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1.0.0 Introduction

The ability to characterise the handling capabilities of any race car is key to its overall performance when racing. If it is not fully understood or known how the car will handle within certain situations, or how the car setup has altered the dynamic handling, no outright performance predictions can be made, thus setup time and lap time is wasted.
For example, within Formula One, developments in aerodynamic design have had to be made throughout the years as a consequence of the ever constricting regulations resulting in the characterisation of what works best for individual circuits and in overall performance gains. 

However, before any aerodynamic developments can be implemented, the interaction between aerodynamic handling and mechanical handling needs to be considered, as one directly influences the other. (Dominsy, 1992)
1.1.0 Aims & Objectives
Two main aerodynamic forces influence a vehicle, these being lift and drag. The aim of the experiment and report is to utilise the University of Wales Trinity Saint David’s Base Performance simulator to calculate, analyse and characterise these forces when using a GP2 race car model.
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Figure 1 - UWTSD Base Performance Simulator (University of Wales Trinity Saint David, 2018)
This will be achieved by producing a series of test simulations for differing car setups, such as;
· Wing angle of attack

· Ride height

These simulations will provide a rudimentary understanding of how these aerodynamic changes alter the dynamic handling of the race car in a safe environment.

2.0.0 Methodology

To enable consistent and relative testing without wasting time that could otherwise be utilised for supplementary testing and research, a defined test plan had to be developed.
Within this test plan a series of ride heights and wing angles were prescribed in accordance with the ability of the simulators software capabilities.

Pembrey race circuit was selected as the test track due to its multiple corner speed variance, long start and finish straight and the lack of gradient change. 
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Figure 2 - Pembrey Circuit Map (http://www.historiccircuit.com, 2018)
For thorough testing, the need for a circuit or test track to include low and how high speed corners is paramount to the accumulation of sufficient detail that is necessary in order to gain an absolute understanding of a cars dynamic handling within different situations. 
This simply refers to the attitude of the car when entering a corner (roll, pitch & yaw). With harder braking, the car will produce a greater amount of longitudinal weight (load) transfer, inducing a forward diving characteristic where the rear ride height increases and the front height decreases, this then reverses when the car accelerates out of a corner. Therefore, having the capability to analyse the affects of differing aerodynamic setups on the overall car attitude and the resultant lap times produced is paramount. (Katz, 2006)
Road testing provides the advantage of testing the actual vehicle in real world conditions. This then produces confidence in the achieved results, as they are in theory what should be produced in race conditions. However, as an actual car only has a limited amount of space, all of the equipment required for a real road and track test may not fit within the vehicle, or could inhibit the overall vehicle performance.
The benefit of using a simulator is that a virtual reality based vehicle is used, so the majority of the test equipment required can be employed without affecting the overall vehicle performance. This provides for greater data collection thus producing improved data for analysis.

However, as a simulator is based upon computational coding, the modelling syntax then needs to be of a high standard to be able to model a car in a real world scenario. This is a disadvantage of using a simulator, as the quality of the provided results depends upon the overall modelling quality of the car, but uncontrollable environmental situations (winds) can be neglected, therefore greater relativity from test to test is achieved. (Katz, 2006)
Other methods used for aerodynamic characterisation include computational fluid dynamics and wind tunnel testing.

Computational fluid dynamics is the process of mathematically modelling the problem from purely a fluid flow perspective. With greater computing power becoming more readily available, with it comes cost effectiveness, which has meant CFD is becoming an increasing popular method for aerodynamic simulation. However, even though the user can produce an attitude study within several CFD cases, this comes at a cost of computational time as each study of attitude would have to be conducted individually (or per degree, in the case of a yaw study) when conducting static cases. It is possible to perform dynamic case studies, however, this also requires much more computational time as case complexity increases. The validity of results can also be questionable as well, since CFD is purely a mathematical formulation of fluid flow, and many variables can have a dramatic affect on the resulting outputs. (Lanfrit, 2005)
Wind tunnel analysis is also another method used to characterise aerodynamic performance. This method, however, is not as readily available compared to that of CFD, although it can produce results achieved using real fluid flow analysis. Complex wind tunnels allow the study of dynamic attitude changes including moving wheels, simulating reality in quick succession. However, the validity of wind tunnel testing can also be questioned. One of the main issues with wind tunnel use is the interaction between the test area walls and the car itself, known as the blockage effect, and what impact this has on the produced results. Scaling factors can be used to account for the blockage effect, but the perspective represented compared to that which would be seen in open atmosphere can still be questioned. (Ross & Altman, 2011)
 As previously stated, road testing can yield greater accuracy within the output results, however, a number of factors cannot be controlled, thus producing potential issues within the results of one test to another.
2.1.0 Test Plan
Five initial tests were carried out. These consisted of:
1 Straight line constant speed test

2 Straight line coast down test

3 Circuit laps 

4 Circuit laps (Ride height)

5 Circuit laps (Rake angle)

These tests were then broken down into individual vehicle configurations as Table 1 shows.

Table 1 - Conducted Test Plan
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Wings Min Wings Min Wings Min Max Ride (F - 60mm & R - 70mm) Front Max/Rear Min (F - 60mm & R - 30mm)

Front Max - Rear Min Front Max - Rear MinFront Max - Rear MinMin Flat Ride (F - 30mm & R - 30mm)

Front Min - Rear Max Front Min - Rear MaxFront Min - Rear MaxMax Flat Ride (F - 60mm & R - 60mm)
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The experiment was conducted by a group of five individual students, each having a set role within the testing plan:
· Driver

· Test plan coordinator and manager

· Data gatherer

· Data organiser

· General co-ordinator
Assigning such roles within the group then allowed a consistent and efficient approach to the data gathering, lessening the chances of wasted time and having to re-conduct tests due to mistakes or inaccuracies.
Each circuit test had to have a minimum of three consecutive laps within a 0.3 second consistency of each other before the test could be declared as finished. This would provide greater accuracy and confidence in the achieved results.
As the straight line testing would require a large amount of track to ensure each test could be completed, a straight line drag strip was used. This would allow maximum velocities to be achieved together alongside the ability to coast down to a complete stop. 

