moving ground state,

while maintaining the same configuration ordering. The reduction in CL is a direct consequence of di-

minished blockage and reduced local velocity amplification under the floor. The drag coefficient follows

a similar trend, modestly decreasing for all configurations, indicating that the removal of confinement

lessens both pressure drag and induced drag. Downforce generated by the side elements also drops,

reflecting the weaker suction, mainly for configurations B and C and the weaker side vortices once the

tunnel walls no longer constrain lateral flow development.

The aerobalance exhibits again a mild forward shift. The decrease in rear loading is proportionally

larger than that observed at the front, as the rear seems to lose a significant portion of the loading

previously enhanced by the confined environment. The rear wing is affected by the weakened upwash

and reduced interaction with the side elements, resulting in a notable loss of downforce contribution.

Conversely, the front wing and forward portion of the car overall retain a greater share of their load,

leading to the observed forward migration of the pressure center. This redistribution reflects a more

balanced and physically representative load breakdown under true on–track conditions.

(a) Lift and drag coefficients. (b) Lateral downforce and aerobalance.

Figure 6.11: Influence of domain size on key aerodynamic parameters for the three configurations.
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Comparing the configurations, a clear and consistent performance hierarchy emerges under on-track

conditions: the global lift coefficients follow CLC
> CLB

> CLA
, the lateral downforce exhibits the same

trend, DFC > DFB > DFA, and the aerodynamic balance becomes uniformly more front-biased relative

to the wheel and ground movement enabled case. Configuration C showed the highest sensitivity to the

inclusion of realistic wheel and ground kinematics, its underfloor and side element architecture benefits

most from the increased mass flow. Configuration B remains competitive, particularly in loading itself,

although its global CL gain is smaller than configuration C, consistent with previous observations of

higher ride height sensitivity. Configuration A exhibits the lowest overall performance, serving primarily

as a baseline reference for comparison. A more in-depth analysis comparing each configuration under

on-track conditions is presented next.

6.5 Geometry Comparison

The evolution of the aerodynamic coefficients across the simulated scenarios, shown in Figure 6.12,

highlights the progressive influence of the modeling refinements on the predicted performance of three

configurations. 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. The corresponding evolution of the aerodynamic balance follows a similar trend,

progressively shifting forward and indicating a redistribution of aerodynamic loads toward the front axle

as the setup converges to real operating conditions.

(a) Evolution of lift and drag coefficients. (b) Evolution of the lateral downforce and aerobalance.

Figure 6.12: Key aerodynamic parameters for the three configurations across the simulated scenarios.

Altogether, these results confirm that each incremental modeling refinement systematically alters

the flow field and aerodynamic performance throughout, progressively steering the predictions toward a

more representative on-track condition. This also demonstrates that the performance trends obtained

under the WT setup used in this study are not equivalent to those observed under on-track operation,

making it impossible to directly compare on-track numerical simulations with WT results without intro-
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ducing additional corrections on the numerical side. For instance, if a configuration were to be selected

solely based on the WT numerical results with the goal of maximizing CL, configuration B might appear

preferable, whereas under on-track conditions its performance converges closer to that of configura-

tion A, the baseline, than to configuration C. Similarly, if the objective were to minimize CD, configura-

tion A could be chosen, however, under on-track conditions, configuration A actually exhibits one of the

highest CD values among the three configurations.

Having completed the transition from the wind tunnel numerical setup to the on-track condition, with

each intermediate step isolated and analyzed, the final stage consists of comparing the different side

element configurations under on-track conditions. The following analysis presents a direct comparison

between configurations A and C, as these represent the two performance extremes within the tested set

and exhibit the largest aerodynamic discrepancies.

Starting from the bottom view Cp distribution in Figure 6.13, configuration C immediately exhibits a

broader, stronger, and more upstream low pressure footprint along the lower surface of the main wing,

while the front and rear wing load levels remain comparable to those of configuration A. This upstream

migration of the suction peak anticipates the forward shift in aerodynamic balance later confirmed by the

integrated results presented in Table 6.1.

Figure 6.13: Comparison of the pressure coefficient at the bottom of the model for configurations C and
A.

(a) Configuration A. (b) Configuration C.

Figure 6.14: Total pressure coefficient at horizontal plane z = 35 mm.
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The underlying mechanism becomes evident in the total pressure coefficient (CpT
) horizontal slice

at z = 35 mm shown in Figure 6.14. The extended strakes in configuration C generate multiple com-

pact vortex cores that are effectively confined by the channel like geometry, delaying vortex bursting

and directing the available total pressure more efficiently beneath the side wing to accelerate the flow.

