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Abstract 
 

The application of Pressure Profile Systems’ (PPS) Aerostrip as an aerodynamic 

testing tool in a motorsport context is explored. The Aerostrip, a flexible and reusable 

sensor capable of measuring surface pressure distributions in real time, is implemented 

onto a Formula 1-style rear wing and tested in a controlled wind tunnel environment.  

Pressure data from both the upper and lower surfaces is used to calculate pressure 

differentials and estimate downforce. Tests are conducted at freestream velocities of 

10 m/s and 15 m/s, producing experimental downforce values of 48.56 N and 95.07 N, 

respectively. 

Two sensor configurations were tested: 20 mm pitch elements for large-scale pressure 

trends and 8 mm pitch for fine-resolution data near the leading edge of the wing 

element. These configurations produced consistent pressure profiles and evidence of 

mid-chord flow separation was observed. A minor pressure variation across the 

wingspan was measured, with the lower surface showing a 13.4% variation, 

highlighting the influence of manufacturing tolerances, mounting imperfections and 

other real-world effects often neglected in simulations. 

To compare and validate experimental findings, an identical model of the wing and 

custom bracket system is recreated for Computational Fluid Dynamics (CFD) 

simulations using Siemens STAR-CCM+. Multiple turbulence models, k-𝜔 SST, k-𝜀 

and Spalart-Allmaras, were tested and compared against measured data to identify the 

most accurate predictive model. The k-𝜔 SST model showed the closest agreement, 

particularly in regions with steep pressure gradients, predicting downforce values of 

53.87 N at 10 m/s and 124.89 N at 15 m/s. These values overpredicted downforce by 

10.9% and 31.4%, respectively. Variations may result from limitations in RANS 

turbulence modelling, particularly in predicting real-world aerodynamic effects such 

as boundary layer separation and viscous losses. 

The Aerostrip proved to be an effective and efficient tool for analysing aerodynamic 

forces, measuring pressure distribution and validating CFD outputs. Its high 

resolution, ease of use and compatibility with modern simulation workflows make it a 

promising alternative to traditional testing methods in motorsport, particularly under 

strict resource constraints where flexible and efficient solutions are needed. 
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1 Introduction 
Aerodynamic efficiency plays a critical role in motorsport, where even marginal 

improvements in airflow management can significantly enhance vehicle performance. 

This study examines the practical application of Pressure Profile Systems’ (PPS) 

Aerostrip as a surface pressure measurement tool to support real-world aerodynamic 

testing in a motorsport environment. The Aerostrip is a flexible sensor strip designed 

to collect surface pressure data at discrete points along an array to analyse airflow 

behaviour. While previous studies have already validated the sensor’s accuracy, this 

study assumes the technology’s reliability and shifts the focus toward its application 

in high-performance race car development. 

Tests are performed on a multi-element, Formula 1-style rear wing provided by the 

University of Strathclyde Motorsport (USM) team. The wing is tested under controlled 

wind tunnel conditions, with Aerostrip sensor strips mounted on the upper and lower 

surfaces of the main element. The measured data enables a detailed analysis of pressure 

differentials and downforce, providing insight into real-world aerodynamic factors 

such as boundary layer flow separation, viscous effects and turbulent wake structures. 

Alongside experimental testing, Computational Fluid Dynamics (CFD) simulations 

are conducted using Siemens STAR-CCM+ to compare results with physical 

measurements. These simulations enable the analysis of curve shapes, trends and 

discrepancies to improve the accuracy of future aerodynamic models. By comparing 

sensor-derived pressure data with CFD results, differing turbulence models can be 

analysed to verify the suitability and validity of the simulation setup. 

Two Aerostrip configurations with different sensor resolutions are tested: sensor strips 

with elements of 20 mm pitch are utilised to observe large-scale aerodynamic trends, 

while a finer 8 mm pitch element configuration enables a detailed investigation of 

pressure peaks and measurement accuracy. Pressure data is collected using PPS’s 

Chameleon software, which provides real-time monitoring, data processing and 

visualisation to allow for precise interpretation of the pressure distribution and 

supporting airflow optimisation during setup. 

As a new aerodynamic testing method, the Aerostrip offers unique advantages, 

including flexibility and reusability, while introducing new challenges compared to 

traditional aerodynamic testing methods, such as pressure taps or pressure-sensitive 

paint. This study evaluates  Aerostrip’s practical applicability, usability and limitations 

while aiming to demonstrate its potential for streamlining aerodynamic testing 

processes, supporting simulation validation and enabling more sustainable and 

accessible aerodynamic development in motorsport. 
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2 Literature Review 

2.1 Development of the Aerostrip 

The Aerostrip, designed for non-intrusive, high-resolution surface pressure 

measurements, has been validated in experimental studies, demonstrating its accuracy, 

repeatability and suitability for both controlled laboratory testing and real-world 

environments. 

Zhang et al. [1] conducted a study on the application of Aerostrip sensors in 

automotive aerodynamics, testing on a passenger car under both controlled wind tunnel 

conditions and real-world road tests. The sensors were shown to produce highly 

accurate pressure measurements while maintaining minimal interference with the 

flow. Particle Image Velocimetry (PIV) revealed that the sensor’s influence on the 

surrounding airflow is below 4%, confirming that the 1.44mm thick sensor strip does 

not significantly disturb local aerodynamics. The study also compared sensor readings 

against CFD simulations, showing a strong agreement in pressure trends and spatial 

distributions. Experimental results highlight Aerostrip’s capability in real-time 

aerodynamic testing without the need for invasive installations such as pressure taps. 

Subramanian et al. [2] further validated Aerostrip’s performance through controlled 

laboratory tests across various aerodynamic conditions, providing a detailed 

evaluation of the sensor’s capabilities in simple and complex aerodynamic scenarios. 

The study first validated the sensor’s reliability and stability under static conditions by 

comparing pressure readings inside a plenum chamber against a high-precision 

reference sensor. The results showed excellent agreement with minimal pressure 

variations, confirming the sensor strip’s reliability in precise testing environments. The 

Aerostrip was also tested against external flow conditions on a circular cylinder inside 

a wind tunnel to analyse pressure distributions across various flow regions. The 

measured values closely align with recorded data from a Scanivalve pressure scanner, 

demonstrating the sensor’s effectiveness in capturing surface pressure data in 

aerodynamic flows. 

Additionally, a PIV investigation was conducted to assess how the Aerostrip affects 

boundary layer development when mounted on a flat surface. Results showed that 

while small velocity fluctuations were observed near individual sensing elements, the 

overall flow disturbance remained minimal, with no significant separation detected. 

This reinforces the conclusion that the Aerostrip can be installed on sensitive 

aerodynamic surfaces without introducing flow distortion. 

These studies establish that Aerostrip provides reliable and accurate pressure data, 

providing a strong foundation to shift to more specialised aerodynamic environments, 

such as motorsport testing. 

Building on this validation, the current study extends Aerostrip’s application for 

analysing pressure differentials on a Formula 1-style rear wing under wind tunnel 

conditions. The project aims not only to demonstrate the Aerostrip’s effectiveness as 
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a measurement tool but also as a strategic resource for aerodynamic development and 

model validation in high-performance racing environments. 

2.2 Traditional Aerodynamic Testing Methods 

Aerodynamic testing is crucial for optimising vehicle stability, downforce and 

efficiency. Advanced techniques such as Particle Image Velocimetry (PIV) provide 

detailed and accurate descriptions of airflow patterns around a race car. PIV is a flow 

visualisation method that measures fluid velocity by tracking the motion of illuminated 

tracer particles in successive images. Martins et al. [3] investigated the aerodynamic 

interaction between a Formula 1-style front wing and a wheel in ground effect, 

examining how variations in wing pressure distribution influence downstream wake 

characteristics. Their findings highlight the significant role of a wing’s aerodynamic 

properties in wake development and demonstrate how pressure distribution affects 

overall aerodynamic performance. While PIV captures transient flow structures with 

high resolution, it requires significant computational resources to be successful. 

Another technique for measuring pressure to analyse airflow behaviour involves the 

use of small holes drilled into a surface, known as pressure taps. These taps measure 

static pressure at discrete points through long plastic tubes connected to a pressure 

transducer, with strain gauges detecting pressure at each surface tap. While this method 

is precise, it is both invasive and structurally damaging to test models. Li et al. [4] 

conducted wind tunnel experiments on high-speed train aerodynamics, utilising 

pressure taps to monitor pressure distributions across different yaw angles. The 

investigation demonstrated that pressure taps effectively capture localised 

aerodynamic effects while also highlighting the method’s sensitivity to symmetry 

discrepancies and boundary layer variations. The Aerostrip works similarly to pressure 

taps, collecting surface pressure measurements, but offers a non-invasive and flexible 

alternative. 

Pressure-sensitive Paint (PSP) is a fluid-based coating applied to a test surface to 

measure local pressure distributions in aerodynamic testing. The luminescent 

molecules in the paint, when exposed to ultraviolet (UV) light, emit fluorescence with 

a varying intensity according to local air pressure [5]. This technique enables high-

resolution surface pressure mapping without the need for intrusive physical taps or 

transducers. Aider et al. [6] investigated the application of PSP in automotive 

aerodynamics by comparing experimental results with those from conventional 

pressure taps and CFD simulations on a 1/4-scale Peugeot 206 wind tunnel model. The 

study demonstrated a quantitative agreement between PSP and pressure tap 

measurements, with PSP offering a superior spatial resolution as it recorded finer 

pressure variations across the vehicle surface. However, while this technique 

eliminates the need for drilling pressure taps, it requires a controlled environment with 

stable lighting conditions and careful calibration to mitigate temperature sensitivity. 

Additionally, PSP is a permanent coating, meaning test models remain covered in paint 

after application, which may limit reuse or require additional surface preparation for 
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future tests. Despite these challenges, PSP remains a valuable alternative to standard 

pressure measurement techniques.  

2.3 Sensor Overview & Application 

The Aerostrip consists of 12 micro-scale pressure sensors embedded on a 0.1 mm 

flexible PCB, allowing for the analysis of curved surfaces. Each sensor element uses 

piezoresistive absolute pressure measurement, with factory calibration and embedded 

temperature compensation ensuring accuracy across different test conditions [1]. The 

pressure data is collected and transmits real-time data to a USB-powered U400 DAQ 

microcontroller, streaming at a maximum rate of 200 Hz [2]. 

