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[bookmark: _Toc35341448]Introduction
   Aerodynamic force and the roll stiffness distribution of a vehicle have a considerable effect on the handling and balance of the car. And the roll stiffness functions by deciding the lateral weight transfer occurring when the car is cornering. This article studies how the car responds to different aero and roll stiffness setups specifically and if the weight transfer can be predicted effectively by vehicle dynamics function. The proposed method is to collect the data of Aston Martin DB9 Race car model with different installations by Base Performance simulator and import these data to Motec. Then the aerodynamic force and weight transfer are calculated in Motec by creating math channels involved with aerodynamics and vehicle dynamics(Tudor, 2020). Notably, the lift force and weight transfer are directly generated through measurable physical quantities in Base Performance simulator. However, the drag force and predicted weight transfer are calculated with several necessary hypothesises. Consequently, this article is studying the validity of the prediction and analysing these speculations as well. Finally, some essential physical indicators derived from the aerodynamic force and weight transfer, such as the magic number, coefficient of drag and lift can reveal the handling performance and balance of the car in different aerodynamic and chassis settings.
[bookmark: _Toc35341449]Nomenclature, Symbols
	Subscript   
	F: Front, R: Rear, FL: Front left, FR: Front right, RL: Rear left, RR: Rear right, s: static

	T           
	Track

	WT
	Weight transfer

	TL
	Tire Load

	CoP, CoG
	Centre of Pressure, Centre of Gravity

	

	Coefficient of lift, Coefficient of drag

	AoA
	Angle of attack




1. [bookmark: _Toc35341450]Aerodynamic analysis
1.1. [bookmark: _Toc35341451]Setups demonstration and test process
Aston Martin DB9 Race car model generates aerodynamic force primarily by front splitter and rear wing. This study uses three different front splitters and three separate rear wings and combines them as nine various setups, which will be shown as F1，F2，F3，R1，R6，R12 in the following text. F means front and R means rear. And the number behind them is an indication of the front splitter angle and the AoA of the rear wing. As these angles are all less than stalling angle, a more significant number means more downforce will be gained in this setup theoretically. Therefore, the setup with a combination of F1 and R1 gives the car least downforce and vice versa.
This is a straight line constant velocity and coast down test, which can be demonstrated by figure 1-1 below:
[image: ]
Figure 1‑1 Straight line test
There are four statuses in this test:
· Static state: the vehicle is stationary and static data of the car is generated during this time.
· Acceleration state: the vehicle accelerates rapidly to a high speed. Most data of the car is unstable because of the engine.
· Constant velocity state: the vehicle runs at a constant speed and the data in this steady state is the most paramount part of the test.
· Coast down state: the vehicle decelerates without any work done by the engine to static state.
At the end of the coast down state where the speed is quite low but more than zero, data is collected to calculate rolling resistance which will be explained in the following test. However, the rolling resistance is highly dependent on the status of road and tire. In other words, it may change in different setups as time goes by. As a result, the F1R1 setup is tested three times and F2R6 setup is tested twice to get rid of its influence. Actually, the rolling resistance changes slightly in various setups, so the average rolling resistance of these five tests is used as the value for all other setups.
1.2. [bookmark: _Toc35341452]Mathchannels creation and data processing
The aerodynamic downforce can only be calculated from tire loads, the measurable quantity in Base Performance simulator. And the tire load when the car is running is the sum of the static load, aerodynamic downforce, and longitudinal weight transfer if the car has acceleration. Therefore, the equations of aerodynamic downforce are expressed as equation 1.1 below:	 

		 
Where a is the longitudinal acceleration of the vehicle, and it is negative when the car decelerates.
Then a crucial parameter, centre of pressure, which indicates the aero balance of the car can be generated from equation 1.2 below:

		
 Another aerodynamic force worthy studying is the drag force created by aerodynamic devices. It can be calculated in the coast down state. The deceleration force during this period is consist of rolling resistance and aerodynamic drag because the car runs on a flat road. However, the rolling resistance is so small compared to the total deceleration force that it can be ignored when the car runs at a quite low speed. As a consequence, the aerodynamic drag can be regarded as the difference of the deceleration forces at high speed and low speed, which is expressed as equation 1.3 below:


	 	
Where M is the mass of the car and a is the deceleration at the corresponding speed.
The equation shows how to calculate the aerodynamic force by measurable physical quantities. Additionally, we can calculate them theoretically with equation 1.4 as well.

		


And the reference area A can combine with the coefficient of lift and drag to new coefficients: and . 

		
They only represent the influence of the inherent properties of the car such as its shape and aerodynamic features but the environment and velocity on the aerodynamic force. Therefore, they are used as the indication instead of the downforce and drag in the following analysis.









1.3. [bookmark: _Toc35341453]Data analysis

Figure 1-2 shows the result of  in different aerodynamic setups.


