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Abstract 
In the world of today, fuel economy is becoming a more important factor through the development 

of new vehicles. Increase drag force acting on the front on vehicles is one massive area in which 

improvements can be made. The different vehicle shapes available for the designers of today, 

including; notchback; fastback; pickup; and estate, will be tested against their aerodynamic 

characteristics that are produced. As well as this, the effectiveness of aerodynamic devices: an Air 

Dam and a rear spoiler will be investigated. Using computational fluid dynamics, a range of tests will 

be designed and investigated to evaluate the different vehicle shapes and aerodynamic devices, 

starting with a base setup case study, investigating the effects of using alternative mesh sizes, different 

turbulence models, as well as using different dimensions for the size of the domain. Each of the vehicle 

shapes produced different values for coefficient of drag and coefficient of lift. Attaching an Air Dam 

to the front of the different vehicles proved to have mixed results, with only the largest size of Air Dam 

reducing the coefficient of drag. When performing the investigations for the spoiler, it was clear that 

the main role of the device was to amplify the coefficient of lift, therefore, improving the downforce 

of the vehicle. Consequently meaning the coefficient of drag of the vehicle would increase. With the 

results of the testing verified, the fastback shape provided the lowest coefficient of drag out of the 

vehicle shapes, with both of the aerodynamic devices showing not to be very effective at lowering the 

coefficient of drag.  
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1.0 Introduction 
 

Vehicle shapes have a massive effect on the drag and lift characteristics of a car, due to the external 

aerodynamic forces that are acting on it. These characteristics are becoming more crucial in the design 

of vehicles because of the stricter measures placed on carbon dioxide emissions, and other toxic 

compounds produced by the internal combustion engine, through the Euro six and the fore coming 

Euro 7 standards, as described by RAC, 2018. This is due to the drag being a factor in a vehicles fuel 

economy, meaning that an improvement in fuel economy would reduce the emissions produced as 

less fuel would be needed to be used in the combustion process, documented by Keith Douglass, N.D.  

The most basic car shapes used in the automotive industry would be; estate; fastback; notch and 

pickup. Each shape influences the coefficient of drag produced by the vehicle. Below are some 

examples of coefficient of drag values for different cars, using a variety of vehicle shapes, provided by 

Angelina I. Heft, 2012: 

 

 

 
 

Vehicle shape is not the only feature that affects the drag and lift of a vehicle. Aerodynamic devices 

also play a role in the overall effect of the drag and lift characteristics. Splitters and rear wing spoilers, 

just to name a few, are some of these devices that can affect these characteristics, as stated by Renan 

Francisco Soares, 2018.  

The overall aims looking ahead are: 

 To investigate how the difference in vehicle shape affects the coefficient of drag and 

coefficient of lift.  

 To investigate the impact, positive or negative, of adding aerodynamic devices to the vehicle 

in response to the aerodynamic characteristics, including coefficient of lift, coefficient of drag 

and centre of pressure.  

The aims will be investigated using computational fluid dynamics (CFD). Graphs for the coefficient of 

drag and lift will be produced for each variant of the vehicle.  

 

 

 

 

 

 

 

 

Table 1 - Coefficient of drag values for a variety of vehicle shapes 
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2.0 Research 
 

2.1 Background 

2.1.1 Relevance to Industry 
One major factor why the automotive industry is interested into looking at reducing the drag acting 

on a vehicle is that drag has an influence on fuel economy. If a vehicle has a high coefficient of drag, 

then the fuel economy of that vehicle will be worse when compared to another car with a lower 

coefficient of drag. An example of this would be the Honda Jazz. The graph below shows how when 

the coefficient of drag is improved, so does the fuel economy. Figure produced by Kentaro Machida, 

2015: 

 

 

 

 

 

 

 

 

 

 

 

This increase in fuel economy has a link to the carbon dioxide emissions produced by a vehicle. With 

an increase in fuel economy, a reduction in the carbon dioxide produced is the result, as illustrated in 

the following graph, produced by Keith Douglass, N.D. 

 

 

 

 

 

 

 

 

 

Figure 1 - A graph showing the correlation between the coefficient of drag 
and fuel economy for the new generations of the Honda Jazz 

Figure 2 - A graph showing the correlation between fuel economy and 
carbon dioxide production 
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2.1.2 Aerodynamic Fundamentals 
Bernoulli’s Equation, as stated by Princeton, N.D: 

 

𝑝 + 
1

2
𝜌𝑉2 +  𝜌𝑔ℎ = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝑝 = Pressure 

𝜌 = Density 

𝑉2 = Velocity 

𝑔 = Gravitational Constant 

ℎ = Elevation 

 

Some assumptions are made, according to Katz, 2016: 

 The points where the pressure is acting lie on a streamline 

 The viscosity of the fluid used is constant 

 Friction is not observable in the system 

 

Reynolds number, as stated by Nuclear Power, N.D, is the ratio of inertial forces to viscous forces. It is 

an adequate parameter for predicting if a flow condition will be laminar or turbulent.  

 

𝑅𝐸 =  
𝜌 𝑥 𝑉 𝑥 𝐷

𝜇
 

 

𝑅𝐸 = Reynolds Number 

𝜌 = Density of fluid 

𝑉 = Velocity of fluid 

𝐷 = Diameter of fluid 

𝜇 = Viscosity of fluid 

Engineering Toolbox, 2003 
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Boundary Layers 

As a vehicle moves through a fluid, the molecules of air near the surface of the vehicle start to move 

around as they have been disturbed. Aerodynamic forces are therefore generated between the fluid 

and the surface of the vehicle, as declared by Hall, 2015. The fluid closet to the surface of the vehicle 

will have no velocity. As the layers of fluid travel further away from the surface, the velocity of the 

fluid will increase, as there will be less collisions between the molecules, as clarified by Technical F1 

Dictionary, N.D. Once there are no collisions between the molecules, this is classed as the boundary 

layer. The viscosity and compressibility of the fluid are the two main factors in the position of the 

boundary layer.  