2.3.1 Sensor Pitch Calculation 

The sensor pitch (𝑝) defines the spacing between individual pressure sensors along the 

strip. This is determined by: 

𝑝 =
𝐿𝑚𝑎𝑥 − 𝐿𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐𝑠

𝑛
 

(1) 

Where: 

- 𝐿𝑚𝑎𝑥 is the maximum length of the sensor strip (mm) 

- 𝐿𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐𝑠 is the reserved space for electronics (mm) 

- 𝑛 is the number of sensing elements (e.g. 12) 

This study utilises 20 mm pitch sensing elements along an array to analyse large-scale 

aerodynamic trends.  

To accommodate higher spatial resolution for detecting fine-scale aerodynamic 

features such as pressure recovery, an 8mm pitch configuration is also used, increasing 

the number of sensors per unit length. 

2.3.2 Comparison of Sensor Pitches 

- 20 mm pitch: Coarser resolution, suitable for identifying large-scale 

aerodynamic trends, and reduces data processing time. 

- 8mm pitch: Finer resolution, ideal for capturing pressure peaks and boundary 

layer development, but requires extended data processing. 

2.4 Pressure Differentials in Aerodynamics 

Aerodynamics play a fundamental role in race car performance, particularly in high-

speed motorsport such as Formula 1. The rear wing is a critical aerodynamic 

component that influences airflow to generate downforce, improving traction, 

cornering speed and braking stability [7]. This effect is achieved by creating a pressure 

differential between the upper and lower wing surfaces, where a high-pressure zone 

forms on the upper surface and a low-pressure zone develops beneath it. The resulting 

downward force (downforce) enhances grip on the track and stabilises vehicle 

dynamics. A visual representation of this pressure differential is given in Figure 1. 
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Figure 1 – Wing shape illustrating airflow over the surface and how varying wind velocity affects pressure on the 

upper and lower surfaces. Adapted from [8]. 

However, while increased downforce improves handling, it also leads to higher 

aerodynamic drag, which resists forward motion and reduces top speed, particularly 

on straight sections of a circuit. Drag is mainly caused by airflow separation and 

turbulence, optimising the downforce-to-drag balance is a crucial aspect of motorsport 

aerodynamics. The design and placement of a rear wing significantly influences this 

balance, requiring careful aerodynamic tuning. Qiu et al. [9] investigated various rear-

wing designs and setups to demonstrate how different configurations can be optimised 

to enhance racing conditions and overall automotive performance. 

 

 

Figure 2 – Formula 1-style race car directing airflow and showing turbulent wake leaving the rear wing. 

Reproduced from [10]. 
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2.5 Governing Principles of Pressure Differentials 

2.5.1 Bernoulli’s Principle 

Bernoulli’s Principle is fundamental in understanding how pressure differentials 

contribute to aerodynamic forces in race cars. This principle states that within a steady, 

incompressible flow, an increase in fluid velocity leads to a decrease in static pressure 

[11]. This relationship is mathematically expressed as: 

𝑝

𝜌
+

𝑣2

2
= 𝑀 

(2) 

Where: 

- 𝑝 is static pressure (Pa) 

- 𝜌 is the air density (kg/m3) 

- 𝑣 is the velocity of the fluid (m/s) 

Daniel Bernoulli formulated this principle in ‘Hydrodynamica’ (1738) and it has been 

widely applied in aerodynamics to explain both lift in aircraft wings and downforce in 

motorsport applications [12]. The inverse relationship between velocity and pressure 

helps to describe how aerodynamic elements influence vehicle stability and 

performance. 

As discussed in Section 2.4, the rear wing of a race car functions by creating a pressure 

differential between its upper and lower surfaces. The curved bottom surface of the 

wing accelerates the airflow, resulting in a region of lower pressure, while the top 

surface experiences slower-moving air and higher pressure. The imbalance creates a 

new downforce to improve traction, cornering ability and braking performance. 

However, Bernoulli’s equation is derived under the assumptions of inviscid 

(frictionless) and incompressible flow, which do not account for boundary layer 

effects, turbulence, and flow separation. CFD simulations and wind tunnel testing are 

required to fully characterise these effects. 

2.5.2 Newton’s Third Law 

Newton’s Third Law states that for every action, there is an equal and opposite reaction 

[13]. This principle is fundamental in aerodynamics, as it explains the generation of 

aerodynamic forces, such as downforce, in race cars. 

While Bernoulli’s Principle explains the velocity-pressure relationship leading to 

downforce, Newton’s Third Law provides an alternative perspective. 

As airflow is deflected along the surface of the wing, as per Figure 1, it exerts a force 

on the air. According to Newton’s Third Law, the air exerts an equal and opposite 

reaction force on the wing surface, pushing the car downward towards the ground. 

This principle is particularly relevant for multi-element wings, where each element 

modifies the flow for the next, progressively enhancing the downward reaction force. 
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Qiu et al. [9] demonstrated that optimising wing setups enhanced downforce efficiency 

by improving airflow deflection. 

In this study, Aerostrip sensors record pressure distributions on the upper and lower 

surface of the wing element and will quantify these pressure differentials, providing 

experimental validation of the reaction forces acting on the wing. By comparing sensor 

data with CFD simulations, this study will assess how effectively Bernoulli’s Principle 

and Newton’s Third Law apply in real-world aerodynamics, accounting for turbulence, 

flow separation and viscosity effects 

2.6 Real-World Aerodynamic Effects 

While aerodynamic principles, such as Bernoulli’s Principle and Newton’s Third Law, 

provide an understanding of pressure differentials and downforce generation, real-

world aerodynamic behaviour is significantly influenced by viscosity, turbulence, and 

flow separation. While these effects may only result in small inefficiencies, in 

motorsport, tiny margins of error can lead to substantial performance losses. 

2.6.1  Boundary Layers & Viscosity 

Viscosity is a fluid’s resistance to deformation or shear [14]. In the context of air 

flowing over a surface, viscosity causes layers of air to move at different velocities, 

generating friction. This resistance causes the fluid to ‘stick’ to solid surfaces and 

creates a velocity gradient near the wall. To simplify, a high-viscosity fluid strongly 

resists shear and flows slowly, while a low-viscosity fluid has less resistance and flows 

easily. 

The interaction between a surface and airflow is described as the boundary layer, a 

thin region near a solid surface where viscous forces significantly influence fluid flow. 

The flow behaviour within this layer is directly influenced by the fluid’s viscosity and 

velocity gradient to determine aerodynamic performance, particularly drag and flow 

separation [15]. 

 

Figure 3 – Laminar flow acting in the boundary layer along the surface of a wall. Reproduced from [16]. 
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While Bernoulli’s Principle (Section 2.5.1) describes the pressure distribution on a 

surface that generates aerodynamic forces, it assumes an ideal, inviscid flow. In reality, 

viscous effects must be considered as they significantly influence the development of 

pressure distribution and flow attachment.  

The laminar boundary layer consists of a smooth, orderly flow which minimises drag 

but can be impacted by flow separation under changing pressure gradients. On the 

other hand, a turbulent boundary layer experiences many fluctuations that allow 

airflow to remain attached to the surface for longer but at the cost of increased drag 

[15]. The transition between laminar and turbulent flow occurs at a critical Reynolds 

number, which is influenced by factors such as surface roughness, pressure gradients 

and freestream velocity. This transition is crucial in motorsport aerodynamics, where 

maintaining attached flow over aerodynamic surfaces, such as a wing, is vital for 

generating downforce and ensuring stability.  

 

Figure 4 – Boundary layer detachment from the surface causing a transition from laminar to turbulent flow. 

Reproduced from [17]. 

In this study, Aerostrip sensor strips are used to directly measure surface pressure 

variations, thereby understanding flow behaviour across the rear wing. These 

measurements help detect the influence of viscous effects and provide valuable 

information on boundary layer development and potential flow separation. 

2.6.2 Flow Separation 

Flow separation occurs when the boundary layer detaches from the surface due to an 

adverse pressure gradient, which leads to turbulent air flow and increased drag  [18].  
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Figure 5 – Boundary layer separation on aerofoil creating a region of turbulent air. Reproduced from [16]. 

As airflow moves along a surface, it follows the pressure distribution set by external 

flow. When the pressure increases in the flow direction, the boundary layer loses 

momentum and can detach from the surface. Flow separation forms a low-energy 

recirculation zone, resulting in increased pressure drag around the system. 

In motorsport applications, minimising flow separation is crucial for optimising 

downforce and reducing drag. Huncho [19] discusses how race car aerodynamics use 

multi-element wings with curved surfaces to manipulate the boundary layer and avoid 

separation. Formula 1-style front and rear wings are designed to re-energise the 

boundary layer, helping to maintain attached flow for as long as possible. 

2.7 Computational Methods for Aerodynamic Validation 

2.7.1 Computational Fluid Dynamics (CFD) Simulations 

Computational Fluid Dynamics (CFD) is a numerical tool for solving and analysing 

fluid flow problems across complex surfaces and geometries. This is crucial for 

aerodynamic development as it enables the prediction of pressure distributions and 

flow structures under varying conditions without the need for physical testing. In 

motorsport, CFD is used for the design, evaluation and optimisation of aerodynamic 

components to simulate and refine performance. 

CFD simulations solve the fundamental governing equations of fluid dynamics, 

including the Navier-Stokes equations, across a fluid domain divided into small 

computational cells. Fluid properties, such as pressure and velocity, are iteratively 

calculated in each cell over time or in steady-state conditions, allowing for the analysis 

of boundary layer behaviour, flow separation, and aerodynamic force generation. 

In this study, CFD is used to simulate airflow over a Formula 1-style rear wing under 

controlled conditions, aiming to match the wind tunnel setup as closely as possible. A 

similar approach was adopted in a study by Kalinowski and Szczepanik [20] who 

optimised the shape of a racing car’s front wing using CFD techniques. Their study 

aimed to maximise downforce-to-drag ratio by refining wing geometry in 2D and then 

in a 3D model. It was demonstrated that CFD-based optimisation can significantly 

improve aerodynamic efficiency, as results from the optimised geometry showed 

substantial improvements in flow behaviour and pressure distribution. 
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While CFD has many powerful capabilities, there are notable limitations. The accuracy 

of simulation results depends heavily on mesh quality, turbulence model selection, 

boundary conditions and physical assumptions. Physical testing and validation remain 

an essential method for accurately analysing airflow behaviour and this project 

demonstrates how Aerostrip sensor data can be used to verify the accuracy of CFD 

simulations in race car aerodynamic design. 

