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[bookmark: _Toc239623731]Abstract
This project used Computational Fluid Dynamics (CFD) to characterise the aerodynamic performance of the Mygale F4 and develop a bargeboard to manage the disturbed front-wheel wake. A steady RANS methodology was established in ANSYS Fluent before assessing vehicle ride-height sensitivity, mapping the baseline wheel wake and systematically varying bargeboard position and geometry. The baseline analysis identified a low-velocity, reduced-total-pressure region travelling towards the floor, providing the target for flow control. A 100 mm lateral leading-edge position was selected before three turning profiles and three lateral displacement () values were investigated. The results showed that bargeboard geometry significantly affected downforce, drag, efficiency and aerodynamic balance. The delayed profile at 250 mm provided the strongest overall compromise, increasing downforce and aerodynamic efficiency without increasing drag while shifting aerodynamic balance rearwards. The study demonstrates that wake-specific flow control can improve whole-vehicle aerodynamic performance, although experimental validation is recommended before physical implementation. 
[bookmark: _Toc239623732]Introduction
The Mygale F4 was originally developed to comply with Formula 4 regulations, where aerodynamic development is deliberately restricted. The vehicle considered in this project has been adapted to compete within chapter 14 – sprint, hill climb and hot lap challenge categories governed by the Motorsport UK National Competition Rules (NCR). These regulations provide greater aerodynamic freedom than the vehicle's original Formula 4 specification, creating an opportunity to further develop the existing aerodynamic package through the introduction of additional flow-control devices.
Previous aerodynamic development of the vehicle has focused on improving the performance and balance of the existing package. Previous work investigated development of the front wing (Boardman, 2026), further development has also been undertaken on the rear wing and diffuser by the vehicle owner Chris Bull. This project extends this development programme by investigating an area of the vehicle that has not previously been investigated which is the region downstream of the exposed front wheel and upstream of the floor. Rather than redesigning an existing load-generating component, the study considers whether a dedicated flow-control device can improve the aerodynamic conditions experienced by downstream components. This was determined after the baseline analysis and agreed with the car owner.
Aerodynamic downforce increases the vertical load acting on the tyres without a corresponding increase in vehicle mass. This allows the tyres to generate greater forces at the contact patch, improving cornering, braking and traction performance. For this reason, race-car aerodynamic development aims to generate useful downforce while limiting the associated drag penalty and maintaining an appropriate aerodynamic balance (Katz, 2006).
This challenge is particularly significant for open-wheel vehicles because the exposed front wheels generate complex wake regions containing velocity deficits and vortical structures (Mears, 2004). These wake regions are significant because the front wheels are positioned upstream of aerodynamically sensitive components, allowing disturbed flow to interact with the floor, sidepods and other downstream surfaces. 
This project investigates the development of a bargeboard positioned downstream of the Mygale F4 front wheel. The device is intended primarily as a flow-control surface, manipulating the disturbed wheel wake and the flow supplied to the floor and downstream aerodynamic components. Computational Fluid Dynamics (CFD) is used to first characterise the aerodynamic platform and baseline flow field before an iterative design process is used to vary the position and geometry of the bargeboard systematically.
[bookmark: _Toc239623733]Aims and Objectives 
The overall aim of the project is to improve the aerodynamic efficiency of the Mygale F4, with particular emphasis on increasing downforce while also achieving a rearward shift in aerodynamic balance. In addition, this study seeks to establish how bargeboard position and geometry influence front-wheel-wake behaviour and the aerodynamic performance of downstream components.
Objectives
· Understanding of the aerodynamic platform 
· Optimise the aerodynamic balance rearwards
· Improve aerodynamic efficiency with a focus on increasing downforce on a sprint car
[bookmark: _Toc239623734]Literature review
[bookmark: _Toc239623735]Race-Car Aerodynamic Performance
Aerodynamics are a fundamental contributor to race-car performance because aerodynamic forces can increase the vertical load acting on the tyres without a corresponding increase in vehicle mass. This allows greater tyre forces to be generated during cornering, braking and acceleration. 
Katz (2006) identifies downforce generation as one of the principal objectives of race-car aerodynamic development. Aerodynamic forces are conventionally represented using the lift and drag coefficients, () and (), which enable configurations to be compared independently of vehicle speed and reference area. In the present study, negative (() represents downforce, where more negative coefficient corresponds to increased aerodynamic loading. Although increased downforce is generally desirable, modifications that increase aerodynamic loading frequently also increase drag. Aerodynamic efficiency provides an additional performance measure and may be expressed in the present study as

where a larger value indicates greater downforce generation relative to aerodynamic drag.
Guerrero and Castilla (2020) demonstrated through full-vehicle Formula 1 CFD that aerodynamic performance results from the interaction of multiple components rather than the isolated behaviour of individual devices. This is particularly important for flow-control devices, which may generate relatively little force directly but can modify the pressure, velocity and vortex structures experienced by downstream components. Aerodynamic modifications should be assessed at full vehicle level.
The distribution of aerodynamic loading influences the forces acting at the front and rear axles and directly contributes to vehicle handling. Szudarek and Piechna (2021) reported front and rear lift coefficients separately and considered changes to the rear aerodynamic package to compensate for additional front loading. This demonstrates the importance of maintaining an appropriate aerodynamic balance when modifying an existing vehicle. 
Aerodynamic performance is also dependent on vehicle attitude. Broniszewski and Piechna (2019) showed that changes in vehicle attitude during braking alter both the magnitude and distribution of aerodynamic forces. Experimental work by Aschwanden et al. (2006) similarly demonstrated that vehicle motion can change aerodynamic response compared with a single fixed position. Their work highlights the importance of understanding the vehicles platform and its sensitivity to variations in ride height, rake, yaw and roll changes.
Overall, race car aerodynamic performance depends on the magnitude and distribution of aerodynamic forces, together with how consistently these are maintained as the platform changes. This supports assessing aerodynamic modifications at full vehicle level and mapping platform sensitivity before detailed component development begins.

[bookmark: _Toc239623736]Exposed-Wheel Aerodynamics
Exposed wheels are a defining characteristic of open-wheel racing cars and represent a significant source of both aerodynamic drag and downstream flow disturbance. When a rotating wheel is exposed directly to the freestream, a stagnation region forms on the forward face of the tyre, followed by strong pressure gradients and flow separation around the wheel. This produces a large three-dimensional wake containing regions of reduced velocity and several vortical structures (Mears, 2004; Saddington et al., 2007).
Mears and Dominy (2004) investigated the wake of a 40% scale racing-car wheel using both experimental testing and CFD. Their work showed that the flow behind the wheel cannot be represented as a simple area of reduced velocity. Instead, the wake contains several regions of separated and rotating flow which continue to develop downstream. This is important for an open-wheel car because aerodynamic components positioned behind the wheel will operate within this disturbed flow rather than clean freestream air.
McManus and Zhang (2006) investigated an isolated wheel in contact with the ground using CFD and showed that the interaction between the rotating tyre and ground changes the flow close to the contact patch and the structure of the downstream wake. Axerio-Cilies and Iaccarino (2012) also found that the wake of a rotating Formula 1 wheel contains several interacting vortical and separated-flow regions. These studies show the importance of boundary conditions when attempting to reproduce open wheel race car aerodynamics using CFD especially rotating wheels and moving floor.
Saddington et al. (2007) used Laser Doppler Anemometry to measure the near wake of a 50% scale Formula One wheel. Measurements were taken at 1,966 locations across four downstream planes. The results identified several organised vortical structures within the wake region rather than a single uniform low-velocity region. This is particularly useful for the current study because it shows that the position and structure of the wheel wake changes at it travels downstream. The position of a flow-control device behind the wheel should consider the initial location of these wake structures and how they develop.
Several studies use downstream cut planes to identify and describe the wheel wake. Mears and Dominy (2004) used total-pressure coefficient contours to show the low-energy region formed behind an exposed racing wheel and to track how the wake developed downstream, as shown in Figures 1,2 and 3. Their results demonstrate how the wake can be identified from regions of total-pressure loss rather than from velocity magnitude alone.
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[bookmark: _Toc239426794][bookmark: _Toc239608955][bookmark: _Toc239620811][bookmark: _Toc239623229][bookmark: _Toc239623783]Figure 1 CFD Steady State Contours of Constant Total Pressure Coefficient for the Rotating Wheel at z = 0.75D (Mears and Dominy, 2004)
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[bookmark: _Toc239426795][bookmark: _Toc239608956][bookmark: _Toc239620812][bookmark: _Toc239623230][bookmark: _Toc239623784]Figure 2 CFD Steady State Contours of Constant Total Pressure Coefficient for the Rotating Wheel at z = 1D(Mears and Dominy, 2004)
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[bookmark: _Toc239426796][bookmark: _Toc239608957][bookmark: _Toc239620813][bookmark: _Toc239623231][bookmark: _Toc239623785]Figure 3 CFD Steady State Contours of Constant Total Pressure Coefficient for the Rotating Wheel at z = 1.5D (Mears and Dominy, 2004)



Knowles et al. (2002) used velocity contours together with in-plane velocity vectors to identify both the velocity deficit and the rotational structures within the wake of a rotating open-wheel racing tyre. Figures 4 and 5 show how the vector field makes the direction and rotation of the flow visible within regions that would otherwise appear only as areas of reduced velocity.
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[bookmark: _Toc239426797][bookmark: _Toc239608958][bookmark: _Toc239620814][bookmark: _Toc239623232][bookmark: _Toc239623786]Figure 4 Velocity contours for a rotating F1 wheel (Knowles et al.,2002)
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[bookmark: _Toc239426798][bookmark: _Toc239608959][bookmark: _Toc239620815][bookmark: _Toc239623233][bookmark: _Toc239623787]Figure 5 Vector field for a rotating F1 wheel (Knowles et al.,2002)



Saddington et al. (2007) also measured the wake across several downstream planes to show how the flow structure changes with distance behind the wheel. More recently, Patel, Garmory and Passmore (2022) used longitudinal and lateral cut planes to examine how the flow developed through and behind the wheel, while total-pressure coefficient contours combined with in-plane streamlines were used to identify both the low-energy wake region and the direction of the internal flow, as shown in Figure 6.
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[bookmark: _Toc239426799][bookmark: _Toc239608960][bookmark: _Toc239620816][bookmark: _Toc239623234][bookmark: _Toc239623788]Figure 6 images for total pressure plotted on lateral and longitudinal cut planes through and behind a rotating wheel (Patel, Garmory and Passmore,2022)



The authors also used three-dimensional iso-surfaces to show the development and interaction of vortical structures within the wake (Figure 7). This is useful because the wheel wake cannot be fully described from a single downstream plane, multiple two dimensional sections used together and three dimensional visualisation can be used to understand how the wake develops downstream.
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[bookmark: _Toc239426800][bookmark: _Toc239608961][bookmark: _Toc239620817][bookmark: _Toc239623235][bookmark: _Toc239623789]Figure 7 Iso-surface of the wake region behind a rotating wheel (Patel, Garmory and Passmore,2022)



Together, these studies show that total pressure, velocity contours and vectors provide complementary information when mapping an exposed-wheel wake. Total pressure helps identify the low-energy region, while velocity contours and vectors show the magnitude and direction of the flow within that region. This approach is suitable for identifying the wake core and its outer boundary before selecting the initial bargeboard position on the Mygale F4.
[bookmark: _Toc239623737]Front-Wing and Front-Wheel Interaction
The isolated-wheel studies discussed in Section 3.2 provide a useful understanding of how an exposed rotating wheel generates its wake and how to use CFD to display and understand it. The front wheel of a racing car does not operate in clean freestream flow. It is positioned directly downstream of the front wing and the velocity and direction of the air reaching the tyre have already been changed before interacting with the wheel.
Cravero and Marsano (2022) investigated the interaction between a multi-element front wing and an exposed wheel using CFD. They note that the flow around an open-wheel race car is “complicated by the presence of the rotating wheels”. By comparing configurations without a wheel, with a stationary wheel and with a rotating wheel, they separated the influence of the front wing and wheel rotation. Their results show that the exposed wheel generates a large low-velocity wake downstream of the front wing, while wheel rotation alters the shape and trajectory of these flow structures. 
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[bookmark: _Toc239426801][bookmark: _Toc239608962][bookmark: _Toc239620818][bookmark: _Toc239623236][bookmark: _Toc239623790]Figure 8 Velocity contours comparing the front-wing flow field without a wheel, with a stationary wheel and with a rotating wheel (Cravero and Marsano, 2022)



Diasinos, Barber and Doig (2017) investigated how front wing ride height changes the interaction between the wing and exposed wheel. Their results were presented using total-pressure contours and in-plane velocity vectors. Figure 9 shows that changing the wing ride height changes both the position of the low-energy flow and the strength and location of the vortical structures. This demonstrates that the wheel wake is dependent on the upstream front-wing and emphasises the interaction of the two key components that will sit directly upstream of a bargeboard. Figure 9 shows that lowering the front wing changes the position of the low-energy wake and strengthens the inwashing behaviour behind the wheel.
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[bookmark: _Toc239426802][bookmark: _Toc239608963][bookmark: _Toc239620819][bookmark: _Toc239623237][bookmark: _Toc239623791]Figure 9 Effect of front-wing ride height on total-pressure distribution and vortical structures in the wheel wake (Diasinos, Barber and Doig, 2017).