Conversely, configuration A presents near unity CpT
regions beneath the main wing, clear indicators of

unexploited flow potential and inefficient downforce generation capability.

Moving spanwise to the vertical plane intersecting the right side element, y = 388 mm in Figure 6.15,

both configurations maintain largely attached flow along their lower surfaces. However, configuration C,

despite featuring a rounder leading edge and a slightly higher nose-up incidence and overall angle of

attack, exhibits a smoother pressure distribution, indicating reduced profile losses for a given sectional

loading, whereas configuration A lacks this favorable smoothing effect.

(a) Configuration A. (b) Configuration C.

Figure 6.15: Total pressure coefficient at vertical plane y = 388 mm.

The transversal plane at x = 395 mm in Figure 6.16 illustrates the sectional consequences of these

flow features. Configuration C sustains tight, inboard deficit lobes, signatures of strong, coherent vortex

cores that actively enhance suction on the lower surface of the main wing, while simultaneously avoiding

the small outboard upper surface energy dissipation visible in configuration A. This dissipation subse-

quently feeds the wake downstream. The vortex structures associated with Configuration C are directly

visible in Figure 6.17, which displays the longitudinal vorticity for a transversal plane slightly downstream

at x = 500 mm, where the vortices generated by the strakes and those originating from the tubular vortex

generator can be clearly identified.

To further evaluate the impact of this phenomenon, the longitudinal skin friction coefficient and the

limiting streamlines along the vehicle’s surface, shown in Figure 6.18b, reveal that flow separation occurs

on the upper surface of configuration A’s main wing, as well as additional separation further downstream

on the midplate region, unlike in configuration C. Moreover, Figure 6.18a indicates that despite the

considerable increase in suction on the lower surface of configuration C’s main wing, the separation that

occurs is minor, with the flow reattaching before even reaching the corresponding flap. This confirms

that no significant losses arise from the stronger pressure gradients in this configuration.
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(a) Configuration A. (b) Configuration C.

Figure 6.16: Total pressure coefficient at transversal plane x = 395mm.

Figure 6.17: Vorticity along x-axis at the transversal plane x = 500mm for configuration C.

(a) Bottom view. (b) Top view.

Figure 6.18: Longitudinal pressure coefficient and limiting streamlines along the surface of the car.

Further downstream, at x = 1325 mm in Figure 6.19, the difference in wake structure becomes

evident: configuration C maintains a compact and stratified footprint, while configuration A exhibits vor-

tex merging and spreading, indicating earlier breakdown and resulting in a wider wake. This behavior

demonstrates greater energy dissipation for configuration A. Notably, at the rear wing height, the CpT

patterns of both configurations remain very similar, indicating that configuration C’s additional lower sur-

face suction does not significantly disturb the rear wing incoming flow, consistent with the bottom view

Cp observations showing preserved rear wing loading.
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(a) Configuration A. (b) Configuration C.

Figure 6.19: Total pressure coefficient at transversal plane x = 1325mm.

Altogether, these field level observations explain the integrated results reported in Table 6.1. The lift

coefficient, CL, increases from 3.95 in configuration A to 4.40 in configuration C, while the drag coeffi-

cient, CD, remains essentially unchanged at 1.44. As a result, the aerodynamic efficiency improves from

CL/CD = 2.74 to 3.05 (+11.3%). The aerodynamic balance shifts forward from 45.98% to 49.35%, con-

sistent with the upstream migration of the suction peak observed in the pressure distributions. Lateral

downforce also rises substantially, from 164.7 to 210.6 N (+27.9%), aligning with the flow field evidence

that configuration C’s channel concept retains and enhances the vortices generated by the strakes, de-

laying diffusion and producing stronger, more coherent lateral loading while minimizing leakage losses.

The tubular vortex generator termination strategy is noteworthy: by interrupting it before the downstream

floor edge, configuration C dissipates its circulation upstream in a controlled manner and sheds more

cleanly. In contrast, configuration A extends the vortex generator to the floor’s trailing edge, promoting

an uncontrolled burst that merges with the rear tire wake, transforming potential underfloor suction into

wake growth and additional pressure drag.

The mesh convergence estimates presented in Figure 3.9 are relevant to revisit here, as they quan-

tify the numerical uncertainties. These values demonstrate that the gains observed from configuration A

to configuration C, namely +11.4% in CL and +27.9% in lateral downforce, lie beyond the corresponding

numerical error boundaries, while the near equality in CD remains consistent with the small drag uncer-

tainty. In other words, the improvements identified are not only qualitatively evident in the flow fields but

also quantitatively significant within the estimated numerical accuracy.

