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1.0-Introduction:

Aerodynamic theory is based upon the basic laws of motion, the two main forces of which are lift
and drag. A competition car is a highly complex aerodynamic device. A car is always in close
proximity to the ground meaning, the process for controlling air flow is complicated, and makes
understanding whats going on difficult without the correct analysis tools (S.Mcbeath, 2006). The
study of aerodynamic components for a race car demands that the performance gains must be
significantly noticeable before the changes can be implemented (J.Bradford, et al. 2014). A race cars
aerodynamics is subject to a number of variables, which introduce different types of aerodynamic
performance characteristics that can affect a cars handling. These variables can include variables
such as wing pitch, and ride height to name a few. (J.Bradford, et al. 2014). These variables will be
extensively tested and analysed in this report. Studying the effect of the variation in the parameters
that can affect the aerodynamic characteristics of the car, and how these variables can be altered to
achieve a faster lap time, and a more aerodynamically stable vehicle.




2.0 Literature Review:
2.1- Aerodynamic Characteristics:

Lift and drag coefficients are relative measures of how much lift and drag a particular shape
generates as stated by (5.Mcbeath, 2006). Each of these variables affect the cars handling regarding
downforce.

Downforce is made up of two main factors; friction and grip. The coefficient of drag is governed by
the nature of the vehicle, and the surface it rests upon (5.Mcbeath, 2006). From these factors its
possible for a car to create substantial vertical forces to push the contact patch of the tyre into the
ground using its passage through the air. These forces add or subtract from the vehicle weight, thus
altering the frictional force that the cars tyres can generate, producing levels of grip. If the cars
aerodynamic features generates positive lift, then the maximum frictional forces that can be
generated are reduced, whereas if the cars design generates downforce, the maximum frictional
forces are increased in correspondence (J.Bertin, 2009).

A car that generates downforce can accelerate, brake and corner with greater force than a car with
no downforce or one that generates positive lift. This means a vehicle with a design that greats
enough down force can offer greater performance regarding lap times and handling. Having said this
nothing comes for free, there are inherent drag penalties due to the drag generated. This means
there | a trade-off between the gains and the losses that occur This is referred to as a net benefit
analysis. Adapted from (S.Mcbeath, 2006).




3.0 Methodology:

3.1- Coast Down Test:

To establish results for the cars aerodynamics regarding Coefficient of Lift and Drag, a straight-line
coast down test can be utilised. The coast down test can be carried out using different Aerodynamic
setups in relation to the vehicle’s front splitter and the rear wing angles. For the testing of the
Formula 3 car, the splitter and wing has varying degrees of adjustment.

Once the setups are established the car is sent out to carry out the test. The test consists of the
driver driving up to the start line of the straight and proceeding to come to a complete stop. This will
allow for the static tyre loads and ride height to be collected. Once the driver has stopped for a
minimum of 5 seconds, the driver is to then accelerate up to the maximum speed of the car in 5t
gear. The driver is to then hold the max speed for a minimum of 5 seconds to allow for the constant
velocity tyre loads and ride height to be recorded.

The next step is critical to allow for the coefficient of lift and drag to be calculated, and the rolling
resistance at the lower speeds. The drive should put the vehicle into neutral, and When carrying out
the coast down, to keep accuracy at its highest; keep steering inputs to a minimum and their foot
away from Accelerator pedal and the brake pedal. If safety is compromised, correct the car
accordingly and reset the test if there is enough space left to do so.

The data from each run should be named and saved in a suitable location for future analysis.




3.1.1- Coast down test setup table:

Setup Front Aero

Rear Aero

4) D Mid Min
stint 5 9 1
5) E Mid Mid
Stint 6 9 9
6) F Mid Max
Stint 7 9 18

Table 1: Session 1 Coast Down Test Aerodynamic Setups (Daniel Salathiel, 20189).




3.2- Pembrey Circuit Testing:

For the circuit test session Pembrey was selected for its limited change in elevation and average lap
times for the Formula 3 car being tested. The elevation was a key point due to changes in gradient
over crests would cause false readings in the data.

Five minutes are allocated for each aerodynamic setup, based on an average lap time of 57 seconds.
This meant that each setup had been allocated a total of 5 minutes, meaning all the setups can be
tested sufficiently within the hour time slot. Along side the lap time considerations, 2 minutes was
allocated for setup changes and adjustments between each 5 lap session.

Six determined setups were chosen based on previous cost down data for a set list of setups to test,
with a further five setups if time permitted. Each of which can be seen in table 2, in section 3.2.1
below.




