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[bookmark: _Toc534578794]Abstract

It is known that a vehicles performance may be affected by its aerodynamic loads. Drag force, as a direct effect, and the change in the tire’s friction coefficient due to the change in downforce (negative lift), as an indirect effect. So, a vehicles speed, handling and balance are all affected by its aerodynamics. 
Race cars focus on producing massive amounts of downforce, trying to keep the car planted through the corners in order to achieve those low lap times. However, increasing downforce, will usually lead to an increase in drag force. This is where a balance needs to be kept between downforce and drag when designing and setting up a race car. (Katz, 2006)
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[bookmark: _Toc534578795]Introduction
This assignment consists of using the Base Performance Simulator to design and run a set of vehicle tests. These tests will then be used to characterise the aerodynamic and handling performance of a GP2 race car.
Microsoft Excel will be used for certain calculations. 
Motec i2 Pro 1.0 will be used for data acquisition throughout this assignment.
[image: ]
[bookmark: _Toc534578757]Figure 1. GP2 Race Car (Dallara, 2018)
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Aerodynamics
noun, plural in form but singular or plural in construction aero·dy·nam·ics \ˌer-ō-dī-ˈna-miks\
· The branch of mechanics that deals with the motion of air and other gases and with the effects of such motion on bodies in the medium.
The two aerodynamic forces created when a vehicle is travelling through air (fluid) are:
Drag and Downforce (negative lift). 
Aerodynamic drag is the resistance of motion acting on the vehicle pushing through a fluid (air). It is affected by the vehicles frontal area (A), the fluids viscosity and its speed.
Downforce, is the force pushing the car into the ground.[image: ]
[bookmark: _Toc534578758][bookmark: _Ref534578926][bookmark: _Ref534578941]Figure 2. Aerofoil  (Andres, 2016)
To explain downforce a cross section of a wing is used ((Andres, 2016)Figure 2). Assume the aerofoil is moving from left to right. Due to its shape, the air will move faster on the underside of the aerofoil compare to the upper side. This contrast in speed generates a low pressure on the underside and a higher one on the upper side. This pressure differential is what creates the force pushing the aerofoil down. (McBeath, 2015)
A race car is built and designed to go as fast as possible around a track. To achieve that it needs to be just as fast around the corners as it is in a straight line. This means more grip is needed. So, by increasing the vertical force acting on the car (downforce), the vertical tire force will increase, leading to a significant increase in an achievable cornering force without sliding.
The drag force created by the aerodynamic devices on a race car needs to be taken into consideration, but it is secondary compare to the aerodynamic downforce.
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The data needed for analysis was collected from a 2-hour session, using the simulator.
Three tests were conducted during this time:
1. Steady State Cornering Test
2. Coast Down Test
3. Track Test
The vehicle used for these tests was a GP2 race car. Here are its characteristics, which were used for all calculations throughout this project:
Frontal Area (A): 1.2 
CoG Height:  0.22m
Sprung Mass (including 26L of fuel): 688kg
Wheelbase: 3.12m

The track tests were performed at Snetterton Circuit.

[bookmark: _Toc534578799]Test Plan
The following tests need to take place within the 2-hour slot, allocated to the use of the simulator.
Steady State Test
Location: Skid pad 
Driver instructions: 
· Find 100m radius line on skid pad
· Follow radius line keeping a steady speed of 10km/h
· Try to keep steering corrections to a minimum
· Once completed a full circle, turn around and repeat in opposite direction
[bookmark: _Hlk534566402]The purpose of this test is to collect the data required to calculate the corrected steering input (Ackerman Steering). The process behind the calculations are explained in paragraph 3.3.2.
Coast Down Test
Location: Skid pad
Driver instructions: 
· Go to the airstrip section of the skid pad
· Stop at start for 5 seconds for static wheel loads to be recorded
· Accelerate until you reach the 3rd gears limiter
· Keep it on the limiter for 5 seconds, at a constant speed
· Put it into neutral, come off the throttle, no brake
· Let the car come to a complete stop
· Repeat in opposite direction to compensate for a gradient or headwind (this step wasn’t performed as the track testing was conducted using a simulator and was not real world, so the gradient and wind were 0, and time was limited)
The purpose of this test is to collect the data required to calculate the Rolling Resistance of the car and the Aerodynamic drag. The process behind the calculations are explained in paragraph 3.3.1. (McAuliffe, 2016)

