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1) Introduction

The aim of this report is to ascertain how weight transfer is affected by the stiffness of the chassis
and the amount of roll experienced by the car. The car used for the experiment was an Aston Martin
DBR9 GT1 and data was collected from a base performance simulator, running R factor Pro software.

The data will then be used to find aerodynamic and weight transfer values for differing suspension
and aero setups using coast down and steady state testing. Once the data is recorded and processed
via excel and results graphs are produced, an analysis will be made to see how each set up affects

the cars behaviour.




2) Background Research

Aerodynamic coast down testing

Coast down testing is used to find several aerodynamic forces on a car such as lift and coefficient of
drag. The rolling resistance of the tyres can also be calculated via coast down testing. Using data
taken from real test examples can also help calibrate dynamometers and validate simulation runs.
(Emtage, 1983)

Emtage states for a coast down test to happen, there needs to be a smooth, flat, straight surface. A
vehicle is then accelerated to a velocity of preference; once the velocity is achieved, a timer is
started. The car then holds velocity for several seconds before disengaging the drivetrain from the
engine and letting the car roll to a stop naturally. A graph of the velocity and time taken is created,
which is then used to take readings to find acceleration by using:

dif ference in velocity
dif ference in time

Acceleration =

This can then be used to find other aerodynamic forces acting on the car.

Splitters and wings

A splitter is a modification adding an extension to the bottom edge of the bumper of a car usually
made of a composite material. A splitter serves to trap the air against the front of the bumper and
the top of the splitter. This creates an area of high pressure on top of the splitter as air passes below
at a lower pressure, thereby adding downforce to the front of the vehicle and balancing the
downforce on the car between the front and back axles.

Pressure

Undesirable low

pressure area

High pressure area

= Splitter
e == =
Figure 1 - picture showing pressure distribution around a splitter.
(http://www.formulal-dictionary.net/splitter.html)

Aerofoils work in a similar way by splitting the airflow, forcing it to travel over the top and bottom
surfaces of the aerofoil profile. This creates an area of high pressure, slow moving air above and an
area of low pressure, fast moving air underneath which must travel further to meet with the rest of




the airflow at the end of the aerofoil. The curved profile of the underside of an aerofoil ensures that
no separation occurs, maximising its potential. (NASA, 2010)

LN
.

Figure 2 - picture showing the air flow around an aerofoil. An aerofoil for use ona
vehicle is inverted but uses the same principles to create negative lift or downforce.
{NASA, 2010)

Steady state testing

To measure a vehicle’s understeer or oversteer characteristics, steady state or constant speed
testing is carried out. This technique can also be used to analyse lateral acceleration of the vehicle,
which dictates how much weight transfer and body roll the sprung and unsprung mass experiences
depending on the suspension and chassis set up. Harder roll stiffness will increase weight transfer,
whereas a softer set up will lessen the weight transfer. (D.A. Panke, 2014)

The heavier the front of a vehicle is, the more the vehicle tends to naturally understeer. Whereas
the heavier the rear of the vehicle is, the vehicle will naturally oversteer. This is down to the weight
transfer happening at each axle. Basic weight transfer can be found with the following equation:

Mass x Lateral acceleration X Height of COG

Wliar = Track width

To conduct the steady state testing of a vehicle in the simulator, as per 1SO 4138:2012, the vehicle
must be driven at a singular speed on circular paths of a different radii so that several different
steering wheel angles are used throughout the test. The circles driven around must provide 0.5m/s?
of lateral acceleration increments at the speeds tested. (British Standards Publication, 2012)




3) Methodology

Setup sheet

For MoTeC to calculate each individual run with different setups, a setup sheet was used detailing
specific details of the car necessary for making the appropriate calculations; for example: wheelbase,
track length, different weight values and changes to the car’s suspension settings. MoTeC reads the
date and time of specific runs, then correlates it to the matching run listed in the setup sheet, using
the setup values from the appropriate row to calculate equations made using maths channels. Below
is a screenshot of the setup sheet, the full version can be found in the appendix.
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Figure 3 - setup sheet used for the simulation runs, detailing any changes to vehicle setup.