3.2.1 Circuit Testing Aerodynamic setup table:

Setup Front Aero Rear Aero

10) A Min Min
1A 1 1

11)B Mid Mid
2A 9 9

12)C Max Max
3A 18 18

13)D Max Min
Handful 18 1
4A

14)E Min Max
5A 1 18

15) F Max Mid
Best Compromise 18 9
6A

Table 2: Pembrey Circuit Aerodynamic Setup Table, (Daniel Salathiel, 2019).




4.0- Analysis:

4.1 Coast down data:
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Figure 1: Coast down data collection, Excel. (Daniel Salathiel, 2019).

The figure above shows, both the tyre loads, and ride heights were collected for static and constant
velocity. The rate of deceleration was also calculated. From these data sets the coefficient of lift (CL)
and the coefficient of drag (CD) could be calculated for each aerodynamic setup.

This data can be used to create an excel setup sheet for the Motec data analysis software. The
coefficient of drag can be inserted into the maths channels to allow different variables to be
analysed for each aerodynamic setup, to analyse the performance of each when doing a lap of a
chosen circuit.

4.1.1 Excel Colour grading chart for each setup:

For each setup a colour coded chart was created for the coefficient of drag and the coefficient of lift.
These can be used to select the most likely setup to perform the best around the circuit testing in a
theoretical manner. From the charts seen below in figure 2 and 3, the setup that balanced the
greatest compromise between drag and lift values is 18 front, and 9 rear aerodynamic settings.

Aero Drag

Figure 2: Aerodynamic Drag grading chart, (Daniel Salathiel, 2019).

cl 1.00 9.00 18.00
1 -3.21 -3.52
9 -3.23 -3.40 371

18 334 | 361 | 392 |

Figure 3: Aerodynamic Drag grading chart, (Daniel Salathiel, 2019).




4.2 Bench mark setup for comparison:

The setup that’s going to be used for comparison, is the setup that provided the quickest lap time
around the circuit. In this report, the front aerodynamic setting of 18 and the rear aerodynamic
setup of 18 provided the quickest lap time. This was due to the setup providing the greatest total
aerodynamic force of 9425 Newtons, and a stable platform that provided the most preferred
handling characteristics. These points will be further analysed alongside the relevant figures below.
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Figure 4: Setup 18_18 Data trace fastest lap, (Daniel Salathiel, 2019).

The data from the Motec software provides a benchmark for comparison for the other setups, the
datum can be used to show where the slower setups lose time when directly compared with the
fastest data. For this setup the data shows that the car provides a stable aerodynamic package, while
generating the greatest amount of aerodynamic force. Both these factors can can be seen in figure 5
and 6 below. The centre of pressure shows a confined result around the centre of the car, favouring
a more rearward position due to the rear wing generating greater force than the front. As supported
by (B. Hai-Toa, 2011). This can be seen in the front aerodynamic force graph in the appendices,
appendix 14.
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4.2.1: Bench Mark comparison of the three main setups:
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Figure 5: Overlay comparison of the three main setups, (Daniel Salathiel, 2019).
The figure above shows the three mains setup total forces, each of these will be analysed individual
in this report. The forces above show a brief outlook of how each setup functioned during the laps.
The red trace is the 18_18 quickest lap, the black representing the 9_9 setup and the green
representing the 1_1. The remaining setup graphs and maths channels to achieve them will be
included in the appendices.

The data shows a direct positive correlation between speed, and the aerodynamic force produced
by the car’s wings, but also the direct relationship between the angle of the wings and the amount
of force generated.
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Figure 6: 18_18 Centre of Pressure Histogram, (Daniel Salathiel, 2019).
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4.3 Setup 1 front and 1 rear data comparison:
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Figure 7: Setup 1_1 compared to fasted lap, (Daniel Salathiel, 2019).

The datum in the figure above shows how setup 1_1 compares to the fastest setup 18_18 in terms of
time lost and gained at each section. The point highlighted by the circle shows where the setup gains
time along the first straight. This can be attributed to the decreased drag displayed by the setup,
allowing the car to accelerate quicker into the first corner. Along the straight this can be seen by in
figure 7, showing a lower peak of total aerodynamic force, meaning decreased drag along the
straight. If the car creates increased down force, the maximum frictional forces are correspondingly
increased (S.Mcbeath, 2006).
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Figure 8: Aerodynamic Setup 1_1 Total Aero force (N), (Daniel Salathiel, 20189).

The peak force achieved by this setup is 6235N, this means it achieves 3190N less force than the
higher 18_18 setup. This means that down the straight this provides an advantage due to decreased
drag, but this time is lost throughout the rest of the lap due to lower cornering speeds being
achieved. This can be seen in the data trace between turn 2 through to turn 5 on the datum plot.
The lower total aerodynamic forces being experienced means there is decreased downforce, leading
to a decrease in the ability for the driver to carry higher cornering speeds.