[bookmark: _Toc239623738]Ground Effect and Underfloor Aerodynamics
Ground-effect aerodynamics provides an important mechanism for generating efficient downforce on racing vehicles. Unlike an isolated aerodynamic surface operating in freestream conditions, an aerodynamic device positioned close to the road interacts with the ground plane, affecting the velocity and pressure distribution around the vehicle. Katz (2006) identifies underbody aerodynamics as a major contributor to race-car downforce because comparatively large areas of the vehicle floor can be subjected to reduced static pressure while producing a lower drag penalty than would typically be associated with generating the same aerodynamic load using exposed wings alone. The aerodynamic performance of the floor and diffuser can have a substantial influence on total vehicle downforce and overall aerodynamic efficiency.
Zhang, Toet and Zerihan (2006) provide a comprehensive review of ground-effect aerodynamics in racing cars and identify ride height as one of the principal variables governing aerodynamic performance. As the distance between an aerodynamic surface and the ground is reduced, the interaction between the surface and ground can increase flow velocity and strengthen the low-pressure region beneath the vehicle. However, this relationship does not continue indefinitely. Below a critical ground clearance, aerodynamic performance can deteriorate as the underbody flow becomes increasingly constrained commonly referred to as stall.
Experimental investigations of inverted aerofoils in ground effect can experience the same stalling effect. Zerihan and Zhang (2000) showed that reducing the ground clearance of an inverted wing initially increased downforce, while further reductions eventually led to a loss of aerodynamic performance.
For a complete racing vehicle, the diffuser forms an important part of the ground effect system. Flow entering the underbody is accelerated through the restricted region beneath the vehicle, producing reduced static pressure resulting in downforce generation. The diffuser expands the flow toward the rear of the vehicle, allowing pressure recovery while also influencing the mass flow passing through the underbody. The aerodynamic performance of the floor depends not only on the minimum ground clearance but also on the ability of the diffuser to recover pressure without excessive separation.

[bookmark: _Toc239623739]Influence of the Front-Wheel Wake on Downstream Components
As shown in Section 3.2, the wake contains low-velocity flow with several vortical structures which continue to develop as they move downstream. On an open-wheel racing car, this disturbed flow can reach the sidepod, floor and diffuser, meaning that the aerodynamic effect of the front wheel is not limited to the forces acting directly on the wheel itself. Oxyzoglou (2017), while developing a Formula SAE aerodynamic package, similarly identified the front-wheel wake as a flow structure that spreads downstream and needs to be controlled to reduce its effect on the rest of the vehicle.
Guerrero and Castilla (2020) showed that the aerodynamic performance of a Formula 1 car is strongly linked to the movement and interaction of wake and vortex structures along the vehicle. Their results show how vortices generated in the forward part of the car continue downstream and influence the flow around the floor and rear of the vehicle. This supports the use of downstream flow visualisation when assessing an upstream modification, rather than judging the modification only from its local pressure distribution.
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[bookmark: _Toc239426803][bookmark: _Toc239608964][bookmark: _Toc239620820][bookmark: _Toc239623238][bookmark: _Toc239623792]Figure 10 Vortical structures generated in the forward region of the Formula 1 car (Guerrero and Castilla, 2020)
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[bookmark: _Toc239426804][bookmark: _Toc239608965][bookmark: _Toc239620821][bookmark: _Toc239623239][bookmark: _Toc239623793]Figure 11 Development of sidepod and sealing vortices along the Formula 1 car (Guerrero and Castilla, 2020)



The total-pressure plots discussed in Section 3.2 show that the region behind the front wheel contains a significant total-pressure deficit. If this low-energy flow travels underneath the vehicle, it is presented directly to a region that relies on accelerating and maintaining attached flow to produce low static pressure. The resulting underfloor flow may differ from the same floor operating with cleaner upstream airflow. 
Clean, high-energy flow entering the underfloor is important for effective diffuser performance. Cooper et al. (1998) showed that uneven velocity distribution at the diffuser inlet, caused by boundary-layer development upstream, can influence diffuser behaviour. Disturbed or low-momentum flow entering the floor can reduce the effectiveness of the diffuser expansion and limit the downforce generated by the underbody. Diffuser studies reviewed by Zhang et al. (2006) also show that flow separation within the underfloor and diffuser can weaken the ground-effect flow structures and reduce the pressure difference responsible for downforce. This highlights the importance of maintaining a well-conditioned flow into the floor and limiting upstream disturbances that could reduce diffuser effectiveness.
Vortices also influence how the underfloor interacts with the surrounding flow. Mahon, Zhang and Gage (2004) investigated the development of edge vortices beneath a diffuser equipped body and showed that these structures contribute to the pressure field beneath the vehicle. Vortices generated by the wheel and front wing may interact with floor edge structures, changing the direction of the incoming flow and potentially altering underfloor performance.
The literature suggests that altering the flow reaching the floor may increase vehicle performance without requiring the flow-control device itself to generate significant downforce. If part of the front-wheel wake can be redirected away from the underfloor, or its vortical structure changed before reaching the floor, the downstream aerodynamic components may operate under more favourable conditions. This provides the basis for introducing the bargeboard as a flow-control device in the following section.
[bookmark: _Toc239623740]Bargeboards and Aerodynamic Flow Control
Bargeboards are used on open-wheel racing cars mainly as flow-control devices rather than as surfaces designed to generate large amounts of downforce directly. They are positioned between the front-wheel region and the leading edge of the floor, where they can interact with the disturbed flow produced by the front wing and exposed wheel. Their main purpose is to redirect this flow before it reaches aerodynamically sensitive components further downstream (Katz, 2006; Guerrero and Castilla, 2020).
One of the simplest ways a bargeboard controls the flow is through the pressure difference created across its two surfaces. This pressure difference turns the approaching air and can be used to move part of the front-wheel wake away from the floor. Nakagawa and Hojo (2014) describe large turning vanes on Formula 1 cars as producing strong outwash, moving disturbed flow away from the side of the vehicle. 
Nakagawa and Hojo (2014) demonstrated that bargeboards and adjacent flow-control devices generate coherent vortical structures that persist downstream of the components. As shown in Figure 12, vortices shed from the turning vane, bargeboard and sill plate interact and merge as they travel downstream. This illustrates that a bargeboard can influence the flow well beyond its own surface by controlling the trajectory and interaction of vortical structures entering the sidepod and floor region.
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[bookmark: _Toc239426805][bookmark: _Toc239608966][bookmark: _Toc239620822][bookmark: _Toc239623240][bookmark: _Toc239623794]Figure 12 Development and interaction of vortices shed from the turning vane, bargeboard and sill plate (Nakagawa and Hojo, 2014)



Ravelli (2019) describes the bargeboard as having a shielding effect that helps prevent tyre-wake flow from reaching the underbody. This is particularly relevant to the current project because the baseline Mygale flow field contains disturbed flow travelling from the front-wheel region towards the floor. If the bargeboard can redirect part of this flow outboard, the floor may receive a cleaner and higher-energy inlet flow.
A second important function is vortex generation. Flow separating from the upper and lower edges of a bargeboard can roll into coherent vortices. Guerrero and Castilla (2020) identified bargeboard-generated vortices as part of the wider vortex system used to manage flow around the sidepod and underfloor of a Formula 1 car. These structures can help separate the low-pressure underfloor region from the surrounding external flow, producing an effect similar to an aerodynamic seal. Katz (2006) also describes how deliberately generated vortices can be used to control flow direction and improve the behaviour of downstream aerodynamic surfaces.
The influence of a bargeboard on downstream components is shown particularly well in the 2001 BAR Honda example discussed by McBeath. Removing the bargeboards reduced the magnitude of by approximately 3.6%, while changed by only around 0.6%. The pressure coefficient across the radiator region also changed by approximately 6.8%. The pressure distribution showed changes around the leading section of the floor, diffuser and rear wing. These results suggest that much of the aerodynamic benefit of the bargeboard came from changing the flow experienced by the rest of the car rather than from force generated directly by the device.
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[bookmark: _Toc239426806][bookmark: _Toc239608967][bookmark: _Toc239620823][bookmark: _Toc239623241][bookmark: _Toc239623795]Figure 13 Change in vehicle surface-pressure coefficient caused by the removal of the bargeboards from the 2001 BAR Honda (Mcbeath, 2015)



[bookmark: _Toc239623741]Bargeboard Geometry and Design Parameters
Bargeboard performance depends strongly on its position and geometry relative to the incoming wheel wake. The lateral and longitudinal position determine which part of the developing wake is intercepted, supporting the use of downstream wake mapping before selecting the initial location.
The amount and distribution of flow turning are also important. Greater turning can increase pressure drag and, if too severe, may cause flow separation. Surface curvature controls how the required change in flow direction is applied along the board.
Bargeboards can also generate vortices that persist downstream and interact with the floor and sidepod flow. Nakagawa and Hojo (2014) observed vortices shed from bargeboards and neighbouring devices, while Booker, Zhang and Chernyshenko (2011) demonstrated the use of a Formula One bargeboard for large-scale vortex generation. Geometry must balance wake interception, flow turning, separation control and vortex generation.
Published work specifically isolating individual bargeboard geometry parameters is limited. However, the available literature identifies the main mechanisms that should guide development: wheel-wake interception, lateral flow redirection, control of flow separation and management of downstream vortical structures. These mechanisms provide the basis for the geometry variables investigated in the present study.

[bookmark: _Toc239623742]CFD in Race-Car Aerodynamic Development
Computational Fluid Dynamics is widely used in race-car development because it allows both the aerodynamic forces acting on the vehicle and the surrounding flow field to be investigated. Unlike force measurements alone, CFD can visualise pressure, velocity, total-pressure loss and vortical structures throughout the domain. This is particularly useful for the present study, where the bargeboard is intended to modify the flow reaching downstream components rather than simply generate force directly
The main alternatives are wind-tunnel testing and on-track testing. Track testing provides the most direct representation of the vehicle’s aerodynamic performance because it involves data collection under real operating conditions.
Both wind tunnel testing and CFD aim to reproduce the aerodynamic conditions experienced on track, but each has practical limitations. Wind-tunnel testing provides controlled and repeatable conditions but requires specialist facilities and is extremely expensive, particularly for full-scale or moving-ground testing. Track testing represents the real vehicle most directly but is less controlled, with results affected by weather, surface conditions and driver inputs. Katz (2006) and Toet (2013) describe CFD, wind-tunnel testing and track testing as complementary approaches, with CFD offering a practical method for rapid design development and detailed flow-field analysis before physical validation.

[bookmark: _Toc239623743]Turbulence modelling 
Airflow around a complex body like a race car contains separation, adverse pressure gradients and large wake regions. The selected turbulence model can affect the predicted aerodynamic behaviour. The SST model developed by Menter combines the  formulation near the wall with behaviour closer to  away from the surface (Menter, 1994). The model was developed partly to improve the prediction of flows containing adverse pressure gradients and separation, making it commonly used for automotive aerodynamic applications.
Pacheco, Marta and Eça (2024) investigated the use of CFD on a Formula Student car alongside wind-tunnel testing. The authors note that Formula Student teams commonly use CFD because of the associated time and cost savings but also identify that these simulations often lack proper experimental validation. Their study used a one-third-scale vehicle model and compared wind-tunnel results against RANS CFD using the SST turbulence model. A 13.7 million-cell polyhedral mesh was used, with comparisons made using lift, drag and pitching-moment coefficients together with local flow visualisation obtained good agreement with experimentally measured trends.
Guerrero and Castilla (2020) also used RANS-based CFD to investigate the complete flow field of a Formula 1 car, showing that this type of approach can capture the larger wake and vortex structures needed for vehicle-level aerodynamic analysis.
Steady state RANS approach gives a time-averaged representation of the flow. This is a limitation for open-wheel aerodynamics because the wheel wake is naturally unsteady. Parfett et al. (2022) showed that the wake can switch between different flow states. Steady state RANS will capture the general wake behaviour but not its full transient motion.
This is useful for design studies where many configurations need to be compared. Transient methods can capture more detail, but they require much greater computational time. Steady RANS provides a practical compromise between flow detail and simulation cost.
[bookmark: _Toc239623744]Mesh and computational domain 
The accuracy of a CFD solution also depends on how the computational domain and mesh are constructed. Lanfrit (2005) identifies adequate upstream, downstream and lateral clearances as important for preventing the domain boundaries from influencing the vehicle flow field. This is particularly important downstream because the vehicle wake requires sufficient distance to develop before reaching the outlet.
Local mesh refinement is also suggested in regions of complex geometry and large flow gradients to improve the resolution of important aerodynamic features without excessively increasing the overall cell count (Lanfrit, 2005).
Boundary-layer or prism layers are commonly used near solid surfaces to improve resolution of the near-wall flow. These layers provide a more structured mesh through the boundary layer, allowing the steep velocity gradients close to the surface to be represented more effectively. Fu et al. (2017) highlight the sensitivity of race-car RANS predictions to the treatment of near-wall and turbulence modelling, supporting careful mesh design in these regions.
[bookmark: _Toc239623745]Convergence and validation
Convergence is another important consideration when comparing CFD configurations. Residual reduction is commonly monitored alongside vehicle forces such as and . A solution should not be judged as converged from residuals alone if the aerodynamic force coefficients are still changing significantly.
Validation requires comparison against experimental data. Desai et al. (2008) compared CFD and experimental results for several motorsport aerodynamic applications, while Pacheco et al. (2024) compared complete Formula Student CFD against wind-tunnel measurements. Both studies show the importance of using physical data where available.
Where experimental validation is not available, CFD results should be interpreted more carefully. Celik et al. (2008) distinguish numerical uncertainty from physical validation, meaning that a mesh-converged simulation is not automatically a validated representation of the real vehicle. In this situation, using the same numerical method across all configurations is particularly important because the study becomes primarily a comparative CFD investigation.
[bookmark: _Toc239623746]Aerodynamic Platform Mapping
The aerodynamic performance of a race car depends strongly on its position relative to the ground. Changes in front and rear ride height alter underfloor flow and can affect downforce, drag and the distribution of aerodynamic load between the axles. The aerodynamic platform should be understood before individual components are developed.
Ground clearance has a particularly strong influence on ground-effect performance. Reducing ride height can increase underfloor velocity and strengthen the low-pressure region responsible for downforce, although the relationship is non-linear. Below a critical clearance, flow restriction or separation can cause performance to reduce (Zerihan and Zhang, 2000; Zhang, Toet and Zerihan, 2006).
Front and rear ride heights also determine vehicle rake. Džijan et al. (2018) found that changes in ground clearance and rake influenced both total aerodynamic loading and its distribution across the vehicle. This is important because the configuration producing the greatest downforce may not provide the most suitable aerodynamic balance. Changes in front-to-rear loading shift the aerodynamic centre of pressure and can influence vehicle handling (Katz, 2006).
A race car also does not operate at a fixed attitude. Braking, acceleration and cornering cause changes in ride height, pitch and roll, which can alter aerodynamic performance (Aschwanden et al., 2006; Broniszewski and Piechna, 2019). Ravelli (2019) similarly found that changes in front and rear ride height affected Formula 1 aerodynamic performance. These studies support mapping a range of vehicle attitudes rather than assessing the aerodynamic package at a single static position.
There is no universal optimum aerodynamic balance, as the required distribution depends on factors including weight distribution, tyres, suspension setup and desired handling characteristics (Deakin and Crolla, 2000; Toso, 2014). Platform mapping should consider downforce, drag and aerodynamic balance together, allowing a suitable development position to be selected while also identifying the vehicle's sensitivity to inevitable changes in attitude.
[bookmark: _Toc239623747]Literature Summary and Research Gap
The literature shows that open-wheel race-car aerodynamics are strongly influenced by interactions between components. Exposed front wheels generate complex three-dimensional wakes containing velocity deficits, reduced total pressure and vortical structures (Mears and Dominy, 2004; Saddington et al., 2007; Patel, Garmory and Passmore, 2022).
This disturbed flow continues towards the floor and other downstream components. Ground-effect performance is sensitive to the condition of the incoming flow, meaning that the front-wheel wake can reduce downstream aerodynamic performance as well as contribute directly to drag (Zhang, Toet and Zerihan, 2006; Soso and Wilson, 2006).
Bargeboards provide a method of controlling this flow by redirecting the wheel wake and generating vortical structures that influence the floor and sidepod region (Guerrero and Castilla, 2020; Ravelli, 2019). Diosy and Bell (2018) similarly demonstrated that bodywork developed specifically around the front-wheel wake can improve whole-vehicle aerodynamic performance. However, the effectiveness of these devices depends on their geometry and position relative to the wake being controlled.
The literature also demonstrates that ride height and rake influence downforce, drag and aerodynamic balance (Zhang, Toet and Zerihan, 2006; Džijan et al., 2018). A defined aerodynamic platform should be established before detailed component development.
A research gap remains in the systematic development of bargeboard geometry , limited published work isolates the effects of bargeboard position, turning profile and lateral flow displacement while considering downforce, drag, efficiency and aerodynamic balance together.
The present study addresses this by first establishing the vehicle aerodynamic platform and mapping the baseline front-wheel wake. Bargeboard geometry is then developed progressively through position and profile studies, using both whole-vehicle aerodynamic coefficients and local CFD flow visualisation to identify the resulting aerodynamic mechanisms.
[bookmark: _Toc239623748]Methodology
This project used Computational Fluid Dynamics to assess the aerodynamic behaviour of the Mygale M21-F4 and systematically develop a bargeboard positioned downstream of the exposed front wheel. 
CFD was selected because a detailed CAD model of the vehicle was already available, while access to wind-tunnel testing was not. It also allowed multiple design iterations to be assessed within the available time and at considerably lower cost than manufacturing and experimentally testing each configuration. This makes CFD particularly suitable for iterative aerodynamic development (Desai et al., 2008).
The methodology was divided into four main stages. First, a repeatable CFD method was established using previous work on the same vehicle together with domain-sensitivity studies. The aerodynamic platform was then assessed through changes in front and rear ride height. Once a consistent development condition had been selected, the baseline vehicle was assessed to identify areas for improvement and select the bargeboard as the focus for development. Finally, the bargeboard was developed through controlled changes in position and geometry.
ANSYS Fluent was used for all CFD simulations. The same numerical method, mesh strategy and boundary conditions were maintained between design configurations so that differences in aerodynamic performance could primarily be associated with the geometry being investigated.