Track Test
Location: Snetterton 
Driver instructions:
· Perform out lap to warm tires up
· Attack the next 5 laps
· Try to avoid the curbs
· Try to keep lap times consistent
· Repeat for all setups (aerodynamic changes, rake angle & ride height changes)
· Driver feedback is required at end of each test
The purpose of this test is to collect the data required for analysis, to compare the vehicles attitude and balance depending on its aerodynamic setup, its rake angle and its ride height.
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To analyse the data collected from the tests mentioned above, Excel and Motec i2 Pro 1.0 were used in order to calculate and display new and more in-depth data.
Initially, the vehicles aerodynamic drag was calculated from the coast down tests.
Below is a time/distance graph showing the vehicles ground speed throughout a coast down test. V1 and V2, as well as V3 and V4 were taken 2 seconds apart for every setup. V3 and V4 were below 50 km/h, to minimise aerodynamic forces, since they will be used to calculate the rolling resistance of the vehicle. 
[image: ]
[bookmark: _Toc534578759]Figure 3. Coast Down Test
In order to calculate the vehicles aerodynamic drag force we must calculate its Rolling Resistance which we will then subtract from the overall drag created.
1. Drag  
2. F
3. a1
Solving equations 1, 2, 3 leads us to the following equation:
4. CdA
The supporting equations to solve equation 4 are:
 ,   ,  
Density (ρ), Mass (m) and a1 are known.
Once equation 4 is solved and we have the value for CdA, since A (frontal area) is known, we can calculate the vehicles Cd (Drag coefficient).  
Finally, we import the value for Cd as a constant in Motec and we create a Maths Channel using equation 1 to calculate the vehicles aerodynamic drag throughout a lap. (McAuliffe, 2016)
[bookmark: _Ref534566325][bookmark: _Toc534578802]Steady State
Using the data acquired from the steady state cornering  test, a Maths Channel in Motec was created to show where and when the vehicle is understeering/oversteering around the track.
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[bookmark: _Toc534578760]Figure 4. Steady State Cornering Test
From the section where the car is turning at a steady state, the corner radius Maths Channel is created in Motec.

Using the Corner Radius Maths Channel, a new one for Theoretical steer was generated.

Onwards, the Maths Channel for the Ackerman Steering (corrected steer) was created, using the Theoretical steer channel and the maximum and minimum value of it during the steady state turn.

Finally, the Understeer/Oversteer Maths channel was generated using the absolute values of the Steering Wheel % and the Corrected Steer.
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To calculate the Total Aerodynamic load Acting vertically on the vehicle at any given moment the Longitudinal Weight Transfer must be calculated first.
The Mass (kg), Gravity (g), CoG (m), Static Wheel Loads (N) and the Wheelbase (m) are all known and are imported into Motec as constants.
G Force Longitudinal and the Tire Loads data is already recorded during testing.
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Finally, the Rake Angle of the car was generated using the following equation:


[bookmark: _Toc534578804]Maths Channels & Constants
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[bookmark: _Toc534578761]Figure 5. Maths Channels
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The following tables were created using the data acquired from the Coast down test.
The numbers under Aero Setup suggest the aerodynamic balance that was set in the simulator. So, 0/40 equates to low frontal downforce and maximum rear downforce, 20/20 equates to middle of the range frontal and rear downforce, and so on. The Cd (Coefficient of Drag) column was added to Table 1 from Table 2, for purposes of demonstration only. 
[bookmark: _Ref534285608]Table 1
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The Rolling Resistance was calculated to be 213.9 N.
The setup (40/40) generating the greatest amount of overall downforce, also generated the highest Coefficient of Drag. Furthermore, this setup was one of the least efficient out of the 10 setups tested. The least efficient setup was 0/40, low downforce at the front end of the vehicle and high downforce at the rear.
The most efficient aerodynamic setup tested was 0/0, low downforce front and rear. This is due to its extremely low Drag Coefficient. This doesn’t mean that it performed the best around the track though.

