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[bookmark: _Toc534296040]LIST OF ACRONYMS
· CoP - Centre of pressure
· Cl - Coefficient of lift
· Cd - Coefficient of drag
· AoT – Angle of attack
· RR - Rolling resistance
· CoG – Centre of gravity
· Sim – Simulator





[bookmark: _Toc534296041]1. INTRODUCTION
Optimum aerodynamic set-up can have a significant influence on improving the performance of racing car categories and championships. Aerodynamic characteristics determines how a car performs and handles around a track. Most racing car aerodynamic packages have mutable wing and other configuration settings to get the best out of driver and car at different track circuits.
[bookmark: _GoBack]This paper examines aerodynamics characteristics and handling performance of a car lapping around a selected circuit and how adjustments can optimise the overall performance. This is achieved by testing through the UWTSD’s Base Performance racing simulator using the GP2 Race car model. Different wing and body configurations will be tested and analysed. The data produced by the sim will be collected and analysed by MoTec data logger software.
[bookmark: _Toc534294713][image: Image result for base performance]                                                    Figure 1 Base Performance simulator (Base Performance, 2017)
The report first identifies what aerodynamic features can have a bearing on the performance of the vehicle and how they are affected during track conditions. Thereafter, verify theories and equations to assist in analysing aerodynamic characteristics and establish the aims of the investigation. From that selecting
· What track to test on
· Design tests
· And procedure a test plan for gathering initial data from the simulator. 
Finally, analysis of the data and draw conclusions.





[bookmark: _Toc534296042]2. AERODYNAMIC FEATURES AND TESTING TOOLS/METHODS
The 3 main factors affecting aerodynamic performance are:
1. Drag – increases the load on the engine thus affecting the straight-line performance. (Sergers, 2014) (Mcbeath, 2006)
2. Downforce – increases the load on wheels, which facilitates faster cornering. (Sergers, 2014) (Mcbeath, 2006)
3. Centre of pressure (CoP) – Determines the stability of the vehicle and the distribution of the downforce. (Mcbeath, 2006) (Sergers, 2014)
[bookmark: _Toc534296043]2.1 Effects of drag on performance and how it can be adjusted
The two main effects of drag on performance are:
1. limiting top speed
2. Straight-line braking
[bookmark: _Toc534296044]2.1.1 Maximum speed
When a vehicle is at the maximum steady-state speed, and run out of further driving force from the engine, two components prevent the vehicle from going faster:
1. Rolling resistance
2. Aerodynamic drag
The drag increases rapidly with speed; figure 2 below illustrates how drag can mount quickly against air velocity and absorbs engine power of a F1 and GT car. (Katz, 1995)
[bookmark: _Toc534294714][image: https://scontent-lhr3-1.xx.fbcdn.net/v/t1.15752-9/47448647_563888717407346_2992987207628750848_n.jpg?_nc_cat=110&_nc_ht=scontent-lhr3-1.xx&oh=da168de75f6b2edd7ecca354d15705a6&oe=5C67D7B8]                                            Figure 2 engine power absorbed from drag as speed increases (Mcbeath, 2006)
As the illustration shows above, it is important to keep a drag coefficient as low possible to maximise top speed. However, the level of drag vs amount of downforce produced is a compromise of benefits on a racing car. For example, on high speed circuits with few corners, the car requires minimal drag to achieve higher top speed and less downforce as there is a lack of corners. (Katz, 1995)
[bookmark: _Toc534296045]2.1.2 Straight-line braking
Drag also affects how quickly a car can brake. Higher drag means more vehicle kinetic energy is absorbed by fluid resistance. One example is high-speed dragsters (see figure 3) use parachutes at the end of a run to increase their coefficient of drag and thus stop quicker. Another example is most modern-day super and hyper cars use their rear wing as an airbrake in track modes. (Katz, 1995) (Mcbeath, 2006)
[bookmark: _Toc534294715][image: https://scontent-lhr3-1.xx.fbcdn.net/v/t1.15752-9/47205709_302799020568483_58761676664602624_n.jpg?_nc_cat=106&_nc_ht=scontent-lhr3-1.xx&oh=736558f037fdccfc6e1b221147a06724&oe=5C6B5C4E]                                                                                                                               Figure 3 dragster parachute (Sergers, 2014)
[bookmark: _Toc534296046]2.1.3 What affects drag values
Drag is linked to downforce; by increasing the Cl of a vehicle, the Cd will increase. Cl and Cd can be increased by changing the following components on a race car: (Mcbeath, 2006)
· Front wing AoT
· Rear wing AoT
· Vehicle rake angle
[bookmark: _Toc534296047]2.1.4 How to calculate Cd force
Simon Mcbeath’s book states Cd force can be calculated by determining the sum of local pressure differences felt by a body which is derived to be:

 being the air density and velocity squared, and  the area at which it acts on. This also stated by Katz’s book as well. To be able to give a comparison between different setups without the velocity varying, the formula is rearranged to give the coefficient of drag.
[bookmark: _Toc534296048]2.2 Effects of downforce on performance and how it can be adjusted 
[bookmark: _Toc534296049]2.2.1 Effects of downforce on performance
Downforce on a racing car will help to increase the performance in:
· Straight-line braking – more downforce on tyres increases the amount of load they can transmit, which translates to the driver can brake harder before wheels lock up. (Katz, 1995)
· Maximum turning speed – again more downforce will increase the amount of force a tyre can transmit and thus improve lateral performance (car corner faster). (Katz, 1995)
[bookmark: _Toc534296050]2.2.2 What affects downforce values
Similar to drag, the Cl is affected by changing the AoT of the front and rear wings of a race car. Other boundaries that have an impact are:
· Vehicle rake angle – can increase/decrease the amount of ground effect on wings/diffuser and induce the effects of an underbody Venturi. (Mcbeath, 2006)
· The vehicle pitching during accelerating, braking or load transfer – causes the same effects as vehicle rake angle. (Mcbeath, 2006)
· Vehicle roll – When the vehicle rolls (body roll) during cornering (depending on the vehicle roll stiffness) it can expose an underbody aerodynamic device further into ground effect on the outside edge, and reduce the ground effect on the inside edge (see figure 4). (Katz, 1995) (Mcbeath, 2006)
· Vehicle yaw – When a car yaws going into a corner, the forward air flow changes direction onto, for example, a wing, which could reduce the effectives of the aerodynamic device. (Mcbeath, 2006)
[bookmark: _Toc534294716][image: Heave, Pitch, Roll, Warp, Yaw - White-Smoke]                                                                        Figure 4 showing Roll, Pitch, and Yaw (White-smoke, 2010)
[bookmark: _Toc534296051]2.2.3 How to calculate Cl force
Cl force is calculated by the same principle as Cd force. (Mcbeath, 2006) (Katz, 1995)