2.7.2 Assumptions & Physical Models 

2.7.2.1 Steady-state Simulations 

In motorsport-related aerodynamic studies, steady-state CFD simulations are 

commonly used to evaluate pressure distributions, downforce and drag. Steady state 

assumes that the airflow around the vehicle remains constant over time, which is often 

a valid assumption when considering a constant vehicle speed operating condition. 

Steady-state simulations are less computationally expensive compared to transient 

approaches and are suitable for comparative testing against wind tunnel results. 

Transient simulations can accurately capture unsteady flow structures, such as vortex 

shedding, but are not necessary unless highly time-dependent parameters are being 

investigated. 

A comparative aerodynamic study by Wang et al. [21] utilised steady-state CFD 

simulations in Siemens STAR-CCM+ alongside wind tunnel testing for a race car 

wing. Results showed a close agreement in drag and downforce (within 4%), 

demonstrating that steady-state Reynolds-averaged Navier-Stokes (RANS) modelling 

is sufficient for analysing key aerodynamic behaviour of a race car wing in controlled 

conditions. 

2.7.2.2 Incompressible Flow 

Incompressible flow is a common assumption in aerodynamic CFD simulations where 

the flow velocity is significantly lower than the speed of sound (approximately 340 

m/s in standard sea-level atmosphere [22]). This assumption simplifies the governing 

principles of pressure differentials and increases computational efficiency. 

The Mach number (M) is defined as the ratio of the local flow velocity, V, to the local 

speed of sound, a [23] . This ratio is used to quantify the compressibility of a flow. 

𝑀 =
𝑉

𝑎
 

(3) 

Flow is considered incompressible if the Mach number is less than 0.3. In this study, 

at a maximum velocity of 15 m/s, the Mach number M is calculated to be 

approximately 0.044, which is well below the threshold for compressibility effects to 

become significant. This assumption allows for accurate pressure predictions in 

external flow simulations without introducing errors related to density variation. 
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Incompressible flow modelling was utilised by Kalinowski and Szczepanik [20] in 

similar aerodynamic applications, where CFD was applied at subsonic speeds with 

validated results. 

2.7.2.3 Boundary Conditions 

In CFD, boundary conditions define how fluid interacts with the simulation domain 

and the direction of flow [24]. Setting boundary conditions ensures the stability and 

accuracy of results in aerodynamic simulations. 

Typical boundary conditions include velocity inlets and pressure outlets: velocity 

inlets specify the incoming flow speed and direction. In contrast, pressure outlets allow 

the flow to exit the domain at a defined pressure. 

Symmetry boundaries are commonly used to reduce the size of the domain when the 

flow is symmetric, helping minimise computational cost whilst maintaining accuracy. 

No-slip wall conditions are applied to solid surfaces to enable realistic boundary layer 

modelling where there is zero velocity relative to the wall [24]. 

The use of a moving ground boundary condition, such as a rolling road, is used in 

vehicle aerodynamics to simulate the relative motion between the ground and the 

vehicle. Kalinowski and Szczepanik [20] used a rolling road setup in their study of 

aerofoil performance to analyse ground effect and boundary layer developments 

underneath the wing. 

2.7.3 Mesh Refinement 

Mesh refinement is a crucial aspect of CFD simulations to improve the accuracy and 

stability of numerical solutions. In CFD, the domain is divided into small control 

volumes (or cells) over which the governing equations of fluid flow are solved. 

Adjusting the size, shape and distribution of these cells determines how well the 

simulation records changes in velocity, pressure, turbulence and boundary layer 

behaviour. 

Refining the mesh into small and consistent cells with smooth transitions in regions of 

high pressure or velocity gradients, such as at the leading edge of a wing’s central 

element, enables the solver to accurately analyse local flow features, including flow 

separation and sharp pressure peaks. 

In the study by Kalinowski et al. [20], mesh refinement techniques were applied to 

their wing shapes to optimise the accuracy and outputs of their designs. Their approach 

involved local mesh refinement in flow regions where pressure gradients are high and 

the use of prism layers resolves boundary layer development. Results showed that 

improved mesh quality significantly enhanced prediction accuracy for pressure 

distribution and downforce estimation, reinforcing the importance of a good quality 

meshing strategy in motorsport CFD applications. 
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Mesh independence studies are usually conducted to ensure that simulation results 

converge around a measured value and do not change significantly with further mesh 

refinement. 

2.7.4 Navier-Stokes Equations 

The Navier-Stokes equations direct the motion of viscous fluid flow. In aerodynamic 

simulations, they are used to predict how air behaves as it interacts with surfaces such 

as wings or bodywork. These equations are based on the principles of mass and 

momentum conservation. They are solved numerically in CFD solvers, such as 

Siemens STAR-CCM+, to evaluate flow fields and aerodynamic forces.  

2.7.4.1 Conservation of Mass 

The continuity equation, which ensures mass conservation in the system [25], is 

expressed for incompressible flow as: 

𝑚 = ∫ 𝜌(𝑥, 𝑡) 𝑑𝑥
 

𝛺

 
(4) 

Where: 

- 𝑚 represents the mass of a finite volume 𝛺 

- 𝜌(𝑥, 𝑡) represents the fluid’s mass per unit volume at a point x and time t 

The principles of mass conservation state that the mass contained within a material 

volume 𝛺 remains constant as 𝛺 moves with the fluid. 

2.7.4.2 Conservation of Momentum 

According to the principle of linear momentum conservation, the rate of change of 

linear momentum within a material volume is equal to the net force acting on it. 

The incompressible Navier-Stokes equation describes the conservation of momentum 

in a Newtonian fluid [25]: 

𝑑

𝑑𝑡
∫ 𝜌𝑢 𝑑𝑥

 

𝛺(𝑡)

= ∫ 𝜌𝑓 𝑑𝑥
 

𝛺(𝑡)

+ ∫ 𝑡𝑛 𝑑𝑆
 

𝜕𝛺(𝑡)

 
(5) 

Where: 

- 𝛺(𝑡) is the control volume. 

- 𝜌 is the fluid density (kg/m3) 

- 𝑢 is the velocity of the fluid (m/s) 

- 𝑓 is the body force per unit mass (N/kg) 

- 𝑡𝑛 is the force per unit area (N/m2) acting on the surface 𝜕𝛺(𝑡) with normal 𝑛 

The equation (5) states that the change of momentum inside a control volume is equal 

to the sum of the body forces acting throughout the volume and the surface forces 

acting on the boundary. This follows Newton’s Second Law for fluids, which states 
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that the rate of change of momentum of a fluid element is equal to the sum of the 

external forces acting upon it [26] and is the basis for the motion of fluid particles. 

As described by Łukaszewicz and Kalita [25], the Navier-Stokes equations capture the 

forces acting within a fluid, such as pressure gradients, viscous diffusion and other 

external forces. Due to their nonlinearity, these equations require iterative numerical 

techniques such as the Finite Volume Method (FVM) for solution in CFD software. 

In this study, Siemens STAR-CCM+ is used to solve the incompressible Navier-Stokes 

equations and describe the behaviour of the flow acting on the rear wing model, 

including flow attachment, separation and turbulence. This behaviour depends highly 

on the balance between inertial and viscous forces. 

2.7.5 Reynolds Number 

The Reynolds number (Re) is a fundamental parameter in fluid mechanics for 

characterising the nature of flow, whether it is laminar, turbulent or in transition 

between the two. This dimensionless number represents the ratio of inertial forces to 

viscous forces within a fluid, allowing for the prediction of flow behaviour around 

solid bodies [27]. 

𝑅𝑒 =  
𝜌𝑈𝐷

𝜇
 

(6) 

Where: 

- 𝜌 is the fluid density (kg/m3) 

- 𝑈 is the freestream velocity (m/s) 

- 𝐷 is the characteristic length (wing chord, m) 

- 𝜇 is the dynamic viscosity of the fluid (Pa∙s) 

The Reynolds number influences boundary layer development, drag and pressure 

distribution, all of which affect overall aerodynamic efficiency. A low Reynolds 

number typically corresponds to laminar flow, whereas higher Reynolds numbers can 

lead to turbulence and increased mixing. 

In this study, Reynolds number calculations were used to match the test conditions in 

CFD simulations and wind tunnel experiments. Real-world data collected using 

Aerostrip sensors enable the comparison of flow behaviour at different Reynolds 

numbers and the assessment of the accuracy of CFD simulations. Comparing 

experimental and simulated data can determine whether transitional or turbulent 

features are accurately captured in the generated model. 

2.7.6 Turbulence Modelling 

Turbulence Modelling is essential in CFD simulations, particularly when studying 

high-speed flow aerodynamics in a motorsport environment. Turbulence is a chaotic, 

three-dimensional and time-dependent motion of fluid particles that occurs at high 

Reynolds numbers, causing fluctuations in velocity, pressure and vorticity. A visual 
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representation of oscillations developing in the boundary layer and laminar flow 

transitioning to turbulent flow is shown in Figure 4 (Section 2.6.1). 

The most common turbulence approximation is the Reynolds-averaged Navier-Stokes 

(RANS) approach. RANS models solve time-averaged versions of the Navier-Stokes 

equations and introduce turbulence effects through additional equations. These models 

are widely used in industrial aerodynamic applications as they offer a practical balance 

between computational cost and prediction accuracy. However, for automotive flows, 

they have known limitations when predicting complex flow features such as lift and 

drag [28]. 

In this study, three commonly used RANS turbulence models were selected to assess 

their ability to simulate flow over the Formula 1-style rear wing: 

2.7.6.1 k-𝜔 SST (Shear Stress Transport) Model  

The k-𝜔 SST model is well-suited for flows with unpredictable pressure gradients and 

separation. It combines the standard k-𝜔 model and the k-𝜀 model to produce 

reasonable stability and accuracy when predicting flows with boundary layer 

separation [29]. The k-𝜔 SST model serves as the baseline for this project. 

2.7.6.2 k-𝜀 Model 

The k-𝜀 model is one of the most widely used models in industrial CFD due to its 

simplicity and robustness. This model solves two transport equations for turbulence 

kinetic energy (k) and dissipation rate (𝜀) and performs well in free-shear flows [29]. 

However, its near-wall performance is limited and therefore, struggles with predicting 

flow separation in the presence of pressure gradients. 

