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1.0 [bookmark: _Toc533002671]Introduction
[bookmark: _GoBack]Both physical testing and, becoming more common practice, simulated testing of a vehicle, are commonly used methods of characterising a vehicles performance, both in motorsport and the road car sectors (rFpro, 2017). Increasingly, the accuracy of test procedures for the chassis components of a vehicle are becoming more robust, providing a good understanding of the vehicle’s expected dynamic handling without the need for full scale testing, as explained by (Novikov, et al., 2015). Wind tunnel testing affords developers the opportunity to test the aerodynamic performance of the design, however it cannot be done under full transient conditions, and correlation can be troublesome and time consuming, as detailed by (Diasinos, et al., 2015). Due to this, many companies are preferring to conduct the primary aerodynamic characterisation testing in a simulated environment, reducing time and cost, leaving fine tuning to be conducted in practical testing (Cruikshank & Doig, 2014).  
Given that the simulation is intended to be used as a correlation technique, it is important to design the test procedure to mimic that which can be conducted in the real world, to allow for direct comparison of data, thus hopefully giving the data analyst the ability to treat both the simulated and real data as directly cross comparable as explained by (McBeath, 2008). 
2.0 [bookmark: _Toc533002672]Aims & Objectives
It is the intent of this report, using driver in the loop simulation, to accurately characteristic the aerodynamic performance of a race vehicle under transient conditions in a variety of aerodynamic configurations. Specific parameters to be investigated are:
· Front and rear wing settings
· Vehicle ride height
· Vehicle rake angle
The resulting data obtained from the testing will be used to analyse the effects that the parameter changes have on the dynamic behaviour of the vehicle, in order to generate an understanding of how it would react to changes in a real-life scenario. Certain specific areas of interest from the analysis would be:
· Effect on Centre of Pressure (CoP)
· Effect on Lateral Acceleration
· Effect on downforce levels
· Effect on aerodynamic coefficients (Cl & Cd)
· Handling balance of vehicle (from driver feedback)
3.0 [bookmark: _Toc533002673]Methodology
The testing to be conducted will be carried out using a Base Performance Simulators 4.8, driver in the loop simulator, utilising software based on the iSiMotor physics engine. This software outputs a variety of logged data channels in a format recognised by the Motec i2 analysis software which will form the basis of the analysis in this report. The vehicle to be used throughout the testing will be the Dallara GP2/11, as specified. The same driver, one with prior experience of the simulator, was used throughout all tests for consistency. 
A test plan was drawn up that detailed the specifics of each configuration and tests to be run during the simulator session, a copy of which can be found in Appendix C. Given that, in reality, simulator resources are limited, even amongst some of the largest companies (Kaemmer, et al., 2008), consideration was given when writing the test plan, to optimising the workflow in order to maximise the time available, in line with common experimental design processes, as per (Collins, et al., 2009). This was achieved, based on understanding of the simulation software, by creating a workflow that reduced the amount of time spent “off track” making changes in the menu structures/coding of the software, allowing tests to be conducted back to back with minimal wasted resource between each one. On the assumption that the testing mirrors what would be conducted in a real world test, the tests were designed to maximise the available time, given that (Racingcardynamics.com, 2014) explains that due to the financial and often regulatory restrictions associated with live track testing, it is imperative to ensure that any testing conducted is managed efficiently.  
The test regime was constructed with a view to capturing enough data to discern the vehicles aerodynamic characteristics, from extreme settings through to a more refined section of settings, the intent being to obtain data, as if being looked at by a motorsport engineer, to define an understanding of a vehicle whose characteristics were completely unknown. As such, it was decided to conduct tests in various configurations, sweeping through wing positions, from maximum to minimum, iteratively where the front and rear wing settings are set equally as well as offsetting the front and rear settings, the intent being to characterise the vehicles dynamic response to all potential configurations. A similar study was then conducted on the attitude of the vehicle in terms of ride heights and corresponding rake angle, intended to capture data relating to the influence of any ground effect interactions on the aerodynamic performance of the vehicle. Given that (Metz & Maddock, 1986) describe the importance of the position and control of a vehicles sprung mass to its aerodynamic performance, it was felt that to better understand the vehicles characteristics that these tests were necessary. Additionally, straight-line high-speed runs and coast down tests were also conducted to allow for the calculation of the Cl and Cd values for each configuration tested in line with accepted testing practices, as per (SAE, 2016). 
Utilising the logged data returned from the simulator session, analysis is to be conducted using Motec i2 data analysis software. To ascertain certain information, it is necessary to create ‘Maths Channels’ within the software. These are equation-based channels used to calculate new variables, where some of the components of the equation are taken from the logged channels, thus providing a method of live calculating new variable directly from the data files. A screenshot of the created maths channels can be found in Appendix A. To assist with the process, i2 has a facility known as ‘Setup Sheets’, these can be used to enter constant values that may have been changed between runs, such as static ride heights, masses etc, that have been altered between runs, allowing the software to automatically update values based on the time and date of the run file being corresponded to the time and date of each entry in the setup sheet. A setup sheet was created that mapped all the changes made during the testing session that the software could then refer to during calculations, a screenshot can be found in Appendix A. 
4.0 [bookmark: _Toc533002674]Results & Analysis
The following sections will detail the areas of interest based on the data collected, and associated analysis of each section as it relates to the aerodynamic performance of the vehicle. 
A nomenclature of terms used in the equations, as well as a listing of the equations the maths channels are based on can be found in appendix B. 
4.1 [bookmark: _Toc533002675]Cl & Cd Calculations
Straight line coast down testing was conducted, the results from which are used to calculate the drag coefficient for each vehicle configuration. 
The coefficient of lift (Cl) was found via a maths channel in Motec, using the following equation:

This required the calculation of the lift force produced by the vehicle. Given that the simulator measures channels for Tyre Load, which represents the total force seen at the contact patch (on a real car the closest measurable element would likely be push rod load sensors (Smith, 2013)) this value will be a total of the static weight of the vehicles sprung mass as well as any translated loading from produced downforce. Therefore, subtracting the static weight of the vehicle from the sum of these corner tyre loadings will leave a value showing the force resultant of downforce. Maths channels are created based on this for the downforce produced by the whole vehicle, to be used in calculating the Cl. 
Once completed, the data from the maths channel can be displayed as a live channel, as seen in figure 1.
[image: ]
[bookmark: _Toc534205661]Figure 1 - Lift Force Channel Screenshot
The above screenshot is showing the calculated Cl from a straight-line test, with the wings set at the default mid setting front and rear. This shows a total downforce level of 10,525.74N produced, working back to a Cl of 3.31 for this configuration. Figure 2, below, shows the different Cl values calculated for each configuration tested, with figure 3 showing the associated lift force. For ease of plotting Cl values shown are absolute, the vehicle is in fact generating negative lift, therefore all Cl values are negative.  

[bookmark: _Toc534205662]Figure 2 - Cl & Lift Force by Configuration
The data shows there is only a minor difference between the mid setting and maximum setting, resulting in only a small increase in downforce gain over the mid setting. Given that there would be an expected increase in drag associated with the increased with the increase in wing setting (Smith, 1978), investigation would be needed before deciding if the small increase in downforce was worth the potential sacrifices in straight line speed associated with the increased drag. 
Looking at the differences between the downforce produced between the mixed maximum and minimum settings front and rear compared to when both are set to minimum, the front wing is generating more lift when in its maximum position. This is not to say that the front of the car is in fact generating more downforce than the rear, as the Dallara GP2/11 vehicle, as with many single seat race cars (Wright, 2001), has a large diffuser coupled with an effectively flat floor which will likely be producing a large amount of downforce more rear biased. Without knowing the pressure distribution of the vehicle when all devices are considered, it is not yet possible to determine if there is a benefit from running more rear wing on the car as the diffuser may adequately compensate for the reduction in wing downforce if at a lower setting without the additional drag implication of the wing setting. 
Coefficient of drag was calculated using the coast down testing method, selected based on the standards found in (SAE, 2016). This involves getting the car to a constant speed, due to the soft limiter on this vehicle model maximum RPM in 3rd gear was chosen, then selecting neutral and allowing the vehicle to coast, reducing in speed due to the aerodynamic and mechanical resistances. This speed reduction is then measured over a time interval, giving an acceleration value, which is then used to calculate a resistive force. In real world conditions this test would be conducted in alternate directions in order to neutralise the effect of any headwind interaction as well as and gradient influence, however in the simulator there is no wind velocity or direction programmed, therefore this was not necessary.
The mechanical rolling resistance was found in a similar way, but using data from very low speed (below 10 m/s) where there should be no aerodynamic influence, to stationary. 
The following equation is then used to calculate the Cd of the configuration. 

Figure 3 shows the resultant Cd values and the forces resulting from aerodynamic resistance. It should be stated that, the mechanical resistance was calculated for the first configuration only, then the value used across all calculations. Given that the resistance value will predominantly come from the tyre as well as the frictional resistances found in the bearings and gearbox oil drag as per (Smith, 2013), which will vary slightly depending on the loading placed upon the system as well as the temperatures found as per (Juhala, 2014), a slight variance in the resistive force would be expected. However, the physics engine for the simulator does not calculate these resistances in this way (Base Performance Simulators, 2009), it is simply a set factor that is coupled with the velocity to produce a force, as such it was chosen to discount the potential variance and take the single value as being constant across all runs. 
Figure 3 shows the Cd values found, as well as the corresponding aerodynamic drag force calculated. Mechanical resistance was taken as 251.5N based on calculations described. 