3.0.0 Results & Analysis

Once each study was completed, the data provided was then analysed. 
3.1.0 Straight Line Constant Speed Test

The main basis of this study was to examine the impact of differing wing angles of attack on overall lift (negative lift/downforce/vertical force) produced, and how altering the front and rear wing angles independently, changed the overall dynamic vehicle handling capabilities.
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When conducting the straight line constant speed tests for each wing angle of attack, a maximum velocity in 4th gear was employed. This would ensure that the speed of the car would remain constant from test to test.

A traditional method of measuring lift is by the use of suspension travel and, or, the employment of strain gauges. The acquired data provides individual tyre forces. This then allowed the coefficients of lift to be calculated per wing angle of attack neglecting any unsprung mass. (Fanger-Vexler & Katz, 1985)
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Graph 1 - Coefficient of Lift per Wing Angle of Attack

Graph 1 indicates the calculated coefficient of lift for each wing angle configuration used. As can be clearly observed, having both front and rear wings at the maximum allowable angle of attack produces the greatest negative lift (negative due to downforce) and the minimum allowable angle of attack produces the least negative lift.

Increasing a wing's angle of attack ([image: image16.png]


) produces greater lift values. This is as a result of the greater amount of fluid upwash provided due to the increased angle of attack. This, relating back to Newtons 2nd Law of motion, generates a larger reactant force of negative lift. (McBeath, 2000)
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Figure 3 - Cl Vs Angle of Attack (www.grc.nasa.gov, 2014)
The above figure illustrates the generic results of the resultant Cl values per angle of attack. It is apparent that the generated lift force then begins to decrease as [image: image19.png]


 further increases. This is as a result of separation. As [image: image21.png]


 increases, so does the need for energy, which allows the air to remain attached to the surface of the wing. However, typical cases of separation will most likely occur at high angles of attack due to the adverse pressure gradients that need to be overcome which are produced by the energies between the air and the wings surface. 
It is unknown whether the simulator can model the phenomenon of separation, but for the purpose of this experiment, the findings coincide with generic principles.

Table 2 - Produced Cl per Configuration
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Allowing the wings to have equal angles of attack produced the second highest negative lift force. However, it is unknown to what angle this is, as the simulator software only provides a dimensionless scale factor to adjust the angle of attack, therefore the defaults were used.
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Graph 2 - Distribution of Downforce per Configuration

As the total downforce generated could be calculated using the tyre load data, this enabled the calculation of the downforce applied to each axle. From this, the ratio of centre of pressure could be calculated, thus providing a percentage balance of downforce over the car.
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It is curious to see that having both the wings set at maximum [image: image26.png]


, the front downforce is noticeably greater than that of the rear, which is in contrast compared to when [image: image28.png]


 is at its minimum for both wings. This would therefore suggest that the front wing is marginally more powerful than the rear. It is unknown what aerofoil profiles have been used and whether they are the same for front and rear, or whether they are different. A reasonable assumption for this, could be due to the proximity in which the front wing is to the ground. This would suggest that the front wing is being subjected to an amount of ground effect, producing a greater amount of downforce. (Abdullah, et al., 2017)
As these results were produced from a straight line test at a constant velocity, they can be assumed to be absolute in the fact that no adverse effects from car attitude have influenced the resultant loads across the axles.

3.2.0 Straight Line Coast Down Test
As well as downforce, drag force also needs to be considered. Calculating the coefficient of drag (Cd) is somewhat more complicated than that for lift. This is because there are numerous forces acting upon the car in addition to aerodynamic drag. Therefore, this needs to be considered when conducting each drag force test.
Once again, each test was conducted on the drag strip and a 3rd gear limit was set. Once maximum velocity in 3rd gear was achieved, no further acceleration was applied and neutral was selected, allowing the car to decelerate (coast) to a complete stop as recommended by Katz and OptimumG. 
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Figure 4 - Coast Down Velocity Data (Motec)

Using the acquired data, [image: image31.png]AV



 (velocity difference) and [image: image33.png]At



 (time difference) could be found, and then used to calculate deceleration at the start of the coast down and the end of the coast down, using the following equations;
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Once a total drag force and mean velocity were acquired, the coefficient of drag could then be calculated.
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Graph 3 - Coast Down Cd per Wing Configuration
It is assumed that the influence of aerodynamic drag is negligible below 11m/s (www.optimumg.com, 2018). Using this assumption, rolling resistance could be calculated, thus aerodynamic drag force could be found.
Graph 3 illustrates the coefficient of drag results for each wing configuration tested. It can be observed that when both wings are at maximum [image: image45.png]


, the drag is at its highest. This is because drag force is relative to area, thus when [image: image47.png]


 is increased, so does the overall frontal area. (McBeath, 2000)
3.3.0 Circuit Laps 
To be able to characterise the different wing configurations in a dynamic situation, a series of laps were completed to investigate the affects on overall dynamic handling.
Circuit laps were completed for differing wings angles, static ride heights and rake angles.