To be able to give a comparison between different setups without the velocity having a bearing, the formula is rearranged to give the coefficient of lift.
[bookmark: _Toc534296052]2.3 Effects of CoP on performance and how it can be adjusted
[bookmark: _Toc534296053]2.3.1 Effects of CoP on performance
The point at which the CoP is positioned on a race car controls the stability of the vehicle. Generally, if the CoP is behind the centre of gravity point between the wheelbase, the vehicle will be more stable to drive, and cope with other external forces a race car is likely to experience while running on tracks, as for instance, crosswinds. (Katz, 1995). CoP also gives an indication of the downforce distribution of load across the front and rear axle. (Mcbeath, 2006)
[bookmark: _Toc534296054]2.3.2 What affects CoP position
Where the CoP point sets on a vehicle depends on the total aerodynamic moments acting on the front and rear axle lines. For instance if there is a greater amount of total downforce on the front axle, the CoP will be towards the front. (Mcbeath, 2006)
[bookmark: _Toc534296055]2.4 UWTSD Simulator Limits And Output Data
Having identified what can affect a vehicles performance, theory and equations can be utilised to define the aerodynamic performance and influence on handling. Details of the simulator used in this investigation follows, together with limitations and outputs.
[bookmark: _Toc534296056]2.4.1 GP2 Race car model
The investigation is carried out using the GP2 model within the simulator. The following aerodynamic settings can be changed within the software:
[bookmark: _Toc534294986]Table 1 GP2 model settings
	Setting
	Setting Range

	Front wing AoT
	The sim gives AoT setting as a position number rather than a wing degree. The range goes from 1 to 40

	Rear wing AoT
	The sim gives AoT setting as a position number rather than a wing degree. The range goes from 1 to 40

	Ride height
	The sim gives ride height setting is in millilitres number. Front range goes from 20 to 60mm and rear range goes from 30 to 70mm

	Rake
	The rake is adjusted by the difference in ride heighttting



[bookmark: _Toc534294717][image: ]              Figure 5 UWTSD simulator GP2 model settings
[bookmark: _Toc534296057]2.4.2 Simulator track data outputs
After doing a test run within the simulator and importing the results into MoTec the following relevant output data channels have been established:
· Ground speed
· Ride Height
· Latrell G-force
· Longitudinal G-Force
· Gyro roll angle
· Gyro pitch angle
· Tyre load
· Steering wheel percentage
· Time
· Wheelbase
In addition, the values of air density (1.223Kg/m³), GP2 car frontal area (1.2m²), the sprung mass (85% of the total vehicle mass) and GP2 car CoG height (0.22m) are all supplied by UWTSD lecturer Tim Tudor.
[bookmark: _Toc534296058]2.4 Establishing Calculations Which Can Define Aerodynamic Factors
The different aerodynamic device configurations performance can be characterised by the Cl and Cd values.
[bookmark: _Toc534296059]2.4.1 Cd equations and testing method
A book by Joseph Katz demonstrates by carrying out a coast down test (a test where a car is taken up to a constant speed then put into neutral and allowed to roll until speed is zero) the Cd force can be derived from Newton’s second law. The drag force is equal to the total force (F) minus the rolling resistance. The mass is of the vehicle and the acceleration is determined from the time it takes for the vehicle to decelerate over a distance, hens the following can be written:

But this dose includes the rolling resistance (RR). Katz’s goes on to say the RR can be determined from doing shrouding trailer towing test (see figure 6), but this is not possible to do with the UWTSD simulator. (Katz, 1995) A paper by Optimum G looking into aerodynamic analysis also determines it is possible to get the drag force of a vehicle by using Newton’s second law, but the RR to be determined by the assumption that aerodynamic forces on a car are negligible below 40km/h (see figure 7 for illustration of how there is little aero load at low speed). (Optimum G, 2018) 
This translates to finding the decelerating value below 40km/h to give RR and then find a decelerating value for drag at a higher speed (figure 8 shows how to find the  and  from data). This can be written as:

[bookmark: _Toc534294718][image: https://scontent-lhr3-1.xx.fbcdn.net/v/t1.15752-9/47484867_2104832189579651_652935535521693696_n.jpg?_nc_cat=111&_nc_ht=scontent-lhr3-1.xx&oh=a30ad954baa546f87714017e415c9449&oe=5C6F5A0E]                                                                                                     Figure 6 shrouding trailer towing test (Katz, 1995)
[bookmark: _Toc534294719][image: ]                                                                                                                  Figure 7 illustration of how there is little aero load at low speed (Katz, 1995)
[bookmark: _Toc534294720][image: https://scontent-lhr3-1.xx.fbcdn.net/v/t1.15752-9/47368036_503471846815243_910028493994065920_n.jpg?_nc_cat=110&_nc_ht=scontent-lhr3-1.xx&oh=3f6d52f978e5d1618f4b60bc5fe68f37&oe=5C6A7616]                                                                                                                                                 Figure 8 how to find the ∆V and ∆t from data (Katz, 1995)
The Cd value can then be determined from using the following:

Which is the same formula described in section 2.1.4 however the velocity is the mean velocity at the high speed section of the coast down test.
Jorge Segers’s book (analysis techniques for racecar data acquisition) takes a different approach by estimating the Cd from logged data using:

However it is not possible from the tools available to work engine torque as a function of engine RPM () which the equation requires. (Sergers, 2014)
[bookmark: _Toc534296060]2.4.2 Cl equations and testing method
Optimum G paper also establishes a way of finding the Cl of a vehicle from constant speed testing. The test works by measuring the tyre load of all 4 wheels of the vehicle while it is traveling down a straight at a constant speed. Before carrying out the test, the static vehicle load needs to be established. (Optimum G, 2018) The following gives the Cl of the vehicle from the results of the test:

Jorge Segers’s book also identifies the same constant speed testing method and equation to establish the Cl value of a vehicle. (Sergers, 2014)
[bookmark: _Toc534296061]2.5 Aims Of The Testing
With now having a better understanding of what aerodynamic principles affect the performance of a vehicle lapping around circuits, knowing what information is available from the simulator, and understanding what tests can be carried out to define the Cl and Cd, aims can be established of what is possible to gain out of this exercise.
Aims:
1. From ‘straight line constant speed’ testing plus ‘coast down’ testing, establish the Cl and Cd values by changing the front and rear wing angles of the GP2 car
2. Examine how front/rear wing configurations affect the balance of the car lapping around a track
3. Change the rake and ride height of the GP2 to establish how it affects the handing performance
4. Observe the different Cd value set-ups affect the straight-line speed on track
[bookmark: _Toc534296062]2.5.1 Testing method 
The testing method described by optimum G for evaluating the drag value will be used as all of the information needed for determining Cd is available from the UWTSD’s Base Performance racing simulator. Similarly, constant speed testing for establishing the downforce values.