2.7.6.3 Spalart-Allmaras Model 

The Spalart-Allmaras (SA) model is a one-equation eddy-viscosity turbulence model 

initially developed for aerospace applications, particularly for predicting turbulent 

flows around aerofoils and wings. However, as discussed by Kostić [30], while the SA 

model performs well in regions of attached flow, it can show limitations when 

capturing complex flow behaviour such as separation. The SA model is relevant for 

this study as the rear wing domain used in simulations features similar flow behaviour 

and this model can be critically assessed to understand its predictive capabilities.  

The comparison of differing turbulence models was motivated by findings from Zhang 

et al. [28], who evaluated various turbulence models, including k-𝜔 SST, standard k-

𝜀 and the hybrid Detached Eddy Simulation (DES), in their study of how turbulence 

modelling affects CFD predictions. Their results confirmed that while all RANS 

turbulence models captured general aerodynamic trends, each model had specific 

strengths and weaknesses depending on the flow region. It was discovered that the k-

𝜔 SST model was most reliable for analysing boundary layer behaviour and drag 

coefficients, while the standard k-𝜀 model struggled in wake prediction. The SA model 

was not featured in this analysis but will be used in this study to understand its 

behaviour and performance when predicting airflow behaviour. 
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2.8 Data Collection 

2.8.1 Wind Tunnel Testing 

Wind tunnel testing is a fundamental method in experimental aerodynamics. It is 

commonly used to evaluate flow behaviour, pressure distribution and aerodynamic 

forces on scaled or full-size models in a controlled environment. In motorsport, wind 

tunnel facilities are used to validate computational models and optimise aerodynamic 

performance. Conducting wind tunnel pressure measurements helps to understand 

real-world flow conditions that may not be accurately captured in CFD simulations. 

Previously mentioned studies by Zhang et al. [1] and Subramanian et al. [2] have 

demonstrated the effectiveness of wind tunnels in characterising aerodynamic 

performance while validating the accuracy of the Aerostrip sensor. These studies 

demonstrate the value of wind tunnel environments for precise control of flow velocity 

and test configurations, ensuring that pressure measurements can be directly compared 

with CFD predictions. 

The findings by Wang et al. [21], as previously discussed in Section 2.72, further 

support the reliability of wind tunnel testing in validating CFD simulations. Their use 

of a consistent test environment and aerodynamic model provided high-quality results 

that closely aligned with computational data. The studies above strongly support the 

use of wind tunnel testing for similar style projects to provide consistent, high-quality 

data when assessing real-world airflow conditions. The accuracy of numerical models 

will be directly compared to understand complex aerodynamic behaviour acting on the 

rear wing of USM’s race car, such as flow separation, boundary layer behaviour and 

turbulent wake structures. 

2.9 Aerodynamic Development in Motorsport 

While wind tunnels remain essential for aerodynamic validation, their use in 

motorsport can be limited by restrictions such as cost, complexity and computational 

time. 

Aerodynamic advancements and testing are heavily restricted by the Fédération 

Internationale de l’Automobile (FIA) regulations, which are designed to reduce 

excessive performance advantages and ensure a level playing field, thereby promoting 

overtaking and on-track competitiveness. Over the past two decades, regulatory 

changes have progressively limited the type and extent of aerodynamic testing that 

Formula 1 teams can conduct. This study analyses the aerodynamic performance of a 

Formula 1-style rear wing and therefore considers how aerodynamic development is 

undertaken within Formula 1. 

Rule changes in 2009 significantly reduced aerodynamic freedom by simplifying wing 

geometry and introducing strict dimensional constraints [31]. These restrictions were 

further updated in 2014, limiting in-season wind tunnel testing and capping the hours 

available for CFD simulations for team development. The introduction of a budget cap 
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in 2021 also emphasised the need for efficiency and resource management in 

aerodynamic testing. 

As of 2025, aerodynamic development is further constrained under the FIA Sporting 

Regulations, particularly in Appendix 7: Aerodynamic Testing Restrictions (ATR) 

[32]. This section outlines the strict limits on wind tunnel use, CFD hours and model 

configurations. These rules are in place to prevent dominant teams from gaining a 

further advantage by exploiting simulation resources or conducting excessive testing 

while promoting efficiency and technical creativity within the regulations. 

Despite these constraints, wind tunnel and CFD testing remains a critical tool in 

aerodynamic development. In a study by Nakagawa et al. [33], highly detailed 

aerodynamic testing was conducted using PIV to highlight the challenges of 

aerodynamic development within FIA regulations. Their study highlights the 

complexity and cost of identifying flow structures, such as vortices and surface 

pressure distributions, on full-scale or near-full-scale Formula 1 models. 

In an increasingly regulated and costly industry, there is growing interest in 

aerodynamic measurement tools that are efficient, reusable and compliant with 

regulations. Within this context, the Aerostrip sensor system presents a promising 

alternative. Its ability to capture high-resolution surface pressure data without intrusive 

installation makes it particularly suited for motorsport developments. 
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3 Design & Experimental Integration 

3.1 Rear Wing Setup 

The multi-element rear wing used in the wind tunnel experiment consists of five 

aerodynamic elements: 

 

Figure 6 - Rear wing element layout consisting of 5 key elements that direct airflow. Endplates are removed from 

the geometry for clarity. 

The largest element, E1, is the primary focus of this study due to its dominant role in 

generating downforce. Wing element 1 (E1) has a low aspect ratio (AR) with a 

rectangular platform (950 mm wingspan x 496 mm chord) and a curved aerofoil 

profile.  

The aspect ratio (AR) of E1 is calculated as 1.92. This low aspect ratio, combined with 

a cambered cross-section profile, makes it particularly effective for generating high 

downforce in motorsport conditions. The geometry is well-suited for evaluating 

surface pressure distributions, with strong gradients expected near the leading edge 

and mid-chord region of the aerofoil. 

To analyse pressure distribution, Aerostrip sensors are installed at the quarter-span 

locations on both the upper and lower surfaces of E1. This positioning allows for a 

detailed investigation of chordwise airflow behaviour whilst minimising endplate 

interference.  
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Figure 7 – Aerostrip sensors installed along the chord of E1’s upper surface at quarter-span. Sensors are installed 

with elements near the leading edge of the aerofoil. 

 

Figure 8 - Aerostrip sensors installed along the chord of E1’s lower surface at quarter-span. Sensors are installed 

with elements near the leading edge of the aerofoil. 
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To accommodate the wind tunnel mounting system, the secondary arrays (E4 and E5) 

are removed. This modification enables the integration of a custom plate and bracket 

assembly that secures the wing to a slim steel beam mounted from the wind tunnel’s 

ceiling. A top-mounted setup is chosen to minimise airflow disruption, as a bottom-

mounted structure would introduce more interference in the flow field. Additionally, 

the upper surface of E1 contains four pre-existing fixings, making this mounting 

approach the most structurally viable option. 

To ensure that CFD simulations and wind tunnel experiments are directly comparable, 

the plate, bracket and steel beam are incorporated into the simulations alongside the 

removal of E4 and E5. This approach eliminates inconsistencies between numerical 

and experimental data, allowing for more accurate validation of pressure 

measurements and aerodynamic performance. 

Despite efforts to minimise interference, the presence of the central steel beam may 

introduce some localised airflow disruption due to nonidealities in the material. 

However, since Aerostrip sensor strips are positioned at quarter-span along E1, any 

disturbances near the centre should not significantly impact recorded pressure data.  

The rear wing assembly features large endplates on each side, which help control 

wingtip vortices and enhance aerodynamic efficiency. Unlike some motorsport wings 

that feature adjustable flaps, the elements in this wing assembly are fixed and do not 

allow for variations in the angle of attack, which is the angle at which the aerofoil 

passes through the air. While adjustable flaps could provide greater tuning flexibility, 

the current wing setup is designed alongside CFD simulations to maximise 

aerodynamic efficiency. 

Aerostrip sensors are installed at quarter-span on both the upper and lower surfaces of 

E1 to analyse pressure distribution along opposite chord lengths.  

The pressure variation across the wingspan will also be assessed on each side of the 

aerofoil. Using the percentage difference equation (7), airflow behaviour and 

distribution can be evaluated to understand how air separates after splitting at E1’s 

leading edge. 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 (%) = (
|𝐴 − 𝐵|

(
𝐴 + 𝐵

2 )
) ∗ 100 

(7) 

Where: 

- A is the measured pressure at one quarter-span Aerostrip  

- B is the measured pressure at a differing quarter-span Aerostrip 

By recording pressure variations across E1 using Aerostrip sensors, airflow behaviour 

can be examined as it interacts with the rear wing, including factors such as flow 
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separation, pressure sensitivity and the aerodynamic forces acting on the wing 

assembly. 

3.2 Mounting System Design 

To securely mount the rear wing in the wind tunnel for controlled aerodynamic testing, 

a custom bracket assembly is designed and manufactured. This structure is connected 

to a vertical steel beam suspended from the wind tunnel ceiling, ensuring stable 

positioning of the wing relative to the freestream flow. 

The bracket is designed to connect to four existing mounting points on the upper 

surface of E1, originally intended for wing attachment to the vehicle body. A tab and 

plate system is created in Autodesk Inventor 2024 and manufactured from 3mm thick 

aluminium using waterjet cutting to ensure precision and clean edges. 

 

Figure 9 – Custom-designed mounting structure with tabs, plate and beam secured to the rear wing model. 

Due to the curved geometry of the wing array, smaller tabs (approximately 27 mm in 

height) are designed for the front-facing inserts of the mounting plate near the leading 

edge of the wing. These front-facing tabs are made to match the wing’s curved profile, 

maintain the correct pitch relative to airflow and ensure the test orientation matches 

both real-world and CFD test configurations. 
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Figure 10 - Small front-facing tabs to secure to E1’s fixings and the plate (approximately 27 mm in height). 

Larger tabs are created for the rear-facing inserts of the mounting plate near the trailing 

edge of E1 (approximately 40 mm in height).  

 

Figure 11 - Tall rear-facing tabs to secure to E1’s fixings and the plate (approximately 40 mm in height). 
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After manufacture, the tabs are welded into the mounting plate inserts. The bracket is 

secured to the wing by bolting through the pre-existing fixings to provide a direct and 

secure connection. Detailed drawings of both tab designs and the mounting plate are 

illustrated in Appendix A. 