To collect the necessary data, a simulation was run on base performance simulator using the Aston
Martin DBR9 GT1 car. Eighteen runs were made in total, consisting of steady state and coast down
runs. Below is the order in which the runs were made, also detailing the different setups tested.

Steady state runs:

Table 1- Table displaying the different anti roll bar settings used for each steady state run.

Set up Front ARB Rear ARB
1 slow speed 160 72
1 160 72
2 280 48
3 400 12
3 —radius 50m, and 75m 400 12




Coast downs:
Table 2 - Table displaying the different splitter and wing set ups for each coast down test.

Coast down test Splitter angle Wing angle
1 1 1
2 1 2
3 1 3
4 2 1
S 2 2
6 2 3
7 3 1
8 3 2
9 3 3

Rake angle runs
Table 3 - table displaying the rake angle runs, where the height of suspension was adjusted between the front and rear
axles.

Run number Front height Rear height
Rake angle 1 max max
Rake angle 2 min max
Rake angle 3 min min
Rake angle 4 max min

From the data collected, calculations for finding aerodynamic forces acting on the car were made
and recorded in a spreadsheet using the equations below:

Front aero = (Ffrant right t Frront tegt) — (Fstatic Front right T Fstatic front le_rt)

Rear aero = (Frear right + Frear Ieft) - (Fstatic rear right + Fstatic rear left

. ot of lift — total aero
eeffeentof Wit =ge——p density x velocity?

front aero

Centre of pressure = ( ) X 100

total aero
To find rolling resistance, aerodynamic drag, mean velocity, and CdA values, velocity and time values
from the coast down velocity/time graphs were taken at four points. Two points just after the engine
was disengaged, and two points just before the car became stationary. As seen in figure 4.




Figure 4 - A velocity/time graph taken from one of the simulator coast down runs, The green and yellow points marked
showing where velocity and time data was taken.

The values from the points in green were used to find acceleration rate one, and yellow acceleration
rate two. Acceleration values were then used in the following formulas to find the remaining forces
on the vehicle.

Rolling resistance = acceleration , X total mass

Aerodynamic drag = (mass x acceleration;) — (mass x accelleration,)

(velocity, + velocity, )
2

Mean velocity =

And finally CdA was calculated using:

2 X (ma; —ma,)

Cil = air density x velocity?




4) Results

Coast down results

Graph showing different setups against coefficient of lift
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Figure 5 - Graph displaying the coefficient of lift data taken from the experiment. the maximum amount of downforce
created is with splitter 3, and wing at maximum angle.

Expected outcome: Each splitter variation will see an initial higher coefficient of lift as there will be
more downforce at the front of the vehicle and each wing angle increase will see a higher value of
downforce. (R Tarulescu, 2017)

Outcome: In the above graph, the data shows a strong trend between all three setups. With each
change in wing angle causing an increase in the coefficient of lift. The graph also shows that keeping
the wing angle at minimum and changing splitter length also increases downforce. The initial points
for each series starting at a higher value show this. These changes increase tyre loadings when the
car is in motion, adding to the amount of grip available. The positive correlation of the graph proves
the theory that increasing the wing angle increases the amount of downforce, as predicted.




Graph showing set up changes against aero balance

60

50

40

Centre of pressure

9 30

% force gn === plitter 1
front axis

0 =@=splitter 2
10 splitter 3

0

0 1 2 3 4

Wing angle
min / mid / max

Figure 6 - Graph displaying how adjusting the wing and splitter angles affects the percentage of force acting upon the front
axle of the vehicle.

Expected outcome: It is anticipated the effect of increasing the rear wing angle will lessen the
amount of force acting upon the front axle, as it acts as a moment on the car. The same should stand
true for the increase in splitter length, as more force on the front is added, bringing the pressure
forward. (Mcbeath, 2016) Shifting the centre of pressure so it rests just behind the centre of gravity
will lead the car to be more stable when cornering, whereas having the centre of pressure closer to
the front will make the car handle in a more unpredictable way. (F1 dictionary, 2019)

Outcome: The graph data shows that as wing angle increases, the percentage of force on the front
axle drops, the coefficient of lift is increasing with each wing angle adjustment and therefore a
higher percentage is acting on the rear overall, giving the car stable handling with a tendency to
understeer. The graph also displays that the increase in splitter length increases the amount of
downforce at the front, even when wing angle moves the centre of pressure backward. This fits the
expected outcome above.