[bookmark: _Ref534569616][bookmark: _Toc534578807]Total Downforce & Drag data traces (Track)
Data traces for Ground Speed, Downforce and Drag for the duration of a single lap, are displayed below.
Green: Aero setup 20/20, middle of the range downforce at front and rear of the car.
Red: Aero setup 0/40, low downforce at the front and maximum downforce in the rear.
White: Aero setup 40/0, maximum downforce at front and low downforce in the rear.
[image: ]
[bookmark: _Toc534578762][bookmark: _Ref534579517]Figure 6. Total Downforce & Drag data traces 1
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[bookmark: _Toc534578763][bookmark: _Ref534579506]Figure 7. Total Downforce & Drag data traces 2
Figure 7 above Is a section of the lap displayed in Figure 6, for a more detailed look at the data.
Initially, it is noticeable that the green setup (20/20) can carry more speed deeper into the corner, allowing for less and later braking, leading to a higher overall speed through a section, compare to the other two setups analysed in this section.
This is also backed up by what the data trace for Total Aero Load (Downforce) shows. The highest overall Downforce throughout this section of track was generated by the same setup (20/20). This is due to its ability to maintain a higher speed through corners.
Finally, observing the data trace for Drag, as was calculated in section 4.1, the green (20/20) trace and the white (40/0) trace had a similar drag coefficient, while the red (0/40) trace had a significantly higher drag coefficient, leading to the increased overall drag produced throughout this section.
[bookmark: _Toc534578808]Downforce vs Speed plot
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[bookmark: _Toc534578764]Figure 8. Downforce vs Speed plot
The scatter plot above demonstrates total Downforce vs Speed for the Aero setups analysed in section 4.2.
Observing the plot, all three setups up to approximately 200 km/h produce similar amounts of downforce. However, after 200 km/h, the white trace (40/0) seems to generate the greatest amount of downforce, followed by the green trace (20/20) and finally by the red trace (0/40).
[bookmark: _Toc534578809]Lateral Acceleration vs Speed plot
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[bookmark: _Toc534578765]Figure 9. Lateral G force vs Speed plot 1
The plot above demonstrates the Lateral G force vs Speed for the Aero setups analysed in section 4.2. This is for an entire lap, hence why it is not very pleasant to the eye. Below, an identical plot for a high-speed corner of the track was plotted.
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[bookmark: _Toc534578766]Figure 10. Lateral G force vs Speed plot 2
The green trace (20/20) generates a greater amount of lateral G force compare to the other two (red and white) setups. This means it has more grip, leading to being able to carry higher speeds through corners compare to the other 2 setups, as was observed in section 4.2.
[bookmark: _Toc534578810]Front and Rear axle Downforce
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[bookmark: _Toc534578767][bookmark: _Ref534579639]Figure 11. Front & Rear Axle Downforce
Figure 11 above displays the Aero Load (downforce) acting on the Front and Rear axles of the car for the aero setups analysed in section 4.2, for an entire lap. The lower data trace is the corresponding speed, used just for reference. 
As is expected, the White trace (40/0) is generating the highest amount of frontal downforce and the lowest amount of rear downforce, out of the 3 setups tested.
The Green trace (20/20) indicates that it generates less frontal downforce than the white trace (40/0) and more than the red trace (0/40), along with generating more rear downforce than the White trace and less than the Red Trace.
Finally, the Red trace (0/40), generates the greatest amount of rear downforce and the lowest amount of frontal downforce, compare to the other 2 setups.






[bookmark: _Toc534578811]CoP (Centre of Pressure)
Figure 12 below displays the Corresponding Speed and the Cop traces for the Aero setups analysed in the sections above, for the course of a single lap.
[image: ]
[bookmark: _Toc534578768][bookmark: _Ref534579687]Figure 12. Speed & CoP
 