[bookmark: _Toc534296063]3. METHODOLOGY
With the aims of exercise and tests for the GP2 model now establish in section 2 it is possible to set out a testing session in UWTSD simulator to collect results from testing the different aerodynamic configurations. Having established the outputs required/achievable from the GP2 model, the main goals of the session were:
· Carry out coast down and constant speed tests
· Try different aerodynamic configurations around a circuit and record the data
· Carry out a skid pan test to identify the sim steering ratio (see section 3.3 for explanation)
The track for chosen for the circuit lapping is Pembrey as it has a mixture of high speed and low speed corners and a decent main straight length.
For the coast down and constant speed tests there is within the simulator software a skid pan and drag strip which both have zero gradient.
The simulator session was attended/conducted by team of five student engineers.
[bookmark: _Toc534296064]3.1 Test Procedures
[bookmark: _Toc534296065]3.1.1 Coast down
· Adjust set-up of GP2 model to suit 
· Drive out of pits and stop at drag strip start line
· Upon signal to go, take car up to 3rd gear RPM limiter and gain a constant speed
· Put car into neutral and let it roll to a complete stop
· Return to pits
· Record data
[bookmark: _Toc534296066]3.1.2 Constant speed test
· Change set-up of GP2 model to suit
· Drive out of pits and stop at drag strip start line
· Upon signal to go, take car up to 4th gear RPM limiter and gain a constant speed
· Maintain speed for a quarter of the drag strip length
· Return to pits
· Record data
[bookmark: _Toc534296067]3.1.3 Skid pan
· Drive out of pits and approach skid pan
· Turn into pan with full steering lock and maintain a contest low speed
· Return to pits and record data
[bookmark: _Toc534296068]3.1.4 Circuit laps procedure
· Change set-up of GP2 model
· Drive out of pits and onto track. Go
· Run  ended when 3 laps are completed within 0.3s consistency time
· Return to pits and record data
[bookmark: _Toc534296069]3.2 Rolls of Team members
The sim test session was carried out by a team of 5. There rolls were:
1. Andrew Noble –simulator driver
2. Jack Bridgeland - simulator programmer and manager
3. John Hughes – time keeper and test session coordinator
4. Gavin Spring-Benyon – Data collector and organiser
5. Tiegen Lillicrap – Driver manager
[bookmark: _Toc534296070]3.3 Mathematical Equations to Analyse Data collected from Sim session
As well as using the Cd and Cl equations established in section 2, there are equations to characterise and help establish the handing performance of the GP2 model. The following table sets out those equations used within MoTec math channels to assist analysis of the data:

[bookmark: _Toc534294987]Table 2 equations going used within MoTec math channels to help analyse the data
	Math Channel Name
	Equation
	Notes

	Cd Force (Drag Force)
	
	The Cd value will be established from the coast down testing

	Cl Force (Downforce)
	
	The Cl value will be established from constant speed testing

	Downforce
	
	Same downforce as for Cl force channel but just worked out from tyre load outputs

	Weight Transfer Longitudinal (WTL)
	
	See table 3

	Downforce On Front Axle (Downforce Front)
	
	See table 3

	Downforce On Rear Axle (Downforce Rear)
	
	See table 3

	Centre Of Pressure (CoP)
	
	Gives the percentage downforce from the rear axle forward

	Corner Radius (r)
	
	See table 3

	Theoretical Steer
	
	

	Corrected Theoretical Steer
	
	The sim steering ratio is the essentially rack and pin ratio of the GP2 model 

	Understeer
	
	See table 3

	Rake
	
	

	Aerodynamic Efficiency
	CL/CD
	



Points to note about table 2 equations:
· All equations established from Tim Tudor’s advanced vehicle dynamics lecture notes. (Tudor, 2018)
· All equations used in MoTec math channels
· The theoretical steer is a required calculated steering angle of the front wheels to turn a corner at a set speed. However there is a ratio between the steering inputs from the drive to the front wheels (sim steering ratio). The corrected theoretical steer takes the ratio into account. To derive the sim steering ratio, a constant low speed cornering test is needed on a skid pan. At low speeds there is a likely hood that the GP2’s tyres will not slip allowing comparison of   the theoretical steer angle against the actual steering wheel angle. By selecting a common point from the results, both angles can be compared to find a ratio between the two. (Tudor, 2018)
· The understeer channel gives an indication of whether the GP2 car is understeering or oversteering during a corner. If the number is positive then the car can been seen to be understeering. (Tudor, 2018) 
[bookmark: _Toc534294988]Table 3 math channel terms
	Term
	Description

	
	Sprung mass from the car static mass X 0.85

	
	Car longitudinal acceleration sim output

	
	Car CoG height (0.22m)

	
	Wheelbase (3.112m)

	
	

	
	

	
	

	
	

	
	Lateral acceleration

	
	The percentage of steering wheel input from the driver



[bookmark: _Toc534296071]3.4 Test Plan
The test plan for the simulator session is as follows:
[image: ]
Points to note from the test plan:
· The test plan details all the aerodynamic configurations to be tested.
· The plan has been organised to be as time efficient as possible when carrying out each test. For example, an aerodynamic configuration is tested on the constant speed and coast down test on the same outing before returning to the pits.
· Note that run 24 is a coast down test with no aero activated on the simulator. It was established by looking into the simulator coding, it might be possible to turn off all aerodynamic forces from the GP2 model, thus it could be a different way of establishing the rolling resistance of the vehicle.
















[bookmark: _Toc534296072]4. RESULTS, ANALYSIS AND DISCUSSION
The simulator test session was very successful in collecting all of the data intended from the test plan within the two hour time slot. The team of 5 individuals performed well in completing and executing the tasks assigned to them.
[bookmark: _Toc534296073]4.1 Coast Down And Constant Speed Testing Results
5 wing configurations were tested to get a full map of the effects on the aerodynamics performance. The graph 1 below is the map of the settings tested.
[bookmark: _Toc534295131][image: ]                                                        Graph 1 tested settings map
[bookmark: _Toc534296074]4.1.1 Coast down test
After the test to calculate the Cd, two points where taken from each data sets recorded. The initial one for high speed  input and the second for low speed  (see figure 9). Before the test commenced, the car mass was found to be 780.53Kg derived from the GP2 tyre load data. It should be noted that normally the test would be done in both directions of the straight track to counteract for any gradient, but the drag strip in the simulator has no gradient.
[bookmark: _Toc534294721][image: ]Figure 9 MoTec coast down data
The table below is the calculated Cd values from the coast down data:
[bookmark: _Toc534294989]Table 4 Cd results
[image: ]
The results are as expected with the rear and front wings at maximum AoT when the Cd is at its highest. The wings with a mix of ‘front max’ and ‘rear min’, Cd comes in the middle, and wings at minimum have the lowest Cd.
As mentioned in section 3.4, an extra sim run was done to see if there was another way of working out the RR of the GP2 car. From the data collected from that test, the Cd values where re-calculated to see if it had an effect (see table 5).