Graph showing coefficient of drag at different setups
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Figure 7 - graph displaying the change in drag coefficient values for each increase in splitter and wing angle.

Expected outcome: As wing angle and lift increases, drag will also increase somewhat as the
resultant force from the wing changes angle closer to horizontal instead of downward. Increasing
the splitter length will create a larger area of higher pressure at the front of the vehicle also resulting
in more drag. (Katz, 1995)

Outcome: Splitter length two and three show some correlation, and an increase in drag with each
set up, although setup ‘splitter 3, wing 2’ increases from its initial value, it does not increase as much
as expected, showing a lower value than ‘splitter 2, wing 2’. Although for splitter 1 wing angles one
and three see an increase that follows the general expected curve, the value displayed for ‘splitter 1,
wing 2’ doesn’t follow the trend in any way and appears a lot higher than expected.

It is obvious that there is an error in the data for this point, so looking into the data behind this point
it is noticed that the mal value is higher than expected, whereas the ma2 value is lower, this may be
the reason the datapoint is so far out of trend.




Rake angle coast down results

Graph showing how rake angle affects coefficient of lift
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Figure 8 - Graph displaying how rake angle effects coefficient of lift.

Expected outcome: Increasing the ride height at the rear of a vehicle while the front stays at
minimum height would create a venturi effect on the underside of the car, so an increase in
downforce is expected. Increasing the front height and lowering the rear will reverse this effect, so a
drop in downforce is expected. (Tudor, 2019)

Actual outcome: Lowering the rear of the car shows a small drop in downforce of the vehicle as
expected, due to the venturi effect lessening. Increasing the front height with the rear low increases
the lift further as this would cause high pressure to build under the car, increasing drag. This is
demonstrated in the next results graph.
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Graph showing how rake angle affects aero balance
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Figure 9 —graph displaying the effects of rake angle on aero balance.

Expected outcome: For positive rake angle, the results of the test should show a high percentage of
force as pressure on the splitter will be most active, whereas there will be a low area of pressure
under the car due to the venturi effect created. Negative rake angle should see a lower percentage
acting on the front as pressure build up underneath the vehicle would cause the front to lift acting
with rear downforce and in extreme cases cause the car to flip.

Actual outcome: The graph shows small changes in percentage of pressure acting on the front axle
for each setup, but nothing significant. The largest value is shown for the negative rake set up, going
against the predicted theory; but the simulator does not show the effect.
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Graph showing how rake angle affects Coefficient of drag
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Figure 10 - Graph displaying how ride height setups affect the coefficient of drag of the vehicle

Expected outcome: An increase in positive rake angle should see a slight increase in coefficient of
drag due to the frontal area of the car increasing slightly. The same is expected to happen for
reverse rake as the underside of the car would be exposed, also increasing frontal area. (NASA,
2014)

Actual outcome: As predicted with the rake at both negative and positive positions create the
highest amount of drag, seeing results that are very close to each other. The lowest value is seen
with the car at maximum height at both axles. In this position the smallest frontal area is on show,
and air passes under and over the car easily due to less airflow restriction underneath.
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Steady state handling results

Graph showing calculated, total and actual front
weight transfer during steady state on a 50m radius
circle
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Expected outcome: Front weight transfer will increase as the front anti roll bar gets stiffer.

Actual outcome: The graph shows that for the basic weight transfer (MAH/T) the weight transfer
decreases between setups one and two. This is not as expected as the front end gets stiffer with
each setup. The reason the weight transfer value is low is due to the speed of the vehicle when the
values were recorded. The car was traveling at a slightly lower velocity therefore lateral acceleration
was not as strong.

Total weight transfer shows a positive trend, with each setup showing an increase in weight transfer,
this fits with expectations as the front of the car gets stiffer, and the equation considers more
variables, such as the sprung and unsprung masses.