3.4.0 Wing Configurations (Wings Max vs Wings Min)
For the purposes of simplicity, only the fastest laps on two corners shall be analysed.
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Figure 5 - Corners to be Analysed (Pembrey Circuit) (http://www.historiccircuit.com, 2018)
Figure 5 indicates the two highlighted corners where data will be analysed. The reason for choosing these two corners is due to the opposing features these two corners hold, one being a very slow speed corner (Hatchetts Hairpin), and the other being a high speed corner (Honda Curve).
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Graph 4 - Aerodynamic Forces for Wings Max & Min
The above graph illustrates the total downforce and drag force for both maximum and minimum wing configurations. The red circle highlights the forces around Hatchetts Hairpin and the purple ellipse highlights the forces produced around Honda Curve. 
It can be observed that as the car enters the hairpin, both downforce and drag are significantly reduced. 
3.4.1 Hatchett Hairpin

Table 3 - Minimum Aero Forces Produced in Hatchetts Hairpin
[image: image50.emf]Downforce (N)Drag Force (N)

Wings Max 452.23 179.68

Wings Min 202.74 73.56


As expected, more downforce is carried mid corner when maximum [image: image52.png]


 is used, compared to that of minimum [image: image54.png]


. As the downforce is applying greater loading through the tyres into the road providing additional grip, corner entry speeds vary greatly for the differing angles of attack. 
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Figure 6 - Wings Max & Min Longitudinal G Force (Hatchetts Hairpin Braking)

As the above figure illustrates that when maximum downforce is available, braking distances reduce, as the driver is able to brake 50m later using maximum [image: image57.png]


 compared to minimum [image: image59.png]


. 
Table 4 - Maximum Longitudinal G Force (Braking Hatchetts Hairpin)
[image: image60.emf]Max Longitudinal G

Wings Max 2.7

Wings Min 2.7


Even though the braking distances are reduced when using maximum [image: image62.png]


, Table 4 indicates that the maximum applied longitudinal g force remains the same for both wing configurations when braking occurs into the hairpin.
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Figure 7 - Hatchett Hairpin Entry Speeds
Corner entry speeds clearly differ also. Figure 7 confirms that having a greater wing angle of attack allows greater entry speeds into the hairpin and throughout the first half of the corner.
It is also evident that having a greater [image: image65.png]


 does inhibit the total maximum velocity achievable down the main straight. 

Table 5 - Vmax Achieved
[image: image66.emf]Vmax (m/s)

Wings Max 75.1

Wings Min 79.6


As previously stated, drag force is relative to velocity, so as a greater velocity is achieved, total drag therefore starts to overcome the potential achievable velocity, therefore, with a greater [image: image68.png]


, Vmax will depreciate. (www.grc.nasa.gov, 2018)
This phenomenon could account for the ability to brake later into the hairpin entry, the added downforce allowing greater speed to be carried around the first half of the corner, however, during the second half of the corner, velocity is sacrificed due to the additional downforce.
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Figure 8 - Hatchetts Hairpin Downforce (Left) & Drag (Right)
As downforce creates induced drag due to the increase in frontal area and thus larger wake regions, it can be observed that throughout the corner more drag is evident with a greater angle of attack (Figure 8), which impacts on the rate of acceleration out of the corner.
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Figure 9 - Hatchett Hairpin Steering % (Top) & Understeer (Bottom)
The capability of carrying more downforce seems to have had an impact on initial turn in to the hairpin. As Figure 9 suggests, more understeer on corner entry is apparent with a greater downforce. This could be due to the additional entry speed as can also be observed, the driver turns in later but the rotation of the steering wheel is completed faster than when carrying less downforce. However, observing the above figure, less downforce has achieved a greater amount of mid corner understeer.
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Figure 10 - Centre of Pressure Distance from the Rear Axle

As brake force is applied, the transfer of longitudinal load takes place, as indicated in Figure 6. This dynamic change in load affects the distribution of downforce across the car as the attitude pitches forward. This is evident in Figure 10, as the Centre of Pressure (CP) moves forward under braking and moves aft when accelerating. This suggests that the average distribution of aerodynamic forces acting upon the car changes position, thus changing the aerodynamic balance characteristics. (www.simscale.com, 2018)
Table 6 - CP Distances from Rear Axle

[image: image73.emf]CP Max Distance 

from Rear (m)

CP Min Distance 

from Rear (m)

Wings Max 4.06 -1.2

Wings Min 4.89 -2.49


Table 6 displays the numerical values of maximum and minimum distances from the rear axle of the CP during corner entry into Hatchett Hairpin.
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Graph 5 - CP Max & Min Distances from Rear Axle

Its apparent that the rate of change of CP distance is much greater when using the minimum wing angle. When the distribution of downforce moves forward, this act tends to provoke oversteer and when moved rearwards, induces understeer. This corresponds with the corner entry understeer observed when using an aggressive [image: image76.png]


, as the CP remains more rearwards, and with the mid corner understeer when using minimum [image: image78.png]


, as the CP distance rate of change is much greater. It, therefore, moves rearwards quicker and creates understeer when the longitudinal load transfer begins to even. 
3.4.2 Honda Curve
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Figure 11 - Velocity Traces (Honda Curve)

Again, it is apparent that having superior downforce allows for greater cornering speeds, as highlighted in Figure 11. Following the same traits as that of Hatchett Hairpin, the car clearly has a greater corner entry speed when the maximum angle of attack is employed. However, unlike the instances of Hatchett Hairpin, the car is able to carry a greater velocity throughout the entire corner and it is only when entering the main straight that the velocities equalise and eventually minimum [image: image81.png]


 has a higher velocity.
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Figure 12 - Longitudinal G Force (Braking - Honda Curve)