[bookmark: _Toc239623749]Development of the CFD methodology
was based on previous studies using the same Mygale F4 geometry. Tudor (2026) provided the initial simulation setup, using a 40 m/s inlet velocity, half-car symmetry model, rotating wheels and a moving ground plane. The mesh used 10 mm surface sizing on the main body and wheels, 5 mm on the wings, and a single Body of Influence. The solver was run using 100 first-order iterations before switching to a second-order scheme.
Boardman (2026) further developed the CFD approach during a front-wing study of the Mygale F4. His methodology was first assessed using the MIRA notchback reference geometry before being applied to the Mygale, also using a partial-car approach.
The methods developed by Tudor (2026) and Boardman (2026), together with wider CFD literature, formed the basis of the present methodology. Further developments included an independently assessed computational domain, three Bodies of Influence, additional front-wing refinement, boundary-layer mesh treatment on the vehicle surfaces, and an extended second-order solution period.

[bookmark: _Toc239623750]Geometry preparation
The CAD model of the Mygale F4 used in this project was supplied by the vehicle owner Chriss Bull, is a complete car model seen in figures 12 15 and 16 from the isometric, front and underside views. 
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[bookmark: _Toc239426807][bookmark: _Toc239608968][bookmark: _Toc239620824][bookmark: _Toc239623242][bookmark: _Toc239623796]Figure 14 Isometric view of the supplied Mygale F4 CAD model
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[bookmark: _Toc239426808][bookmark: _Toc239608969][bookmark: _Toc239620825][bookmark: _Toc239623243][bookmark: _Toc239623797]Figure 15 Front view of the supplied Mygale F4 CAD model
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[bookmark: _Toc239426809][bookmark: _Toc239608970][bookmark: _Toc239620826][bookmark: _Toc239623244][bookmark: _Toc239623798]Figure 16 Underside view of the supplied Mygale F4 CAD model



The supplied geometry was retained wherever possible to represent the current vehicle accurately. Simplification was limited to areas that repeatedly caused meshing problems. Small faces on the driver helmet were removed, the sharp edge around the helmet vent was smoothed, and small faces at the floor leading edge were merged. The region of the floor where modifications were made is shown in figure 17.
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[bookmark: _Toc239426810][bookmark: _Toc239608971][bookmark: _Toc239620827][bookmark: _Toc239623245][bookmark: _Toc239623799]Figure 17 diffuser leading edge region where small CAD faces were merged to improve mesh robustness



The radiator geometry was retained within the supplied Mygale CAD model. However, the radiators were not modelled within the CFD solver using a porous-media, heat-exchanger or equivalent pressure-loss model. The simulations retained the geometric presence of the radiator region but did not reproduce the pressure drop, heat transfer or detailed internal flow associated with the physical radiator cores.
Half car simulations were used throughout this study. This approach is commonly applied to symmetric geometries because a symmetry boundary condition allows only one half of the flow domain to be modelled, reducing the overall cell count and computational time. The domain was made around the whole vehicle and split by a floor plane and a 0.1mm offset symmetry plane. The symmetry plane was offset to avoid the edge visible in figure 17 which produced meshing difficulties. This small offset was applied to all simulations. 

[bookmark: _Toc239623751]Computational domain and domain-sensitivity assessment
A rectangular external-flow domain was used to represent open-road running conditions. The top and non-symmetry side boundaries were treated as free-slip surfaces rather than physical tunnel walls. This avoided the development of artificial boundary layers on boundaries that are not present when the vehicle operates on track, consistent with external-aerodynamic CFD guidance such as Lanfrit (2005).
The MIRA reference geometry was used for the domain-sensitivity investigation because its reduced geometric complexity allowed a greater number of CFD runs to be completed at lower computational cost. Three domain dimensions were investigated separately: upstream clearance, downstream clearance and the combined height/width of the domain. The studies monitored changes in and as the boundaries were moved further from the reference vehicle.
Published automotive and motorsport studies commonly specify the inlet, outlet and lateral clearances as multiples of vehicle length and this was adopted for this study Lanfrit (2005).
The upstream assessment showed that the aerodynamic coefficients became considerably less sensitive once the inlet was positioned several vehicle lengths ahead of the model. A final upstream clearance of three vehicle lengths was selected because when the domain size was smaller, the drag results saw significantly lower results and when the domain size was increased, there was little variation. 
	
[bookmark: _Toc239426811][bookmark: _Toc239608972][bookmark: _Toc239620828][bookmark: _Toc239623246][bookmark: _Toc239623800]Figure 18 Graph showing how Coefficient of drag changes as the upstream domain size is changed
	
[bookmark: _Toc239426812][bookmark: _Toc239608973][bookmark: _Toc239620829][bookmark: _Toc239623247][bookmark: _Toc239623801]Figure 19 Graph showing how Coefficient of lift changes as the upstream domain size is changed



The downstream study showed a larger sensitivity to outlet location, particularly at the shorter domain lengths. Seven vehicle lengths were selected downstream, as extending the domain further produced comparatively smaller changes while increasing the number of volume cells.
	
[bookmark: _Toc239426813][bookmark: _Toc239608974][bookmark: _Toc239620830][bookmark: _Toc239623248][bookmark: _Toc239623802]Figure 20 Graph showing how Coefficient of drag changes as the downstream domain size is  changed
	
[bookmark: _Toc239426814][bookmark: _Toc239608975][bookmark: _Toc239620831][bookmark: _Toc239623249][bookmark: _Toc239623803]Figure 21 Graph showing how Coefficient of lift changes as the downstream domain size is  changed



The height/width study showed that when the domain size is as low as 1x the car, the lift value is significantly affected by the domain size. When the domain size is above 3x the car, the variation in lift and drag are both small and were deemed to not outweigh the additional cell count.
	
[bookmark: _Toc239426815][bookmark: _Toc239608976][bookmark: _Toc239620832][bookmark: _Toc239623250][bookmark: _Toc239623804]Figure 22 Graph showing how Coefficient of drag changes as the domain height and width is changed 
	
[bookmark: _Toc239426816][bookmark: _Toc239608977][bookmark: _Toc239620833][bookmark: _Toc239623251][bookmark: _Toc239623805]Figure 23 Graph showing how Coefficient of lift changes as the domain height and width is changed



[bookmark: _Toc239429779][bookmark: _Toc239609045]Table 1 Table for selected domain sizes by multiple of car length and by mm using the Mygale F4s geometry
	Boundary
	X car length
	(mm)

	Upstream
	3x
	12,531

	Downstream
	7x
	29,239

	Above
	3x
	3,750

	Non-Symmetry Side
	3x
	7,875



[bookmark: _Toc239623752]Boundary conditions and fluid properties
The simulations represented straight-line operation at . All cases were run at yaw and steering angle.
Air was modelled as an incompressible fluid with constant properties:

and

The energy equation was disabled because thermal effects were outside the scope of the investigation. The Fluent reference temperature was 288.16 K.
The floor was defined as a moving no-slip wall travelling at 40m/s in the freestream direction. This prevented the development of a stationary-floor boundary layer beneath the car and better represented vehicle motion relative to the road, as recommended for ground-effect vehicle CFD (Zhang, Toet and Zerihan, 2006).
The front and rear wheels were defined as rotating no-slip moving walls. The rotational speed was calculated from the relationship.

and was set to

The rotation axis was defined through the wheel centre in the  direction due to the global co-ordinate system. Rotating-wheels were used because previous wheel studies show that rotation changes the near-contact-patch flow and downstream wake structure (Mears and Dominy, 2004; Cravero and Marsano, 2022; Patel, Garmory and Passmore, 2022).
The offset vehicle-centre plane was defined as the symmetry plane. The top and non-symmetry side walls were set to have zero sheer stress. All remaining vehicle surfaces were stationary no-slip walls.
[bookmark: _Toc239623753]Mesh
A polyhedral volume mesh was used for all complete-vehicle simulations. Polyhedral cells were selected because they provide a practical balance between geometric representation and cell count for complex external-aerodynamic models. Mesh refinement was adopted in the regions shown in table 2. Figures 24 through 29 show the surfaces that were selected in every surface selected in all named selection groups used in this study.
[bookmark: _Toc239609046]Table 2- mesh refinement by region
	Region
	Mesh size

	Vehicle Body
	10.0 mm

	Barge Board
	3.0 mm

	Wheels
	10.0 mm

	Rear wing
	5.0 mm

	Front Wing
	3.5 mm
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[bookmark: _Toc239608978][bookmark: _Toc239620834][bookmark: _Toc239623252][bookmark: _Toc239623806]Figure 24 Vehicle body
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[bookmark: _Toc239608979][bookmark: _Toc239620835][bookmark: _Toc239623253][bookmark: _Toc239623807]Figure 25 Side Pod
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[bookmark: _Toc239608980][bookmark: _Toc239620836][bookmark: _Toc239623254][bookmark: _Toc239623808]Figure 26 Mygale F4 Floor



	[bookmark: _Toc239426819][bookmark: _Toc239608981][bookmark: _Toc239620837][bookmark: _Toc239623255][bookmark: _Toc239623809][image: ]Figure 27 Wheels
	[bookmark: _Toc239426820][bookmark: _Toc239608982][bookmark: _Toc239620838][bookmark: _Toc239623256][bookmark: _Toc239623810][image: ]Figure 28 Rear Wing
	[bookmark: _Toc239426821][bookmark: _Toc239608983][bookmark: _Toc239620839][bookmark: _Toc239623257][bookmark: _Toc239623811][image: ]Figure 29 Front Wing




Three Bodies of Influence were used to control the transition from fine cells surrounding the vehicle to the relatively course far-field mesh.
[bookmark: _Toc239429781][bookmark: _Toc239609047]Table 3 Body Of Influence and mesh settings
	BOI
	
	
	
	Position from front of domain
	Target mesh size

	BOI 1
	6000 mm
	1500 mm
	1500 mm
	12000 mm
	50 mm

	BOI 2
	15000 mm
	2500 mm
	3000 mm
	10000 mm
	100 mm

	BOI 3
	30000 mm
	3500 mm
	4500 mm
	8000 mm
	200 mm



The innermost BOI (BOI1) was originally 7500 mm long but was reduced to 6000 mm to reduce computational cost while retaining the higher-resolution region surrounding the car and near wake. 
Three boundary layers were generated on wall boundaries using the smooth-transition method. A growth rate of 1.2 and transition ratio of 0.272 were used. Boundary layers were applied to the vehicle and other wall surfaces but not to the inlet, outlet or symmetry boundary.
The resulting production meshes contained approximately five million cells, with small variations between configurations caused by changes in bargeboard geometry. 
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[bookmark: _Toc239608984][bookmark: _Toc239620840][bookmark: _Toc239623258][bookmark: _Toc239623812]Figure 30 Domain with three BOIs used for this project visible from the side view
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[bookmark: _Toc239608985][bookmark: _Toc239620841][bookmark: _Toc239623259][bookmark: _Toc239623813]Figure 31 Domain with three BOIs used in this project from the underside view


[bookmark: _Toc239623754]Mesh quality and near-wall resolution
Mesh quality was assessed before each solution was accepted. The acceptance criteria were a maximum skewness below 0.8 and a minimum orthogonal quality above 0.15. Built in Ansys Fluent with meshing tolls – improve surface mesh and improve volume mesh were used to achieve the desired quality. Print mesh diagnostics tool was used to check before moving onto the solver.
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[bookmark: _Toc239426823][bookmark: _Toc239608986][bookmark: _Toc239620842][bookmark: _Toc239623260][bookmark: _Toc239623814]Figure 32 Mesh Metrics scales
Wall was also inspected during mesh development. The final contours showed substantial variation across the complete vehicle. Large areas of the floor, wings and body were approximately within the –150 range, while local values around the rotating wheels and highly accelerated regions reached 300 +. 
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[bookmark: _Toc239608987][bookmark: _Toc239620843][bookmark: _Toc239623261][bookmark: _Toc239623815]Figure 33 y+ surface contour from an isometric view
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[bookmark: _Toc239608988][bookmark: _Toc239620844][bookmark: _Toc239623262][bookmark: _Toc239623816]Figure 34 y + surface contour  from the underside view



A formal three-grid mesh-independence study was not performed on the complete Mygale because of the complexity and computational cost of the model. Instead, the meshing strategy was adapted from previous CFD work on the same geometry and refined until acceptable mesh quality and geometric representation were obtained.
Consequently, the approximately five-million-cell model should be treated as a consistent production mesh for comparative CFD, rather than claimed to be formally grid independent. This distinction follows the verification principles discussed by Celik et al. (2008).