The decrease in aerodynamic force seen by the current setup means that less speed could be carried
through the corners leading to time being lost due to the driver not being able to carry speed
through the apex of the corner, losing 6 m/s through the corner and consequently leading to
decreased exit speed and maximum speed reached along the following straight. This can be seen in
the figure below highlighted by the red box.
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Figure 9: Turn 2 cornering speed comparison, (Daniel Salathiel, 2019).
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The decrease in cornering speed seen in figure 7 can also be attributed to other factors that effect
the cars handling performance. One such factor is the centre of pressure of the vehicle. The
comparison for both setups can be seen in the figure below. The centre of pressure of the car for
this setup can be seen to be more towards the rear of the car than the front but can be seen to be
largest at 45%. The closer the centre of pressure is towards the centre of the car, the more stable
the handling performance. The figure shows that the setup concentrated around the centre of the
histogram, this shows that the setups change in centre of pressure is minimal providing predictable
handling regarding understeer and oversteer.
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Figure 10: Setup 1_1 Centre of Pressure Histogram, (Daniel Salathiel, 2019).

14




4.4- Setup 9 front and 9 rear data comparison:
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Figure 11: Setup 9_9 Lap data screen shot comparison, (Daniel Salathiel, 2013).

The figure above shows the data recorded for the 9 front and 9 rear aerodynamic setup. The lap
time set for this setup was 0:46:596 seconds. This means this aerodynamic setup was 0.902 seconds
slower than the quickest time set by the 18_18 setup.
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Figure 12: Setup 9_9 turn 2 data trace analysis, (Daniel Salathiel, 2019).

Time was lost through turn 2 shown in figure 10 above as shown by the datum highlighted. The
setup lost 0.121 seconds through this corner due to the fastest setup gaining a speed advantage of 4
m/s cornering speed. The reason for the setup carrying less cornering speed was because of the
decrease in total aerodynamic force being generated, this is due to the setup having decreased wing
angle, meaning less downforce could be generated. The resulting loss in force meant 1049 newtons
was lost In comparison to the faster setup, meaning less downforce was produced, thus less grip.
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Figure 13: Setup 9_9 turn 6 data trace analysis, (Daniel Salathiel, 20189).

Further time loss can be seen through turn 6 displayed in figure 13 above. A loss of 0.621 can be
seen by the end of the corner when compared to setup 18_18, and a further 0.110 seconds was lost
due to the driver being able to carry 5 m/s more speed through the corner and accelerate a lot

sooner when exiting the corner.

The downforce channel can be used to determine the speed loss through this corner. When
compared to the faster lap, this setup generated 507N less aerodynamic force in total. This led to
understeer occurring, as shown by the understeer channel in the figure above, and the steering
percentage channel, where the driver can be seen to straighten out mid corner. This is a key
indication of understeer. Further factors for understeer can be seen in section 4.3.1.
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4.4.1 Weight transfer analysis:
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Figure 14: Longitudinal Weight Transfer Histogram setup 9_9, (Daniel Salathiel, 2019).

The longitudinal weight transfers for this setup can be seen to show a higher distribution to the rear
of the car. The resulting effect on a cars handling performance if under heavy cornering loads is
understeer as seen in the section above. Understeer results from a lack of traction at the front
wheels. The levels of grip at the front wheels will be reduced due to the rear weight transfer.
Adapted from (DrivingFast, 2019).

When compared with the faster setup, the weight transfer is greater. This means that the setup has
reduced grip under weight transfer due to the lower levels of aerodynamic forces being produced,
leading to the front wheels losing traction because of the reduced force pushing them into the
ground, and the lifting effect of the greater weight transfer to the rear of the car.
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4,5- Setup 18 front and 9 rear data comparison:
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Figure 15: Setup 18 9 Motec data analysis screenshot, (Daniel Salathiel, 20139).

Over all this setup in comparison to the quickest time lost 3.5 seconds over the duration of the lap.
To see why this setup was slower, the different factors such as aerodynamic force, weight transfer
and centre of pressure will be analysed. The cornering performance can be seen to be decreased
when compared to the quickest setup, as shown by the datum line highlighted above.
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Figure 16: Turn 2- turn 5 data analysis setup 18_9, (Daniel Salathiel, 2019).

This setup was on average 5 m/s slower through turns 2 to 5. By turn 4, 1.283 seconds was lost due
to the decrease in cornering speed being carried when compared to the 18_18 setup. The 18_9
setup was selected due to it showing the best compromise between the coefficient of Drag and the
coefficient of lift. This can be seen in section 4.1.1 of this report, figures 2 and 3.

The setup generated a total of 6528 newtons of aerodynamic force, 2216 newtons less than the
guickest setup. This is due to the rear only generating 2118N of force due to the decreased wing
angle. This will be further analysed in the next section, highlighting the handling characteristics that
result from this data.
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4.5.1- 18 9 Rear Aerodynamic and weight transfer analysis:
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Figure 17: Setup 18 9 Rear Aerodynamic Force Scatter Graph Analysis, (Daniel Salathiel, 2019).