Due to the lesser wing angle and therefore greater speed before the corner, the longitudinal g force produced when braking is considerably different. 
Table 7 - Max Longitudinal G Force (Braking - Honda Curve)

[image: image83.emf]Max Longitudinal G

Wings Max 0.6

Wings Min 2.6


As visually represented in Figure 12, Table 7 indicates the numerical values of maximum longitudinal g force under braking into the corner. The application of minimum wing angle then produces an extra 2g of additional longitudinal force. This added g force dramatically changes the attitude of the car when entering the corner by increasing the induced rake angle.
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Figure 13 - Dynamic Rake Angle (Honda Curve) (Deg)

Both wing configurations suffer from a rake and pitch angle change during the entirety of the corner, however, the rate of change resulting from the lesser [image: image86.png]


 is far more radical than that of maximum [image: image88.png]


.
Due to this pitching effect, the front ride height reduces, allowing the front wing to enter into further ground effect. As the front ride height reduces, a stronger venturi effect is produced, therefore, a lower pressure is produced on the underside of the wing, generating further downforce. (Mokhtar, 2008)
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Figure 14 - Front Downforce (Honda Curve)

This is highlighted in Figure 14, where it can be clearly observed that the minimum wing angle indicates a greater change in frontal downforce when the extra longitudinal g force is applied.
It is also noted that the more aggressive wing angle shows a consistently greater amount of frontal downforce throughout the corner. However, it remains much more stable throughout the course of the corner, with rates of change being much smaller than that seen when having a smaller angle of attack, thus the car remaining much more balanced.
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Figure 15 - Centre of Pressure Percentage Balance to the Front (%) (Honda Curve)

This change in balance is also described with the change in the centre of pressure. It is visually evident that the rate of downforce balance change is much greater with the minimum [image: image92.png]


, with it being much less stable and inconsistent when compared to maximum [image: image94.png]


.
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Graph 6 - Downforce Balance Percentage to the Front Rate of Change (Honda Curve)

As the above graph (Graph 6) indicates, a minimum wing angle induces a much more unbalanced downforce distribution as car attitude changes occur. As Katz stated,' the amount of downforce distributed on each axle may outweigh the longitudinal load transfer, thus the car is less susceptible to dynamic pitch changes.'
[image: image96.png]2220 Samples, Zoom Linked
14000 {3 Total Aero Load 15 1] 1162434 39272

12000

10000

s000

000

000

2000

R A N N G I ]
CorrSpeed fmfs] M 156 [@16.2




Figure 16 - Total Downforce Throughout a Lap

The scatter plot illustrated in Figure 16 interprets the effect that velocity has on total downforce. As indicated in the equation during the straight line constant speed test (3.1.0), lift is relative to velocity². This denotes that as velocity increases, so does total lift (negative lift in this case). Figure 16 illustrates total downforce for both the maximum and minimum wing angle configurations, displaying that at the same velocity, maximum wing angle generates considerably more downforce than the minimum.
3.5.0 Static Ride Height
In this section, analysis of the effect of static ride height changes on aerodynamic performance and overall vehicle performance are observed.
Three static ride heights were examined:

· Standard (default) Ride – F = 27mm – R = 50mm
· Minimum Ride – F = 20mm – R = 30mm
· Maximum Ride – F = 60mm – R = 70mm
Again, for simplicity, only the two extremes of ride height (minimum and maximum) shall be examined within this report. These examinations shall also be conducted on the same areas of the circuit (Hachett Hairpin and Honda Curve) as the previous study within this report. This is to allow comparison between studies.
Due to the nature of the calculation of the coefficient of drag, and thus drag force, these are unavailable for the following sections as static ride height or static rake angle changes were not considered. It can be assumed, however, that with greater amounts of downforce, a greater amount of drag force is generated. 
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Graph 7 - Total Downforce per Ride Height Configuration over the Fastest Lap
Lowering the static ride height has increased total downforce throughout the entire course of the circuit. The maximum downforce produced with the lower ride height exceeds 12000N, whereas the raised ride height produces a downforce figure nearly 2000N less.
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Graph 8 - Distribution of Downforce per Ride Height Configuration over the Fastest Lap

As illustrated in Graph 8, frontal downforce in both height configurations exceeds that of the rear for the majority of the lap. This would suggest that the front wing works much harder due to its proximity to the ground compared to any aerodynamic device located at the rear of the car, thus producing a ground effect event, as already discussed.

3.5.1 Hatchett Hairpin
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Figure 17 - RPM & Velocity for Static Ride Height Configurations (Hatchett Hairpin)
Looking at the above figure, within the approach to the hairpin, a higher ride height configuration fails to achieve 6th gear, whereas a minimum ride height does. This then means that a greater longitudinal g force is produced under breaking with a lower ride height.
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Figure 18 - Longitudinal G Force (Left) & Longitudinal Load Transfer (Right) for Static Ride Height Configurations (Hatchett Hairpin)

Braking for both configurations occurs at the same point on the entry to the hairpin. However, due to the higher velocity achieved using a lower ride height, a greater amount of braking force is used to reduce the speed of the car. This then creates a greater longitudinal g force and longitudinal load transfer, and thus, a lower corner entry velocity.
Under extreme braking, it is evident that the car pitches forward. This event is noticeable when looking at the dynamic ride height changes.