[bookmark: _Toc534294990]Table 5 Cd results from no aero test
[image: ]
Between both sets of results there is about a 10% difference apart from the wings at minimum test. There is no indications to which set is correct. However there is no guarantee that the sim coding to deduct the aero was done correctly. Using the Cd values from table 5 is considered the most reliable option.
[bookmark: _Toc534296075]4.1.2 Constant speed test
Before carrying out the constant speed test to find the Cl values, the static mass of the GP car was found to be 780.32Kg (7655N) (see figure 10).
[bookmark: _Toc534294722][image: ]                                                                                                                           Figure 10 MoTec static load data

The table below is the calculated Cl values from the constant speed testing data:



[bookmark: _Toc534294991]Table 6 Cl results
[image: ]
Again the results are as expected with the rear and front wings at maximum AoT, the Cl is at its highest. The other configurations follow the same pattern as with the Cd results. Note that the Cl values are negative because the GP2 car is producing negative lift (downforce).
The results from the test generally look realistic. However there could an error when at constant speed,   the downforce is pushing the car further into ground effect making the Cl of the GP2 better than it actually is.
[bookmark: _Toc534296076]4.1.3 Skid pan constant corner results
As mentioned in section 3.3 the sim steering ratio needs to be evaluated to get the corrected theoretical steer. The test found the ratio to be 36.45 to -7 (see figure 11).
[bookmark: _Toc534294723][image: ]Figure 11 skid pan results
[bookmark: _Toc534296077]4.2 Front/Rear Wing Configurations Circuits Lapping Results
The defining configurations’ characteristics were established before seeing how they affect the GP2 car over a lap. 5 wing configurations where tested to map out the aerodynamic performance (see graph 1). ‘Wings mid’, ‘wings max’, and ‘wings min’ were looked at first for the lap analysis (the data is split into sets of 3 to be able to see the traces easily). The lap analysis was broken down into looking at each section of the track. For example, examining all the data at turn one for the three wing settings then move onto the next corner. This was for one completed circuit lap. The lap analysis was repeated again for the 2 remaining wing configurations (‘Front max-Rear min’ and ‘Front min-Rear max’) with using wings equal data as a benchmark.
Figure 12 is a track map of the section names at Pembrey as reference whilst following through the analysis.
[bookmark: _Toc534294724][image: ]                                                 Figure 12 track map of Pembrey with section names
[bookmark: _Toc534296078]4.2.1 All wing configuration circuit characteristics
By plotting the downforce of the different set ups over the distance of one lap, the ‘max wing’ configuration creates the most force closely followed by the ‘equal wings’ (see graph 2). Then in the proceeding order of ‘front max – rear min’, ‘front min – rear max’, and finally ‘wings min’ creating the least amount of force. The results appear logical as the force is calculated from the Cl values found in the constant speed testing, which in section 4.1.2 (see table 6) shows the same order of performance between the configurations. The red circles on the graph 2 show in the slow speed corners (turn 1 and 6), the downforce performance between the configurations has little difference. This agrees with Optimum G’s paper findings that at low speed there is little downforce affect and when looking at the formula for downforce (or lift), it agrees because of V² (exponential growth). This reasoning applies to drag force as well. (Optimum G, 2018) (Sergers, 2014)
[bookmark: _Toc534295132][image: ]Graph 2 plot of downforce over a lap for all wing configurations