[bookmark: _Toc534205663]Figure 3 - Cd & Drag Force by Configuration
The trend seen in the Cd data is the same as seen in the Cl data, confirming that there is a corresponding relationship between the wings attitude and the amount of drag created, as would be expected based on (Marques-Bruna, 2011). Interestingly, the percentage of change between configurations is significantly higher in the drag forces seen compared to the lift forces. Comparing the minimum and maximum wing settings, there is only a 25% increase in lift going from min to max, whereas there is a 105% increase seen in the associated drag force. Comparing the efficiencies of the configurations, a significant increase can be see when at the minimum setting, however the other configurations remain relatively constant within a range of 3.7 – 4.5 showing there is likely to be little drag penalty associated with the changes as per (Katz, 1995). 
Comparing configurations, again there is little difference seen between the mid and max settings, while again the split configurations show that the maximising the front wing setting results in higher drag values than maximising the rear wing. Coupled with the lift forces seen earlier, it can be said that the front wing is more powerful in terms of both drag and lift, than the rear wing, possibly due to ground effect interactions. It is also worth considering that the front wing sits in relatively clean airflow, whilst the rear wing is a downstream device that is affected by the airflow of the components ahead of it, such as the air intake and roll over structure, which may be acting to reduce the effectiveness of the wing as explained by (Steinfurth, et al., 2018).  
As a means of correlation, as well as finding an additional method of calculating downforce levels on a vehicle that may not have these data channels logged, a back calculation can be performed through the suspension travel using the spring rates and suspension travel. 
Due to the GP2/11 having progressive bump stops, these also had to be accounted for. Based on the suspension coding from the simulator, it was possible to determine at what point of travel the bump stops come into effect, the initial rate, and the rising rate increase per unit of deflection. If statement channels were then created, to either discount or include the forces, as shown in figure 4. 
[image: ]
[bookmark: _Toc534205664]Figure 4 - Bump Stop If Statements
With the rates of the bump stops and springs known, these can simply be multiplied by the suspension travel to give a force required to compress the suspension by that amount. The results of which are overlaid with the calculated lift force as detailed earlier in figure 5. 
[image: ]
[bookmark: _Toc534205665]Figure 5 - Suspension & Lift Force Traces
As can be seen, there is good correlation in terms of trend, although the values found do not correspond absolutely. It should be noted that, the suspension calculations do not account for any reactive damping forces, which will have an effect (Guiggiani, 2014), potentially explaining the variations in the low speed and high-speed sections of the data. Whilst not fully reliable, it can be said that, if an engineer only has access to suspension travel information, then it is possible for them to be able to calculate a representative value of the downforce produced by the vehicle using this method. 
4.2 [bookmark: _Toc533002676]Circuit Laps Testing
In order to appreciate the dynamic response of the vehicle, it was necessary to conduct tests on a representative circuit and racing speeds. For the purposes of this investigation Pembrey Circuit was selected due to its short lap time, mixture of slow and high-speed corners as well as its limited gradient and camber change intended to minimise the effects of circuit induced attitude. 
4.2.1 [bookmark: _Toc533002677]Wing Configuration Testing
The same configurations were tested as above, with the vehicle set to its default ride height throughout, to study only the influence of wing setting. 
Figure 4, below, shows a screenshot of the total lift force generated by the vehicle for the maximum and minimum wing setting configurations plotted over a whole lap (green being the maximum setting).
[image: ]
[bookmark: _Toc534205666]Figure 6 - Total Lift Force Max & Min Settings
The data traces show a clear difference between the two configurations, both following a very similar trend across the lap, with higher magnitudes seen, as expected, with the higher wing settings. The number shown in the top right of the screenshot are the max, min and mean values for the channels displayed, these are used to plot comparison graphs to aid the analysis. Figure 5 shows the results from the wing configuration tests. 

[bookmark: _Toc534205667]Figure 7 - Downforce & Lap Times by Configuration
Based on the straight-line testing conducted, the downforce figures produced for the configurations follow the expected trends, like those seen in figure 2. The corresponding lap times however do not follow the same trend, more downforce did not equate to faster lap times in all cases. The distribution of downforce is likely the driving factor in this irregularity. To understand the differences, the vehicles centre of pressure (CoP) must be analysed. Figures 6 & 7 shows histogram diagrams for the CoP in the maximum wing configuration and the mid configurations. 
[image: ]
[bookmark: _Toc534205668]Figure 8 - Mid Setting CoP Histogram
[image: ]
[bookmark: _Toc534205669]Figure 9 - Max Setting CoP Histogram

Although appearing to have a similar trend, where both configurations have a CoP of around 45% forward, the histogram does show that the maximum setting spend slightly longer above 45% than the mid setting, although the difference is relatively minor. Despite being slightly more rearwardly biased, the driver feedback for the mid setting was little different to that of the max setting, with both described as “feeling stable, but front limited”. Due to the CoP dynamically changing across the lap due to the attitude of the vehicle, as per (Wright, 2001), it was necessary to look at the straight line testing data to ascertain the configurations true CoP value, shown in figure 8. 

[bookmark: _Toc534205670]Figure 10 - CoP by Configuration
Figure 10 shows that the CoP between max and mid settings does not significantly change, while the minimum setting goes slightly more forward biased, despite the diffuser, again showing that the front wing is providing good downforce even when rolled back. It can be said that, with the wings in an equal attitude configuration, the cars CoP will remain predictably around 45% forward. 
Analysing the created understeer channel, figures 11 & 12, support the feedback and anticipated response from having the CoP more rear biased, with the vehicle rarely entering an oversteer condition, but tending heavily towards understeer during cornering. This strongly implies that the reaction of the front end of the vehicle is limited by its mechanical grip as per (Guiggiani, 2014), as well as the aerodynamic forces generated, while showing that the rear end is not grip limited.   
[image: ]
[bookmark: _Toc534205671]Figure 11 - Mid Setting Understeer Channel
[image: ]
[bookmark: _Toc534205672]Figure 12 - Max Setting Understeer Channel