Table 6.1: Comparison of key aerodynamic parameters under on-track conditions.

Configuration CL CD CL/CD
Aerobalance

(% Front) Lat. DF (N)

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
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Chapter 7

Conclusions

7.1 Achievements

The present work aimed to characterize and experimentally evaluate the computational fluid dynam-

ics methodology employed, followed by the comparison of different side element design configurations

for the FST14 prototype. A complete 1:3 scale model was designed and manufactured, the conditions

ranging from on-track to wind tunnel operation were isolated and systematically assessed, and the wind

tunnel campaign was successfully reinstated as a reliable testing tool within the team’s workflow.

The numerical campaign began with a thorough mesh convergence study, allowing the definition of

a suitable mesh and the quantification of numerical error of approximately 4.29% in CL, 1.1% in CD, and

3.2% in side element downforce, establishing confidence bounds for subsequent analyses.

The experimental phase involved manufacturing a modular 1:3 scale model faithful to the FST14

geometry and preparing and calibrating the force balance. The adapted simulations replicated the wind

tunnel conditions and were compared with the measured forces and surface pressures. The experimen-

tal results were primarily used for qualitative comparison due to the relatively high uncertainties, par-

ticularly the force measurements, yet they exhibited consistent aerodynamic trends. Surface pressure

distributions showed agreement with the numerical simulations on the upper surface of the main wing

across the different configurations, while discrepancies observed on the lower surfaces were primarily

attributed to dynamic attitude variations during testing. Flow visualization supported these findings, dis-

playing coherent attachment and separation regions comparable to the predicted streamlines, though

some three-dimensional effects were impossible to capture. Altogether, these results reinforced con-

fidence in the numerical methodology for subsequent analyses. Despite successfully reproducing the

main experimental trends, the CFD setup would still benefit refinement to improve quantitative accuracy,

as certain simplifications and the rigid body assumption limited full replication of the experimental be-

havior. Nevertheless, the approach proved effective for evaluating geometric modifications and remains

a robust tool.

Building on this experimental process, the numerical framework was extended to realistic on-track

conditions, progressively incorporating the effects of ride height, geometric scaling, ground and wheel
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motion, and flow confinement. This systematic approach enabled the isolation of each influencing factor

and clarified their relative impact on the vehicle’s aerodynamic behavior. Within this framework, the

comparison between configurations confirmed the superiority of the improved design, which maintained

high aerodynamic efficiency and stable load distribution. The channel based concept implemented in

configuration C yielded the most coherent flow structures and the highest efficiency, achieving an 11.4%

increase in CL, maintaining CD nearly constant, and improving the CL/CD ratio by about 11%. The side

element contribution to downforce rose by approximately 28%, while the aerodynamic balance shifted

forward by roughly 3.4% compared to configuration A.

7.2 Future Work

Although the main objectives of this work were successfully achieved, several aspects remain open

for further development. Future research should focus on improving the correlation between experimen-

tal and numerical results, increasing measurement accuracy, and extending the aerodynamic develop-

ment process toward full vehicle integration.

On the experimental side, future testing campaigns should aim to enhance the precision and re-

peatability of force and pressure measurements. Refining the balance structure, sensors, and calibration

procedure, along with expanding the pressure tap network, would significantly improve accuracy. Im-

plementing a moving ground and rotating wheels is strongly recommended to better reproduce on-track

conditions, while complementary flow visualization techniques, such as smoke or oil flow, could provide

further insight into the three-dimensional flow behavior. Finally, a more rigorous uncertainty quantifica-

tion, tracing error propagation through the measurement chain and assessing external influences, would

increase the reliability of experimental correlations.

In the numerical domain, efforts should aim to further reduce the uncertainties found in the mesh

convergence study. Although computational limitations restricted the achievable refinement, several

improvements remain possible. Additional local mesh refinement in regions of steep pressure gradients

and strong vorticity would improve accuracy without excessive cost, while the use of transitional or hybrid

RANS-LES models could enhance prediction quality if sufficient computational resources are available.

Finally, extending the validation framework to on-track testing with the real FST14 car, with load or

pressure instrumentation, would further strengthen the link between simulation and real performance,

supporting the continued development of a robust, experimentally validated aerodynamic design method-

ology within FST Lisboa.
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[65] A. R. J. Borges. O túnel aerodinâmico do lnec: 3a parte - caracterı́sticas do escoamento na câmara
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Appendix A

Side Elements Design

Table A.1: Key aerodynamic performance parameters for a selected set of design iterations.