Table 8 - Front Ride Heights for Static Ride Height Configurations (Hatchetts Hairpin Braking)

[image: image102.emf]Max Front Ride 

Height (mm)

Min Front Ride 

Height (mm)

Change in Front Ride 

Height  Under 

Braking (mm)

Min Static Height 27.01 25.77 1.24

Max Static Height 68.49 65.64 2.85


A higher static ride height seems to achieve greater pitch sensitivity. This apparent pitch sensitivity then creates much larger surges of downforce distribution longitudinally across the car (Figure 18).
[image: image103.png]1 <0.30 ms7.21 [ X





Figure 19 - CP Frontal Downforce Balance (%) (Hatchetts Hairpin)

These large swings of downforce distribution cause the car to become evermore unbalanced, with frontal downforce increasing and rear downforce decreasing at a much more rapid interval compared to that of the lower ride height.
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Figure 20 - Ride Height Configuration Understeer (Hatchetts Hairpin)

This unbalanced distribution of downforce creates a greater peak of understeer on corner entry, then rapidly swaps to a small amount of oversteer during corner exit. The above figure illustrates this change for both ride height configurations. Even though both static heights show a change in understeer to oversteer, the maximum ride height rate of change is much greater from one to the other, which correlates with Figure 18. However, it is also apparent that the driver has potentially made a small mid corner steering correction when using the minimum static ride height configuration.
Using the minimum ride height configuration, the car has been allowed to remain in a much more aerodynamically balanced state, thus a greater mid corner velocity has been carried and the driver is able to apply power at an earlier point during corner exit, which is visible when studying Figure 17. However, as ride height is increased or decreased, this then changes the height of the centre of gravity (CoG), which drastically changes how a car is able to navigate a corner. It is unknown whether the variation in CoG height or the difference in downforce has had the majority impact on the handling characteristics. (http://www.formula1-dictionary.net, 1999)
3.5.2 Honda Curve

Upon the entry to Honda Curve, using the minimum ride height allows an extra 1m/s to be carried before braking begins.
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Figure 21 - Velocity & RPM Traces (Honda Curve)

The above figure traces show that a gear downshift had to occur (circled red), when using the maximum ride height. 
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Figure 22 - Maximum & Minimum Static Ride Height Understeer Traces (Honda Curve)

Downshifting to 4th gear has subsequently unsettled the car creating a moment of oversteer. As both Figures 21 & 22 indicate, a minimum ride height has been able to carry a greater velocity through the entirety of the corner, meaning that when corner exit is reached, an already higher velocity is achieved when entering the main straight.

As previously mentioned, a maximum ride height generates increased pitch sensitivity, which is evident again when looking at the longitudinal load transfer.
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Figure 23 - Maximum & Minimum Static Ride Height Longitudinal Load Transfer (Honda Curve)
As Figure 23 indicates, an extreme increase in gradient of longitudinal load transfer exists with the maximum ride height, which compares to the previously studied data. 

Table 9 - Maximum & Minimum Longitudinal Load Transfer per Static Ride Height (Honda Curve)

[image: image108.emf]Min Longitudinal 

Load Transfer (N)

Max 

Longitudinal 

Load Transfer 

(N)

Min Static Height -124.49 211.44

Max Static Height -135.11 560.83


Numerical figures show that the increase in longitudinal load transfer within the maximum ride height configuration are much more radical compared to that of the minimum height. Even at the point just before braking occurs, a maximum height has a greater rear load than the minimum height, due to the effects of acceleration on the load transfer.
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Figure 24 - Front & Rear Aero Loads per Ride Height Configuration (Honda Curve)

The extremely rapid transfer of loading causes an increase in frontal downforce and a decrease in rear downforce, which is as expected. This sudden loss in rear downforce could have had an influence on the sudden “snap” of oversteer as rear grip decreased.
Table 10 - Maximum & Minimum Front & Rear Downforce per Height Configuration

[image: image110.emf]Min Rear 

Downforce 

(N)

Max Rear 
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(N)

Min Front 

Downforce 

(N)

Max Front 

Downforce 

(N)

Min Static Height 5488.12 7042.92 5272.9 5945.63

Max Static Height 3539.03 6034.07 4523.85 5734.49


Table 10 indicates the downforce changes that occur under the braking zone for Honda Curve. Examining the figures within the table, a greater change for both frontal a rear downforce arises when using the maximum height.
Table 11 - Losses & Gains in Downforce per Height Configuration (Honda Curve)
[image: image111.emf]Losses in 
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Gains in 

Frontal 

Downforce 

(N)

Min Static Height 1554.8 672.73

Max Static Height 2495.04 1210.64


Table 11 further reinforces the theory that using the maximum ride height causes the car to become much more unbalanced. These figures suggest that a greater amount of rear downforce is lost, and frontal downforce gained under braking, with these numbers almost double those of the minimum height. 

3.6.0 Rake Angle
Rake angle is known as the static angle of the car relative to the flat plane (road) on which it sits. Adjusting the overall angle of the car effectively creates a venturi on the underside of the car, using its full length. Only positive rake is used within racing (front lower than the rear), this pushes the front wing into greater ground effect territory and releases the rear from any close proximity influences induced from the ground.
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Figure 25 - Rake Angle (http://www.formula1-dictionary.net, 2018)
However, raising the rear can have a detrimental effect on how efficiently a diffuser will work, though it is unknown whether the simulator software considers this phenomenon. This needs particular consideration as the studied carries a diffuser. In some categories of racing, resealing the rear diffuser from any outside air is achieved with the use of exhaust gas interaction, allowing air to remain attached in the diffuser area, thus better rear downforce efficiency is achieved (Somerfield, 2013).
As in the previous studies, only the two corners shall be studied with maximum positive rake angle and maximum negative rake angle. The reason for studying negative rake angle is to examine the two possible extremes and understand why negative rake is not commonly used within racing.
Initially, the rake angle changes were conducted in terms of front and rear ride height, rather than overall angle. This is because of the way the overall car setup is allowed when using the Base Performance Simulator software. However, subsequently a dynamic rake angle channel was created within the Motec data studying software.
The static ride heights used were:

· Maximum Positive Rake – F = 20mm – R = 70mm (0.9° Static Rake)
· Maximum Negative Rake – F = 60mm – R = 30mm (-0.5° Static Rake)
Due to the method in which the car is setup within the Base Performance software, the negative rake could not have opposing like for like ride heights. This then results in the inability to have the same rake angle in the opposing direction.
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Graph 9 - Downforce & CP per Rake Angle Configuration
Generally, having a positive rake angle results in an increased amount of downforce throughout the entirety of the circuit. The data also shows that a negative rake angle produces much larger swings in CP balance. 
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Graph 10 - Front & Rear Downforce per Rake Angle Configuration
Even though a positive rake angle allows the front wing to develop an increased amount of ground effect, it is apparent that the rear downforce is still superior. 
A negative rake angle also produces a greater amount of downforce for the rear of the car. However, the generated downforce, both front and rear, is consistently lower than that of a positive rake angle.

Table 12 - Average CP % per Rake Angle Configuration
[image: image115.emf]Rake 

Angle
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0.9° 43.8

-0.5°

41.78

Difference 2.02


The above table indicates the average CP percentage to the front of the car over the course of the circuit. Even when using the maximum allowable positive rake angle, the distribution of the downforce produced is still rearward, which correlates with Graph 10. Considering that the rake has been altered from a positive to a negative angle, the average CP percentage does not show any dramatic change, with the difference between the two angles being 2.02%, suggesting that regardless of rake angle, the main production of downforce will always be at the rear of the vehicle. It is also noted that this distribution could change if the rear wing were to be altered, but for the convenience of comparison, the wings were left in the default state.
3.6.1 Hatchett Hairpin
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Figure 26 - Velocity Traces per Rake Angle Configuration (Hatchett Hairpin)

Corner entry speeds differ slightly for both rake angle configurations. The positive rake angle configuration carries much more speed through the first half of the hairpin. However, the car is unable to maintain this speed through the second half of the corner.
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Figure 27 - Longitudinal G Force per Rake Angle Configuration

Braking for corner entry occurs at roughly the same point for both rake angle configurations. The above data trace shows that a negative rake produces a much greater gradient of longitudinal G force under braking.
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Figure 28 - Longitudinal Load Transfer per Rake Angle Configuration
The greater amount of longitudinal G force produced then creates a greater amount of load transfer, which then depreciates at a faster rate compared to that of the positive rake angle setup. 
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Figure 29 - Front & Rear Downforce per Rake Angle Configuration (Hatchetts Hairpin)

The increase in longitudinal load pitches the front of the car closer to the track, this then increases the observed ground effect by the front wing. Temporarily, this increases the front downforce that is produced, subsequently reducing the generated rear downforce. This is apparent for both rake angles. 

Table 13 - Dynamic Front Ride Heights on Corner Entry (Hatchetts Hairpin)
[image: image120.emf]Max Front Ride 
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Change in 

Frontal Ride 
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0.9° 30.49 27.47 3.02

-0.5°

66.6 59.33 7.27


Table 13 indicates the change in frontal ride height during the braking period produced by the longitudinal load transfer. It can be observed that the negative rake angle configuration suffers with a much greater change in frontal ride height, producing a larger change in frontal downforce compared to that of the positive rake angle.
[image: image121.png]Bhoun5hBREHE

240

245

250

255

260

265

270

275

280

285

250

255

300




Figure 30 - Understeer Traces per Rake Angle Configuration (Hatchetts Hairpin)

When observing the produced data, the driver starts turning into the corner 22m earlier than when a negative rake angle is used. This can be observed in the above figure. As a lesser amount of frontal downforce is produced, this leads to a greater longevity of understeer within the slow speed corner. As the velocity decreases further into the mid corner apex, understeer for both rake configurations then begins to decrease. However, upon corner exit, a negative rake then suffers from a greater amount of understeer as power is then reapplied.
3.6.2 Honda Curve
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Figure 31 - Velocity Traces per Rake Angle Configuration (Honda Curve)
During the approach to Honda Curve, both configurations show the same velocity profiles. However, during the braking zone, a downwards gear shift was completed for the negative rake setup, helping to reduce entry speed.
The red line in Figure 31 indicates the mid corner apex point. It is evident that the velocities differ considerably between both setups, with the positive rake angle carrying an extra 6m/s at this point in the corner.

The data shows a difference of 5 meters between braking points, with the positive rake angle setup being allowed to brake later. Again, a greater gradient of longitudinal G force, and thus load transfer is developed for a negative rake, resulting with a 50N increase in load transfer.
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Figure 32 - Understeer Traces per Rake Angle Configuration (Honda Curve)

As Honda Curve is a high speed corner, the lack of frontal downforce experienced by the negative rake configuration is extremely noticeable. As the above data trace displays, even though both positive and negative rake angle setups turn into the corner at the same point, the negative rake angle suffers from an extreme amount of understeer compared to that of the positive rake angle setup, which carries the understeer throughout the total distance of the corner. Both configurations, however, undergo small amounts of understeer to oversteer as the car breaks traction when torque and power are applied, but this could also be as a consequence of the car drifting wide onto the located rumble strip during the corner exit.
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Figure 33 - Front & Rear Downforce per Rake Angle Configuration (Honda Curve)
On average, a positive rake angle is producing 2000N more of frontal downforce throughout the corner when compared against the negative rake angle. Again, the pitch change during braking is observed together with an increase in front downforce and a decrease in rear downforce, which then equalises and gradually climbs once power is applied, as the car exits the corner.
4.0.0 Conclusion

The conducted study was produced with the use of a driver simulator and data recorder. This means that no environmental influences could impede the results produced. However, the data will only provide results generated from a virtual model. The accuracy of the virtual model could be questioned with regards to how it interprets such phenomenon as aerodynamic separation, and whether it actually considers it.
The actual wing angles used throughout the study are unknown, as only a scalar factor was available within the operating software, therefore a true characterisation of wing angle could not be conducted. However, a study based on scaling factors could be conducted.