Contrastingly, figure 13, showing the understeer channel for the maximum front wing, minimum rear wing configuration shows significantly less understeer over the lap, but still very little oversteer. 
[image: ]
[bookmark: _Toc534205673]Figure 13 - Fmax Rmin Setting Understeer Channel
Driver feedback from this configuration shows that the vehicle did indeed have a tendency towards oversteer, especially in the fast corners, resulting in the driver having to maintain lower speeds and be especially smooth with the car, throughout these sections, resulting in the slower lap times. A result of this is that, while the understeer channel does not show significant oversteer events, this does not mean that the vehicle configuration remains stable, it is simply demonstrating that the driver is having to remain within the confines of the available grip limits to maintain control of the car. Figure 14 supports this statement, showing data from a high-speed section of the circuit, demonstrating that the driver is having to maintain a lower speed through the section as well as generating reduced lateral g force levels. Data shown is max setting and Fmax-Rmin (in black). 
As stated by (Smith, 2013), understeer is an easier condition to drive through and control, especially at higher speeds than snap oversteer, which explains why the naturally understeering configurations generated faster lap times than the oversteering configuration, as the driver had to reduce speed less to combat the understeer than the oversteer. It is worth noting however than in the first and last turns (low speed hairpin and high-speed right hander), highlighted on figure 12, still generated understeer conditions. Given that this occurred in two very different speed corners, one with significant aero loading and one without, it appears that the vehicle tends towards understeer from a purely mechanical grip aspect, regardless of the aerodynamic loads seen, as per (Katz, 1995).   
[image: ]
[bookmark: _Toc534205674]Figure 14 - Lat G & Speed Traces
The trace showing the split wing configuration also highlights smoother transitions between direction changes in the lateral G force channel, showing that the driver is having to ‘coax’ the car into bends rather than being able to push. 
[image: ]
[bookmark: _Toc534205675]Figure 15 - Drag Force Overlays
Figure 15, above, shows an overlay of the aerodynamic drag forces produced by the car, calculated by use of a maths channel, against time, over the course of a single lap for the mid and maximum configurations. The maximum setting is clearly generating higher levels of drag, as expected given the higher Cd value and that the force is a function of the Cd value, as per (Smith, 2013). Given that a major component of the drag force equation is Velocity squared, it was expected to see that the variance between the two configurations would become greater, as the data bears out. The data shows that there is difference between the mean drag force values of 277.47N. Whilst this value is not insignificant, the data traces also highlight the offset between speeds over the course of the lap, which shows that although more drag is being produced, the additional downforce that is coming with it is allowing the driver to achieve higher cornering speeds, arriving at corners earlier, hence the offset between peaks. It should also be stated that, whilst representative this data is not accurate, as on circuit the attitude of the vehicle dynamically changes with braking, acceleration and cornering, thus altering the effective frontal area of the vehicle as well as affecting the Cd value for specific aerodynamic devices depending on their presentation to the onset flow (Marques-Bruna, 2011). This is too complex to be accounted for in the above calculations as the data to calculate this change is not available.      
Based on the above data, it can be said that the best configuration to operate the vehicle in would be with the wings set equally front and rear, at the maximum available angle of attack. Given that with increased grip levels, and therefore the ability to carry more mid and corner exit speeds, the additional drag implication of the higher wing setting is negated on the straights due to the faster straight entry speeds as well as the ability to brake slightly later into corners.  
4.2.2 [bookmark: _Toc533002678]Ride Height Testing
Given that the above testing was all conducted with the vehicle at the default ride height, a series of tests were conducted that swept through differing ride height configurations to see the effect of bringing the vehicles aerodynamic devices further into or out of ground effect. These tests were conducted with the wings set equally on their mid setting. 
Figure 16 shows the different configurations tested and the associated ride heights and rake angles achieved. All ride height data is taken from the measured ride height channels as opposed to the software’s menu settings as the two did not correlate. 

[bookmark: _Toc534205676]Figure 16 - Ride Height & Rake Angle
The default configuration shows that the vehicle has a native rake angle of -0.37 degrees. The maximum range of adjustments (min & max configs) show that the vehicle will naturally have a higher rear ride height than front, resulting in a rake angle of between -0.4 and -0.1 degrees regardless of ride height set. The neutral configurations tested, were intended to have the vehicle with no rake angle, however, due to the lack of correlation between the menu settings in the software and the measured ride height channels, this was not achieved, although the resultant angles were extremely small, around 0.06 degrees. 
Figure 17 shows the resultant downforce levels on each axle and lap times achieved with each configuration. 

[bookmark: _Toc534205677]Figure 17 - Downforce Levels & Lap Times
From this data the three lowest lap times were found when the vehicle’s ride height was either low on both axles, or with the front ride height lowered. Simplistically, given that (Rozhdestvensky, 2006) explains that a wing closer to a ground plane will produce more lift (negative lift in this case) due to the aerodynamic phenomenon of ground effect,  it correlates that these configurations produced faster lap times as well as a corresponding increase in downforce levels, as shown in figure 16. 
Given that all configurations show that the rear of the car was generating more downforce than the front, the CoP, as shown in figure 18 below, is again below 50%. Interestingly, when the front was set to its lowest and the rear to its maximum, the intent was to raise the diffuser out of ground effect while pushing the front wing further into ground effect, however the resultant forces produced show that the rear of the car generated the highest downforce levels of all configurations, implying that the additional rake angle increased the working effects of the rear aerodynamic devices, while the corresponding increase in force from the front wing was less than the increase on the rear, resulting in a CoP very similar to that seen when the car was at its native attitude, as shown in figure 18. 