Configuration Iteration CL CD CL/CD Aerobalance (% Front)

A 1 3.95 1.44 2.74 45.98

5 3.88 1.42 2.73 41.61

7 3.84 1.40 2.74 40.93

10 3.79 1.39 2.72 42.90

13 3.69 1.38 2.67 40.82

15 3.63 1.40 2.59 43.19

17 3.81 1.46 2.61 46.42

19 4.00 1.43 2.80 50.89

22 4.03 1.43 2.82 50.33

25 4.05 1.39 2.91 50.73

B 28 4.06 1.36 2.99 51.74

33 4.11 1.38 2.98 46.73

35 4.07 1.38 2.95 47.78

39 4.05 1.37 2.96 47.23

41 4.08 1.39 2.94 47.11

44 4.19 1.40 2.99 47.13

48 4.22 1.42 2.97 47.03

51 4.23 1.47 2.88 51.14

54 4.23 1.43 2.96 50.61

59 4.26 1.44 2.96 49.99

63 4.32 1.47 2.94 49.73

66 4.35 1.40 3.11 48.65

C 70 4.40 1.44 3.06 49.35

72 4.37 1.44 3.03 48.63

74 4.36 1.45 3.01 49.48
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Appendix B

Experimental Setup

B.1 New Sensing Bar Manufacturing and Calibration

The state of bar number six upon arrival at the wind tunnel facility is displayed in Figure B.1.

Figure B.1: Bent sensing bar at the working site.

To ensure optimal compatibility with the remaining sensing bars and to minimize the introduction

of new sources of error, the manufacturing process strictly adhered to the procedures outlined by

Oliveira [4]. A bar with identical dimensions as the previous one: an inner diameter of 7 mm, an outer

diameter of 10 mm, and a length of approximately 385 mm, was machined at the Laboratório de Técnicas

Oficinais (LTO) using a lathe, as displayed in Figure B.2. The same material, aluminum AL 6063-T6,

was utilized for the replacement bar. Subsequently, the middle section of the newly fabricated bar was

machined to reduce its outer diameter to 9 mm over a length of approximately 100 mm. This section was

designated for the installation of new strain gauges, which were the same as previously installed on the

other sensing bars to ensure consistency.

The marking of the strain gauge positions and their bonding onto the new sensing bar are shown in

Figures B.3 and B.3.

The wire outputs of the strain gauges were then welded to the same cables the previous sensing bar

was connected to and isolated with isolating tape, as shown in Figure B.5
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Figure B.2: Machining of the new sensing bar at LTO’s lathe.

Figure B.3: Marking of the strain gauge’s positions.
Figure B.4: First strain gauge glued to the new
sensing bar.

Figure B.5: Strain gauges welded to the respective cables.

Once manufactured, the new sensing bar underwent individual calibration. This process was carried

out by following the procedure described in [4]. Figure B.8 presents the averaged strain response of the

sensing bar throughout each loading sequence, and the corresponding linear regression equation and

R2. The calibration procedure involved applying a sequential loading process to the sensing bar while

recording the corresponding strain response and the time at which each weight increment is introduced.

The predefined load sequence consists of inserting 10N weights up to a total of 70N.

The experimental setup used for this procedure is shown in Figure B.6. It is based on the struc-

ture developed by Ferreira [5] for the force balance calibration process, with temporary adaptations to

accommodate the calibration of a single sensing bar, as illustrated in Figure B.7.
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Figure B.6: Tensile test setup for the bar calibration. Figure B.7: Loaded tensile test setup.

The averaged strain response for the loading sequence and the resulting linear regression is shown

in Figure B.8.
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Figure B.8: Force for averaged strain for bar 6.

B.2 Force Balance Calibration

As an additional example, the calibration apparatus configured for a load case of −Fx is shown in

Figure B.9.

Figure B.9: Calibration apparatus with −Fx load case ready.
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The calibration load cases are shown in Figures B.10 and B.11.

(a) Load combinations 1-6. (b) Load combinations 7-12.

Figure B.10: Force balance calibrations load combinations 1-13.
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(a) Load combinations 13-18. (b) Load combinations 19-24.

Figure B.11: Force balance calibrations load combinations 14-24.
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The correlation between the resultant forces, R = (Fx, Fy, Fz,Mx,My,Mz), and the corresponding

relative axial forces measured by each bar, (r1, r2, r3, r4, r5, r6), is presented in Figure B.12.
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Figure B.12: Force balance coefficient matrix C.
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Appendix C

Wind Tunnel Testing

C.1 Formula Student Scaled Model

The pressure tap layout followed the coordinate mapping presented in Table C.1.

Table C.1: Pressure tap position layout including chordwise positions and corresponding spanwise loca-
tions expressed as a percentage of the car half width, w.