[bookmark: _Toc239623755]Solver setup and turbulence modelling
All production simulations were performed using the three-dimensional pressure-based steady RANS solver in ANSYS Fluent.
The  SST turbulence model was selected. The model combines  behaviour near walls with a formulation less sensitive to freestream  away from the surface and is widely used where adverse pressure gradients and separation occur (Menter, 1994), which are expected around the Mygale front wing, exposed wheels, floor, diffuser and around the bargeboard when it is introduced.
A Coupled pressure-velocity scheme was used, with Warped-Face Gradient Correction enabled. The pseudo-time method was disabled, and the flow Courant number was set to 30.
Explicit relaxation factors of 0.25 were applied to both momentum and pressure. The under-relaxation factors for density, body forces and turbulent viscosity were set to 1.0, while turbulent kinetic energy and specific dissipation rate were both set to 0.5.
A staged discretisation method was used to improve solution stability. For the first 100 iterations, pressure used the Standard and momentum used First Order Upwind spatial discretization settings. The case was then switched to Second Order pressure and Second Order Upwind momentum and run for a further 1200 iterations. Turbulent kinetic energy and specific dissipation rate were discretised using Second Order Upwind. 

[bookmark: _Toc239623756]Convergence and result averaging
Residual convergence and aerodynamic force monitors were checked during every simulation. The Results did not always converge, and the results often settled into small oscillations. Once these values were repeating consistently, the solution was considered sufficiently converged for comparison.
For this reason, convergence was not judged from residual magnitude alone. Stabilisation of and was also used to determine whether the case had reached a repeatable solution region.
Values were exported between equivalent points in the force-monitor history, for example peak-to-peak, rather than using an arbitrary fixed number of iterations. This reduced the possibility of biasing the mean result by averaging only one part of an oscillation. The same extraction procedure was applied to the baseline and every bargeboard configuration. 

[bookmark: _Toc239623757]Aerodynamic performance measures and post-processing
Aerodynamic performance was primarily assessed using lift and drag coefficients:

and

Negative represents downforce. Fluent reference values including velocity and frontal area were re-calculated within Ansys fluent for every individual test.
Aerodynamic efficiency was calculated as

Aerodynamic balance was calculated from the longitudinal centre of pressure:

Using this equation, an increase in percentage corresponds to the centre of pressure moving further forwards.
Global coefficients alone are not sufficient to determine why a bargeboard configuration performed differently. Surface pressure was used to identify changes in aerodynamic loading on the floor, body and wings. Velocity contours were combined with in-plane vectors to show both the velocity deficit and direction of the wheel-wake flow. Total pressure was used to identify low-energy wake regions. 
These methods were selected because they are consistent with the wheel-wake literature discussed in section 3.

[bookmark: _Toc239623758]scope and limitations
The methodology was designed principally for comparative aerodynamic development. No experimental validation was available for the Mygale M21-F4 in its current aerodynamic specification. The absolute force coefficients should not be considered a fully validated representation of the physical vehicle. Instead, the study focuses primarily on relative changes between configurations, with the same numerical approach applied consistently throughout the design process.
Due to university software updates, the aerodynamic platform assessment was completed using ANSYS Fluent 2024, while the baseline and subsequent bargeboard development were carried out using ANSYS Fluent 2026. To check that the software change did not significantly influence the results, the baseline case was repeated in the newer version using the same geometry, boundary conditions and solver settings. Only negligible differences were observed in , and aerodynamic balance, providing confidence that comparisons between the platform assessment and later simulations were not significantly affected by the software update.
A steady RANS approach was used throughout the study. This provides a time-averaged representation of the flow but cannot resolve the full transient behaviour of the front-wheel wake. This is particularly relevant to an open-wheel vehicle, where the wheel wake contains naturally unsteady vortical and separated-flow structures. The results show the general wake position and aerodynamic trends rather than its instantaneous behaviour. 
Some modifications were required to the supplied CAD model to achieve a robust mesh. Small geometric features were simplified or removed where they repeatedly caused meshing problems. The radiator geometry remained present in the CAD model, but the physical pressure loss and heat-transfer behaviour of the radiator cores were not represented using a porous-media or heat-exchanger model. The simulation does not reproduce the complete internal cooling-flow behaviour of the physical car. 
Computational resources also influenced several methodological decisions. The approximately five-million-cell mesh represented a compromise between local aerodynamic resolution and achievable solution time. A formal three-grid mesh-convergence study was not completed on the full Mygale model, and transient CFD methods were not used because of their substantially greater computational demand.
Available time also limited the total number of design configurations that could be investigated. The resulting design study should be considered a systematic investigation rather than an exhaustive aerodynamic optimisation.
Despite these limitations, the same geometry-preparation, meshing, boundary-condition, solver, convergence and post-processing procedures were applied consistently across the baseline and bargeboard cases. The methodology is suitable for identifying relative aerodynamic trends and the flow mechanisms responsible for changes between configurations, while acknowledging greater uncertainty in the absolute CFD values.
[bookmark: _Toc239623759]Results
[bookmark: _Toc239623760]Platform assessment 
Before the bargeboard was introduced, the aerodynamic platform of the Mygale M21-F4 was assessed to understand how sensitive the existing vehicle was to changes in ride height and rake. Front ride height was varied from 30 to 50 mm in 5 mm intervals, while rear ride height was varied from 70 to 90 mm in 5 mm intervals. This produced an aerodynamic map of , , aerodynamic efficiency and balance across the operating range. This follows the approach established in the literature review, where ride height and rake were shown to affect both total aerodynamic loading and its distribution across the vehicle.
Produced variations of 0.1322 in and 0.0399 in across the platform, while aerodynamic balance changed much more significantly, from 44.07% to 58.12%.
[bookmark: _Toc239623761]Anomalous result
The original result was retained rather than removed from the dataset. However, a second set of contour maps was produced with the 35/80 point excluded from the interpolation so that the broader platform trends could be viewed more clearly. The adjusted maps are used for the main discussion in this section, while the original maps containing the anomalous point can be found in the appendix.
[bookmark: _Toc239623762]Drag sensitivity to platform changes 
The adjusted map shows a relatively smooth response to changes in ride height. The lowest drag generally occurs at the higher front ride-height settings, particularly towards the lower rear ride heights establishing vehicle rake angle as a driving factor for drag production. the total variation in across the complete map was only approximately 0.0399 representing a 2.28% difference. 
The context of this project is sprint and hill climb cars which prioritizes downforce and aerodynamic balance over drag. 
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[bookmark: _Toc239608989][bookmark: _Toc239620845][bookmark: _Toc239623263][bookmark: _Toc239623817]Figure 35 Aeromap showing Drag across a range of front and rear ride heights



[bookmark: _Toc239623763]Downforce sensitivity to platform changes
The map shows a less uniform relationship with ride height. Unlike drag, there is no simple trend where increasing or decreasing either ride height consistently produces more downforce across the complete map. This suggests that changes in vehicle attitude affect several aerodynamic components simultaneously.
the strongest value occurs at 30/80 mm. In contrast, a clear reduction in downforce is visible around the central region of the map, particularly close to 40/80 mm. The difference between the result at 30/80mm and 40/80mm was only 0.0799 representing an decrease in downforce production of 1.78%.
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[bookmark: _Toc239608990][bookmark: _Toc239620846][bookmark: _Toc239623264][bookmark: _Toc239623818]Figure 36 Aeromap showing Lift across a range of rear and front ride heights



[bookmark: _Toc239623764]Aerodynamic Efficiency sensitivity to platform changes
Aerodynamic efficiency was calculated from

The efficiency map combines the trends seen in the lift and drag results. Higher efficiency is generally found where the vehicle maintains strong downforce without a corresponding large increase in drag. The adjusted map shows favourable regions around the middle-to-higher front ride heights at lower rear ride heights, while efficiency reduces through parts of the lower-front/high-rear ride-height region.
The central reduction around the 40/80 region is again visible because the loss in downforce is proportionately larger than the reduction in drag.
The adjusted map shows favourable regions around the middle-to-higher front ride heights at lower rear ride heights, while efficiency reduces through parts of the lower-front/high-rear ride-height region.
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[bookmark: _Toc239608991][bookmark: _Toc239620847][bookmark: _Toc239623265][bookmark: _Toc239623819]Figure 37 Aeromap showing aerodynamic efficiency across a range of front and rear ride heights



[bookmark: _Toc239623765]Aerodynamic Balance sensitivity to platform changes
Aerodynamic balance showed the greatest sensitivity to changes in vehicle attitude. Across the investigated range, front aerodynamic balance varied from approximately 44% to 58%, giving a total variance of 12.07 percent when removing 35/80 and 14.05 when including the data point. 
This is significant because it means that relatively small changes in total aerodynamic force can be accompanied by a much larger movement of the centre of pressure.
As discussed in Section 3.9, there is no universal optimum aerodynamic balance for all race cars. The preferred distribution depends on the vehicle's weight distribution, tyre characteristics, suspension setup and driver preference.
However, a 45–50% front aerodynamic-balance range is used in this study as a target range. Values substantially above this range represent a more forward centre of pressure, while lower values indicate a more rearward aerodynamic distribution.
This is also important from a driver perspective. Race-car setup generally aims to provide predictable high-speed behaviour, with neutral balance or a small amount of understeer normally providing greater stability than a strongly oversteering condition. Moving the aerodynamic centre of pressure too far forwards can make the rear axle proportionally more lightly loaded at high speed and increase the tendency towards oversteer.
The platform map shows that several ride-height combinations move towards or beyond the upper end of the adopted balance range. These configurations were considered less desirable even where total downforce remained competitive.
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[bookmark: _Toc239608992][bookmark: _Toc239620848][bookmark: _Toc239623266][bookmark: _Toc239623820]Figure 38 Aeromap showing aerodynamic balance across a range of rear and front ride heights



[bookmark: _Toc239623766]Ride height selection 
A front ride height of 30 mm and rear ride height of 75 mm was selected for all subsequent baseline and bargeboard simulations.
The choice was based on the overall platform behaviour rather than selecting the absolute maximum value from one aerodynamic map. Firstly, the small changes in and showed that the vehicle was relatively insensitive to ride height in terms of total aerodynamic force. This allowed greater emphasis to be placed on aerodynamic balance.
Secondly, the 30/75 mm condition avoids the local reduction in downforce and balance visible around the central region of the map. This provides a more suitable reference condition for later design development.
The lower front ride height was also supported by previous work on the same Mygale front wing. Boardman (2026) found that reducing front-wing ride height increased its aerodynamic loading, with the standard wing producing progressively greater downforce as ride height was reduced from 40 to 30 mm. This supports adopting a low front ride height for the baseline of this study.
A lower front ride height may also increase the potential effectiveness of the floor by strengthening its interaction with the ground. This is particularly relevant to the later bargeboard development because the purpose of the device is to improve the flow supplied to the underfloor. Selecting a platform where the floor has greater potential to respond to improved inlet flow provides a useful condition for assessing the effect of the bargeboard.
The 30/75 mm configuration was selected as a development platform rather than an absolute aerodynamic optimum. All subsequent baseline and bargeboard configurations were assessed at this same ride height so that changes in aerodynamic performance could be attributed to the introduced geometry rather than changes in vehicle attitude.
[bookmark: _Toc239623767]Baseline results 
Following selection of the vehicles ride height from the platform assessment, an initial aerodynamic evaluation of the Mygale M21-F4 was conducted. The purpose of this assessment was to establish the baseline aerodynamic behaviour of the vehicle and identify regions in which additional flow control could potentially improve performance. The focus was on the front-wheel wake, the leading edge of the floor and the downstream underfloor flow.
The baseline configuration results for CL, CD, Efficiency and balance are presented in table 4. These values provide the reference values for design comparisons.