[bookmark: _Toc534205678]Figure 18 - CoP & Lap Times Ride Height Configurations
Figure 19 shows the understeer channel for the three fastest configurations, with the green trace being ‘Minimum’, black being ‘Neutral Low’ and red ‘Fmin Rmax’. 
[image: ]
[bookmark: _Toc534205679]Figure 19 - Ride & Rake Study Understeer channel
This shows that, despite the neutral low setting having less downforce overall and an extremely similar CoP to the minimum setting, the amount of understeer seen was significantly lower than that found in the minimum setting. The Fmin-Rmax configuration also generated a lower level of understeer, which was to be expected given the higher levels of front-end downforce seen and the shift of CoP slightly closer to 50% compared to the other two configurations. 
The range of rake angle sweep that is available on this vehicle is limited, ideally it would have been preferred to have had more adjustment in the suspension system to allow a larger range of angles to have been tested to better characterise the influence of rake and ride height on the vehicle. Within the confines of the available range, it can be said that the vehicle responds well to running at a lower ride height, likely due to the ground effect influence on the aerodynamic devices explained earlier, and that there is little difference seen in performance when the vehicle is run at a neutral angle or with a high rake angle. This said, the driver feedback from the runs detailed that all the three fastest configurations “had a neutral balance that gave good mid-corner grip levels” but specifically the high rake angle configuration was described as “well balanced, good turn in but slightly washes mid-corner” supporting the understeer data where this configuration saw slightly higher levels of understeer than the neutral low. 
In terms of CoP migration during a lap, figure 20 shows a comparison of the Neutral Low and Fmin Rmax configurations plotted over a lap. 
[image: ]
[bookmark: _Toc534205680]Figure 20 - CoP Migration Comparison
When looking at the pitch angle channel and CoP channel, the migration is relatively equal in braking and acceleration events between the two configurations. Specifically, the pitch angle channel follows an almost identical trend between configurations, offset by the native angle amount, evidently being controlled by the suspension stiffness. The CoP channel (bottom) shows that the Fmin Rmax configuration (black trace) experiences more migration than the neutral configuration. However, much of this difference is explained when analysing the speed traces, showing that the main CoP variances are occurring in sections where the driver is having to modulate braking or throttle application more than with the neutral setup, implying that the Neutral configuration gave a more stable platform.   
4.2.3 [bookmark: _Toc533002679]Additional Refinement Testing
The above testing has characterised the vehicle from its minimum to maximum ranges of settings, so far finding that the vehicle responds best when run at low ride heights and that the greater amount of wing that can be run, the better the overall lap times will be. However, since Pembrey has a relatively short straight, it is likely that the full implication of the drag from the higher wing settings is not been captured fully, as it would have been at a longer circuit like Silverstone. 
Due to these issues it was decided to run a limited series of additional tests where the wing positions were varied in much smaller increments, based on the trends seen in the previously analysed data, to try and ‘tune’ the aerodynamic setup of the car to find an optimal compromise. 
Figure 21 shows the resultant downforce levels and lap times from the testing. Wing settings are on a scale of 1-40. 