To join the steel beam and the aluminium plate together, a smaller secondary plate is 

bolted to the top surface of the main plate. This plate provided a rigid base for welding 

the vertical support beam to the surface. The smaller plate was not initially 

incorporated into designs but is deemed necessary to conduct secure welding 

attachment. 

Four fixed mounting points on the bracket eliminated any unwanted movement or 

rotation of the wing under aerodynamic load. This rigidity is essential for maintaining 

repeatability and accuracy across all test conditions. 

Earlier versions during the design phase did not include the small connector plate and 

relied on a single through-bolt between two welded tabs to secure the plate to the beam. 

However, this approach introduced a pivot point which allowed the wing to rotate 

under load, compromising the test setup. Incorporating multidirectional fixings 

significantly improved the structural integrity and prevented any rotation. 

Through the design process, a greater understanding of force distribution and 

mechanical restraint was developed. The final bracket assembly proved effective in 

resisting aerodynamic forces and maintaining consistent test conditions across 

repeated runs. 

3.3 Experimental Setup 

To ensure reliable and consistent measurements, the wing is carefully positioned 

within the wind tunnel’s working section for testing at two different wind speeds. This 

setup enabled the investigation of the Reynolds number effect on pressure behaviour 

and flow characteristics, supporting a direct comparison with numerical solutions. 

3.3.1 Wind Tunnel Setup 

The tests are performed in an open-loop wind tunnel with a working section of 1.5 m 

x 1.5 m x 2 m. This ensured a uniform freestream velocity across the model. The rear 

wing was mounted using the custom bracket and plate assembly and positioned to 

intersect the centreline of the airflow. The flow centreline is determined by considering 

the circular section of the nozzle. The mounting system ensured that the wing remained 

aligned with the free-stream flow throughout testing to maintain consistency with CFD 

boundary conditions.  
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Figure 12 - Rear Wing and Mounting Structure Assembly Secured in Open-Loop Wind Tunnel. Aerostrip sensors 

are installed at each quarter-span on the upper and lower surface of E1. 

To minimise flow disturbances, the wing is installed approximately one-third of the 

way downstream from the nozzle exit into the test section. This positioning reduces 

the influence of the shear layer generated at the nozzle boundary, ensuring stability in 

airflow across the wing. 

3.3.2 Test Conditions & Reynolds Number 

Wind tunnel tests are conducted at two different freestream velocities: 10 m/s and 15 

m/s, allowing for an analysis of the effects of Reynolds number on flow behaviour and 

aerodynamic performance. These speeds are selected to simulate low to moderate 

operating conditions, ensuring that airflow remains within the turbulent regime 

relevant to motorsport applications. Velocity in the wind tunnel is validated during 

testing using a digital anemometer (HoldPeak HP-866B). 

Reynolds numbers are calculated based on equation 6 (Section 2.7.5), with the 

following constants: 

- Air density, 𝜌: 1.225 kg/m3 (ISA standard [34]) 

- Dynamic viscosity, 𝜇: 1.81 x 10-5 Pa∙s 

- Characteristic length, D: 496 mm (chord length of E1) 
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The resulting Reynolds numbers for each test velocity are: 

- 𝑈 = 10 m/s:                         Re = 3.35 x 105 

- 𝑈 = 15 m/s:                         Re = 5.03 x 105 

These values confirm that the flow over the rear wing operates within a turbulent 

regime, which is essential for capturing boundary layer development, flow separation 

and aerodynamic forces. Ensuring similarity between the Reynolds numbers in the 

wind tunnel and CFD simulations supports the accurate validation of the 

computational model and turbulence modelling strategies used in this study. 

3.3.3 Sensor Configuration 

The rear wing was installed with Aerostrip sensor strips at the quarter-span locations 

of the upper and lower surfaces of E1. Surface pressure measurements were conducted 

using two different sensor pitches: 

• 20 mm element pitch 

• 8mm element pitch 

The two sensor configurations are used in this study for different measurement 

objectives. The 20 mm pitch element strips are positioned along the chord length of 

E1 on opposing surfaces, covering a range from 20 mm to 240 mm. This setup enables 

the analysis of large-scale aerodynamic trends and the measurement of surface 

pressure distribution along the aerofoil to evaluate aerodynamic properties such as 

downforce generation, boundary layer behaviour, and flow separation. 
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Figure 13 - 20 mm pitch element Aerostrip installed at quarter-span on E1. The first element is positioned 20 mm 

along the chord on each surface. 

The 8 mm pitch elements are utilised for fine-resolution analysis to capture pressure 

peaks as airflow splits at the leading edge of E1 between the upper and lower surface 

along the boundary layer. 

 

 

Figure 14 - 8 mm pitch element Aerostrip installed at quarter-span on E1. The first element is installed 20 mm 

along the chord on the upper surface and at the leading edge (0 mm) on the lower surface. It should be noted that 

cable management has not been performed at this stage. 

3.3.4 Cable Management & Airflow Optimisation 

Minimising interference with the freestream airflow is an essential consideration 

during wind tunnel testing. Effective cable management around the wing assembly 

was necessary to reduce the impact of external hardware on aerodynamic behaviour.  

Aerostrip sensors are installed at the quarter-span positions on both the upper and 

lower surfaces of E1, with four sensors installed in total. However, with multiple 

installations, additional cable management is required along the chord and wingspan. 
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These cables could introduce potential disruptions to the airflow exiting the wing and 

could affect downstream interactions with other elements in the array. 

To mitigate this potential interference, additional tests are conducted using only one 

Aerostrip sensor on each surface of E1. This setup significantly reduced cabling across 

the surface, allowing for cleaner airflow downstream. 

The DAQ microcontroller, where pressure data from the sensors is received, is 

mounted flush against the outer face of the endplate to minimise aerodynamic effects. 

This mounting strategy is considered more suitable than cables hanging vertically into 

the freestream region and introducing perpendicular surfaces to the flow. 

This refined setup reduces physical obstruction in the working section and ensures that 

the collected surface pressure data has minimal aerodynamic interference compared to 

simulated predictions. 
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Figure 15 – DAQ Microcontroller Secured to Endplate and Transferring Data to Chameleon Software on Laptop 

via a USB cable. 

3.4 Pressure Differential & Downforce Calculation 

To assess the aerodynamic performance of the rear wing, surface pressure data is 

collected using the Aerostrip sensors positioned on the upper and lower surfaces of 

E1. From the recorded pressure values at each corresponding pressure pair, a local 

pressure difference (∆𝑃) is calculated. These localised pressure differentials provide 

insight into the distribution of aerodynamic loading across the aerofoil. 

Each pressure differential is converted into a local force using the basic pressure-force-

area relationship: 

𝐹𝑙𝑜𝑐𝑎𝑙 = ∆𝑃 ∙ 𝐴 (8) 

Where: 

- ∆𝑃 is the pressure difference between the upper and lower surfaces (Pa). 

- A is the effective area of the sensor element, taken as 500 mm2 (25 mm width 

∙ 20 mm pitch). 

The total downforce generated by the wing is then estimated by scaling the sum of 

local forces across the full span of the wing 

𝐹𝐷 = ∑ 𝐹𝑙𝑜𝑐𝑎𝑙 ∙
950

25
 

(9) 

Here, 950 mm represents the total wingspan of E1 and 25 mm is the width covered by 

the sensor strip. This linear scaling assumes a relatively uniform spanwise pressure 

distribution and a symmetric wing setup. 

To support the use of this 2D strip-based force estimation method, the wing’s aspect 

ratio (AR) [35] is calculated as: 

𝐴𝑅 =
𝑠2

𝐴
=

9502

950 ∙ 496
= 1.91 

(10) 

This low aspect ratio (1.91), typical in motorsport rear wings, supports the assumption 

that flow characteristics are predominantly 2D. This allows for simplified chordwise 

pressure integration. 

Although the wing has a finite thickness, it is not explicitly accounted for in the 

downforce, 𝐹𝐷, calculation. Since pressure acts perpendicular to the surface and is 

integrated over the projected area, the thickness has minimal influence on the resulting 

force vector. Additionally, the calculation does not aim to resolve tangential shear 

stresses or other 3D effects, which are negligible in comparison to pressure-driven 

downforce at the tested Reynolds number values. 
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While the CFD analysis predicts surface pressure data across the entire chord of the 

wing, the experimental calculation is limited to the length of the Aerostrip sensor. For 

this reason, only data measured from equivalent chordwise positions are used to 

compare to experimental and numerical downforce predictions. While this method 

does not cover full-chord pressure variation, it provides a reliable and accessible means 

of estimating downforce and validating aerodynamic performance using physical 

pressure measurements. 

3.5 Data Collection 

Surface pressure data is collected using PPS’s Chameleon software, which receives 

and displays data in real time from the DAQ microcontroller linked to Aerostrip 

sensors. The system provides a live visual interface showing the pressure values at 

each sensor location. The Chameleon interface is shown: 

 

Figure 16 - Chameleon software interface showing 3D pressure distribution between sensors as well as live 

pressure data (kPa). 

For every test, pressure readings are recorded at a sampling frequency of 200 Hz, 

corresponding to one data point every 0.005 seconds. The pressure value for each 

sensor is displayed against time, allowing the user to observe the stability of the 

readings during the test period. 

Before a steady pressure trend is established, a buffer of approximately 10 seconds is 

applied within the software to isolate stable data and exclude any transient readings 

that may occur at the start of recording. The average pressure value for each sensor is 

then calculated across this buffered window (60 seconds). 

After each test, the raw time-series data was exported into .csv format, including 

pressure values for each individual element. These datasets are later used for post-

processing in Microsoft Excel to evaluate pressure differentials and perform 

downforce calculations. 
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3.6 Computational Fluid Dynamics (CFD) Simulations 

To replicate wind tunnel conditions and analyse aerodynamic performance, CFD 

simulations are conducted using Siemens STAR-CCM+. The CFD model included the 

rear wing and mounting structure assembly: 

 

Figure 17 – Rear wing and custom bracket CFD model for simulations. Matching wind tunnel model and setup. 

The simulated geometry includes the main wing element (E1), additional pre-existing 

wing elements (E2 and E3), large end plates and the custom-designed mounting 

structure (Section 3.2). The simulations are configured to closely match the physical 

setup of the wing tests for direct comparison with experimental results, including the 

removal of secondary elements (E4 and E5) to ensure consistency between 

experimental and numerical data. 