[bookmark: _Toc239609048]Table 4 Baseline result table at 30/75 ride height
	Variable
	CD
	CL
	Efficiency
	Balance

	Value
	0.8837
	-2.2639
	2.5618
	47.05%



By sectioning the car and calculating CLA, table 5 shows the aerodynamic contribution of the floor as well as the front and rear wing.
CLA and CDA were used to compare component forces independently of the vehicle reference area. The CLA value for the front wing is only 3.64% less than that of the rear wing and the CDA is 57.37% lower. The floor produces less downforce than either wing on the present vehicle but also generates the least drag of the three components. This agrees with the findings of Katz (2006) and Zhang, Toet and Zerihan (2006), who identify underbody and ground-effect aerodynamics as an efficient means of generating downforce with a comparatively low drag penalty.
[bookmark: _Toc239609049]Table 5 Baseline results by region showing the effectiveness of specific components
	(4S.F.)
	Front wing
	Rear wing
	Floor

	CLA
	-0.6131
	-0.6358
	-0.4417

	CDA
	0.1140
	0.2057
	0.08647



[bookmark: _Toc239623768]Baseline Surface Pressure 
Figure 39 through 42 show a surface contour plot of the static-pressure distribution across the Mygale F4 at the selected ride height. The figures indicate that the largest pressure differences occur across the front and rear wings, confirming that these are major contributors to the vehicle's total downforce. 
Pink and red regions representing high pressure is visible on the leading faces of the vehicle, particularly the front wheel, nose, side pod and top faces of both the front and rear wings. These areas represent local flow deceleration. Dark blue regions of low pressure can be seen on the underside of both wings representing a large pressure difference which is what creates the negative lift. Figure 41 shows that the pressure on the top surface on the rear wing is greater than that of the front contributing to its larger CLA and CDA values.
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[bookmark: _Toc239608993][bookmark: _Toc239620849][bookmark: _Toc239623267][bookmark: _Toc239623821]Figure 39 Surface pressure from front view for the baseline result
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[bookmark: _Toc239608994][bookmark: _Toc239620850][bookmark: _Toc239623268][bookmark: _Toc239623822]Figure 40 Surface pressure from rear view for the baseline result
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[bookmark: _Toc239608995][bookmark: _Toc239620851][bookmark: _Toc239623269][bookmark: _Toc239623823]Figure 41 Surface pressure from top view for the baseline result
	[image: ]
[bookmark: _Toc239608996][bookmark: _Toc239620852][bookmark: _Toc239623270][bookmark: _Toc239623824]Figure 42 Surface pressure from underside view for the baseline result



The rear wing has upper and lower elements. The upper element has a significant pressure difference across caused by extreme high pressure on its top surfaces shown in figure 43. The upper elements of the rear wing include separate central and wider sections separated by an end plate. The underside of the central upper element has higher pressure due to its interaction with the lower element. This could be fixed by raising the upper element but this would be in breach of the NCR where a mandated maximum height of 900mm is enforced.

The multi element front wing generates different pressure differentials across each element. It shows the upper surface pressure scaling as it goes down the car. The elements are at varying heights with the element closest to the ground producing lower pressure on the bottom face than the others due to its interaction with the ground. 
It is clear that the pressure difference across the wings is much more significant than the floor. This smaller pressure difference is acting on a significantly larger surface area contributing to its high downforce generation.
	[image: ][bookmark: _Toc239608997][bookmark: _Toc239620853][bookmark: _Toc239623271][bookmark: _Toc239623825]Figure 43 Pressure plotted on the symmetry plane showing the interaction between the upper and lower element of the rear wing




The significant pressure difference across the wings means that with a global scale, pressure contours across the floor are not clear. Figure 44 show the floor with an adjusted scale to show these contours more clearly. It shows that the diffuser is working with lower pressure acting on the majority of the expansion phase and some low pressure propagation further forwards as the air is accelerated under the floor. There is an area of high pressure near to the symmetry plane near the start of the diffusers expansion phase.
Figure 44 shows relatively uniform pressure near the leading edge of the floor, this is an area of improvement highlighted by Mcbeth (2015) book shows that a barge board can be effective at reducing pressure at the leading edge of the floor. 
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[bookmark: _Toc239608998][bookmark: _Toc239620854][bookmark: _Toc239623272][bookmark: _Toc239623826]Figure 44 Surface pressure from the underside view with an adjusted legend to show pressure contours across the floor



The more aggressive taper of the lowered central section of the floor causes this high pressure region. Flow fails to stay attached to the flow when as simply by passes it reconnecting downstream creating a localized high pressure bubble in the diffuser. 
This is something that a bargeboard aims to fix by allowing higher energy airflow under the floor.
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[bookmark: _Toc239608999][bookmark: _Toc239620855][bookmark: _Toc239623273][bookmark: _Toc239623827]Figure 45 Vectors plotted against a cut plane at z=1.9



[bookmark: _Toc239623769]Air dam
For the purposes of this study, the component located at the leading edge of the lowered central section of the floor is referred to as the air dam. Figure 46 shows a partially transparent pressure plot intersecting the air dam at x=0.1m. A clear pressure difference exists across the component, with higher pressure on the upper surface and low pressure on the lower surface. This pressure difference is by design to create local downforce. 
As the high-pressure flow spills over the edges towards the lower-pressure side, it creates vortical structures. Figure 47 shows that these structures remain above the floor and interact with the sidepod as they develop downstream.
By changing the local pressure field the bargeboard may alter where these vortices form, their strength and their downstream path. Changes to the local pressure field and incoming flow direction may alter the formation and downstream trajectory of these vortices. Their response are monitored for design comparisons.
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[bookmark: _Toc239609000][bookmark: _Toc239620856][bookmark: _Toc239623274][bookmark: _Toc239623828]Figure 46 Pressure plotted on a cut plane at x = -0.1 with 30% transparency
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[bookmark: _Toc239609001][bookmark: _Toc239620857][bookmark: _Toc239623275][bookmark: _Toc239623829]Figure 47 image of the side of the Mygale F4 with vortex core for q-criterion at 0.005 level



[bookmark: _Toc239623770]Front wing and wheel wake
The front-wheel wake was investigated using velocity, streamline and total-pressure plots. The aim was to identify the main wake structures generated by the front wing and rotating wheel, determine how these structures develop downstream, and establish whether disturbed low-energy flow reaches the floor.
[bookmark: _Toc239623771]Initial visualization 
Figure 48 shows velocity plotted on a series of semi-transparent horizontal cut planes positioned at different heights through the front-wheel wake.
The middle and upper regions of the wheel wake show a predominantly outwashing behaviour, with disturbed flow travelling away from the centreline of the vehicle.
Closer to the floor the wake behaves differently with a stronger inwashing nature directing low velocity airflow towards the leading edge of the floor and the sidepod. 
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[bookmark: _Toc239609002][bookmark: _Toc239620858][bookmark: _Toc239623276][bookmark: _Toc239623830]Figure 48 velocity plotted on multiple cut planes located behind the front wheel at locations y = 1.8, 1.85, 1.95, 2.05, 2.15,2.25 and 2.35



[bookmark: _Toc239623772]Origin of the inwashing flow behaviour
The lower inwashing structure begins upstream of the wheel. Figure 49 shows velocity and streamlines on a cut plane positioned directly downstream of the front-wing strake, with Figure 50 showing the location of this plane relative to the front wing and wheel.
shows that an inwashing structure is already present immediately downstream of the front-wing strake, indicating that the front-wing system contributes to the lower wake before its interaction with the wheel.
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[bookmark: _Toc239609003][bookmark: _Toc239620859][bookmark: _Toc239623277][bookmark: _Toc239623831]Figure 49 velocity with streamlines plotted on a cut plane located just downstream of the front wing
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[bookmark: _Toc239609004][bookmark: _Toc239620860][bookmark: _Toc239623278][bookmark: _Toc239623832]Figure 50 image showing the location of the cut plane at x = 0.92 from the underside view


[bookmark: _Toc239623773]Development of the lower wheel wake 
Figures 51, 52and 53 show velocity with streamlines plotted against multiple cut planes downstream of the front wheel. These plots allow the development of the lower wake to be followed towards the floor.
Close to the wheel, the wake contains several separate low-velocity regions. The lower contact-patch wake interacts with the inwashing flow generated upstream by the front-wing strake. As the flow progresses downstream, these structures develop into a larger low-velocity region close to the ground.
The middle and upper sections of the tyre wake continue to move predominantly outboard. The baseline wake can be divided broadly into two behaviours: an upper outwashing region which moves disturbed flow away from the vehicle, and a lower inwashing region which directs disturbed flow towards the floor.
The lower region is the more important of the two for the present project because its trajectory allows it to interact directly with the leading edge of the floor.
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[bookmark: _Toc239609005][bookmark: _Toc239620861][bookmark: _Toc239623279][bookmark: _Toc239623833]Figure 51 Velocity with streamlines on a cut plane at x=0.3
	[image: ]
[bookmark: _Toc239609006][bookmark: _Toc239620862][bookmark: _Toc239623280][bookmark: _Toc239623834]Figure 52 Velocity with streamlines on a cut plane at x=0.1
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[bookmark: _Toc239609007][bookmark: _Toc239620863][bookmark: _Toc239623281][bookmark: _Toc239623835]Figure 53 Velocity with streamlines on a cut plane at x= -0.1
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[bookmark: _Toc239609008][bookmark: _Toc239620864][bookmark: _Toc239623282][bookmark: _Toc239623836]Figure 54 Image showing the Mygale and the three cut planes used in figures 51,52 and 53 from a side view
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[bookmark: _Toc239609009][bookmark: _Toc239620865][bookmark: _Toc239623283][bookmark: _Toc239623837]Figure 55 Legend for velocity in figures 51,52 and 53



[bookmark: _Toc239623774]Total Pressure loss approaching the floor
Velocity magnitude identifies regions where the flow has slowed, but it does not by itself show whether the flow has suffered any energy loss. Total pressure was used to assess the energy of the airflow reaching the floor.
For the incompressible flow considered here, total pressure can be expressed approximately as

Reductions in total pressure indicate losses associated with viscous effects, A region of low total pressure can be used to identify higher-loss, lower-energy portions of the wake.
Figures 56 and 57 show total pressure on longitudinal planes at m and m. These positions were selected to examine the flow close to the floor edge and immediately inboard of the front-wing strake.
Both planes show that reduced-total-pressure flow reaches the underfloor region. However, the most severe losses are associated with the lower inwashing portion of the combined front-wing and front-wheel wake. This confirms that the flow entering the floor is not simply travelling at a lower local velocity and it has also experienced a significant loss in total pressure.
It is worth noting that the floor is not physically or aerodynamically sealed and the flow observed beneath the vehicle also includes comparatively higher-energy external flow.
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[bookmark: _Toc239609010][bookmark: _Toc239620866][bookmark: _Toc239623284][bookmark: _Toc239623838]Figure 56 Total pressure plotted against a cut plane at z=1.8
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[bookmark: _Toc239609011][bookmark: _Toc239620867][bookmark: _Toc239623285][bookmark: _Toc239623839]Figure 57 Total pressure plotted against a cut plane at z=1.65
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[bookmark: _Toc239609012][bookmark: _Toc239620868][bookmark: _Toc239623286][bookmark: _Toc239623840]Figure 58 Image showing the position of the cut planes used in figures 56 and 57 from a top view



[bookmark: _Toc239623775]Design work
[bookmark: _Toc239623776]Initial barge board design 
Before defining the initial bargeboard geometry, the lower front-wheel wake was mapped using the cut-plane analysis described in the baseline assessment. The purpose of this process was to convert the observed wake structure into measurable geometric reference points rather than positioning the bargeboard from the wheel or chassis geometry alone. This follows the approach used in exposed-wheel studies where velocity and total-pressure distributions are examined at several downstream
locations to track the development of the wake (Mears and Dominy, 2004; Patel, Garmory and Passmore, 2022).
At each downstream plane seen in appendix _, the velocity contour was used to identify the innermost edge and top of the broader wake and the innermost position of the low velocity core.
Figure 59 shows an example of the measurement process on one of the cut planes z= . The yellow markers seen were used to quantify the lateral and vertical extremes of the wake. Repeating this process at all 8 of the cut planes produced a series of coordinates describing how the lower inwashing wake changed in position and height as it travelled from the rear of the front wheel towards the floor.
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[bookmark: _Toc239609013][bookmark: _Toc239620869][bookmark: _Toc239623287][bookmark: _Toc239623841]Figure 59 Velocity on the cut plane at x = 0.1 showing the points used to map out the initial wake



The measured coordinates were used to define the position and height of the initial bargeboard. The lower edge of the device was positioned in line with the lowest section of the vehicle floor, allowing the bargeboard to interact directly with the near-ground portion of the wake identified during the baseline analysis.
The initial lateral position was exactly halfway between the innermost measured point of the broader wake and the low velocity core.
The measured wake development produced a relatively small change between x=0.3 and x=-0.1 and a relatively high change between x=-0.1 and x=-0.2 . to produce a smoother more reasonable turning profile the x co-ordinate for between x=0 , and x=-0.2  were set as a strait line connecting the two . This retained the general trend of the measured wake while avoiding an unnecessarily sharp change in bargeboard geometry.
The initial bargeboard followed the lateral trajectory and vertical development of the lower inwashing wheel wake and provided a wake-derived starting configuration from which individual design variables could be investigated systematically.
Two versions of the initial barge board were tested, one with the wake derived taper and one without, shown in figures 60, 61 and 62, 64 respectfully.
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[bookmark: _Toc239609014][bookmark: _Toc239620870][bookmark: _Toc239623288][bookmark: _Toc239623842]Figure 60 Bargeboard with the taper from the top view
	[image: ]
[bookmark: _Toc239609015][bookmark: _Toc239620871][bookmark: _Toc239623289][bookmark: _Toc239623843]Figure 61 Bargeboard with the taper from the side view
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[bookmark: _Toc239609016][bookmark: _Toc239620872][bookmark: _Toc239623290][bookmark: _Toc239623844]Figure 62 Bargeboard without the taper from the top view
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[bookmark: _Toc239609017][bookmark: _Toc239620873][bookmark: _Toc239623291][bookmark: _Toc239623845]Figure 63 Bargeboard without the taper from the side view



Results
Both initial bargeboard configurations improved downforce and aerodynamic efficiency relative to the baseline, although both also produced an increase in drag.
The tapered design increased  by 0.13% with the untampered design producing an increase of 0.53%.
Both designs saw a larger affect on lift than they did on drag. The variation in each designs impact on lift was less than it was for drag with the tapered design producing an increase in downforce of 2.52% whilst the untampered design produced an increase of 2.58%.
Aerodynamic efficiency increased for both configurations. The tapered bargeboard improved efficiency by 2.39% relative to the baseline, compared with 2.05% for the un tapered design. Although the un tapered configuration generated slightly more downforce, its larger drag penalty reduced its overall efficiency.
Both configurations also moved the aerodynamic balance forwards. The tapered configuration increased front balance from 47.05% to 49.64%, a movement of 2.59 percentage points, while the un tapered configuration increased it to 49.36%, a movement of 2.31 percentage points. I have reported these as percentage-point changes, rather than percentage changes, because aerodynamic balance is already expressed as a percentage.
[bookmark: _Toc239609050]Table 6 Table showing the results from the baseline, with taper and without taper tests
	