The Cl results of the constant speed test can be checked if the downforce over a lap from the tyre load sensor follows the Cl force trace. Graph 3 below shows the comparison between the two sets of data, and shows very good correlation confirming the tests were a success.
[bookmark: _Toc534295133][image: ]Graph 3 comparing calculated downforce to downforce from tyre load sensor
Figure 13 is a plot of how the downforce increases with speed. For each wing configuration, the force has an exponential growth; again because of the V² part of the downforce equation. 
[bookmark: _Toc534294725][image: ]               Figure 13 ground speed vs Cl force plot
Figure 14 is also a check on the Cl force has been calculated correctly from plotting against downforce over a lap from the tyre load sensors. Both sets of data follow each other indicating the Cl force is working correctly.
[bookmark: _Toc534294726][image: ]                  Figure 14 ground speed vs downforce and Cl force plot
The drag force over a lap follows a similar path to downforce with ‘max wings’ generating the most drag (see graph 4) and ‘wings min’ making lowest drag. However, ‘front max – rear min’ and ‘front min and rear max’ produces vary similar amounts of drag over a single lap. This means with ‘front max – rear min’ producing more downforce but with the same amount of drag as ‘front min – rear max’ is the more efficient set up. With the front wing being in ground effect, it makes sense the set up with max front wing AoT to be the more efficient with front wing being driven harder compared to the rear wing in free stream (no ground effect). (Mcbeath, 2006) Mapping out all the configurations aerodynamic efficiency finds ‘wings min’ is the most efficient set and ‘wings max’ the lest efficient (see figure 15). In addition, the ‘front max – rear min’ is found to be more efficient than ‘front min – rear max’.
[bookmark: _Toc534295134][image: ]Graph 4 plot of drag over a lap for wings equal, max and min configurations
[bookmark: _Toc534294727][image: ]Figure 15 wing configurations aerodynamic efficiency plot
When the car transfers load under braking and acceleration, the front and rear ride height changes together with changes in the rake. The effect can change the aerodynamic performance if the working a range of the aerodynamic package is small particularly if the car aerodynamic devices are sensitive to the changes (pitch sensitive). The changing vehicle dynamics can change aerodynamic devices by:
1. Pushing the wings further into ground effect or reducing ground effect. This can also change flow stream further down the car affecting the rear aerodynamics performance.
2. Off set the flow direction to wings thereby changing the flow around the profile making more or less downforce.
The sensitivity changes how efficient the package is at generating downforce and can also affect the drag. This also moves the loading between the front and rear axials. If sensitive, the balance of the car is always changing and making it more difficult for the driver to control. If the CoP is always changing, this indicates sensitivity too and the most biased CoP point can give an indication if a car oversteers or understeers. (Katz, 1995) (Mcbeath, 2006) (Sergers, 2014)
Each of the configurations perform differently with the split of downforce load between the front and rear axials. Figure 16 is a histogram of CoP point changing over the course of one lap for the different wing configurations. Found from the histogram, the wings min set up has the widest spread of CoP over the course of a lap. This means the configuration changes aero load between front and rear axials, the most making it a pitch sensitive set up. If the CoP points over a lap had a narrow band of changing like the ‘wings max’ and ‘wings equal’ setting have (see figure 16), then the setup is less sensitive to the transferring of load between the axials.
All of the setups work mostly within the 30% to 40% CoP (from the rear axial line), meaning the aerodynamic configurations of the GP2 car are rear biased apart from the ‘front max – rear min’ set up which is working in 60 to 76% region because of the front wing working harder in comparison to the other setups.
[bookmark: _Toc534294728][image: ]Figure 16 histogram of CoP over a lap
When the lap times are considered, the ‘wings max’ is constantly the fastest (see table 7). This means that even though it is the least aerodynamic efficient set up, (see figure 15 red bar) creating downforce is important for the Pembrey track with the GP2 car. The drag being high suggests the car has sufficient power to overcome the drag, and/or the straights at Pembrey aren’t long enough to build speed to out load the engine.
The trend of more downforce gives better lap times continues with the other configurations (see table 7). Apart from the Front max – rear min setup which is constantly the lowest lap time, but creates the 3rd most downforce when looking at the downforce trace (see graph 1) and force against speed plot (see figure 13). When looking at the CoP histogram again the front max – rear min setup works in the load mostly being on the front axial. This could mean two things:
1. With load on front wheels, the car in theory would tend to oversteer more, meaning the driver prefers an understeering car even though there is more downforce available. There is a point the advantage of downforce is outweighed by the driving skill requirements of the driver.
2. The GP2 car available mechanical grip setup is tailored towards being rearwards aerodynamic load.
[bookmark: _Toc534294992]Table 7 wing configurations lap times
[image: ]
The trend of greater downforce gives better lap times is mainly due to there being more available grip allowing to corner faster as explained in section 2.2.1 by Katz book. (Katz, 1995) Evidence of this can be found when looking at the car lateral g-force plotted over the distance of one lap (see figure 17). The red pot plot is the highest downforce wing configuration which show through the mid to high speed corners (turns 2, 3, 4, 5, and 8) a larger lateral g-force is being achieved, thus more grip available to corner faster and harder. The lateral g-force becomes less in the corners as the preceding configurations of less downforce. However, this does not apply to the front max – rear min setup which previously discussed, does not suit driver stile or car performance balance to be able push grip limits of the tyres.
In turns 1 and 6 the lateral g-force for each of the wing configurations are very much the same due to the turns being slow corners. Turn 7 isn’t a slow corner but is a shallow radius turn, meaning less reactional force from the ties is needed (low lateral g-force and not much difference between the wing settings).
[bookmark: _Toc534294729][image: ]Figure 17 car lateral g-force plotted over the distance of one lap
A paper by Scott Wordley, Jessie Pettigrew and Jeff Saunders optimising the on-track aerodynamics performance of a SAE formula car found from doing different speed slaloms tests the effect of having front and rear wings. They found as the speed increased between the slaloms, the wings became more effective to increase the cornering lateral g-force performance and improve lap times. (Wordley, Pettigrew, & Saunders, 2007) They found the same positive effect of having increased downforce for cornering performance and not being effective in low speed corners. In addition, the paper reported a skid pan speed test conducted which found with wings, the car can corner faster, giving a higher lateral g-force in right and left turns (see figure 18). (Wordley, Pettigrew, & Saunders, 2007)
[bookmark: _Toc534294730][image: ]                                                                                                               Figure 18 Scott Wordley, Jessie Pettigrew and Jeff Saunders’s skid pan tests cornering lateral g-force performance results (Wordley, Pettigrew, & Saunders, 2007)
If the lateral g-force is plotted against the speed over a lap, there is the trend again with the lower downforce configurations equalling lower lateral g-force, and at low speeds the difference is small due to the relationship with speed (see figure 19). The trend can be seen in figure 19 with red pots compared to the green pots reaching a higher arrange g-force line throughout, and at the lower speed the gap is small (see figure 19).
[bookmark: _Toc534294731][image: ]Figure 19 lateral g-force plotted against speed over a lapLarge gap
Small gap
Higher lateral G
Lower lateral G
Line gap

Sergers’s race car data acquisition book finds the same trends with a lateral g-force against speed plot. Figure 20 is Sergers’s data of lateral g-force against ground speed. It shows the same trend lines (red lines) with lateral g-force increasing with speed as figure 19.  (Sergers, 2014)
[bookmark: _Toc534294732][image: https://scontent-lhr3-1.xx.fbcdn.net/v/t1.15752-9/49209927_1901194203341668_217420938264707072_n.jpg?_nc_cat=109&_nc_ht=scontent-lhr3-1.xx&oh=77b715858c12ad3ecb74a8ca996ba95e&oe=5C9322D6]                                                                                   Figure 20 Sergers’s data of lateral g-force against ground speed
[bookmark: _Toc534296079]4.2.2 Wings equal, max and min circuit lap analysis
The ‘wings max’ configuration gives the fastest lap time with ‘wings equal’ second and ‘wings min’ slowest. The ‘wings equal ‘ data is the black trace, ,wings min’ is the green, and ‘wings max’ is either red, blue or light blue trace on the following data traces. Starting with the Straight 0-1 (refer to figure 12) the following is observed from the data:
1. The car is braking later going into turn 1 from the higher downforce (giving the driver more confidence to brake without lock-up. This can be seen in the speed trace as it starts to decrease later compared to the other traces (see figure 21 circle A blue line). Another indication is the steering input reaching 100% earlier in comparison (see figure 23 circle A red line), meaning the driver is turning in at a higher speed because there is more grip available. However it could also be because of the higher drag from the wings making the car decelerated faster. Going back to Scott Wordley, Jessie Pettigrew and Jeff Saunders paper they found from there track testing when the SAE formula car had wings, it would decelerate faster than without. (Wordley, Pettigrew, & Saunders, 2007)
Turn 1:
1. At entry until mid-corner the car is achieving a higher lateral G-force (light blue line figure 21 circle B) due to there being again more available grip generated from higher downforce (see how the Cl Force red line at figure 21 circle C is higher compared to black and green). 
2. Notice how the Cl Force traces become equal at mid corner (see figure 21 circle D) due to the velocity being low, meaning the aerodynamics is having no effect on tyre grip at low speeds.
Straight 1-2:
1. After turn 1 the wings at minimum configuration gains time back (figure 21 circle E green line). This is due to the configuration having the lowest Cd value, thus having a lower drag force (see figure 21 circle F green line) meaning the car can accelerate quicker on exit.
Turns 2, 3, and 4:
1. For turns 2, 3 and 4 (see circle G) the car is carrying speed through the corners for all 3 configurations with maximum wings configuration being the most effective. This is indicating the higher amounts of downforce is giving more grip and allowing the driver to avoid braking for the corner. The more aggressive Cl sets are better for the mid to high speed corners which matches up with the findings from section 4.2.1.
Turn 5:
1. At turn 5 going into the corner seeing the similar trend of the wings max turning earlier. Then at mid corner the GP2 car snap oversteers and the driver fights to gain control. The reasoning behind this is the lateral g-force trace is spiking and then returning back (see figure 21 circle H blue line). The driver steering input is also going to opposite lock and the understeer trace is going negative (see figure 23 circle B red line). The other two setups are showing the same trend with the faster turns. It is the belief the snap oversteer is caused from either the driver pushing too hard, or hitting the apex which un-balances the car. However it is probably not the latter as the front and rear aero traces do not change significantly.
Turn 6:
1. Seeing the same effects from turn 1 with turn 6 also being a slow speed corner (see figure 21 circle J).
Turns 7 and 8:
1. Follow the same trend with the other mid to high speed corners. 
Back onto Straight 0-1:
1. Once the GP2 car is travelling along the straight mid-point the lower drag set-ups starts to gain back a small amount of time (see figure 21 black and green lines start to fall in circle I). This indicates if the straights were, the drag values of the configurations would have more of an effect on the lap performance.
General lap overview:
· Across the three configurations over the lap, the CoP remains near level (see figure 22 CoP traces in box A) indicating the setups are not pitch sensitive. There is the point going into turn 1 where the CoP changes but this is due to being a heavy braking and accelerating area. These findings agree with the results in section 4.2.1 CoP plots.
· As a result of the CoP staying level, the load on the front and rear wheels stays constantly preoperational (see figure 22 aero front and aero rear traces in box B).
· Throughout the lap between all three setups, the GP2 car understeers (see figure 23 understeer trace in box C).
· The higher downforce settings are understeering less on high speed corners.
[bookmark: _Toc534294733][image: ]Figure 21 Cl and Cd force data for wings equal, max and min configurationsI
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[bookmark: _Toc534294734][image: ]Figure 22 Aero split data for wings equal, max and min configurations
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[bookmark: _Toc534294735][image: ]Figure 23 handling data for wings equal, max and min configurationsC