[bookmark: _Toc534205681]Figure 21 - Axle Forces and Lap Times
The data shows that with higher front wing settings, the lap times improved, a significant gain is seen over the previous testing’s data, with the previous best lap time being 42.933 seconds (neutral low both wings at 35), reducing to 41.948 seconds with the F40 R25 configuration, a gain of around 1 second. 
[image: ]
[bookmark: _Toc534205682]Figure 22 - Lift Force Scatter Plot
Figure 22 shows the lift generated over the course of a lap plotted against velocity, the green points being from the F40 R25 configuration. Given that the front wing has been increased, but the rear wing has been decreased, it is necessary to look at the individual axle forces to ascertain the location of the gains. Given that lift force is a function of speed and coefficient of lift (McBeath, 1998), the data shows that the F40 R25 configuration must have a greater Cl value to be achieving higher levels of downforce for the same velocity as the Neutral Low configuration.  
[image: ]
[bookmark: _Toc534205683]Figure 23 - Axle Lift Forces Comparison
Figure 23 shows that the primary driver of the increased downforce is coming from the increase in front wing angle, resulting in a noticeably higher amount of force generated on the front axle. Despite the rear wing being reduced, there is still an increase in downforce seen on the rear of the vehicle. The F40 R25 configuration was run with a rake angle of -0.55 degrees, while the Neutral Low configuration was operating with a rake angle of 0.06 degrees. This demonstrates that the effect of the diffuser on the rear of this car, when run with a higher rake angle to improve the venturi effect (McBeath, 1998), has a greater impact on the downforce levels generated than the rear wing does, likely with a reduced drag implication compared to just increasing the wing angle. 
[image: ]
[bookmark: _Toc534205684]Figure 24 - CoP Comparison
Figure 24, showing the CoP histograms overlaid, demonstrate the effect of running the car with the additional front wing and rake is to move the CoP from around 44% forward to just under 52% forward. This could simply be a result of running the wings at different angles, but additionally, the increased rake angle may have resulted in a change in the effective working throat area of the diffuser due to the  increased rake angle, thereby moving the CoP of the floors aerodynamic forces further forwards (Racecar Engineering, 2009). 
[image: ]
[bookmark: _Toc534205685]Figure 25 - Single Corner Analysis Overlay
Looking at the differences seen between the two configurations in the context of a single corner, figure 25 shows a section of data from the Honda Curve, a fast right hander leading onto the main straight. 
The lateral G forces seen in the F40 R25 configuration reach a higher peak, which is sustained throughout the duration of the corner, demonstrating the additional grip available as a direct result of the additional downforce and better-balanced CoP. The speed trace shows similar entry speeds, with this configuration giving the driver the ability to carry more speed through the corner, thus giving a higher exit speed, resulting in an increase in Vmax at End of Straight (EoS) of 1.4 m/s. 
The driver described this F40 R25 configuration as “Gives confidence on turn in, with much improved mid-corner grip”. This is backed up when looking at the throttle position trace in figure 23. The driver can lift off for corner entry around 10m later, and most critically able to maintain around a 50% throttle application throughout the duration of the corner, while with the Neutral Low configuration, the driver is having to lift fully mid-corner. With the neutral configuration, the driver was able to get back on throttle earlier, they then had to feather the throttle on the exit due to the “mid-corner washout” that was being experienced. By comparison, the F40 R25 configuration allowed the driver to maintain full throttle once reapplied, giving a faster corner exit, and in turn the higher EoS speeds seen.

5.0 [bookmark: _Toc533002680]Conclusions
It can be said that, the use of data logging equipment fitted to a race vehicle, or in this case, the simulation equivalent, has been proven to be highly effective at characterising the aerodynamic characteristics of a vehicle under dynamic conditions on a circuit. 
Wind tunnel testing, or CFD analysis, would have fulfilled the same purpose as the straight-line testing that was conducted here, in that relatively accurate Cl and Cd values could have been calculated for the vehicle in different aerodynamic configurations as explained by (Axelsson & Ramnefors, 1998). However, due to the computational time involved in running all of these differing configurations in CFD, as well as the time and cost implication of producing models and operating a scale wind tunnel for each possible configuration would likely have far exceeded the time, and probably monetary cost of taking a real vehicle to a race track/test facility for a day, where the different tests could have been performed with relative ease within a matter of hours. Although the application is different, a paper by (Matache, et al., 2015) explains well the issues that can be found with simulated testing, in that there can be anomalous results due to input errors or solver calculation issues, whereas these issues can be removed by conducting the physical test. Clearly, in the context of race vehicles, this is not always possible, especially in the design stages, which is where CFD and wind tunnel testing can be utilised well. However, in the scenario where a ready to run vehicle is available, it would always be the preference of the author to conduct these tests live at a circuit, thus removing the computational unknowns and being able to fully map the dynamic interactions seen on the vehicle’s aerodynamic devices. This is of course dependant on the capabilities of any data logging system fitted to the vehicle in question, as per (McBeath, 2008), however the additional investigation regarding suspension travel calculations have proved that, even if a basic system is employed, utilising few sensors, a reasonable approximation of the cars aerodynamic force distributions can be ascertained. 
Based on analysis of the data obtained, it can be said that the Dallara GP2/11 vehicle can be characterised as a front grip limited vehicle. The trends shown in section 4.2 show that the vehicle tends toward understeer, in low and high-speed corners. The refinement testing conducted, did however manage to reduce this significantly by making smaller adjustments to the wing settings and biasing the wing settings to the fore, to try and balance out the effect of the diffuser fitted. This diffuser was proven to be effective at all ride heights, although the testing has shown that the greatest benefit would come from running the vehicle with a negative rake angle to increase the effect of the rear aerodynamic devices, as well as helping put the front wing into more of a ground effect condition, especially noticeable when the front ride height is reduced but maintaining a rake angle in excess of -0.5 degrees. 
Regardless of the aerodynamic configuration used, the data showed that understeer was always the dominant characteristic of the vehicle’s handling, except for where rear downforce had been reduced to the point of making the vehicle all but undrivable. Given that this trend was seen across all the configurations, it can be said that the underlying problem of understeer is not simply an aerodynamic issue, but also a mechanical grip limitation that must be addressed through the suspension settings of the vehicle. 
The drag implication associated with increasing the wing angles has been proven to be relatively even between the front and rear wings, with the front wing inducing slightly more drag than the rear. 
The use of a driver in the loop simulator has proven a very effective tool for the purposes of investigating vehicle performance, especially within the context of having limited time resource available. There are however potential issues with this approach. One of the primary issues is the consistency of the driver. While every effort was made to limit this influence by using a driver experienced with the simulator, as well as setting targets for lap time repeatability, it is likely that there would still have been an impact on the accuracy of the results obtained from the circuit testing due to driving style, driver fatigue and concentration levels. These issues are well documented with human in the loop simulation, as per (Berthoz, et al., 2013) and (Correia-Gracio, et al., 2011), however, given the resources available to the test group, as well as the ability to retrieve driver feedback for the given scenarios, the approach was valid and the best  choice for the investigation to be undertaken.  