Tyre deformation was not considered throughout any part of the study. It is, again, unknown whether such characteristics as tyre temperature or wear are considered within the virtual car model, and if so, what impact they may have had on the generated data.

From the results produced, it is clear that aerodynamic factors such as wing angle, ride height and rake angle, all have a bearing on the dynamic handling of the vehicle. This often provides greater grip, increased corner velocity and, therefore, reduced lap times. It is, however, believed that with an increase in downforce, comes an increase in drag. Within the terms of the study conducted and the report presented, drag can only be determined for wing configuration. The CP, or distribution of downforce is also dependant on the car configuration used and has a great influence on the way in which the car can navigate a corner through its entirety. 

It is recommended that a Cd cost down study should be conducted for every possible aerodynamic configuration. This would then provide further knowledge regarding which wing configuration would best be suited for the particular needs of the car in the conditions and environment in which it is intended to perform.

Further analysis and evaluation could be made on other configurations used within the conducted tests. The general purpose of this report was to evaluate the extremes of aerodynamic configuration, however, they may not be best suited as a model for the reduction in overall lap time.
Within the static ride height study, neither of the ride heights evaluated were of a completely level attitude due to the way in which the cars could be set up to have minimum and maximum available ride heights. This resulted in a degree of rake being present. Further studies were conducted on lowest and highest possible ride heights whilst maintaining a level plane. However, the data produced from these configurations was not analysed as they were not the true minimum and maximum ride heights.
Another area of study could have been within the area of maximum straight line velocity. This could be beneficial depending on the intended circuit on which the car was intended to perform, as it is understood that each circuit requires its own individual car configuration.
5.0.0 Appendix

5.1.0 Lateral G Force & Load Transfer (Wings Min & Max)

A car with increased downforce allows for higher cornering speeds, however, as previously stated, straight line speed may suffer. As corners are most commonly areas of slowest velocity, these are the areas where most lap time can be lost. Boosting velocity through corners through the use of increased downforce, increases the susceptibility of the car to other lateral forces (every action has an equal and opposite reaction). If these forces overcome the overall available grip of the car, this can cause the car to become unbalanced through the duration of the corner, resulting in understeer or oversteer.
[image: image125.png]AL-8Y00VN &





Figure 34 - Diagram of Cornering Forces (Reif, 2014)
· [image: image127.png]


 = Car Velocity
· [image: image129.png]Fcf



 = Centrifugal Force (Car Lateral G Force)
· [image: image131.png]Fs



 = Lateral Force at Individual Wheels
· [image: image133.png]rk



 = Radius of the Corner
· [image: image135.png]


 = Centre of Gravity (CoG)
The effects of lateral g force and load transfer are dependant on a number of factors:

· Vehicle Speed

· Corner Radius

· Vehicle Mass

· Height of CoG

· Tyre Characteristics

· Tracking

(Reif, 2014)
As the car used in this case is a simulator model, vehicle mass, CoG, tyre characteristics and corner radius can be disregarded as these factors remain the same throughout. The conducted study and analysis is based around the Spitfires and Dibeni corners (Figure 2). This series of corners involves opposing directions of travel, with one immediately following the other. This should display the changes in lateral force, dependant on vehicle direction and the analysis of vehicle balance through rapid directional changes can be observed.
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Figure 35 - Velocity Traces (Spitfires & Dibeni)

The red markers in Figure 35 represent the mid corner apexes for both corners. As can be observed through both corners, a maximum [image: image138.png]


 configuration enables greater cornering velocities throughout the duration of both corners.
Table 14 - Mid Corner Velocities (Spitfires & Dibeni)

[image: image139.emf]Spitfires 
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Corner 
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Wings Max 45.3 50.7

Wings Min 38.5 48.8


The above table indicates the numerical difference in cornering velocities, with the maximum [image: image141.png]


 able to carry an average increased velocity of 4.35m/s through the observed corners.
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Figure 36 - Total Downforce Traces (Spitfires & Dibeni)

As can be observed in Figure 36, a greater amount of total downforce is generated throughout both corners using the maximum [image: image144.png]


, with the red markers denoting the mid corner apex locations. Due to the higher downforce levels, more velocity can be carried. However, as more velocity is carried, more downforce can be generated. As the downforce is a vertical force transmitted through the vehicle tyres into the track surface, this phenomenon provides more surface friction, therefore more grip is available to the driver.
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Figure 37 - Scatter Plot Lateral G Force vs Car Speed
Increased velocities throughout the corners due to the increased surface friction, will then alter the generated lateral forces. 