B

A


[bookmark: _Toc534296080]4.2.3 ‘Wings equal’, ‘front max - rear min’ and ‘front min - rear max’ circuit lap analysis
For this set of configurations,’ wings equal’ is the fasted lap time, then ‘front min – rear max’ and ‘front max – rear min’. The ‘front min – rear max’ data is the black trace, ‘front max – rear min’ wings is the green trace, and equal wings is either red, blue or light blue trace on the following data traces.
The ‘front min – rear max’ follows very much same trends seen in section 4.2.3 over the course of the lap (see figures 24, 25, and 26). 
‘Front max - rear min’ configurations has higher downforce levels but doesn’t corner as fast. The CoP is much further forward over the lap in comparison to the others (see figure 25 box A green line) meaning the GP2 car understeers a lot less (see figure 26 box A green line). This could mean the driver prefers an understeering set up.
 General lap overview:
· Between ‘wings equal’ and ‘front min – rear max’ configurations over the lap, the CoP stays fairly level (see figure 25 box A red and black trace) indicating the setups are not very pitch sensitive. These findings agrees with the results in section 4.2.1 CoP plots.
· The ‘front max – rear min’ setup is more pitch sensitive in comparison to the other setups with the green CoP trace fluctuating (see figure 25 box A green trace) in the braking and accelerating parts of the mid/high speed corners. 
· Throughout the lap between ‘wings equal’ and ‘front min – rear max’ setups the GP2 car understeers (see figure 25 box A red and green trace). But with ‘front max – rear min’ setup the car stays a lot more balanced through the mid to high speed corners. However, it is pitch sensitive (see figure 25 box a green trace).
[bookmark: _Toc534294736][image: ]Figure 24 Cl and Cd force data for wings equal, Front max-Rear min and Front min-Rear max configurations
[bookmark: _Toc534294737][image: ]Figure 25 Aero split data for wings equal, Front max-Rear min and Front min-Rear max configurationsA


[bookmark: _Toc534294738][image: ]Figure 26 handling data for wings equal, Front max-Rear min and Front min-Rear max configurationsA