6.0 [bookmark: _Toc533002681]Evaluation & Future Works
The test plan proved effective, with the group working well during the testing phase, however, once data analysis started, it became clear that there were additional tests that would have been desirable to have been conducted. 
The decision to sweep between extreme values was, in retrospect, an error. To have obtained more representative data on the vehicles handling response to changes, it would have been preferable to have started from a mid-point and swept outwards of those values, giving a smaller incremental change in the data, allowing for a more refined approach to understanding the cars characteristics. This was the primary reason for conducting the additional testing where a small range of wing and rake angle settings were run, however this was technically outside of the time allocation window given for the testing to be conducted within, therefore it would have been preferred to have captured this data initially.
To better understand the vehicles abilities, it would be desirable to conduct a study into the influence that can be achieved from altering the vehicle’s suspension settings, beyond simply the ride height changes that were conducted in this study. Ideally a range of spring and damping changes would be made to dial out the understeer that is seen in the vehicle. 
Whilst the testing to date has been able to build a characterisation of the vehicle’s performance and response to aerodynamic changes, this would only be part of what a race engineer would look to understand. Given that the aerodynamic performance will be intrinsically linked to the dynamic chassis response, there may well be a different outcome when suspension variables are altered, meaning a better aerodynamic compromise could be found over that which was determined from the testing. 
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[bookmark: _Toc534205687]Figure 27 - Motec Setup Sheet Example 1
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Coefficient Calculations (Smith, 2013):

F = Force (N)
CxA = Coefficient of Drag/Lift (as applicable)
V = Velocity (m/s)
Longitudinal Weight Transfer (Robert Bosch GmbH, 2014):

WT = Weight Transfer (N)
M = Mass (Kg)
a = Longitudinal Acceleration (m/s/s)
H = Centre of Gravity Height (m)
Wb = Wheel Base (m)



 Centre of Pressure (Smith, 2013):
CoP = Centre of Pressure Forward (%)
Ffr = Lift Force Front Axle (N)
Ft = Lift Force Total (N)
Corner Radius:
Cr = Corner Radius (m)
V = Velocity (m/s)
ay = Lateral Acceleration (m/s/s)
Theoretical Steering angle required: 
 = Steering angle required to negotiate corner (radians)
Corrected Theoretical Steering Angle (based on steady state cornering where car is known to be balanced):
Cst = Corrected Steer Angle (radians)
Steering Ratio = Ratio between Steering % Input and Theoretical Steer Angle
Understeer/Oversteer Channel:
Values used must be absolute
Aerodynamic Efficiency (Smith, 2013):
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[bookmark: _Toc534205690]Figure 30 - Test Procedure
  
Cd & Drag Force

Drag Force	Mid	Max	Min	F-Max R-Min	F-Min R-Max	1647.7855555555545	1777.87388888889	867.25555555555479	1387.6088888888899	1257.5205555555549	Cd	Mid	Max	Min	0.84174846365366696	0.92423693957080022	0.39427672103396622	0.65943260328131548	0.64363252460483489	Efficiency	3.9322911094280091	3.7219893002734525	5.8081034913616438	4.5796947026467558	4.2104770912001896	Configuration


Cd & Efficiency


Drag Force (N)




Downforce - Wing Configurations

Peak Downforce	Max	Mid	Min	F-Max R-Min	F-Min R-Max	15800	15513	12513	14055	13342	Mean Downforce	7789.88	7234.12	4770.28	5861.3	5642.99	Lap Time	43.362000000000002	44.148000000000003	45.3	46.48	45.674999999999997	Configuration


Downforce N





CoP Standard Ride Height

Equal Mid	Equal Max	Equal Min	F-Max R-Min	F-Min R-Max	43.54	44.94	44.84	54.56	32.99	Configuration


CoP % Forward



Ride Heights & Rake Angle

Front Ride Height	Default	Minimum	Maximum	Neutral Low	Neutral Mid	Neutral High	Fmax Rmin	Fmin Rmax	53.07	43.75	81.099999999999994	52	66.959999999999994	80.12	74.5	50.87	Rear Ride Height	Default	Minimum	Maximum	Neutral Low	Neutral Mid	Neutral High	Fmax Rmin	Fmin Rmax	69.489999999999995	50.52	90.3	51.35	66.319999999999993	79.069999999999993	53	87.39	Rake Angle	Default	Minimum	Maximum	Neutral Low	Neutral Mid	Neutral High	Fmax Rmin	Fmin Rmax	-0.37	-0.13	-0.19	0.06	0.06	0	0.56000000000000005	-0.87	Configuration


Ride Heights (mm)


Rake Angle (degrees)