	CD
	CL
	Efficiency 
	Balance

	Baseline
	0.8837
	-2.2639
	2.5618
	47.05%

	With taper
	0.8860
	-2.381
	2.6873
	49.64%

	Without taper
	0.8931
	-2.384
	2.6691
	49.36%



Post processing 
Figures 64, 65 and 66 compare the underfloor surface-pressure distribution for the baseline, un tapered and tapered bargeboard configurations, using the same pressure scale. Both bargeboard designs reduce static pressure over parts of the floor compared with the baseline.
The largest differences are visible around the leading edge of the floor, where both configurations produce a stronger low-pressure region than the baseline. The tapered configuration appears to produce the greater pressure reduction in this area.
A similar downstream influence of bargeboards is reported by McBeath (2015), using the 2001 BAR Honda example. Removal of the bargeboards changed the surface-pressure distribution around the leading section of the floor and other downstream components. Although the geometry and operating conditions are different, the comparison supports the same general mechanism observed on the Mygale.
This low pressure at the leading edge of the floor agrees with balance results as this area is upstream of the centre of the wheel base.
Aat the rear of the diffuser clos to the rear wheel, a region of strong low pressure is visible across the baseline and un tapered designs but not visible in the tapered design. This is likely a contributor to the downforce generation difference between the two designs.
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[bookmark: _Toc239609018][bookmark: _Toc239620874][bookmark: _Toc239623292][bookmark: _Toc239623846]Figure 64 Surface pressure from the underside view for the baseline test
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[bookmark: _Toc239609019][bookmark: _Toc239620875][bookmark: _Toc239623293][bookmark: _Toc239623847]Figure 65 Surface pressure from the underside view for the bargeboard without taper test
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[bookmark: _Toc239609020][bookmark: _Toc239620876][bookmark: _Toc239623294][bookmark: _Toc239623848]Figure 66 Surface pressure from the underside view for the bargeboard with taper test
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The velocity comparison provides a possible explanation for the greater pressure reduction produced by the tapered bargeboard at the leading edge of the floor. With the taper present, part of the low-velocity wheel wake is able to pass over the upper edge of the bargeboard rather than remaining concentrated close to the floor. This reduces the amount of low-momentum flow immediately upstream of the floor entrance and may allow a greater proportion of higher-energy external flow to enter the underfloor. The resulting flow can accelerate more effectively through the restricted floor-to-ground gap, producing a stronger reduction in static pressure. In contrast the untampered design keeps a larger portion of the low-velocity wake close to the floor reducing the quality of the flow supplied to the underbody.
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[bookmark: _Toc239609021][bookmark: _Toc239620877][bookmark: _Toc239623295][bookmark: _Toc239623849]Figure 67 Velocity plotted on a cut plane at x= -0.1 for the without taper run
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[bookmark: _Toc239609022][bookmark: _Toc239620878][bookmark: _Toc239623296][bookmark: _Toc239623850]Figure 68 Velocity plotted on a cut plane at x= -0.1 for the with taper run
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[bookmark: _Toc239609023][bookmark: _Toc239620879][bookmark: _Toc239623297][bookmark: _Toc239623851]Figure 69 image showing the cut plane at x = -0.1 for the without taper test from the side view
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[bookmark: _Toc239609024][bookmark: _Toc239620880][bookmark: _Toc239623298][bookmark: _Toc239623852]Figure 70 image showing the cut plane at x = -0.1 for the with taper test from the side view


Figures 71–73 compare the surface-pressure distribution around the forward sidepod and floor for the baseline, with and without tapered bargeboard configurations.
The baseline case shown in figure 71 a large high-pressure region on the forward face of the sidepod and around the outer floor corner, indicating that the incoming flow reaches these surfaces with relatively little upstream redirection.
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[bookmark: _Toc239609025][bookmark: _Toc239620881][bookmark: _Toc239623299][bookmark: _Toc239623853]Figure 71 surface pressure shown from an isometric view from the baseline test
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The untapered bargeboard reduces the high-pressure region on the leading face of the sidepod, showing that more of the incoming flow has been redirected before reaching this surface. However, the larger frontal area of the untapered board is itself exposed to a substantial high-pressure region, which is consistent with its higher drag.
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[bookmark: _Toc239609026][bookmark: _Toc239620882][bookmark: _Toc239623300][bookmark: _Toc239623854]Figure 72 surface pressure shown from an isometric view from the bargeboard without taper test
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The tapered configuration also reduces the pressure on the front of the sidepod and produces a different pressure distribution around the outer corner of the top surface of the floor. A local increase in static pressure is visible on the upper surface of the floor compared with the untapered case. Higher pressure in this area is desirable as it increases the pressure difference across the vehicles floor.
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[bookmark: _Toc239609027][bookmark: _Toc239620883][bookmark: _Toc239623301][bookmark: _Toc239623855]Figure 73 surface pressure shown from an isometric view from the bargeboard with taper test
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Figures 74 and 75 were used to investigate the cause of this difference using velocity streamlines on the same cut plane.
For the tapered design, part of the incoming flow passes over the upper edge of the bargeboard and continues towards the upper surface of the floor. This provides a possible explanation for the local pressure increase seen in Figure 73.
The untapered board blocks more of this flow path and produces a stronger recirculating region. The comparison shows that the taper changes not only the pressure acting directly on the bargeboard, but also how the flow is distributed towards the sidepod and floor.
	[image: ]
[bookmark: _Toc239609028][bookmark: _Toc239620884][bookmark: _Toc239623302][bookmark: _Toc239623856]Figure 74 shows velocity streamlines plotted on a cut plane at z= 1.8 for the with taper test
	[image: ]

	[image: ]
[bookmark: _Toc239609029][bookmark: _Toc239620885][bookmark: _Toc239623303][bookmark: _Toc239623857]Figure 75 velocity streamlines on a cut plane at z = 0.8 for the without taper test
	



Overall, the comparison shows that the un tapered design provides stronger shielding of the sidepod but does so with a greater frontal-area and drag penalty. The tapered configuration provides a more balanced flow-control effect, allowing part of the wake to pass over the device while still improving the pressure distribution over much of the floor.
[bookmark: _Toc239623777]Lateral position 
Following development of the initial tapered bargeboard, the first controlled design variable investigated was its lateral position relative to the chassis. The purpose of this study was to establish an appropriate leading-edge location before changing the downstream turning profile or total outwash of the device.
The geometry including the upper taper, height and general profile, was kept constant.
Changing the lateral position altered which part of the front-wheel wake was intercepted by the leading edge of the bargeboard. Moving the device further outboard placed it deeper into the wheel-wake region, while moving it inboard positioned it closer to the chassis.
The bargeboard needs to be positioned far enough outboard to effectively turn the wheel wake away from the floor, but not so far outboard that the disturbed flow passes inboard of the device and continues towards the floor. require a more aggressive downstream profile. This could cause flow separation.
The proximity of the air dam was also an important consideration. The baseline assessment showed that this component already produces a strong pressure difference and creates vortical structures. Moving the bargeboard close to the chassis increases the potential for interference between the two devices.
The lateral-position study was used to find a compromise between wake interception, available turning distance and interaction with the existing aerodynamic package.
The bargeboard was initially tested at 50, 100, 150 and 200 mm from the chassis. The two extreme configurations are shown in Figure 76 and 77.
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[bookmark: _Toc239609030][bookmark: _Toc239620886][bookmark: _Toc239623304][bookmark: _Toc239623858]Figure 76 image of the 50mm lateral test position from the top view
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[bookmark: _Toc239609031][bookmark: _Toc239620887][bookmark: _Toc239623305][bookmark: _Toc239623859]Figure 77image of the 200mm lateral test position from the top view



Results
Figure 78 and 79 show the effect of bargeboard lateral position on   and  . A clear trend is visible in the lift results were moving the bargeboard closer to the chassis increased total vehicle downforce with diminishing returns with distances lower than 100 mm.
The drag response was non-linear. Moving the bargeboard from 50mm to 150 mm reduced the drag whilst the 200 mm position saw an increase in drag compared to the 150 mm position.
	
[bookmark: _Toc239609032][bookmark: _Toc239620888][bookmark: _Toc239623306][bookmark: _Toc239623860]Figure 78 graph showing how the coefficient of drag varies as the lateral position of the bargeboard is changed
	
[bookmark: _Toc239609033][bookmark: _Toc239620889][bookmark: _Toc239623307][bookmark: _Toc239623861]Figure 79 graph showing how the coefficient of lift varies as the lateral position of the bargeboard is changed



The 50 mm lateral configuration produced the most rearward aerodynamic balance of the lateral-position study, reducing front balance from 47.05% to 43.60%, a 3.45 percentage-point rearward shift. Lower pressure is visible through the central floor and diffuser region, together with a reduction in the high-pressure region ahead of the rear wheels. At the same time, a larger higher-pressure region develops further forwards on the floor. The combined effect increases the relative contribution of the rear underfloor region, moving the aerodynamic centre of pressure rearwards.
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[bookmark: _Toc239620890][bookmark: _Toc239623308][bookmark: _Toc239623862]Figure 80 surface pressure showing the floor of the baseline test from the underside view
	[image: ]
[bookmark: _Toc239620891][bookmark: _Toc239623309][bookmark: _Toc239623863]Figure 81surface pressure showing the floor of the 50mm lateral position test from the underside view




Figures 82 any 83  show the effect of lateral bargeboard position on aerodynamic efficiency and balance. Aerodynamic efficiency followed a similar trend to downforce, although the 50 mm configuration was limited by its relatively high drag. The 100 mm position produced the highest aerodynamic efficiency of the configurations tested.
Aerodynamic balance follows a similar trend with 100 mm producing the only forward balance change of 3.77 %. 150 mm produced 0.435 rearward change with 50 mm and 200 mm producing 3.45% and 3.23% rearward shift in balance.
The efficiency of 200 mm position represents a 0.97% decrease on the baseline result. 

	
[bookmark: _Toc239609034][bookmark: _Toc239620892][bookmark: _Toc239623310][bookmark: _Toc239623864]Figure 82 graph showing how the aerodynamic efficiency varies as the lateral position of the bargeboard is changed
	
[bookmark: _Toc239609035][bookmark: _Toc239620893][bookmark: _Toc239623311][bookmark: _Toc239623865]Figure 83 graph showing how the aerodynamic balance varies as the lateral position of the bargeboard is changed



After these results, positions 75 and 125 were tested with updated efficiency and balance graphs shown below. The efficiency and balance results fit the trend with 75 and 125 outperforming all tested positions but 100 mm when comparing aerodynamic efficiency but doing so with associated forward balance shifts.
Positions 75mm, 100mm and 125mm all produced efficiency increases of over 1.5% with 100 mm producing an increase of 2.19%.
	
[bookmark: _Toc239620894][bookmark: _Toc239623312][bookmark: _Toc239623866]Figure 84 Aerodynamic efficiency vs lateral position  with the addition of 75mm and 125mm tests
	
[bookmark: _Toc239620895][bookmark: _Toc239623313][bookmark: _Toc239623867]Figure 85 Aerodynamic balance vs lateral position  with the addition of 75mm and 125mm tests



air dam interaction
Moving the bargeboard further inboard showed increased interaction with the air-dam region. Figures 86 through 89 compare the local velocity field for the closer bargeboard positions. At the smaller lateral distances, the gap between the bargeboard and air dam becomes more constrained and a stronger low-velocity region develops near the leading edge of the floor. 
The effect was most noticeable at the 50 mm position and still visible at the 75 mm position. Moving the bargeboard further outboard reduced the severity of this local interaction. This result provides a reason not to select the 50 mm position despite its strong downforce production. The additional downforce is accompanied by increased drag and stronger interaction with an existing aerodynamic structure.
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[bookmark: _Toc239620896][bookmark: _Toc239623314][bookmark: _Toc239623868]Figure 86 velocity contour on a cut plane at x= 0.2 for the 50 mm lateral position test
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[bookmark: _Toc239620897][bookmark: _Toc239623315][bookmark: _Toc239623869]Figure 87 velocity contour on a cut plane at x= 0.2 for the 75 mm lateral position test
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[bookmark: _Toc239620898][bookmark: _Toc239623316][bookmark: _Toc239623870]Figure 88 velocity contour on a cut plane at x= 0.2 for the 100 mm lateral position test
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[bookmark: _Toc239620899][bookmark: _Toc239623317][bookmark: _Toc239623871]Figure 89 velocity contour on a cut plane at x= 0.2 for the 150 mm lateral position test
	



Outwashing effectiveness reduces as the bargeboard is moved further outboard. At 150 mm, a larger region of low-velocity wheel wake remains inboard of the bargeboard and continues towards the floor. The 100 mm position provides a better compromise, intercepting more of this disturbed flow while avoiding the stronger air-dam interaction observed at the more inboard 50 and 75 mm positions.
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[bookmark: _Toc239609036][bookmark: _Toc239620900][bookmark: _Toc239623318][bookmark: _Toc239623872]Figure 90 Velocity at cut plane x=-0.2 for lateral test 50mm
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[bookmark: _Toc239609037][bookmark: _Toc239620901][bookmark: _Toc239623319][bookmark: _Toc239623873]Figure 91 Velocity at cut plane x=-0.2 for lateral test 75mm
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[bookmark: _Toc239620902][bookmark: _Toc239623320][bookmark: _Toc239623874]Figure 92 legend for figure 82:85

	[image: ]
[bookmark: _Toc239609038][bookmark: _Toc239620903][bookmark: _Toc239623321][bookmark: _Toc239623875]Figure 93 Velocity at cut plane x=-0.2 for lateral test 100mm
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[bookmark: _Toc239609039][bookmark: _Toc239620904][bookmark: _Toc239623322][bookmark: _Toc239623876]Figure 94 Velocity at cut plane x=-0.2 for lateral test 150mm
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[bookmark: _Toc239609040][bookmark: _Toc239620905][bookmark: _Toc239623323][bookmark: _Toc239623877]Figure 95 side view showing the location of the cut plane at x = -0.2



A lateral leading-edge position of 100 mm from the chassis was selected for further development. The 100 mm configuration produced the highest aerodynamic efficiency of the tested positions and the leading-edge cut-plane analysis showed that it successfully intercepted the lower inwashing wheel wake without producing the severe air-dam interaction observed at smaller lateral distances.
Although the 50 mm configuration produced the most rearward aerodynamic balance of the lateral-position study, it also generated greater drag and stronger interaction with the existing air dam.
The next design phase will change multiple variables including turning profile and aggression so the analysis of the lateral test focuses on the leading edge and air dam reaction as it acknowledges that when the profiles and outwashing aggression is changed, the barge boards effect of downstream components and resulting coefficients will change. 