[bookmark: _Toc534296081]4.2.4 Wing configuration circuit characteristics overview
After reviewing the findings in sections 4.2.1, 4.2.2 and 4.2.3 the following summarises each wing configuration tested:
Wings max:
· Creates the most downforce but also the most drag and the least aerodynamically efficient.
· Observing the narrow CoP spread on the histogram in section 4.2.1 and the CoP trace straying from the circuit lap, this setup is not very pitch sensitive.
· Rear biased CoP set-up which makes the car understeer.
Wings equal:
· 2nd highest downforce but also the 2nd most drag and penultimate aerodynamically efficient.
· As with ‘wings max’ not very pitch sensitive.
· Slightly less rear biased CoP to ‘wings max’ but still results in car understeer.
Front min – rear max:
· As with ‘wing’s max’ not very pitch sensitive.
· Slightly less rear biased CoP to’ wings max’ but still results in car understeer.
Front max – rear min:
· Gives good downforce levels.
· Penultimate aerodynamically efficient.
· Pitch sensitive when examining the circuit CoP trace.
· CoP is substantially towards the front axial during a lap which has the effect of making a better handling balanced car.
Wings min:
· Lest amount of downforce but most aerodynamically efficient setup.
· Pitch sensitive from the CoP wide spread on the histogram in section 4.2.1.
Overall:
· The GP2 car wings configurations have tendency to have a CoP to the rear making an understeering racer. However, the tests were done with the rake and ride height at standard which could be ideal for just one configuration. For example the ‘front max – rear min’, the car was much more balanced over the course of a lap.
· The understeering seen from the car could just be down to the driving style of the driver and not the aerodynamic package. That does feel unlikely with most setups having a rear CoP point.
· With the ‘wings max’ configuration (and the ‘wings min’ plus ‘wings equal’) still having a rearward CoP could mean two things:
1. The rear wing is more efficient than the front wing. It would be expected the front wing being in ground effect would produce more downforce than the rear.
2. When the front wing is at the same AoT as the rear it gives favourable down stream flow to the rear wing, thus improving performance more than usual.
· The increased downforce configuration is key for this track with the GP2 car having sufficient engine power to overcome the drag. The more downforce, the more corner speed.
· An understeering car with the most downforce is optimum for Pembrey. However, the analysis of mapping the best wing configuration could be hindered from the driving style of the driver. If the sim driver preferred an oversteering setup then from looking at the data the car might be fastest with ‘front max – rear min’ configuration giving a forward CoP.
There could also be errors in the data collected. For example:
· The static load of the car is assumed to be consistent throughout the all the tests.
· The simulator has no weather factors which could affect performance of the wings from head winds or other external forces. 
· The driving style of the sim driver.
· As explained in sections 4.1.1 and 4.1.2 errors in the testing to find the Cl and Cd.
· Assumption the GP2 car is modelled correctly in the software.
· The area value stays constant throughout. In reality the area of the car would change under braking and accelerating which would change the amount of downforce and drag produced.
After the wings configuration testing, it is important to see if the ride height and rake angle is having an effect on the aerodynamic package.
[bookmark: _Toc534296082]4.3 Static Ride Height and Rake Angle Results
For these tests, the Cl force and Cd force cannot be calculated over the course of a lap as this was not included in the straight line testing to find the Cl and Cd from adjusting the ride height and rake angle.
There were 3 sets of test data:
1. Changing rake angle irrespective of ride height
2. Changing static ride height with no rake
3. Changing static ride height with minimum rake (this was because the testing for minimum and maximum ride height at the front and rear had a small amount of rake on)
The entire test was done with the wing settings at equal.
The graph 5 below is the map of the settings tested.
[bookmark: _Toc534295135][image: ]                                                  Graph 5 rake and ride height tested settings map
[bookmark: _Toc534296083]4.3.1 Rake angle irrespective of ride height results
For this set of configurations, min rake -0.55° (front high and rear low) is consistently fastest lap time, followed by natural rake. Natural rake is the black trace, Max rake 0.92° (front low and rear high) green trace, and min rake is red, blue or light blue trace on the following data traces.
Interestingly the min rake with the front ride height high and rear low is the fastest. Out of the three, the min rake overall generates the most downforce over the lap (see figure 28 red trace in box A). Throughout the lap, the rear is producing more downforce than the front (see figure 29 traces in box A). With that, it would be expected to understeer. However over the lap it understeers the least (see figure 27 understeer red trace on average peaking the lowest in box A). This means making more downforce with a biased to the rear helps the performance overall for GP2 car. This is a similar pattern from the wing configuration testing. 
Rake angle results are inconsistent.  The understeer channel results need to be checked by looking at the lateral g-force trace. For example, when oversteer is seen on the understeer channel, the lateral g-force should spike, which it does (see figure 27 both circles B green trace). The steering input should spike in opposite lock as well which it does (see figure 27 circle C green trace). The understeer can be seen when during cornering the lateral g-force trace falls away after an initial peak, which it also does occurs over the lap.
The front downforce from the min rake setup is also higher than the other two (figure 29 box A red trace). This is odd with the front wing being in less ground effect than the other two (front ride height being higher).
Between the setups, the CoP remains reasonably level, meaning changing the rake angle doesn’t have much of an effect on the pitch sensitively of the aerodynamic package. The dominant CoP point has change with rake angle between the 3 traces (see figure 28 box B traces).
The min rake setup observes the turn in consistently earlier on the mid to high speed corners (see figure 27 box D red steering input trace rising or lowing earlier than the other two traces).

[bookmark: _Toc534294739][image: ]Figure 27 handling data for Rake angle irrespective of ride height results
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[bookmark: _Toc534294740][image: ]Figure 28 handling 2 data for Rake angle irrespective of ride height resultsB
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[bookmark: _Toc534294741][image: ]Figure 29 front and rear aero data for Rake angle irrespective of ride height results
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[bookmark: _Toc534296084]4.3.2 Changing static ride height with no rake
Min ride height setup is repeatedly the fasted lap time. Max ride height is the black trace and min ride height is red, blue or light blue trace on the following data traces.
The min ride height creates more downforce (see figure 31 downforce red trace in box A). When the ride height is minimum, the car is in more ground effect so increases the allowable corning speed. (Mcbeath, 2006)
Note how when the rake angle changes, there is a slight spike in downforce and depending which direction it changes, will increase or decrease the loading on the front/rear axials (see figure 31 both circles B).
Changing the ride height does not have an effect on the CoP sensitivity (pitch sensitivity), nor does it affect the dominant CoP point over a lap (see figure 31 box C both traces haven’t moved).
[bookmark: _Toc534294742][image: ]Figure 30 handling data for changing static ride height with no rake
[bookmark: _Toc534294743][image: ]Figure 31 handling 2 data for Changing static ride height with no rake
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[bookmark: _Toc534294744][image: ]Figure 32 front and rear aero data for Changing static ride height with no rake
[bookmark: _Toc534296085]4.3.3 Changing static ride height with minimum rake
Min ride height setup is consistently fastest lap time again even with a small amount of rake. Max ride height is the black trace and min ride height is red, blue or light blue trace on the following data traces.
From looking at the data, there is very little difference for the two configurations in comparison to ride height with no rake tests results (see figures 33, 34, and 35). There was little benefit in these tests.
[bookmark: _Toc534294745][image: ]Figure 33 handling data for Changing static ride height with minimum rake
[bookmark: _Toc534294746][image: ]Figure 34 handling 2 data for Changing static ride height with minimum rake
[bookmark: _Toc534294747][image: ]Figure 35 front and rear aero data for Changing static ride height with minimum rake
[bookmark: _Toc534296086]4.3.4 Static ride height and rake angle circuit overview
Overall, changing the static ride height to minimum puts the car further into ground effect and creates more downforce. The balance of the car is not affected by the ride height changes, nor the sensitivity.
The rake angle has an effect on the total downforce but not what would be expected with the min rake producing more force. This dose seems odd and questions if the data is correct.
The rake affects the CoP point and balance of the GP2 car, but not the pitch sensitively.
The simulator driver (Andrew Noble) did report back that the minimum ride height gave more corner entry grip allowing to be able turn in earlier (which is what was seen in the data for both ride height and wing configuration testing) and the minimum rake gave him a better balance for his driving style (understeering setups from the data). This does question if the lap times of the GP2 being the fastest with the understeering style aerodynamic setup. On the other hand it is clear the more downforce setups even with the understeer equals more corner speed in the mid to high speed turns, thus faster times. More testing is need to find if having a high downforce setup with more oversteers is first possible with the GP2 car and then see if this gives greater performance.




