The White trace indicates that the 40/0 setup has the furthest forward CoP, followed by the Green trace (20/20) and finally the Red trace (0/40).
The traces aren’t flat, suggesting that the Centre of Pressure moves around over the course of a lap. The spikes in the traces are a product of ground effect. When the car brakes, the front end moves closer to the ground, due to longitudinal weight transfer, pushing the front wing into ground effect, hence making it work harder. That leads to the centre of pressure moving forward by a significant amount under braking. However, the opposite can occur as well, if the front wing moves to close to the ground it will stall, shifting the centre of pressure rearwards.
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Below, three different setups were tested:
Green: 3cm front ride height, 6cm rear ride height, standard aero setup (35/35)
Red: 6cm front ride height, 3cm rear ride height, standard aero setup (35/35)
White: Flat ride height of 3.5cm, standard aero setup (35/35)
[image: ]
[bookmark: _Toc534578769][bookmark: _Ref534579765]Figure 13. Speed, Understeer & Rake angle
In Figure 13 above, corresponding speed, understeer and rake angle channels were plotted.
The white trace, indicating the flat ride height setup, suggests that there is more low speed understeer compare to the other 2 setups analysed. Driver feedback proposes this too, stating, “good balance, but low speed understeer”. 
Even though the ride is flat for the white trace, looking at the Rake angle channel created, it is obvious that the vehicles rake changes significantly based on if its accelerating or decelerating.
The red trace seems to have less low speed understeer than the white trace but more than the green trace. Furthermore, mid corner understeer seems to be increased compare to the other 2 setups. Driver feedback states, “Less braking grip/stability, mid corner understeer through high speed corners, cornering not as good”.
The green trace seems to have the least amount of overall understeer out of the 3 setups tested. Driver feedback states, “Lots of grip, good turning”.
All three setups didn’t seem to have a problem with oversteer.
The two raked setups, green and red traces, kept a steady rake angle throughout the entire lap, while the flat ride setup, white trace, seemed to adjust significantly.

[bookmark: _Toc534578813]Conclusions
A vehicles aerodynamic and handling performance is greatly affected by how its set up, either that being different aerodynamic balances, rake angle or varying ride heights. Finally, a race cars performance is also affected by how each individual driver will handle and drive the car around a track.
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Aero Setup

Velocity 

(km/h)

Velocity (m/s)

Frontal Area 

(m^2)

ρ (kg/m^3)

Total Aero 

Load (N)

Cl Cd Efficiency

35/35 204.4 56.8 1.2 1.223 7796 3.296 0.627 5.25

0/40 205.0 56.9 1.2 1.223 6536 2.747 0.633 4.34

0/20 205.7 57.1 1.2 1.223 6036 2.519 0.381 6.61

40/0 205.4 57.1 1.2 1.223 7076 2.962 0.496 5.97

40/20 204.8 56.9 1.2 1.223 7600 3.200 0.589 5.44

40/40 204.1 56.7 1.2 1.223 8098 3.433 0.692 4.96

20/0 205.9 57.2 1.2 1.223 6312 2.630 0.388 6.78

20/40 204.6 56.8 1.2 1.223 7335 3.095 0.578 5.35

20/20 205.3 57.0 1.2 1.223 6847 2.869 0.473 6.07

0/0 206.4 57.3 1.2 1.223 5504 2.282 0.286 7.97
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Aero Setup V1 (m/s) V2 (m/s) Vm (m/s) t1 (s) t2 (s) a1 (m/s^2) V3 (m/s) V4 (m/s) t3 (s) t4 (s) a2 (m/s^2) RR (N) CdA Cd Aero Drag (N)

35/35 51.3 46.9 49.1 43.0 45.0 -2.2 4.7 4.1 108.0 110.0 -0.3 -213.9 -0.8 0.627 1110

0/40 52.0 47.5 49.8 43.0 45.0 -2.3 4.7 4.1 108.0 110.0 -0.3 -213.9 -0.8 0.633 1150

0/20 54.4 51.1 52.7 43.0 45.0 -1.6 4.7 4.1 108.0 110.0 -0.3 -213.9 -0.5 0.381 778

40/0 54.3 50.3 52.3 43.0 45.0 -2.0 4.7 4.1 108.0 110.0 -0.3 -213.9 -0.6 0.496 997

40/20 53.7 49.2 51.4 43.0 45.0 -2.3 4.7 4.1 108.0 110.0 -0.3 -213.9 -0.7 0.589 1142

40/40 53.4 48.3 50.8 43.0 45.0 -2.6 4.7 4.1 108.0 110.0 -0.3 -213.9 -0.8 0.692 1313

20/0 53.3 50.1 51.7 43.0 45.0 -1.6 4.7 4.1 108.0 110.0 -0.3 -213.9 -0.5 0.388 762

20/40 52.8 48.4 50.6 43.0 45.0 -2.2 4.7 4.1 108.0 110.0 -0.3 -213.9 -0.7 0.578 1086

20/20 53.7 49.9 51.8 43.0 45.0 -1.9 4.7 4.1 108.0 110.0 -0.3 -213.9 -0.6 0.473 932

0/0 53.6 51.0 52.3 43.0 45.0 -1.3 4.7 4.1 108.0 110.0 -0.3 -213.9 -0.3 0.286 575
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