Actual weight transfer is almost linear, only displaying a small increase in weight transfer between
set ups. The reason an almost linear trend for actual weight transfer is seen is due to the rear setup
being softer and influencing the front weight transfer via the chassis.
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Graph showing calculated, total and actual rear
weight transfer during steady state testing on a 50m

radius circle

1400
1300
1200

1100
weight 1000

transfer
900

L 1

800
700
600

!

Setup
—@— MAH/T Rear total rear WT  =—@=actual rear WT

Expected outcome: As roll stiffness gets softer at the rear, a decrease in weight transfer should be
perceived.

Actual outcome: Basic weight transfer shows the same trend and values as in the front weight
transfer graph, as the vehicle has a 50/50 weight distribution and the same track width between
front and rear so the only variable between each setup in the equation is the lateral acceleration.

Total weight transfer shows that, as the setups get softer at the rear less weight transfer occurs
which is what was expected. Actual weight transfer follows this trend but deviates from it at set up
three, which doesn’t fit the expected outcome. Taking both front and rear into account at setup
three there is more stiffness at the front of the car which is having an influence on the rear weight
transfer via the chassis stiffness.
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Roll centre distribution

Graph showing predicted and actual magic number
against front roll stiffness distribution
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The magic number is a ratio of how much oversteer or understeer the vehicle experiences, the lower

the value the more oversteer the car experiences; whereas the higher the value the greater the
understeer.

The above graph shows as the setups increase in stiffness the magic number increases, meaning the
car will tend toward understeer. This proves that the stiffer the front axle the more weight transfer
takes place at the front of the vehicle, increasing the amount of understeer.

15




5) Conclusion

The work undertaken in this report has covered how aerofoils and splitters can be used to affect a
cars downforce, and how coast down testing is used to find how these devices affect the
performance of the car. Coast down testing has also been investigated to find how great a part
weight transfer plays in the handling of a vehicle with different anti roll bar settings. It is clear to see
that roll stiffness and weight distribution do affect how a car handles as regards to under or
oversteer, with stiffer setups creating more weight transfer in turn leading to understeer and softer
set ups leading to oversteer.

Although the trends in the graphs show an expected result in some cases, there is no way to validate
these results. The wing angles used in the simulator are not quantifiable angular values for angle of
attack, neither are the splitter lengths, thus making it difficult to replicate in real life.

A simulator is only as good as the computer code it runs on, which in turn is only as good as the
programmer who created it who will not have taken certain nuances into account that can affect a
cars performance.

16




6) References

British Standards Publication, 2012. Passenger cars - Steady state circular driving behaviour - Open

loop test methods, Geneva: Standards policy and Strategy Comitee.

D.A. Panke, N. A., 2014. Experimental testing of transient and steady state handling characteristics of

passenger vehicles. International Journal of Current Engineering and Technology, Volume 4.
Emtage, A. L., 1983. The ehicle coast down test, Loughborough : Emtage, Andrew Laurence.

F1 dictionary, 2019. formula 1 dictionary - Technical. [Online]
Available at: http://www.formulal-dictionary.net/aerodynamic_balance.html
[Accessed 20 03 2019].

Katz, J., 1995. Race car aerodynamics - Designing for speed. cambridge: Bentley publishers.

Mcheath, S., 2016. sm-designs. [Online]
Available at: http://www.sm-designs.co.uk/advice.html
[Accessed 18 march 2019].

NASA, 2010. Bernoulli's principle. unknown: NASA.

NASA, 2014. modern drag equation. [Online]
Available at: https://wright.nasa.gov/airplane/drageq.html
[Accessed 18 03 2019].

R Tarulescu, e. a., 2017. Downforce variation dependence of angle of incidence modification for the
rear wing of high speed vehicles. IOP Conference Series: Materials Science and Engineering, p. 2.

Tudor, T., 2019. Aerodynamics lecture Slides. Swansea: UWTSD.