[bookmark: _Toc534296087]5. CONCLUSIONS
The testing using the UWTSD simulator went very well and was an adequate facility for mapping out the GP2 car. Conducting the 2 hour test session was sufficient time for aerodynamically mapping if planned and executed as a team.
The testing methods used for finding the Cl and Cd values have found to be sufficient when comparing to other data traces. However, unable to find any published data on the GP2 car actual Cl and Cd to confirm the findings of the tests conducted by the team.
The aerodynamic package of the GP2 car can be surmised as the following:
· From the wing configuration data analysis, the following graph (6) describes how the aerodynamic is effected from the different configurations. From left to right on the graph, wings settings range from ‘min –rear max‘, ‘wings equal’ to ‘front max – rear min’. Bottom to top ‘wings min’, then’ wings equal’ at mid-point AoT to ‘wings max’ AoT.
[bookmark: _Toc534295136][image: ]Graph 6 the aerodynamic mapping of how changing the wings AoT settings affect the downforce/drag/CoP/GP2 car performance
The graph shows that both wings at max has the most downforce and drag. This can achieve the most corner speed for the mid to high speed turns and past both wings equal becomes the least pitch sensitive setup. The extra downforce also allows the driver to turn in earlier at a higher speed. 
· On the Pembrey track, the drag does not have much of an effect on the straight line speed but does change the performance. The GP2 car has enough engine power to overcome the higher drag levels on the straights. However if the straights where longer it is likely drag would limit max speed.
· The data gathered from changing the ride height and rake angle is in graph 7. It describes how the aerodynamic is influenced from the different settings.
[bookmark: _Toc534295137][image: ]                      Graph 7 the aerodynamic mapping of how changing static ride height and rake angle affect the downforce/drag/CoP/GP2 car performance
The static ride height only affects the amount of downforce produced. The min rake with the front ride height high and rear low is the fastest and generates the most downforce. This is not what would be expected and further testing is needed to confirm the findings of the rake angle.
Over all the GP2 car understeers with the different aerodynamic settings and has a CoP to the rear of the car. Even if some setups are pushing the CoP rearward and in theory making more understeer, if more downforce is available then it outweighs the understeering of the car. However this could be because the simulator driver prefers the understeering balance.





[bookmark: _Toc534296088]6. FURTHER WORK
This study has given a clear map of what affects the aerodynamic performance and how this influences the GP2 performance. However there are some setups that did not get tested: for example, front wing mid and rear max. Next step would be to test these other configurations as well.
To confirm the Cl and Cd finding from testing, if a CAD model is available of the GP2 car then CFD the setups tested. And look further into finding actual track data of the GP2 car.
Because of the sim driver having the style of preparing an understeering car, the next step would to change driver to confirm the understeer balance is the fastest set up.
Back in section 2.2.2, vehicle roll and yaw was established to have an affect on the aerodynamic performance. For this study, there was not enough time to explore the effects. The next study should look into first understanding if the current UWTSD simulator can provide data for the analysis and then map out how this affects the aerodynamic package.
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StepRun No. Test Name Aero SettingRide HeightRake Circuit Time (Mins) Notes

1 1 Constant Corner Speed Skid Pan 2

2 2 Straight Line Constant Speed Drag Strip 1 4th gear limiter

3 3 Straight Line Coast Down Drag Strip 1 3rd gear limiter then neutral

4 Set Up Change 1

5 4 Straight Line Constant Speed Drag Strip 1 4th gear limiter

6 5 Straight Line Coast Down Drag Strip 1 3rd gear limiter then neutral

7 Set Up Change 1

Wings Equal (Standard) 8 6 Straight Line Constant Speed Drag Strip 1 4th gear limiter

Wings Max 9 7 Straight Line Coast Down Drag Strip 1 3rd gear limiter then neutral

Wings Min 10 Set Up Change 1

Front Max, Rear Min 11 8 Straight Line Constant Speed Drag Strip 1 4th gear limiter

Front Min, Rear Max 12 9 Straight Line Coast Down Drag Strip 1 3rd gear limiter then neutral

13 Set Up Change 1

14 10 Straight Line Constant Speed Drag Strip 1 4th gear limiter

Standard 0.42˚ 15 11 Straight Line Coast Down Drag Strip 1 3rd gear limiter then neutral

Min Ride/Rake 0.18˚ 16 Track Change 3

Max Ride/Rake 0.18˚ 17 12 Circuit Laps testing Aero Setting Pembrey 5  See Note (1)

18 Set Up Change 1

19 13 Circuit Laps testing Aero Setting Pembrey 5  See Note (1)

Min 20 Set Up Change 1

Max 21 14 Circuit Laps testing Aero Setting Pembrey 5  See Note (1)

22 Set Up Change 1

23 15 Circuit Laps testing Aero Setting Pembrey 5  See Note (1)

Max 0.92˚ 24 Set Up Change 1

Min -0.55˚ 25 16 Circuit Laps testing Aero Setting Pembrey 5  See Note (1)

Neutral 26 Set Up Change 1

27 17 Circuit Laps testing Aero Setting Pembrey 5  See Note (1)

28 Set Up Change 1

29 18 Circuit Laps testing Aero Setting Pembrey 5  See Note (1)

30 Set Up Change 1

31 19 Circuit Laps testing Aero Setting N/A Pembrey 5  See Note (1)

32 Set Up Change 1

33 20 Circuit Laps testing Aero Setting N/A Pembrey 5  See Note (1)

34 Set Up Change 1

35 21 Circuit Laps testing Aero Setting N/A Pembrey 5  See Note (1)

36 Set Up Change 1

37 22 Circuit Laps testing Aero Setting Pembrey 5  See Note (1)

38 Set Up Change 1

39 23 Circuit Laps testing Aero Setting Pembrey 5  See Note (1)

40 Change Codeing And Track 8

Total Time = 101

Ride/Rake Settings

Test Plan

Rake

Notes

Ride Height Settings

Aero Settings

(1) Run Doesn't end until 3 laps 

are completed within 0.3s 

consistency

Drag Strip 3 3rd gear limiter then neutral 41

Finish

Straight Line Coast Down With 

No Aero On

24 N/A N/A N/A
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Wing Configuration Cd

Front max – Rear min 0.670

Rear max – Front min 0.648

Wings equal 0.847

Wings Max 0.920

Wing Min 0.392
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Wing Configuration New Cd Values Cd Difference

Front max – Rear min 0.578 13.71%

Rear max – Front min 0.560 13.64%

Wings equal 0.753 11.10%

Wings Max 0.824 10.35%

Wing Min 0.300 23.39%
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Wing Configuration Cl

Front max – Rear min -2.995

Rear max – Front min -2.69

Wings equal -3.28

Wings Max -3.415

Wing Min -2.27
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No. Con-fig Fastest Lap TimeLap 1 TimeLap 2 TimeLap 3 Time

1st Wings Max 43.362 43.362 43.425 43.659

2nd Wings equal 44.148 44.148 44.248 44.308

3rd Front min - Rear Max 45.675 45.675 45.849 46.026

4th Wing Min 45.3 45.3 46.65 46.911

5th Front max – Rear min 46.48 46.48 46.654 46.759

Lap Times
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