The rear can be seen to generate less aerodynamic force than the quicker, higher angled wing of the
18_18 faster setup. The rear wing for this setup generates 1611N less force, resulting in the rear of
the car generating less grip than the front in comparison seen in figure 16 below due to the centre of
pressure moving towards the front of the car resulting in reduced grip at the rear tyres. When the

rear of the car has reduced grip in comparison to the front wheels, the resulting performance
characteristic is oversteering. (Drivefast, 2019).
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Figure 18: 18 _9 Centre of Pressure histogram analysis, (Daniel Salathiel, 20139).

The centre of pressure seen in the figure above when compared to the 18_18 setup can be seen to
be more forwards, shown by the data forwards of the 50% marker. The resulting effect of the centre
of pressure being more towards the front of the car with reduced aerodynamic force at the rear, is
oversteer as previously discussed. The results shown in the histogram above were to be expected,
due to the higher aerodynamic setting at the front, leading to higher forces being generated at the
front of the car, causing the centre of pressure to shift forward. In comparison to the 18 18 setting
in red, where the centre of pressure can be seen to be more balanced around the centre point, and
favouring the rear due to the lower percentages shown in the figure.
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5.0 Conclusion:

The quickest lap time was set with the setup utilising the 18 front wing position, and the 18 rear
wing position. This setup suited the track due to it balanced handling characteristics regarding and
shown by the centre of pressure and weight transfer graphs when analysed.

It also allowed the driver to carry more cornering speed through the corners due to the setup
providing and generating a much higher total aerodynamic force when compared to the other
setups tested. On a track with larger straights, the setup may lose time along the duration of a lap
when compared to the other setups analysed. The key attribute of this setup though is the stability
and force produced by the wings when set to their maximum position. Thus, allowing the driver to
carry greater speed through the corner, which means the car can accelerate a lot sooner due to the
forces being generated increasing grip. This means the setup produces a predictable aerodynamic
handling package, increasing the handling and performance of the F3 car throughout the duration of
the laps around the circuit.
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6.0 Appendices

Appendix 1- Motec Maths Channels:

Mame
Expressions

(4] Long WT N}
A Front Asro [N]
£ Speedm mve]
[ Front Aero [N]
[ Rear Rero [N]
A Total Aero [N]

[ Centre of Pressure [ratio]

[ Aero Drag Force [N]

B Comer radius fm]

Understeer [%

Constants

B4 Air Density fkg/m7

cog fm]
B4 FLom)
A FRON)
G m/s]
[ Mass fg)
M RLOIN)
RRO N

Ackermans angle [rad]
Ackermans Steer Pt [%]

1

EA wheel base fm]

Summary

(Mass’ kg]"G Force Long’ [GG' [m/s/s]™1"cog’ [m]/'whesl base’ jm]

"Tire Load - FL' [N}+Tire Load - FR" [NJHFL' [N}+FR’ [N[+'Long WT " [N]
Com Speed’ km/h]*1000/(50°60)

(Tire: Load - FL' [N}+Tire Load - FR" [NJH{FRO' [N}+"FLD" [NJ+'Long WT " [N]
[Tire Load - AL’ [N}+'Tire Load - RR" [NJ-(RLD [N}FRD [N]}+"Long WT " [N]
(Front Aero " [N}+Rear Aero " [N])

(Front Aero * [N}/ Tetal Aero * [N)"100

(0.5 Air Density * ug/m3]"Cd™1.2°(Speed m'" [m/s|"Speed m' [m/s]))
(Speed m' [m/s]"Speed m' [m/s]/(G' Im/s/s]"G Force Lat' [G]

(wheel base' [m}/ Comer radius’ fn])™1

(Ackemmans angle * frad])"(10.80/0.1208)

abs(Steering Wheel Pct’ [“]abs{Ackermans Steer Pct’ [%])

1223
023
1161
1165
9.81
560
1582
1578
27

(Daniel Salathiel, 2019).

Appendix 2 Centre of Pressure Screen shots 1_1 setup:
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Appendix 3 Centre of Pressure Screen shots 9 9 Setup:
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Appendix 4 Centre of Pressure Screen shots 18 18:
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Appendix 14 Front Aerodynamic force graph Screen shots 18 18 Setup:
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Appendix 17 Rear Aerodynamic force graph Screen shots 1 1 Setup:
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Appendix 19 Rear Aerodynamic force graph Screen shots 18 _18:
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Appendix 24 Total Aerodynamic force graph Screen shots 18 18 Setup:
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Appendix 26 Total Aerodynamic force graph Screen shots 18 9 Setup:
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