Axle Lift Forces & Lap Times

Front Downforce	Default	Minimum	Maximum	Neutral Low	Neutral Mid	Neutral High	Fmax Rmin	Fmin Rmax	3238.25	3234.83	2594.17	3000.25	2714.67	2489.1799999999998	2024.15	3661.82	Rear Downforce	Default	Minimum	Maximum	Neutral Low	Neutral Mid	Neutral High	Fmax Rmin	Fmin Rmax	4085.29	4068.08	3373.4	3806.95	3465.37	3232.56	2671.21	4624.62	Lap Time	Default	Minimum	Maximum	Neutral Low	Neutral Mid	Neutral High	Fmax Rmin	Fmin Rmax	43.865000000000002	43.151000000000003	44.189	42.933	44.088999999999999	44.185000000000002	44.691000000000003	42.96	Configuration


Axle Lift Forces (N)





CoP & Lap Times

Lap Time	Default	Minimum	Maximum	Neutral Low	Neutral Mid	Neutral High	Fmax Rmin	Fmin Rmax	43.865000000000002	43.151000000000003	44.189	42.933	44.088999999999999	44.185000000000002	44.691000000000003	42.96	CoP	Default	Minimum	Maximum	Neutral Low	Neutral Mid	Neutral High	Fmax Rmin	Fmin Rmax	43.25	44.05	43.31	43.97	43.44	42.75	39.92	44.02	Configuration


Lap Times (s)


CoP (% Forward)




Axle Forces & Lap Times

Front Axle Force	F35 R20	F35 R25	F35 R25	F40 R25	3509.84	3484.47	3663.76	3866.82	Rear Axle Force	F35 R20	F35 R25	F35 R25	F40 R25	3861.75	4032.48	4251.28	4274.1099999999997	Lap Time	F35 R20	F35 R25	F35 R25	F40 R25	42.417999999999999	42.616	42.137999999999998	41.948	Wing Configuration


Axle Lift Forces (N)


Lap Times (s)




Cl per configuration

Cl	Equal Mid	Equal Max	Equal Min	F-Max R-Min	F-Min R-Max	3.31	3.44	2.29	3.02	2.71	Lift Force	10536	10914.79	7476.62	9717.34	8686	Configuration


Cl
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VD Assignment Testing Plan

+ Straight Line Constant Speed Test (For CI)
+ Coast Down Test in neutral (For Ca)

Both above to be conducted on the Skid Pan (FSAE Circui) s runway is modeled as a perfectly flat
section, therefore ruing out any gradient induced data variance.

Tests o be conducted for any aero configuration thatis to be tested.

ircut Testing to map Lift and Drag Forces over course of alap

Recommended that circuit 0 be used for this testing is Pembrey Crcuit due t0 the mixture of high
and low speeg corners as well 2 the imited gradient change, thus reducing the influence of dynamic
gradient change upon the results obtained.

Turn 1 (nairpin) is at such low speed that aeroynamic forces are non-existent, therefore an accurate
messurement of mechanical grip/load transfer can be measured.

Plotting Total Lift & Lateral Accel against Speed over Lap

Create maths channels o plot total it forces generated. Use tyre load readings at static to account
for mass of vehicle, remove this total igure from the dynamic tyre loads generated in motion, this
will give the total downforce evels generated around the fap. Use CSV export to generate graph of
downforce against speed over the course of  lap in Excel.

Downforce igures can be cross checked by looking at wheel deflection, sing spring rate and motion
atio figures to calculate the Ioadings based upon the whee deflection amounts. This should equate
toavery similar figure to the downforce figures found using the above method. This assumes a
linear spring ate.

Lateral acceleration channel can be plotted against speed directly sing a CSV export to complete in
Excel.

Process to be repeated for each setup tested.

Plot Front and Rear Axie Downforce Levels over a Lap

Create maths channels using the tyre load channels. Create maths channel o calculate the
longitudinal weight transfer across vehicle, Incorporate the tatic axle masses o be removed
(aclusted for weignt transfer) thus leaving th aero loadings on each axie.

(veicleass x el 6 g

Longicudinal Weight Transfer = Thealhase

o be conductad for each setup tested.

Investigate Ride Height and Rake Angle Influence
Recommended tests:

L Default Ride Heights & Rake Angle

2. Increase Ride by 10mm each axle over defaultto test ride helght sensitivty (maintain default
ake angle] to test sensitvty o ride height changes

3. Default Front Ride, Increase Rear Ride by 10mm (calculate associated rake angle change)

4 Increase front ide by Smim over default, increase rear rde by 10mm (calculate associated
ake angle change) to testsensitiviy o ride and rake changs.

5. Run car with O rake angle using default front ice and changing rear ride to match.

Map resus rom all tests on graph to compare different setups. Include driver feedback on each
setup.
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|AVD Test Procedure

Straight Line Constant Speed Test — 4 Gear Limiter (5 Runs)
Wings Equal

Wings Max

Wings Min

Front Max — Rear Min

Front Min — Rear Max

Coast Down Test From 3 Gear Limiter in Neutral (5 Runs as above)

Circuit Laps using above configurations — Run doesn't end until 3 laps are completed within
0.35 consistency.

rcuit Laps (consi
e Standard Ride
Minimum Ride

ency as above) ~ Ride Height Study

©  Maximum Ride

Circuit Laps (consistency as above) — Rake Angle Study
o Standard Rake
o Neutral
e Front Min—Rear Max
e Front Standard - Rear Min

Attempt Coast Down with no Aero Loads Programmed
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