Figure 1‑2  in nine setups

The figure infers the relation between the  and setups distinctly. Three conclusions can be reached straightforward. 
· The aerodynamic downforce increases as the AoA of rear wing increases when the front setups keep constant.
· The aerodynamic downforce increases as front splitter angle increases when the rear setups keep constant.
· Higher wing angle and splitter angle produce more downforce overall.
Now a more detailed relation is illustrated in figure 1-3 and figure 1-4 below.


Figure 1‑3  fit when front setups stay constant


Figure 1‑4  fit when rear setups stay constant

A strong linear relation between the downforce and the AoA of the rear wing is suggested in this figure. And this relation is independent on the front splitter setup as the rates of three linear equations are almost the same. An identical conclusion can be drawn when rear setups are fixed. Furthermore, a similar relation of drag can be generated from the figures of  which are shown in the Appendix.




All the results are a prediction generated by simulation. In reality, Sandia National Labs(Sheldahl and Klimas, 1981) conducted some tests in which they collected lift coefficient () and drag coefficient () data for seven different airfoils up to AoA of 180°. Figure 1-5 and 1-6 shown below are the and  for the symmetric NACA airfoil section 0015, and the general trends are representative of all the airfoils tested.
[image: Lift coefficient from 0 to 180 degrees]
Figure 1‑5 Full Range Section Lift Coefficients for the NACA-0015 Airfoil at Reynolds number of 0.36e06, 0.50e06, and 0.68e06
[image: Drag coefficient from 0 to 180 degrees]
Figure 1‑6 Section Drag Coefficients For the NACA-0015 Airfoil at Small Angles of attack and Reynolds number of 0.36e06, 0.50e06, and 0.68e06


As these two graphs suggest, the relationship between AoA and  is generally linear up to stalling angle, so does . Therefore, the simulation and analysis in this article are highly following reality.
Figure 1-7,1-8 implies the movement of the centre of pressure when setup changes.

Figure 1‑7 CoP fit when rear setups stay constant

Figure 1‑8 CoP fit when front setups stay constant

The CoP moves forward as the front splitter angle increases and rearward as the AoA of rear wing increases but nearly stays the same position when the front and rear setups change simultaneously and equidirectionally as “total change ” shows. Also, the relation is highly linear, and the effect of rear and front setup on CoP is independent with each other.
The CoG is 58% on the rear axle. And it is preferable to make the CoP closely match the CoG. According to the collected data, the CoP in most of the setups is behind the CoG, which means the car is prone to be understeer while cornering(Dominy, 1992). 







2. [bookmark: _Toc35341454]Roll stiffness analysis
2.1. [bookmark: _Toc35341455]Setups demonstration and test process


In this part, there are nine different roll stiffness distribution setups, a combination of three front roll stiffness and three rear ones. And the roll stiffness is modified by changing the spring rate  and anti-roll bar  by the following equation:

		

Where  is the wheel rate calculated by the following equation:


		
Where MR is the motion ratio.

In the following text, these setups will be shown as (front roll stiffness proportion):


		

The tests in this part are steady state circuit. The car will run around a circuit whose radius is 25m at the speed of 50m/s with nine different setups. Particularly, the vehicle will do two extra tests in one of the setups:
· Run around the circuit whose radius is 50m/s but at different velocity ranging from 50m/s to 100m/s.
· Run at the velocity of 50m/s but around circuits with different radius ranging from 25m to 100m.
These tests aim to study the influence of weight transfer due to the variation of radius and speed on the handing of the car.
2.2. [bookmark: _Toc35341456]Mathchannels creation and data processing
The lateral weight transfer can be divided theoretically into three parts: geometric weight transfer on unsprung mass, elastic weight transfer on sprung mass and geometric weight transfer on sprung mass.

		
The geometric weight transfer on unsprung mass is calculated by the following equation:

		


Where is the unsprung mass of the vehicle, is the lateral acceleration of the var, r is the radius of the wheel, 
Similarly, the elastic weight transfer on sprung mass can be calculated by the following equation:

			

Where is the roll angle, H is the vertical distance between CoG and roll centre.
The geometric weight transfer on sprung mass can be calculated by the following equation:

		
Where h is the height of the roll centre.
The equations above are used to predict the lateral weight transfer theoretically. The actual weight transfer is generated by collected tire load data.

		
After the predicted weight transfer and actual weight transfer are found, a vital parameter Magic number can be gained to indicate the weight transfer distribution:

		
Finally, the handling performance needs to be calculated to study the effect of the roll stiffness distribution. In this study, understeer is used to indicate the handling performance:

		
2.3. [bookmark: _Toc35341457]Data analysis
The figure 2-1,2-2,2-3 show how the actual predicted weight transfer and magic number change along with the front roll stiffness proportion separately.