Spanwise y (mm) |y|/(w/2) (%)

y1 89 38

y2 117 49

y3 −102 43

y4 −129 55

Chordwise x/c (%): 5, 15, 30, 50, 65, 80

Regarding the mounting system of the scaled FS car model to the force balance employed in this

study, a 4 mm thick aluminum sheet was installed on the interior surface of the lower part of the mono-

coque. The sheet was shaped to occupy as much of the available area as possible in this region. Its

purpose is to distribute the applied loads and prevent the local model material from being crushed. This

sheet is secured to the model using four M6 fasteners. Next, two extruded aluminum L-shaped brack-

ets were positioned on either side of the intended support arm location inside the monocoque. Each

bracket is fastened on top of the aluminum sheet with a single M6 fastener. The balance support arm

then passes through an opening in the bottom portion of the monocoque. After the attachment is com-

pleted, this opening is filled with additional parts to minimize flow disturbance. Finally, the support arm,

the two brackets, and an insert are clamped together with a single M8 bolt. To further strengthen the

assembly, the insert was made with a material reinforced with carbon fiber to prevent deformation of the

support arm tabs when tightening. Additionally, transparent tape was applied to the wind tunnel floor to

seal the gap created by the opening through which the support arm enters the test section, ensuring that
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no further leakage disturbs the flow during testing. Figure C.1 illustrates the designed mounting system

and its corresponding components.

Figure C.1: Model attachment feature.

Since the attachment point of the model to the balance support arm is expected to be located at its

pressure center, while high aerodynamic loads are expected at both ends of the model, the monocoque

would be subjected to significant bending loads. To address this, additional tab components reinforced

with carbon fiber were introduced between each section of the monocoque. This design resulted in

four extra reinforcement parts, ensuring the structural integrity of the model under the expected loading

conditions.

Regarding the adjustability of the car model, this was achieved by inserting 2 mm thick large washers

beneath the L-shaped brackets on top of the aluminum sheet, thereby increasing the ground clearance

by 2 mm each time when applied symmetrically on both sides of the mounting system. This feature is

actually shown in Figure C.1, where two washers were inserted per side. When washers are applied

asymmetrically, the model’s pitch can also be adjusted, although this option is not recommended and

should only be used when strictly necessary. It is important to note that the mounting system reuses the

existing support arm from [4], which originally included a pitch control component at its top tip. However,

this part was removed in the present setup to allow the mounting system to be inside the model.

Concerning the printing settings and their consistency, all components belonging to the same as-

sembly were printed using identical parameters, for example, the different parts of the front wing or the

side diffuser. The first set of prints focused on the front wing assembly, with the initial trials serving to

test and define printing parameters by evaluating surface quality, stiffness, and production time, as well

as verifying fitting tolerances. For instance, the aerodynamic package was printed with an emphasis

on achieving a smooth surface finish while maintaining adequate stiffness. Nonetheless, each aerody-

namic assembly required slightly different settings, primarily due to varying structural requirements and

geometrical characteristics. Table C.2 presents an average for the printing parameters used for most of

the components and also specifically for the different sections of the monocoque, provided here as two

representative examples.

Relating to fitting tests, several surface offset values were explored during the initial trials. Ultimately,

an offset of 0.15 mm was selected for inserting threaded rods into printed components, as well as for
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holes designed to accommodate fasteners with nominal diameters. An offset of 0.3 mm was adopted for

connections mainly involving the aluminum suspension arms with the respective connectors. Addition-

ally, an offset of 0.2 mm was defined for cases where two printed parts were to be slotted together or for

boss-pocket fittings. These boss-pocket fittings constituted the primary connection mechanism between

sections of the same assemblies, such as the monocoque segments, the front wing elements, or the

rear wing sections.

Figure C.2: Rear wing assembly test.
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Some of the printing parameters used in the manufacturing of the FST14 scaled model are presented

in Table C.2.

Table C.2: 3D printing settings.

Print settings Aero Mono

Quality

Layer height 0.12 mm 0.24 mm

Initial layer height 0.20 mm 0.30 mm

Wall line width 0.42 mm 0.42 mm

Infill line width 0.45 mm 0.45 mm

Walls

Wall line count 4 4

Top/Bottom

Top and bottom layers 5 4

Infill

Type Gyroid Gyroid

Sparse density 25% 20%

Support

Structure Tree Tree

Brim line count 10 10

Support interface Enable Enable

Support roof Enable Enable

Top distance 0.10 mm 0.10 mm

Z distance 0.10 mm 0.10 mm

Travel

Avoid supports Enable Enable

Build plate adhesion

Type Brim Brim

Brim line count 10 15
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