The figure below shows that due to increased downforce, thus increased corner velocity, lateral g force must therefore increase.
[image: image146.png]netre Y 00 50 500 550 600 650




Figure 38 - Lateral G Force Traces (Spitfires & Dibeni)
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Figure 39 - Lateral Load Transfer (Spitfires & Dibeni)
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· [image: image150.png]


 = Sprung Mass

· [image: image152.png]


 = Lateral Acceleration (Lateral G Force)
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 = CoG Height

· [image: image156.png]


 = Track Width
As the front and rear track widths differ, an average of the two widths was used to calculate the load transfer.
As load transfer is relative to g force (lateral or longitudinal), it is expected that the same trends will be observed from a g force trace to a load transfer trace, which is evident in Figure 39 when compared to Figure 38. 
Table 15 - Max & Min Lateral Load Transfer per Wing Configuration (Spitfires & Dibeni)
[image: image157.emf]Spitfires 

(Right) Max 

Lateral Load 

Transfer (N)

Dibeni (Left) 

Max Lateral 

Load Transfer 

(N)

Wings Max 172.36 183.96

Wings Min 133.19 154.92

Difference 39.17 29.04


As Table 15 indicates, the load transfer experienced with maximum wing angle far out-weighs that generated when using minimum angle. 
As the car transitions from right to left, the maximum wing angle configuration produces a transfer load 68N greater than that produced by the minimum wing angle.
As lateral acceleration is a property of roll angle, as one increases, so must the other.
[image: image158.png]M=a=h

Roll Angle =~




· [image: image160.png]


 = Sprung Mass
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 = Lateral Acceleration (Lateral G Force)
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 = Height of CoG above Roll Centre
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 = Track Width
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 = Wheel Rate
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Figure 40 - Roll Angle Traces per Wing Configuration (Spitfires & Dibeni)

The displayed traces in Figure 39 are to be expected with a maximum [image: image171.png]


 generating a greater angle of roll about the longitudinal axis.

Table 16 - Maximum Generated Roll Angle (Spitfires & Dibeni)
[image: image172.emf]Spitfires 
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Wings Max 1.16 1.25

Wings Min 1.02 1.09


As the roll stiffness was not changed with each configuration, this denotes that the maximum [image: image174.png]


 configuration that generates a greater lateral g force, suffers from greater roll angle, as indicated in Table 16 and Figure 40.
5.2.0 Fastest Lap Times
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Graph 11 - Fastest Lap Time per Wing Configuration
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Graph 12 - Fastest Lap Time per Static Ride Height Configuration
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Graph 13 - Fastest Lap Time per Rake Angle Configuration
It is evident that changing the three studied aerodynamic configurations can have a dramatic effect on the lap times produced, with some configurations reducing lap times more than others. It was also observed that when studying the produced lap times, a single set up may provide a single fastest lap, but not maintain a consistent time for each successive lap. Therefore, its use during a race simulation may not be advisable. However, it is unknown whether the lap time inconsistency is due to aerodynamic configuration or driver ability.
5.3.0 Maths Channel Expressions
[image: image178.png]Expressions

otal Mass kgl

Longtudnal LT[N]
Front Aero Load IN]
Rear Aero Load [N]

Lateral LT[N]

Left Aeo [N]

Right Aero [N]

Rake Angle 2
Constants

Front Max_Rear Min Cd
Front Min_Rear Max Cd
Wings Equal Cd

Wings Max Cd

Wings Min Cd

‘Summary

(Ground Speed" kam/h]*1000/3600)°2/(G Force Lat'[GI9.81)

(VWheelbase’ m]/Comer Radius)'(180/3.142)

Theoretcal Steer"(:37.92/553)

abs(Steering Wheel Pet [} abs(Corected Theoretical Steer)

“Static Weight FL' kgl+'Static Weight FR' kgl+'Static Weight RL kgl+'Staic Weight RR' ka]

(Total Mass'kkg]'0.85)"G Force Long' [GI'9.81"CoG' m}/ Wheebase m]

(Tre Load - FL' [N} Load - FR [N]H(Static Weight FL* kal+'Statc Weight FR kg)'3.81)+ Longtudinal LT IN]
(Tre Load - RL'[NJ+Tire Load - RR' [NIH(Static Weight RL' kgl+*Static Weight RR' ka9 81) Longtudinal LT IN]
“Front Aero Load [NJ+ Rear Aero Load' IN]

“Front Aero Load'[N)/Total Aero Load [NJ'100

CP Balance %*Wheelbase' I}/ 100

Total Aero Load' [N/(0.5'1.223"1.2"Corr Speed [n/s] 211

05'1.223"Frontal Area’ "2 (Cor Speed [m/s]'2"Cd

(Ride Height FL' fnm}+Fide Height FR' [rm]/2

(Ride Height RL [mm}Fide Height RR' fom)/2

atan((Mean Rear Height n}-Mean Front Height [/ (VWhesbass' [n]"1000))°180/3.142

((Total Mass' ka]"0.85)°G Force Lat'[6]"CoG' fm])/(Track Front m}+Track Rear fnl/2)

(Tre Load - FL' [N+ Tre Load - RL' N]H{(Static Weight FL' kg}+'Static Weight RL kg) '9.81)+ ateral LT [N]
(Tre Load - FR'[NJ+Tire Load - RR' [NJH(Static Weight FR' kgl+Static Weight RR' kg9 81) Lateral LT [N]
Gyro Pitch Angie’ [deg]*1

064
086
086
0%
03




Figure 41 - Maths Channels Created in Motec
The above figure shows the channels created in the data analysis software. Along with this, a setup sheet was also used that contained constant factors that did not change with altered aerodynamic configurations. 

As already stated, coefficients of drag were only calculated for each wing angle configuration studied. The coefficients are displayed in Figure 41. 
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Assuming no aerodynamic resistance exits at low speeds.
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