3.6.1 Domain and Boundary Conditions 

A half-car model is used to reduce computational resources, with symmetry planes 

applied along the longitudinal midplane. The computational domain measures 32 m in 

length, 7 m in height and 7 m in width, resulting in a blockage ratio of 1.22%. The 

model is positioned 9 m downstream of the inlet to allow flow development and reduce 

entrance effects. 

The domain boundaries are as follows: 
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- Velocity inlet set to 15 m/s with a uniform flow profile. 

- Pressure outlet set to ambient static pressure. 

- Rolling road floor to replicate on-track conditions. 

- Symmetry plane walls to simulate an unbounded external flow. 

No-slip boundary conditions are applied to all solid surfaces, including the entire wing 

and mounting structure, with wall treatment enabled to resolve near-wall flows. 

3.6.2 Meshing Strategy 

A polyhedral mesh is applied with prism layers near all solid boundaries to assess 

boundary layer development. Prism layers are generated to resolve velocity and 

pressure gradients close to the surface.  

To improve accuracy in regions of high expected gradients and around sharp curves, 

mesh refinement is applied near the wing surface. This region utilised a 30% reduced 

base size and a minimum cell size equivalent to 5% of the global base size. The global 

base size is set to 17 mm. 

A formal mesh independence study was conducted in line with USM’s previous rear 

wing CFD setup. The CFD model and surrounding region used 3,212,715 cells to 

converge pressure distribution outputs with the best computational efficiency. 

3.6.3 Turbulence Model 

A k-𝜔 SST turbulence model is selected as the initial choice for this study due to its 

common use in aerodynamic simulations and its proven ability to handle boundary 

layer separation. To assess the influence of turbulence model selection on pressure 

distribution accuracy, additional simulations will use Spalart-Allarmas and k-𝜀 

turbulence models at wind speeds of 10 and 15 m/s. 

By comparing the results across these models, the study aims to evaluate the predictive 

performance of differing turbulence model simulations in relation to experimental 

data. This analysis looks to identify which model offers the best compromise between 

accuracy and computational efficiency for motorsport aerodynamic applications. By 

validating various turbulence models, the future selection of simulation setups for 

USM is verified, which will contribute to refining their aerodynamic simulation 

workflow. 

3.6.4 Physical Assumptions 

Simulations are run in steady state, assuming incompressible, subsonic flow. 

Compressibility effects are neglected since the flow velocity (a maximum of 15 m/s) 

remains well below the critical threshold of 100 m/s. The energy equation is not 

considered and the working fluid is treated as an ideal gas with constant density. 

Gravity, buoyancy forces and aeroelastic effects are neglected due to their negligible 

influence at this scale. The wing and mounting structure are assumed to be rigid and 

stationary under aerodynamic loading. 
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4 Testing Methods & Results 

4.1 Wind Tunnel Testing 

Surface pressure data was collected using Aerostrip sensors installed on the upper and 

lower surfaces of the rear wing element, E1, during wind tunnel experiments. Sensors 

are placed at quarter-span on both surfaces, allowing for a detailed analysis of 

chordwise pressure trends. Local pressure measurements enable the computation and 

comparison of downforce values with those obtained from CFD simulations. 

To ensure consistent and reliable results, multiple tests are conducted at freestream 

velocities of 10 m/s and 15 m/s, corresponding to Reynolds numbers 3.35 x 105 and 

5.05 x 105, respectively. Data is collected over a 60-second timeframe, after an inserted 

buffer at the start of recordings to prevent any transient effects, with pressure readings 

recorded by each sensor element every 0.005 seconds. The time-averaged mean 

pressure from each sensing element is used to calculate steady state values. 

Prior to each test, relative pressure is checked to confirm sensor baseline and ambient 

temperature conditions. The test environment was maintained to replicate ideal flow 

conditions, with the wing aligned to the nozzle centreline for accurate flow distribution 

across the setup. 

4.1.1 20 mm Pitch Sensors 

4.1.1.1 Methods 

The 20 mm pitch configuration consisted of 12 sensing elements evenly spaced along 

the chord of E1, covering a range from 20 mm to 240 mm. This setup was selected to 

capture large-scale aerodynamic behaviour and identify key pressure distribution 

patterns across the aerofoil. 

Due to the coarser resolution, this configuration is best suited for illustrating overall 

trends in surface pressure distribution and calculating total downforce. Pressure data 

collected from each sensor element was used to compute local pressure differentials 

between the upper and lower surfaces of E1. These differentials were then used to 

estimate the corresponding downforce values acting on the entire wingspan. 

This configuration provided the baseline dataset for comparison with CFD 

simulations, enabling the evaluation of pressure trends, distribution gradients and force 

estimation accuracy. 

4.1.1.2 10 m/s Freestream Velocity Results 

At a wind speed of 10 m/s, the pressure data shows a clear differential between the 

upper and lower surfaces of the wing. As expected, the bottom surface, experiencing 

faster airflow, measured significantly lower pressures, while the upper surface 

maintained a higher pressure distribution across the measured chord length. These 

results align with expected aerodynamic behaviour for downforce generation. A 

significant pressure increase was noted at the mid-chord region of the wing’s lower 

surface: 
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Figure 18 – 20 mm pitch element Aerostrip measurement of pressure distribution acting on E1 at 10 m/s freestream 

velocity. 

Using the computed pressure differentials from each sensor pair, local force 

contributions were summed and scaled, resulting in a total downforce of 48.562 N. 

𝐹𝐷 = ∑ 𝐹𝑙𝑜𝑐𝑎𝑙 ∙
950

25
= 𝟒𝟖. 𝟓𝟔𝟐 𝑵 

This result serves as the basis for comparison with CFD simulations, providing insight 

into the pressure-driven aerodynamic loading on the wing at this flow condition. 

4.1.1.3 15 m/s Freestream Velocity Results 

Increasing the freestream velocity to 15 m/s amplified the magnitude of the pressure 

differential across the wing whilst maintaining a similar distribution trend observed at 

lower speeds. As with the 10 m/s test, a consistent pressure rise was noted along the 

boundary layer of E1’s lower surface, particularly in the mid-chord region. 

The overall shape of the pressure distribution across E1 remained comparable to the 

lower velocity case, confirming that the aerodynamic behaviour scales predictably 

with increased flow speed. 
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Figure 19 - 20 mm pitch element Aerostrip measurement of pressure distribution acting on E1 at 15 m/s freestream 

velocity. 

Using the same pressure differential methodology and scaling, the total downforce 

generated at 15 m/s was calculated as 95.073 N. 

𝐹𝐷 = ∑ 𝐹𝑙𝑜𝑐𝑎𝑙 ∙
950

25
= 𝟗𝟓. 𝟎𝟕𝟑 𝑵 

The significant rise in downforce with increased velocity demonstrates the quadratic 

relationship between velocity and aerodynamic force, as expected from fundamental 

aerodynamic principles. 

4.1.2 8 mm Pitch Sensors 

4.1.2.1 Methods 

The 8mm pitch configuration was implemented to capture high-resolution surface 

pressure measurements near the leading edge of E1. With more closely spaced sensing 

elements than the 20 mm configuration, this setup enables detailed observation of 

localised pressure peaks, rapid pressure changes, and early boundary layer 

development.  

This higher spatial resolution provides more precise insight into the nature of flow 

attachment and separation near the front of the aerofoil, which is particularly sensitive 

to variations in the angle of attack and surface curvature. Smaller pitch configuration 

improved the ability to detect fine-scale aerodynamic features, particularly in regions 

where pressure gradients are steepest. 

4.1.2.2 10 m/s Freestream Velocity Results 

At a freestream velocity of 10 m/s, the 8 mm pitch sensors detected a distinct drop in 

surface pressure at the leading edge as the airflow is directed towards the lower surface. 
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This pressure minimum reflects the high acceleration of airflow over the curved 

geometry at the front of the wing, where flow splits and accelerates beneath the profile 

as expected. 

 

Figure 20 - 8 mm pitch element Aerostrip measurement of pressure distribution acting on E1 at 10 m/s freestream 

velocity. 

As flow progressed along the lower surface of the chord, a gradual increase in pressure 

was observed, indicating recovery as the flow decelerates toward the trailing edge of 

E1. The fine resolution of the sensors enabled more precise identification of the 

pressure peak and the associated pressure gradient. 

4.1.2.3 15 m/s Freestream Velocity Results 

At a higher freestream velocity of 15 m/s, the pressure distribution follows a similar 

trend to that observed at 10 m/s but with an increased magnitude across both surfaces. 

The leading edge pressure drop on the lower surface became more pronounced, 

indicating stronger flow acceleration. 
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Figure 21 - 8 mm pitch element Aerostrip measurement of pressure distribution acting on E1 at 15 m/s freestream 

velocity. 

Pressure recovery along the chord is more pronounced at higher freestream velocities, 

with a steeper pressure gradient observed from the leading edge to the mid-chord 

region on the lower surface. These results reflect an increase in aerodynamic loading 

and align with theoretical expectations of downforce scaling. The 8 mm pitch 

resolution also enabled the collection of more accurate local pressure peaks and 

gradients than the coarser 20 mm pitch configuration. 

4.2 CFD Simulations 

4.2.1 Turbulence Model Setup Methods 

To investigate the influence of turbulence modelling on simulation accuracy, three 

Reynolds-averaged Navier-Stokes (RANS) turbulence models were individually 

tested in Siemens STAR-CCM+. The three models applied were: 

- k-𝜔 SST 

- Spalart-Allmaras 

- k-𝜀  

Each turbulence model was simulated at Reynolds numbers corresponding to free-

stream velocities of 10 m/s and 15 m/s, matching the wind tunnel conditions as 

described. Simulations were conducted at each configuration, resulting in six 

individual datasets. Identical mesh and boundary conditions were applied across all 

models to ensure consistency throughout. Each simulation was activated 

independently within the RANS framework. 

Initial tests using the k-𝜔 SST model served as the baseline configuration due to its 

proven effectiveness in capturing boundary layer separation and adverse pressure 
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gradients (Section 2.7.6). The Spalart-Allmaras model was selected to evaluate its 

performance in near-wall flow conditions with lower computational cost, while the 

standard k-𝜀 model was included to assess its suitability in free-shear flow 

environments despite its known limitations in predicting near-wall separation. 

Simulation outputs extracted surface pressure distribution along the upper and lower 

surfaces of the rear wing, specifically at chordwise positions of E1, matching Aerostrip 

sensor locations. This allowed for direct comparison with experimental pressure data 

and evaluation of each model’s prediction accuracy. 