Figure 2‑1 Actual and Predicted front weight transfer and their fitting curve

Figure 2‑2 Actual and Predicted rear weight transfer and their fitting curve

Figure 2‑3 Magic number and its fitting curve
As these three figures indicate, several conclusions can be reached:
· The predicted data and actual data have similar strong linear trend, which means the simulation regarding weight transfer in this article can guide the direction when modifying the roll stiffness distribution to get higher handling level.
· The front weight transfer rises with the increase of front roll stiffness proportion, so does the magic number. And the rear weight transfer goes down as the roll stiffness proportion augments.
· For weight transfer, the actual data is always more significant than the predicted data. There are many possible reasons which will be debated in the next section. 
· For the magic number, the rate of the predicted data is almost double of the actual data. It is a common effect of front and rear weight transfer as the actual front weight transfer rises faster than predicted, and actual rear weight transfer diminishes acutely than predicted. A high magic number means there is more front weight transfer than the rear and vice versa. As a consequence, the car generates more grip force on front wheels, resulting in oversteer. 
Figure 2-4 shows how the total weight transfer changes along with the front stiffness proportion.

Figure 2‑4 Actual, predicted, theoretical weight transfer
As this graph indicates, the total weight transfer nearly keeps unchanging for the lateral acceleration does not change. However, the actual weight transfer is larger than predicted weight transfer and the former one is larger than theoretical weight transfer, which is calculated by the following equation:

		
This is because the car is considered as a rigid body when calculating the theoretical weight transfer. But the predicted weight transfer considers the roll of the vehicle. 
As for the understeer, it nearly keeps the same in different roll stiffness setups. It is because the car runs at a relatively low speed of 50m/s, which means the front and rear weight transfer is not impressive enough to create remarkable handling change. Therefore, a higher speed will be used in next simulations.
Figure 2-4,2-5 show the effect of velocity and radius with identical roll stiffness distribution on the understeer.

Figure 2‑5 understeer with varying velocity but constant radius of 50m

Figure 2‑6 understeer with varying radius but constant velocity of 50m/s

As these two graphs indicate, the understeer rises with the increase of the velocity and decrease of the radius. Actually, the rise of velocity and drop of radius mean the lift of lateral acceleration for . In other words, the increase of weight transfer(both front and rear) leads to less balanced handling. However, the magic number in two cases always keep constant at 63%. But this phenomenon can be explained by slip angle(Stone and Ball, 2004).

		


Where is the slip angle, is the cornering stiffness, R is the cornering radius.



Now the “front-rear WT difference” in figure2-4 and 2-5 have a similar trend with the understeer, which means the front weight transfer increases faster than rear weight transfer when the lateral acceleration goes up. As a result, the front tore load rises more quickly than the rear tire load . According to equation 2.3.1, the front slip angle has a more acute change rate than rear slip angle. Furthermore, the front weight is higher than rear weight transfer all the time. The result is the car oversteers more and more as  increases.
2.4. [bookmark: _Toc35341458]Validation of predicted equation
As what mentioned above, the predicted weight transfer is always slightly less than actual weight transfer. There are several reasons accounting for this.
The first one is the roll angle. On the one hand, the equation above only calculates one overall roll angle because of the assumption of rigid suspension. Nevertheless, the fact is that the front roll angle is different with the rear roll angle, and there is a chassis torsional twist between the front and rear suspension(Deakin et al., 2000).
On the other hand, the roll angle can be divided to roll angle on sprung mass and roll angle on unsprung mass as well. The equation 2.1.2 combine these two kinds of roll angle into one quantity. However, the equation 2.2.3 uses the track of the car to calculate the roll angle. In reality, the roll angle on sprung mass occurs relative to the spring span, which is slightly smaller than the track of the car(Ozaki, 2002). The result is the roll angle calculated by the predicted equation is smaller than the actual roll angle, which leads to lower weight transfer.
The second one is the roll centre. Locating a roll centre begins with the kinematic instant centre, which is the intersection of the projected upper and lower a-arms. And the roll centre is the intersection of lines from the kinematic instant centres to the tire contact points(Doumiati et al., 2009). It is not necessarily at the centreline of the car though the suspension of Aston Martin DB9 Race car is symmetry. Moreover, Doumiati continues in his article: the kinetic instant centre is defined by wheel centres which are applied to rigid wheel and suspension. For a less rigid wheel, the contact point moves with camber and toe changes. Finally, the model in this article ignores the force operating through the steering tire-rod, which affects the height of the roll centre.
Thirdly, this article assumes that tyres friction ellipse is being used only for lateral acceleration. Though the car is running at a constant velocity, there is still some longitudinal acceleration caused by the driver or road situation. Some other possible reasons include the tyre wear and the weight variation due to fuel consumption, etc. these variations are so small that it is acceptable to ignore them.

3. [bookmark: _Toc35341459]Appendix
[image: ]
Figure 3‑1 Mathchannel
[image: ]
Figure 3‑2 spreadsheet


Figure 3‑3  in nine setups


Figure 3‑4  fit when rear setups stay constant


Figure 3‑5  fit when front setups stay constant
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