17




8) Appendix

Appendix 1
Mame Summary
A WT lang N] (Mstol kol (G Force Long” [G]3.81) center of gravity” [m]} Vheelbase” [m]

WT latudinaly front

[ W Iathtudnaly rear

[A ol angle [rad]

[ sprung mess elasic WT front
[ sprung mass siastic rear WT

4 Mus geo WT frort

[ Mus geo WTrear

[ total weight transfer front
[ total weight transfer rear
B4 pent WT magic na)

A sum weight transfer

A comer raduz fm]

A cor speed mis sl

[A required steerng angle [rad]
[ theoretizal whesl stesr [rad]
Ed x

[ thearstica stesr parcent
] undertzer

[ actuai frort wt
Eadudlearnt

[ roll angle 2 [deg]

B4 1at aceel

[ wheel rte front

[ wheel rate rear

[ rol stiiness distibubon front
[ rot stiftness frort

A ol stiffness rear

[ total roll atfiness

[ ot stifiness distibution rear
[ actua magic number

<

[ W sprung mass roll centre front
B4 WT sprung mass rol centre rear

([Ms tot' [g)/2)'(G Force Lat' 1G]"9.81)" center of gravity' [m]) Track Front' [m]

(Mstot' gl 217G Force Lat' [G]"9.81)"center of gravity’ Iml/ Track Rear' [m]

‘sprung mass’ [kg]'(G Force Lat' [51'9 81) 1ol cantre at Col' [m/(rel st#f front’ [nrad]erol stéf rear’ [ /rad])
(wheel rate front™ Track Frort’ fn]roll angle 2' [deg]v2

(wheel rate rear Track Rear’ [m]"roll angle 2 [deg]l/2

({05 sprung mass' [kg)"(G Force Lat" [G]"9 81)"Static ol Centre: Height Front” [m] Track Front” fm]
(0.57sprung mass’ kgl (G Force Lat' [G]°9.81)Static Roll Centre: Height Rear’ fm]) Track Rear’ fm)
{[Front comer unsprung mass' (kgl"2)"(G Foroe Lat' [GI°9.87) Tront tyre rofing redius’ ImIlv Track Front” [m]
([rear comer unsprung mass ' [kgl"2/"(G Foroe Lat' [GI"9.87) rear tyre roling radus’ [l Track Rear m]
‘sprung mass elastic WT front'sWT sprung mass roll centre front'~Mus geo WT front’

“sprung mass elastic rear WT+WT eprung mase roll centre rear’s Mus ges WT rear’

Yotal weight transfer front’/(Rotal weight transfer front"+Yolal weight transfer rear)

Yolal weight transfer front'+Yolal weight transfer rear’

‘com speed m/e' fm/s]"2/(G Force Lat' IGI'0.81)

Com Speed’ km/hI" 10003600

(Wheelbase® jn]'(5G Force Lat® [G]°9. 81))/con speed m/s™2

“Whesbass' m] somer radiue’ [m]

“Steering Wheel Pet’ [} theoretcal wheel steer’ [deg)

theoretical whesl stear’ [deg]"X'

abs(Steering Whesl Pot' [ ]-abs(theoretical wheel steer” [deg])

(Tire Load - FL' [N} Tre Load - FR" [NIv2

(Tire Load - RL' [NFTire Load - RR [NJV2

(sprung mase” kg] (G Force Lat' [G]"9.81) canter of gravity’ Im[)/([Track Front’ jm] "2 wheal rate front'/2)+{ Track Fear’ [n]"2 wheel rate rear)/2)
G Force Lat' [3]°9.81

(Spring Rate FL* [N/mm]"Motion Fatio FL™ 2+ Fal Bar Rate Front” [N/me]

(Spiing Rate RL' [N/mm]“Metion Ratio RL”21+Rol Bar Rate Rear’ [M/mm)

‘roll stifiness front’/total roll atifness’

(Track Front” [m]" 2" whesl rate front)/2

(Track Rear’ n] 2 whesl rale rea’)/2

“roll #ffness front"+roll stéfness rear’

‘ol stiffness rear’s total roll stiffness”

“actudl front wi'/(actual front wi'vaciual rear wi)

Figure 11 - Maths channels used in Motec, displaying syntax and equations used.
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Appendix 2
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Figure 12 - Full version of the Motec setup sheet, detailing each setup change per run.
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