4.2.2 10 m/s Freestream Velocity Results 

The predicted surface pressure distributions along the chord’s upper and lower 

surfaces of the rear wing assembly using three turbulence models in separate 

simulations: k-ω SST, k-𝜀 and Spalart-Allmaras are presented. Each test was 

conducted at a Reynolds number of 3.35 x 105, equivalent to a freestream wind velocity 

of 10 m/s. 

 

Figure 22 - Turbulence Model Simulation Pressure Distribution Data Prediction at 10 m/s Velocity.  

All three models show similar general trends across both the upper and lower surfaces. 

The upper surface pressure distribution remains relatively consistent between models. 

The variation is minimal and consistent along the high-pressure region. On the lower 

surface, a more pronounced pressure drop is observed at the leading edge, with clear 

variation between models. The k-𝜔 SST model shows a higher pressure distribution 

compared to the other two models along the lower surface. 
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4.2.3 15 m/s Freestream Velocity Results 

Predicted surface pressure distributions along the chord’s upper and lower surfaces of 

the rear wing model using three turbulence models: k-ω SST, k-𝜀 and Spalart-Allmaras 

is shown. All simulations were conducted at a free-stream velocity of 15 m/s, 

corresponding to a Reynolds number of 5.03 × 105 , consistent with the higher wind 

tunnel test condition. 

 

Figure 23 – Turbulence Model Simulation Pressure Distribution Data Prediction at 15 m/s Velocity.  

As expected, the increased freestream velocity leads to a more significant pressure 

differential across the wing. Compared to the 10 m/s case, the pressure gradient at 15 

m/s is steeper, especially near the leading edge of the lower surface. 

While the general shape of the pressure distribution remains consistent, variations are 

observed in the magnitude of pressure peaks. The k-𝜔 SST model predicts a higher 

leading edge pressure peak before dropping closer to alternate model predictions 

further downstream.  

These results establish a baseline for comparing turbulence model performance under 

matched Reynolds number conditions. The extracted pressure data will be directly 

compared with wind tunnel measurements to evaluate the predictive accuracy of each 

turbulence model. 
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5 Analysis 

5.1 Turbulence Model Validation 

To evaluate simulation accuracy, surface pressure predictions from three RANS 

turbulence models, k-𝜔 SST, k-𝜀 and Spalart-Allmaras, are compared with Aerostrip 

experimental wind tunnel measurements at both 10 m/s and 15 m/s free-stream 

velocities. This comparison assesses each model’s ability to replicate pressure 

distribution trends along the chord of the rear wing. 

At both wind speeds, all three turbulence models produced nearly identical pressure 

distributions on the upper surface, showing consistent predictive performance in 

regions of steady flow. This observation supports findings from Zhang et al. [26], who 

showed that RANS models typically perform well in stable flow.  

However, distinct variations are observed along the chord of the lower surface, where 

flow accelerates significantly near the leading edge and produces steep pressure 

gradients. In this region, the k-𝜔 SST model predicted slightly higher pressure 

magnitudes compared to Spalart-Allmaras and k-𝜀 models. This suggests that the k-𝜔 

SST model more effectively predicts flow acceleration and boundary layer interactions 

on the lower surface. 

 

Figure 24 – Turbulence Model Simulation Pressure Distribution Data Prediction at 10 m/s Velocity compared to 

Aerostrip Measurement Data. 

At 10 m/s, the experimental data shows a slightly higher pressure on the upper surface 

than predicted by all turbulence models. This discrepancy can be introduced from 

limitations in turbulence models that approximate flow stability and wall-normal 

pressure gradients. RANS models may underpredict pressure retention, especially in 

areas with viscous effects; however, finding the balance between computational 
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efficiency and prediction accuracy is essential in a heavily restricted testing 

environment (Section 2.9). 

 

Figure 25 - Turbulence Model Simulation Pressure Distribution Data Prediction at 10 m/s Velocity compared to 

Aerostrip Measurement Data. 

At 15 m/s, the leading edge pressure value on the lower surface aligns almost 

identically with the k-𝜔 SST prediction, while Spalart-Allmaras and k-𝜀 models are 

shown to overestimate the pressure drop. This suggests that these models inaccurately 

simulate how the flow splits at the leading edge. Additionally, the k-𝜔 SST model 

shows closer alignment with wind tunnel measurement data along the lower surface 

chord overall compared to other models. 

The k-𝜔 SST turbulence model will be used as the reference model in subsequent 

comparisons with wind tunnel results. This validation highlights the importance of 

selecting an appropriate turbulence model, particularly when utilising simulation 

outputs for real-world aerodynamic development. In motorsport, where marginal gain 

can lead to great success, subtle variations between models can significantly influence 

design decisions and performance optimisation. 

5.2 Large-Scale Aerodynamic Trend Comparison (20 mm Pitch Element 

Sensors) 

Surface pressure distributions are measured along the chord of a Formula 1-style rear 

wing using Aerostrip sensors, specifically on the upper and lower surfaces of E1, using 

the 20 mm pitch element configuration. CFD simulation predictions use the k-𝜔 SST 

turbulence model, proven as the closest aligning to measurements. The results are 

shown for wind tunnel test velocities of 10 m/s and 15 m/s: 

-600

-500

-400

-300

-200

-100

0

100

200

0 50 100 150 200 250 300

P
re

s
s
u
re

 (
P

a
)

Chord Position Along Wing (mm)

Wind Tunnel Measurements vs Simulation 
Turbulence Models - 15 m/s

k-ω SST k-ε Spalart-Allmaras Wind Tunnel Measurements



40 

 

Figure 26 - Comparison of Aerostrip 20 mm pitch element wind tunnel measurements to simulation predictions 

using k-𝜔 SST turbulence model at Freestream Velocity of 10 m/s. 
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Figure 27 - Comparison of Aerostrip 20 mm pitch element wind tunnel measurements to simulation predictions 

using k-𝜔 SST turbulence model at Freestream Velocity of 15 m/s. 

At both velocities, the general pressure distribution follows the expected aerodynamic 

trend, with the lower surface experiencing a pressure drop due to the increased airflow 

velocity. In contrast, the upper surface maintains relatively high pressure. This 

pressure differential generates downforce acting on the wing, in line with the 

aerodynamic principles described in Sections 2.4 and 2.5. 

It was observed that a clear divergence between experimental and simulated pressure 

values is evident on the lower surface. Approximately 200 mm along the chord, while 

simulated predictions continue to follow the curvature of the aerofoil, the wind tunnel 

data shows a rapid increase in pressure, approaching ambient conditions. This sharp 

change strongly suggests boundary layer flow separation, which detaches from the 

surface due to an adverse pressure gradient, as discussed in Section 2.6.2. 

This separation effect is evident at both 10 m/s and 15 m/s, indicating consistency in 

the physical behaviour and proving the consistency of the Aerostrip sensors. 

Additionally, the location of separation remains at approximately the same chord 

region across both speeds, suggesting that the flow transition and boundary layer 

detachment are largely insensitive to the moderate increase in Reynolds number within 

the test range. This reinforces the validity of Reynolds number scaling, as discussed in 

Section 2.7.5. 
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The downforce values computed from the experimental Aerostrip data and CFD 

simulations also reflect this behaviour.  

- At 10 m/s, the measured downforce is 48.562 N, while CFD predicted 53.871 

N, yielding a 10.4% error.  

- At 15 m/s, the experimental result is 95.073 N, whereas the simulation 

predicted 124.890 N, resulting in a more significant 27.1% error.  

The increasing discrepancy at higher velocity may be due to the limitations of RANS-

based turbulence modelling in predicting separated, unsteady flow regions, as 

highlighted in Section 2.7.6. 

This trend reflects Newton’s Third Law, as the increased downward deflection of fast-

moving air results in a greater aerodynamic reaction force at higher speeds. However, 

it also illustrates the challenge of accurately modelling complex viscous and turbulent 

effects numerically, particularly in real-world geometries. 

To evaluate pressure distribution across the wingspan, Aerostrip sensors are installed 

at both quarter-span locations on each surface of E1 during select tests. 

- At 10 m/s, the upper surface pressure varied by only 2.81%, while the lower 

surface showed a 13.49% variation.  

- Similarly, at 15 m/s, upper surface variation is 1.30% and lower surface 

variation is 13.42%.  

The more significant inconsistency on the bottom surface may be caused by real-world 

asymmetries in the test setup, including slight misalignments during mounting, 

interference from the central beam and bracket, or minor inaccuracies in the physical 

wing geometry itself. Subtle variations in wing curvature, thickness or surface material 

can cause local changes in flow behaviour, making the lower surface increasingly 

susceptible to inaccurate pressure readings. In contrast, the upper surface showed 

stronger symmetry, indicating that these factors had a lesser influence on the flow 

above the wing. 

Overall, the findings demonstrate that the 20 mm pitch Aerostrip configuration 

effectively captures large-scale aerodynamic trends, including pressure gradients and 

regions of flow separation. The results provide a valuable validation baseline against 

CFD predictions, reinforcing the sensor’s ability to capture real-world aerodynamic 

effects in motorsport conditions. 

The data aligns with expected aerodynamic trends and behaviour, with the lower 

surface experiencing more negative pressure (stronger suction) than the positive 

pressure on the upper, a typical characteristic of effective downforce-generating wings. 

However, there is evident variation between the wind tunnel-measured surface 

pressure values and the simulated predictions, which is due to real-world aerodynamic 

factors contributing to increased flow separation, boundary layer detachment, 
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turbulent wake structures and viscous effects. The boundary layer lost momentum and 

detached from the surface. 

5.3 Fine-Scale Pressure Peak Comparison (8 mm Pitch Element Sensors) 

High-resolution surface pressure measurements from the leading edge of E1 were 

measured using the 8 mm pitch Aerostrip sensor strips at freestream velocities of 10 

m/s and 15 m/s. These are directly comparable to CFD predictions using the k-𝜔 SST 

turbulence model.  

At both speeds, the finer pitch configuration provides distinct aerodynamic features 

that are less clearly resolved by the 20 mm pitch sensors. The increased resolution 

offers a closer insight into rapid pressure changes near the leading edge, particularly 

where the airflow first hits the curved geometry of the wing and splits between the 

upper and lower surfaces. 