[bookmark: _Toc239623778]Combined turning profile and outwashing aggression study
Following selection of the 100 mm lateral leading-edge position, the next stage investigated how the captured wheel wake should be redirected downstream. The lateral-position study established where the bargeboard should first interact with the lower inwashing wake, but the downstream shape and total lateral displacement of the device had not been investigated.
Two aspects of the geometry were tested with 3 different variations for each. Turing profile and outwashing aggression. Turning profile describes the plan view geometry whilst outwashing aggression is represented by the total lateral displacement ().
All three turning profiles were tested across all three  positions creating 9 barge board designs.
The vertical geometry and upper taper were also controlled between the configurations. The earlier tapered design had originally been produced using a side-on cut, which would have resulted in different exposed frontal areas when applied to differently curved planforms. For this study, the taper construction was altered so that the profiles had a more consistent frontal area. This reduced the likelihood that differences in drag were caused simply by one design presenting a larger frontal area rather than by the intended change in turning behaviour
Turning profiles 
Three turning-profile families were investigated in this study. They will be referred to as the S profile, neutral profile and delayed profile. All three were designed to begin from the same 100 mm lateral position and could be produced at the same final , but they distributed the required change in direction differently along the length of the bargeboard.
The Neutral profile used a constant-curvature. It was included as a reference geometry where the turning is distributed evenly across the barge board.
The delayed profile begins with subtle turning angle which gets progressively more aggressive. This allowed the same overall lateral displacement to be achieved while reducing the amount of turning demanded from the flow immediately after the leading edge.
The S-profile applied the largest change in direction through the central region of the bargeboard before reducing the local turning towards the downstream section. This allowed the flow to begin turning relatively gradually before experiencing a stronger change in direction through the middle of the device.
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[bookmark: _Toc239620906][bookmark: _Toc239623324][bookmark: _Toc239623878]Figure 96 neutral profile at 250mm delta y shown from plan view
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[bookmark: _Toc239620907][bookmark: _Toc239623325][bookmark: _Toc239623879]Figure 97 Delayed profile at 250 mm delta y shown from plan view
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[bookmark: _Toc239620908][bookmark: _Toc239623326][bookmark: _Toc239623880]Figure 98 S profile at 250 mm delta y shown from plan view




Three positions used in this study were 200 mm, 250 mm and 300 mm all 3 are shown with the neutral profile in figures 99, 100 and 101 
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[bookmark: _Toc239620909][bookmark: _Toc239623327][bookmark: _Toc239623881]Figure 99 neutral profile at 200 mm delta y shown from the plan view
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[bookmark: _Toc239620910][bookmark: _Toc239623328][bookmark: _Toc239623882]Figure 100neutral profile at 250 mm delta y shown from the plan view
	[image: ]
[bookmark: _Toc239620911][bookmark: _Toc239623329][bookmark: _Toc239623883]Figure 101 neutral profile at 300 mm delta y shown from the plan view



Results 

Table 7 presents the aerodynamic results for all nine profile and  combinations relative to the baseline vehicle. The three strongest results in each performance metric  are highlighted to provide an initial indication of the configurations that performed best before the individual trends are examined in more detail.
The results show that no single configuration performs best across every aerodynamic measure. The delayed profile at 300 mm produced the lowest drag, while the neutral profile at 250 mm produced both the greatest downforce and highest aerodynamic efficiency. Three configurations moved the aerodynamic balance rearwards relative to the baseline: the S-profile at 250 and 300 mm and the delayed profile at 250 mm. 
The neutral profile at 250 mm represents the strongest configuration when maximum aerodynamic force and efficiency are considered alone, but its balance moved substantially forwards. In contrast, the delayed profile at 250 mm combined increased downforce and efficiency with a small drag reduction and a rearward balance movement. This made it the strongest overall compromise within the tested geometry range.
	[bookmark: _Toc239609051]Table 7 Table showing the results from the combined turning profile and outwashing aggression test with the three best performing configuration of each performance metric highlighted
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Figure 102 shows the effect of changing  on aerodynamic efficiency across the three tested turning profiles.
The neutral profile at 250 mm  produced the highest efficiency, representing a 5.76% increase from the baseline. The neutral profile at 300 mm, the S-profile at 300 mm, and the delayed profile at both 200 and 250 mm also produced efficiency improvements of more than 4% relative to the baseline.
The neutral profile and delayed profile show a similar overall trend, with efficiency rising from 200 mm to 250 mm and dropping between 250 mm to 300 mm. This suggests that the optimum  or aerodynamic efficiency for these two profiles lies within the tested range.
The S-profile behaves differently, with aerodynamic efficiency increasing continuously as  is increased. This suggests that the optimum  for this profile may lie beyond the tested rage at values greater than 300 mm. Additional simulations would be required to confirm whether efficiency continues to increase or reaches a peak beyond this point.
	
[bookmark: _Toc239609041][bookmark: _Toc239620912][bookmark: _Toc239623330][bookmark: _Toc239623884]Figure 102 Bar chart showing the effect increasing  has on the aerodynamic efficiency on each turning profile



Figures 103 and 104 show the effect of changing  on the drag and lift coefficients for each of the three turning profiles. As aerodynamic efficiency is determined by the relationship between downforce and drag, the two coefficients were considered together to explain the trends observed in the efficiency results.
For the S-profile, clear trends are visible in both lift and drag. Increasing  consistently reduced drag while increasing downforce, matching the continuous improvement in aerodynamic efficiency. As neither the lift nor drag trend shows a clear peak or trough within the tested range, the optimum  value for the S-profile when considering aerodynamic force generation may lie outside of the tested range. Further simulations would be required to confirm this. Despite improving as  increased, the S-profile produced the highest drag of the three profile families at each corresponding  value contributing to its relatively low efficiency at the 200 mm and 250 mm position.
The neutral profile also showed a reduction in drag as  was increased. The largest reduction occurred between the 200 mm and 250 mm positions with little change between 250mm and 300 mm results. Downforce showed a different trend, increasing between the 200 mm and 250 mm positions and decreasing between the 250 mm and 300 mm positions representing a local peak at the 250 mm position. This indicates that the optimal  position is within the tested window but does not confirm that 250mm is the true peak.
When looking at the results from the delayed profile, drag and downforce increased between the 200 mm and 250 mm settings and decreased between the 250 mm and 300 mm setting. These counteracting results explain the relatively low deviation in efficiency across the tested  positions.
	
[bookmark: _Toc239609042][bookmark: _Toc239620913][bookmark: _Toc239623331][bookmark: _Toc239623885]Figure 103 Bar chart showing the effect increasing  has on the coefficient of drag for each turning profile



	
[bookmark: _Toc239609043][bookmark: _Toc239620914][bookmark: _Toc239623332][bookmark: _Toc239623886]Figure 104 Bar chart showing the effect increasing  has on the coefficient of lift  for each turning profile



Figure 105 compares aerodynamic efficiency for the three turning profiles at each  setting.
At 200 mm , the delayed profile produces the highest aerodynamic efficiency, This suggests that when relatively little lateral displacement is required, delaying the main turning towards the downstream section is more effective than applying the S or neutral profiles.
At 250 mm, the neutral profile becomes the strongest performer and produces the highest efficiency of the complete geometry study. The delayed profile also performs well, while the S-profile remains noticeably less efficient. 
	At 300 mm the deviation in performance is lower across the profiles. The neutral profile remains the most efficient, while the S-profile improves considerably and becomes competitive with the delayed profile. 
[bookmark: _Toc239609044][bookmark: _Toc239620915][bookmark: _Toc239623333][bookmark: _Toc239623887]Figure 105 Bar chart showing the effect that different turning profiles has on the aerodynamic efficiency for each  position



Figure 106 compares the change in aerodynamic balance across the three  settings for each turning profile.
The neutral profile moves the aerodynamic balance forwards at all three tested values, with the largest forward shifts occurring at the 250mm  and 300 mm positions.
S profile moves balance rearwards as  is increased. Along with the trends seen in lift and drag, the balance results suggest that the s profile performs best at high values and that the optimal  position for this profile is above 300 mm.
The delayed profile shows a less consistent response, with a forwards balance movement at both 200 mm and 300 mm and a rearward balance movement at 250 mm.

	
[bookmark: _Toc239620916][bookmark: _Toc239623334][bookmark: _Toc239623888]Figure 106 Bar chart showing the effect that different turning profiles has on the aerodynamic balance for each Δy position




	Figure 107 presents the same results grouped by . Large differences in aerodynamic balance are visible between profiles at the same , particularly at the intermediate and aggressive settings. This suggests that turning profile shape has a stronger influence on aerodynamic balance. The S-profile at 300 mm produced the most rearward balance within the combined geometry study. However, when balance is considered alongside downforce, drag and efficiency, the delayed profile at 250 mm provides the more favourable overall compromise. 
[bookmark: _Toc239620917][bookmark: _Toc239623335][bookmark: _Toc239623889]Figure 107 Bar chart showing the effect that different turning profiles has on the aerodynamic balance for each Δy position
The delayed profile with 300 mm of dela y produced the strongest drag reduction producing a   value of 0.8732 representing a 1.19% reduction on the baseline result.

Figures 108 and 109 compare the surface-pressure distribution on the baseline and the delayed 300mm bargeboard configuration. They show that the addition of this design reduces pressure around the leading edge and across large areas of the sidepod compared with the baseline, indicating that the incoming flow has been redirected before reaching these surfaces.
A reduction in pressure is also visible on the adjacent chassis surface downstream of the bargeboard. This is consistent with the flow accelerating through the restricted region between the bargeboard and chassis before reaching the sidepod.
Further downstream, changes are also visible around the rear-wheel and diffuser region, including a local increase in surface pressure. This demonstrates that the influence of the bargeboard extends well beyond its immediate location and alters the pressure distribution across downstream components. However, the pressure plots alone do not establish the exact flow mechanism responsible for these rearward changes, so they should be interpreted alongside the velocity and streamline results.
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[bookmark: _Toc239620918][bookmark: _Toc239623336][bookmark: _Toc239623890]Figure 108 surface pressure for the baseline test
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[bookmark: _Toc239620919][bookmark: _Toc239623337][bookmark: _Toc239623891]Figure 109 surface pressure for the delayed 300mm test
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[bookmark: _Toc239620920][bookmark: _Toc239623338][bookmark: _Toc239623892]Figure 110 surface pressure distribution for the baseline configuration from the rear view
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[bookmark: _Toc239620921][bookmark: _Toc239623339][bookmark: _Toc239623893]Figure 111 surface pressure distribution for the delayed 300mm test from the rear view




	The neutral profile with 250 mm of dela y produced the strongest change in downforce producing a  value of -2.3882 representing a 5.35% increase on the baseline result. The underside pressure comparison shows a broader region of reduced static pressure across the floor, particularly through the central underfloor and towards the diffuser. This indicates that the bargeboard has altered the flow supplied to the floor, allowing stronger underfloor suction to develop and contributing to the increase in total downforce.
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[bookmark: _Toc239620922][bookmark: _Toc239623340][bookmark: _Toc239623894]Figure 112 surface pressure from the underside view for the baseline test
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[bookmark: _Toc239620923][bookmark: _Toc239623341][bookmark: _Toc239623895]Figure 113 surface pressure from the underside view for the neutral 250mm test




	Table 8 table showing raw data for all tested configurations
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[bookmark: _Toc239623779]Conclusions and Recommendations
This project used CFD to characterise the aerodynamic behaviour of the Mygale F4 and investigate whether a bargeboard could improve the management of the front-wheel wake. The initial platform study showed that changes in ride height had a relatively small effect on total lift and drag compared with their effect on aerodynamic balance. A front/rear ride height of 30/75 mm was selected as a consistent development platform rather than as an absolute aerodynamic optimum. 
Baseline analysis identified a lower inwashing, low-velocity and reduced-total-pressure region of the combined front-wing and wheel wake travelling towards the floor. This provided the aerodynamic target for the bargeboard and demonstrated that its primary purpose was flow control rather than direct force generation. 
The initial bargeboard study showed that both tapered and un tapered configurations increased downforce and aerodynamic efficiency. The tapered design was retained because it achieved similar downforce with a smaller drag penalty and altered the way flow was supplied to the floor and sidepod. The lateral-position study then showed that bargeboard position significantly affected both wake interception and interaction with the existing air dam. A 100 mm leading-edge position was selected because it effectively intercepted the lower inwashing wake while avoiding the stronger air-dam interaction observed at the more inboard positions. 
The combined turning-profile and study demonstrated that there was no single geometry that maximised every aerodynamic performance measure. The neutral profile at 250 mm produced the greatest downforce and aerodynamic efficiency, but also moved the aerodynamic balance significantly forwards. In contrast, the S-profile became progressively more effective as increased, suggesting that its optimum may lie beyond the tested 300 mm limit. Most importantly, the delayed profile at 250 mm provided one of the strongest overall compromises, producing greater downforce and aerodynamic efficiency than the baseline, without increasing drag, while also moving the aerodynamic balance rearwards. 
The study achieved its main objective by demonstrating that front-wheel-wake management can improve whole-vehicle aerodynamic performance. It also showed that bargeboard development cannot be judged from downforce or efficiency alone because changes in wake trajectory affect the loading distribution across the complete vehicle.
[bookmark: _Toc239623780]Recommendations
If one of the investigated designs were to be manufactured in its current form, the delayed profile with 250 mm is recommended because it provides the strongest overall compromise between increased downforce, improved efficiency, controlled drag and the desired rearward balance movement. The 50 mm lateral configuration produced a larger rearward balance shift, but its higher drag and stronger interaction with the air dam make it less suitable as an overall design choice.
The current bargeboard designs were developed and compared at a single ride-height condition. Before any geometry is manufactured, the strongest configurations should first be assessed across the existing front- and rear-ride-height aerodynamic map. This would determine whether the improvements in downforce, drag, efficiency and aerodynamic balance are maintained as the vehicle platform change
Further development should focus on:
· extending the S-profile beyond 300 mm  to determine whether the improving trend reaches an optimum 
· refining the region around 250 mm  for the neutral and delayed profiles using smaller increments 
· investigating bargeboard length, upper taper, height and edge geometry, including their influence on vortex generation 
· investigating multi element designs or additional flow control concepts around the floor entrance 
· repeating the strongest configurations across a range of ride height, rake, yaw, steering angle and different vehicle speeds to evaluate the sensitivity of these designs
· assessing interaction with different front-wing settings 
· performing transient CFD on a final design to investigate unsteady wheel-wake and vortex behaviour 
· completing a formal mesh-convergence study and, where possible, validating the selected design using wind-tunnel or track measurements before manufacture.
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Lateral persition vas aerodynamic efficency