 

Figure 28 - Comparison of Aerostrip 8 mm pitch element wind tunnel measurements to simulation predictions using 

k-𝜔 SST turbulence model at Freestream Velocity of 10 m/s. 

At 10 m/s, a sharp pressure drop is observed on the lower surface immediately at the 

leading edge. This minimum pressure region reflects the acceleration of flow beneath 

the aerofoil, consistent with Bernoulli’s principle. It is observed that the pressure drop 

in the experimental data is slightly lower and more abrupt than in the simulation 

results. This suggests that the flow begins to split and accelerate sooner than predicted, 
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likely due to the differences in the simulated mesh refinement or idealised assumptions 

about the inlet conditions and surface curvature. 

In contrast, the upper surface shows good agreement between the wind tunnel and 

simulation data, with no indication of flow separation. Pressure remains relatively 

stable across the measured chord length, which emphasises attached flow and 

reinforces the effectiveness of the k-𝜔 SST turbulence model in predicting pressure 

retention in these regions. 

 

Figure 29 - Comparison of Aerostrip 8 mm pitch element wind tunnel measurements to simulation predictions using 

k-𝜔 SST turbulence model at Freestream Velocity of 15 m/s. 

At 15 m/s, the magnitude of pressure on the upper surface indicates that the simulation 

results are underpredicting along the wing’s chord. This discrepancy may be due to the 

increased velocity gradient at higher freestream speeds, amplifying the effect of 

boundary layer behaviour on surface pressure. The simulation may be underestimating 

the wall-normal pressure recovery due to limitations in turbulence modelling, mesh 

density near the wall or boundary condition assumptions. 

Another contributing factor could be sensor boundary proximity. At higher speeds, 

minor inaccuracies in the physical wing surface or leading edge may influence the 

local pressure distribution more strongly, especially if the simulation assumes a 

perfectly smooth profile. 
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At this wind velocity, the Aerostrip measured pressure drop becomes more pronounced 

and abrupt on the lower surface, occurring earlier in the chord than predicted by CFD 

simulations. This further supports the idea that the simulation may underestimate flow 

acceleration or delay leading edge behaviour. These findings align with the limitations 

of RANS models in capturing steep gradients and initial boundary layer transitions. 

During both tests, no evidence of boundary layer separation is detected on either 

surface. Pressure distributions follow the expected trends, with strong agreement 

across both wind speeds, suggesting that the boundary layer remains attached in the 

observed chord region. This is expected, as the 8 mm sensor only covers the front 

portion of the wing’s chord where the pressure gradient does not cause separation. This 

consistency supports the reliability of the Aerostrip sensor, in agreement with 

validation by Zhang et al. [1] and Subramanian et al. [2]. 

These results also confirm accurate Reynolds number scaling between the 10 m/s and 

15 m/s conditions. Although the magnitude of pressure changes with velocity (as 

expected from dynamic pressure scaling), the overall shape and distribution remain 

consistent, validating the assumptions described in Section 2.7.5. 

Overall, the high-resolution measurements from the 8 mm pitch Aerostrip reveal 

aerodynamic behaviour that would be difficult to detect with coarse instrumentation. 

The leading edge pressure drop and recovery are resolved with clarity, providing 

strong support for Aerostrip’s ability to detect critical flow features in the boundary 

layer. 

5.4 Combined Sensor Elements 

To evaluate the consistency of Aerostrip measurements across varying resolutions, 

data from both the 20 mm and 8 mm pitch configurations are plotted together for each 

freestream velocity. This allowed for a direct visual comparison of pressure trends 

along the chord of the wing. 
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Figure 30 - Combined Aerostrip Sensor Measurements from both 20- and 8-mm pitch elements at 10 m/s freestream 

velocity. 
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Figure 31 - Combined Aerostrip Sensor Measurements from both 20- and 8-mm pitch elements at 15 m/s freestream 

velocity. 

At both 10 and 15 m/s, the combined datasets show strong agreement in overlapping 

regions, with few discontinuities or unexpected offsets between the two sensor types. 

The 8 mm pitch elements captured finer detail in the leading edge region, whereas the 

20 mm pitch elements exhibited a larger-scale pressure trend along the remainder of 

the chord. The smooth transition between the two datasets reinforces the accuracy and 

repeatability of the Aerostrip sensors under consistent test conditions. 

Although data for each pitch is collected in separate runs, which can cause variance in 

results, the close alignment across multiple tests shows minimal variability in the open-

loop wind tunnel conditions. It confirms that the recorded pressure distributions are 

reliable. This supports the integration of fine- and coarse-resolution data for more 

detailed aerodynamic analysis without excessively compromising accuracy. 
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6 Aerodynamic Evaluation & Future Development 

6.1 Discussion 

The Aerostrip’s ability to capture high-resolution pressure gradients, especially the 8 

mm pitch configuration, enabled the detection of leading edge flow acceleration and 

pressure recovery, thereby reinforcing the sensor’s value as an aerodynamic 

measurement tool. Notable pressure discrepancies, especially in the lower surface 

boundary layer, are associated with real-world flow separation and wake turbulence. 

These effects are difficult to predict using RANS-based turbulence models.  

Although only partial chord coverage was achieved due to concerns that overlapping 

sensors would introduce flow disturbances, the collected data is sufficient to identify 

key aerodynamic behaviours and allowed for downforce comparison. The decision to 

limit chord coverage was necessary to preserve the validity of pressure measurement 

data and minimise airflow disruption. 

Importantly, this study marks the first experimental validation of USM’s simulation 

predictions for airflow behaviour and component performance. This highlights the 

Aerostrip’s role in enhancing confidence in the team’s existing CFD workflow by 

utilising a non-invasive testing method that is reusable and non-destructive to 

component materials, thereby making it an effective alternative to traditional testing 

methods such as pressure taps or pressure-sensitive paint. The observed flow 

separation in measured outputs provides direct evidence for evaluating the 

aerodynamic wing model and adjusting parameters, such as the angle of attack, which 

is currently fixed in the wing design. 

6.2 Future Work 

Improvements can be made in future testing to enhance data quality and further extend 

analysis. One key development would be to lengthen the chordwise coverage of the 

Aerostrip sensor. Installing an additional Aerostrip to measure the full chord length 

would provide a comprehensive understanding of pressure recovery and boundary 

layer detachment in the trailing edge region. However, careful attention would be 

needed to optimise mounting methods that minimise airflow interference while 

maintaining high data accuracy. 

Further improvements could be made to the structural rigidity of the custom-designed 

mounting system. During testing, the aluminium mounting plate showed minor 

oscillations and flexing under load, which may have introduced variability into the 

pressure measurements. Replacing the plate with a stiffer material or reinforcing the 

structure would improve measurement stability and overall test repeatability. 

The feasibility of on-track testing should be explored to expand the applicability of the 

Aerostrip system. However, one limitation of live data collection is the requirement 

for a wired connection to operate Chameleon software, restricting testing to static 

environments or the use of passenger vehicles. Future development of the Aerostrip 
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system could incorporate wireless data acquisition, onboard storage, or battery-

powered logging to support dynamic tests for single-seater race cars. 

In terms of aerodynamic optimisation, the observed boundary layer separation at the 

mid-chord region suggests that refinement to USM’s rear wing design will be 

beneficial. Altering the angle of attack of the main element as it connects to the body 

of the race car could delay separation and improve aerodynamic efficiency. 

Additionally, modifying endplate geometry may help to control vortex formation and 

improve spanwise pressure uniformity. 

Repeating identical tests with refined geometries in the rear wing design would provide 

valuable comparative data to show future improvements to airflow management using 

the Aerostrip sensor strip technology. This data serves as a baseline for the ongoing 

development of the USM race car and validation of CFD simulations using updated 

parameters. 

Given the numerous restrictions imposed by the FIA on wind tunnel testing time and 

CFD simulation hours, the Aerostrip’s low cost, reusability and ease of 

implementation make it a valuable tool for modern aerodynamic development in 

motorsport. 
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7 Conclusions 
This study successfully demonstrates the application of Pressure Profile System’s 

Aerostrip for aerodynamic development in motorsport. By implementing Aerostrip 

sensors onto the element of a Formula 1-style rear wing and testing in controlled wind 

tunnel conditions, detailed surface pressure distributions are measured. Real-world 

aerodynamic effects, such as flow separation, boundary layer development and viscous 

flow, are analysed to understand the difference between theoretical predictions and 

actual aerodynamic behaviour. 

To validate the findings, an identical model assembly was created and simulated in 

CFD using Siemens STAR-CCM+ and a range of RANS turbulence models are tested. 

These simulations enabled a direct comparison of predicted and measured pressure 

distributions at two Reynolds number conditions. The k-𝜔 SST turbulence model 

provided the closest agreement with experimental results, particularly in regions near 

the leading edge of the aerofoil with steep pressure gradients. The variation in 

predicted downforce values highlights limitations in RANS-based turbulence models 

and suggests that real-world aerodynamic effects, such as boundary layer separation 

and spanwise pressure variation, must be accounted for during simulation calibration. 

This analysis highlighted the importance of selecting appropriate turbulence modelling 

for accurate prediction of flow behaviour. 

Differing Aerostrip sensor configurations, with a coarse 20 mm and a finer 8 mm pitch, 

allowed for the evaluation of large-scale aerodynamic trends as well as fine-scale 

pressure peaks. Utilising both configurations proved effective in detecting flow 

acceleration, pressure recovery and potential boundary layer separation, particularly 

near the mid-chord of the element’s lower surface.  

The Aerostrip measured data reinforced key aerodynamic principles. Pressure 

differentials aligned with Bernoulli’s Principle, demonstrating how changing velocity 

influences pressure distribution, while the generation of downforce validated 

Newton’s Third Law through the equal and opposite reaction of airflow deflection. 

Additionally, the evident mid-chord separation showed the importance of minimising 

the transition from laminar to turbulent flow for optimal aerodynamic efficiency. 

Overall, the Aerostrip sensor system has proven to be a reusable, accurate and flexible 

tool for aerodynamic testing in motorsport. Its non-intrusive design and compatibility 

with CFD make it well-suited in an environment with many limitations in wind tunnel 

and simulation resources. With further development in sensor coverage and hardware 

reduction, the Aerostrip is a highly promising newcomer for enhancing real-world 

aerodynamic validation and vehicle performance optimisation in future motorsport 

applications. 
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Appendices 

Appendix A: Tab and Plate Drawings 

(Drawings provided in supplementary CAD files as per submission instructions) 
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