Efficiency	50	100	150	200	2.6205518859379939	2.6767437985319331	2.6324979254324199	2.512483065172185	CD	50	75	100	150	0.90493229534883723	0.87889805895833295	0.88236531453488409	0.8851412783300201	0.87534355756207671	0.88426324082278418	CL	50	75	100	150	-2.371422033222593	-2.3368100520833326	-2.3618658837209296	-2.3412915566600421	-2.3043400993227969	-2.2216964177215188	Balance	50	75	100	150	0.436	0.48598000000000002	0.50731356800000005	0.49816690000000002	0.46656999999999998	0.43819999999999998	


Lateral position vs aerodynamic balance

Balance	50	100	150	200	-7.6111839678340051E-2	7.5302817568146302E-2	-8.3827463461548148E-3	-7.1085474419653003E-2	CD	50	75	100	150	0.90493229534883723	0.87889805895833295	0.88236531453488409	0.8851412783300201	0.87534355756207671	0.88426324082278418	CL	50	75	100	150	-2.371422033222593	-2.3368100520833326	-2.3618658837209296	-2.3412915566600421	-2.3043400993227969	-2.2216964177215188	Efficiency	50	75	100	150	2.6205518859379939	2.6587953270176885	2.6767437985319331	2.6451049272917362	2.6324979254324199	2.512483065172185	


Lateral persition vas aerodynamic efficency

Efficiency	50	75	100	125	150	200	2.6205518859379939	2.6587953270176885	2.6767437985319331	2.6451049272917362	2.6324979254324199	2.512483065172185	CD	50	75	100	150	0.90493229534883723	0.87889805895833295	0.88236531453488409	0.8851412783300201	0.87534355756207671	0.88426324082278418	CL	50	75	100	150	-2.371422033222593	-2.3368100520833326	-2.3618658837209296	-2.3412915566600421	-2.3043400993227969	-2.2216964177215188	Balance	50	75	100	150	0.436	0.48598000000000002	0.50731356800000005	0.49816690000000002	0.46656999999999998	0.43819999999999998	


Balance

Balance	50	75	100	125	150	200	-7.6111839678340051E-2	3.2373784812106433E-2	7.5302817568146302E-2	5.7128758202659446E-2	-8.3827463461548148E-3	-7.1085474419653003E-2	CD	50	75	100	150	0.90493229534883723	0.87889805895833295	0.88236531453488409	0.8851412783300201	0.87534355756207671	0.88426324082278418	CL	50	75	100	150	-2.371422033222593	-2.3368100520833326	-2.3618658837209296	-2.3412915566600421	-2.3043400993227969	-2.2216964177215188	Efficiency	50	75	100	150	2.6205518859379939	2.6587953270176885	2.6767437985319331	2.6451049272917362	2.6324979254324199	2.512483065172185	


aerodynamic efficiency for combined profile and outwashing aggression


Soft	S	C	J	2.6009966221948142	2.6309118952749992	2.6752521560501235	Neutral	S	C	J	2.6281360381700027	2.7137700348534475	2.6802981207603001	Agressive	S	C	J	2.6671128424096611	2.694535039391436	2.6615653759898845	Balance	S	C	J	0.436	0.48598000000000002	0.50731356800000005	0.49816690000000002	0.46656999999999998	0.43819999999999998	



Coefficient of Drag for combined profile and outwashing aggression

200	S	Neutral	Delayed	0.89479121418918872	0.88838855161290342	0.87679271412429372	250	S	Neutral	Delayed	0.89039265844594617	0.88003529576271167	0.88211680752688149	300	S	Neutral	Delayed	0.88271128141263955	0.87959457972972965	0.87324694545454518	Balance	S	Neutral	Delayed	0.436	0.48598000000000002	0.50731356800000005	0.49816690000000002	0.46656999999999998	0.43819999999999998	



Coefficient of Lift for combined profile and outwashing aggression

200	S	Neutral	Delayed	-2.3273489256756763	-2.3372720080645153	-2.3456415988700563	250	S	Neutral	Delayed	-2.3400730337837854	-2.388213415254238	-2.3643360215053759	300	S	Neutral	Delayed	-2.3542905947955393	-2.3700984155405407	-2.3242038347107448	Balance	S	Neutral	Delayed	0.436	0.48598000000000002	0.50731356800000005	0.49816690000000002	0.46656999999999998	0.43819999999999998	



Aerodynamic Efficiency for combined profile and outwashing aggression

200mm	Neutral	 S	 Delayed	2.6009966221948142	2.6309118952749992	2.6752521560501235	250mm	Neutral	 S	 Delayed	2.6281360381700027	2.7137700348534475	2.6802981207603001	300mm	Neutral	 S	 Delayed	2.6671128424096611	2.694535039391436	2.6615653759898845	Balance	Neutral	 S	 Delayed	0.436	0.48598000000000002	0.50731356800000005	0.49816690000000002	0.46656999999999998	0.43819999999999998	



Balance

200	S	Neutral	Delayed	6.7221198316645858E-2	1.6764223677258168E-2	2.1480814573749858E-2	250	S	Neutral	Delayed	-1.474712492941122E-2	7.8780605426073833E-2	-1.5523681131817679E-2	300	S	Neutral	Delayed	-3.0954406675550293E-2	7.2251165689648761E-2	3.8691744444607733E-2	Balance	S	Neutral	Delayed	0.436	0.48598000000000002	0.50731356800000005	0.49816690000000002	0.46656999999999998	0.43819999999999998	



Aerodynamic balance for combined profile and outwashing aggression 


S	200	250	300	6.7221198316645858E-2	-1.474712492941122E-2	-3.0954406675550293E-2	Neutral	200	250	300	1.6764223677258168E-2	7.8780605426073833E-2	7.2251165689648761E-2	Delayed	200	250	300	2.1480814573749858E-2	-1.5523681131817679E-2	3.8691744444607733E-2	Balance	200	250	300	0.436	0.48598000000000002	0.50731356800000005	0.49816690000000002	0.46656999999999998	0.43819999999999998	



Cd vs US Domain (x Car) 

Cd	1	3	5	7	0.30400712099999999	0.32466	0.327762	0.32602300000000001	Up Stream distance (Car)


Cl



Cl vs US Domain (x Car) 

Cd	1	3	5	7	-0.122365768	-0.12008000000000001	-0.12128	-0.12046999999999999	Up Stream distance (Car)


Cl



Cd vs Domain (x Car)

Cd	1	3	5	7	9	0.30781999999999998	0.31718000000000002	0.34333000000000002	0.34466000000000002	0.34187000000000001	Down Stream distance (Car)


CD



Cl vs Domain (x Car)

Cd	1	3	5	7	9	-8.4336999999999995E-2	-7.8181E-2	-8.0336000000000005E-2	-0.12008000000000001	-0.12089	Down Stream distance (Car)


Cl



Cd vs Domain size- Hight and Width

CFD	2	3	4	5	0.34732229999999997	0.3224513	0.31749830000000001	0.31319609999999998	Experimental	2	3	4	5	0.29630000000000001	0.29630000000000001	0.29630000000000001	0.29630000000000001	0.29630000000000001	0.29630000000000001	0.29630000000000001	0.29630000000000001	0.29630000000000001	0.29630000000000001	0.29630000000000001	Domain size (x Car)


Cd



Cl vs Domain size- Hight and Width

2	3	4	5	-8.9812870000000003E-2	-8.6383730000000006E-2	-8.5498619999999997E-2	-8.508868E-2	2	3	4	5	-8.4500000000000006E-2	-8.4500000000000006E-2	-8.4500000000000006E-2	-8.4500000000000006E-2	-8.4500000000000006E-2	-8.4500000000000006E-2	-8.4500000000000006E-2	-8.4500000000000006E-2	-8.4500000000000006E-2	-8.4500000000000006E-2	-8.4500000000000006E-2	Domain size (x Car)


Cl



Lateral position vs Coefficient of Drag

CD	50	100	150	200	0.90493229534883723	0.88236531453488409	0.87534355756207671	0.88426324082278418	CL	50	75	100	150	-2.371422033222593	-2.3368100520833326	-2.3618658837209296	-2.3412915566600421	-2.3043400993227969	-2.2216964177215188	Efficiency	50	75	100	150	2.6205518859379939	2.6587953270176885	2.6767437985319331	2.6451049272917362	2.6324979254324199	2.512483065172185	Balance	50	75	100	150	0.436	0.48598000000000002	0.50731356800000005	0.49816690000000002	0.46656999999999998	0.43819999999999998	


lateral position vs Coefficient of Lift

CL	50	100	150	200	-2.371422033222593	-2.3618658837209296	-2.3043400993227969	-2.2216964177215188	CD	50	75	100	150	0.90493229534883723	0.87889805895833295	0.88236531453488409	0.8851412783300201	0.87534355756207671	0.88426324082278418	Efficiency	50	75	100	150	2.6205518859379939	2.6587953270176885	2.6767437985319331	2.6451049272917362	2.6324979254324199	2.512483065172185	Balance	50	75	100	150	0.436	0.48598000000000002	0.50731356800000005	0.49816690000000002	0.46656999999999998	0.43819999999999998	
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cD cL Efficiency Balance,
test Result % difference |Result % difference |Result % difference |Result % difference

Baseline 30_75 0.8837 0.000%| -2.2639 0.000%|  2.5618 0.000%|  47.05% 0.000%)

Profile Deltay
200 mm 0.8948 1.250| -2.3273 1.38%|  2.6010 15206  50.32% 6.72%)
Tumningagretion (S) 1250 mm 0.8904 0.75%| -2.3401 -1.66%|  2.6281 2.56%|  46.36% -1.47%)
300 mm 0.8827 -0.11%| -2.3543; -1.96%|  2.6671 4.03%|  45.62% -3.10%)
200 mm 0.8884 0.53%| -2.3373 -1.60%|  2.6309 2.66%|  47.85% 1.68%
Turning agretion (Neutral) {250 mm 0.8800 -0.42% -2.3882 2.67%|  2.7138 5.76%|  50.91% 7.88%)
300 mm 0.8796 -0.47%| -2.3701 2.20%|  2.6945 5.05%|  50.58% 7.23%)
200 mm 0.8768 0.79%| -2.3456! 1.77%| 26753 4.33%]  48.07% 2.15%)
Tuningagretion ()) 1250 mm 0.8821 -0.18%| -2.3643! 2.17%|  2.6803 4.52%|  46.33% -1.55%)
300 mm 0.8732 -1.19%| -2.3242] -1.31%)  2.6616 3.82%|  48.91% 3.87%)
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Design changes

cD oL Efficiency Balance
test Result % change |Result %hchange |Result % change |Result % point change

Baseline 3075 0.8837 0.00%| 22639 0.00%| 25618 0.00%| _47.05%) 0.00%
— BB1FT 0.8931 105%| 23837 -5.16%| 26691 210%| 49.36% 231%

initial testing BB1DT 0.8860 026%| 23800  -5.04%| 26873 4.78%|  49.64% 2.59%

BB1DT 50mm 0.5049 237% 23714, -4.64%| 26206 227%|  43.60% 3.45%

BB1DT 75mm 0.8789 0.55%| 23368  -3.17%| 26588 372%|  48.60% 1.55%

» BB1DT 100mm 0.8824 015%| 23619 -a.24%| 26767 239%|  50.73% 3.68%

{ateral position BB1DT 125mm 0.8851 0.16%| -2.3413]  -3.36%| 26451 3.20%| 49.82% 2.77%

BB1DT 150mm 0.8753 0.95%| 23043 -177%| 26325 272%| 46.66% -0.39%

BB1DT 200mm 0.8843 006w 222170 18sw| 25125 -1.94%| 43.82% -3.23%

soft 0.8948 125%| 23273, -2.76%| 26010 152%|  50.32% 3.27%

Turning agretion (S)  neutral 0.8904 07s%| 23401  -331%| 26281 256%| 46.36% -0.69%
aggressive 0.8827 011%| 23543 -3.92m| 26671 2.03%|  45.62% 1.43%

Soft 0.8884 053%| 23373 -3.19%| 26309 266%| 47.85% 0.80%

Turning agretion (Neutral)  neutral 0.8800 0.42%| 23882, -5.35%| 27138 5.76%|  50.91% 3.86%
aggressive 0.8796 0.47%| 23701 -a58%| 26945 5.05%|  50.58% 3.53%

Soft 0.8768 079%| 23456  -3.55%| 26753 233%|  48.07% 1.02%

Turning agretion (1) neutral 0.8821 018%| 23643 -4.34%| 26803 252%|  46.33% -0.72%
aggressive 0.8732 aew| 23242 263w 26616 3.82%  48.91% 1.86%
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Figure 22. Vorticity fields on the transverse section under the floor of 2009
car, showing how the longitudinal vortex travels downstream under the floor,
and interacts with each other.
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