Boundary layers can either laminar or turbulent, dependent on the value for Reynolds number. A 

lower value for Reynolds number illustrates a laminar flow, where a higher Reynolds number would 

mean the opposite, a turbulent flow, as mentioned by Mclean, 2012.  

 

Separation 

Flow separation occurs when the boundary layer of a vehicle has travelled against an adverse pressure 

gradient for long enough that the velocity of boundary layer when compared to the vehicle retards to 

zero, as defined by Clancy, 1975. The flow of the fluid detaches from the vehicle’s surface and inherits 

the forms of eddies and vortices. This type of separation leads to increased drag affecting the vehicles 

performance.  

Boundary layer separation occurs when a boundary layer becomes separate from the surface of the 

vehicle, and becomes a broad wake, as explained by White, 2011. This type of separation occurs when 

the boundary layer closest to the surface of the vehicle has its direction of motion reversed, Wilcox, 

2000.  

Lift and Drag 

Drag is a force that an object, vehicle is subjected to that provides a resistance to the direction of 

motion, as defined by Electropaedia, 2005. The darg force acts parallel to the motion of the fluid, 

meaning it will operate in the same direction.  

Lift is force that acts perpendicular to the flow of fluid that the vehicle is passing through, explained 

by Hall, 2015. As this lift force can act perdendicular, being a vector quantity, the force will either try 

and lift the vehicle up and work against gravity, or its magnitude will be in the other direction, acting 

as downforce to push the vehicle into the ground.  
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2.2 Current Studies 

2.2.1 Aerodynamic Studies and Vehicles 
Reference shapes 

With stricter measures being placed on carbon dioxide production and having the link between the 

coefficient of drag and better fuel economy, as mentioned on page 3, the use of reference shapes to 

help improve the coefficient of drag for vehicles is becoming more vital. Using these reference shapes 

will mean the aerodynamic characteristics that either benefit or hinder gains in fuel economy and 

therefore emissions can be tested, and verified, as expressed by Angelina I. Heft, 2012.  

There are numerous different vehicle geometry models that have been created to help in the 

investigation into reducing the coefficient of drag: 

 Ahmed Model 

 NRCC/SAE Model 

 Rover Bluff Body Model 

 Pininfarina Reference Car 

 MIRA Reference Car 

Geoffrey M. Le Good, 2004 

The Ahmed geometry was originally developed for vehicle wake investigations and was designed in 

mind so when an experiment was conducted, there would be only one aerodynamic feature, as seen 

in the diagram below, that would be assessed, justified by Strachan R.K, 2007: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 - The Ahmed geometry model 
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NRCC geometry was configured to exhibit attached or separated flows on American cars and trucks. 

This geometry, amongst others, was used to investigate the effect of aerodynamic drag against 

longitudinal position inside a wind tunnel, tests carried out by Garry K.P, 1994. Below is a diagram of 

the NRCC reference geometry, provided by D Wood, 2014: 

 

 

 

 

 

The rover model was designed to assist in investigations on how changing vehicle shapes would affect 

the aerodynamic forces, as explained by Geoffrey M. Le Good, 2004. The Rover geometry has 

interchangeable slits at the rear so that the angle of slope can be changed. Below is a diagram of the 

Rover reference geometry, shown by Howell, 1994: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Pininfarina reference geometry, is the first of the models to have wheels included in the design. 

This means that results taken from using this reference geometry would be more accurate, due to 

interaction between the underside of the car being referenced as well, as detailed by Geoffrey M. Le 

Good, 2004. A illustration of the reference geometry is shown below, also provided by Geoffrey M. Le 

Good, 2004: 

 

 

Figure 4 - The NRCC/SAE geometry model 

Figure 5 - The Rover reference geometry 
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The MIRA reference car, the most well-known reference geometry in the automotive industry. It is 

used to calibrate the MIRA wind-tunnel every three months. It has been used for numerous 

investigations with relevance to wind-tunnel testing, and CFD investigations, as used by Yingchao 

Zhang, 2014. Below is a digram of the MIRA reference car used in two configurations, created by 

Pruthviraj Mohanrao Palaskar, 2016: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 - The Pininfarina reference geometry 

Figure 7 - Two configurations of the MIRA reference car 
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2.2.2 MIRA Reference Car Studies 
As the MIRA reference car is the most used car geometry out of the ones talked about above, there 

are some studies out in the world where the need for the geometry is being used. Jeffrey Hoffman, 

2001, has used the MIRA reference car to see if the coefficient of drag changes when different vehicle 

shapes are used. While this is not the primary aim of investigations completed by Hoffman, data has 

been gathered that will be useful during investigations into the aims mentioned above.  

Another study carried out by Yingchao Zhang, 2014, investigates the optimum aerodynamic shape for 

a vehicle using the MIRA reference car as its reference geometry. All of the components of the vehilce 

were looked at and tested, to compare where most of the resistance, drag was created. Both paperes 

produce data which can be used as a validation method for the aims of this investigation.  

 

2.3 Methods 

2.3.1 CFD Process 
Computational fluid dynamics, CFD, has been used for many years in designing stage of a vehicle’s 

development to evaluate its aerodynamic performance. This then leads to the design of the vehicle 

changing to minimize the aerodynamic drag resisting the car’s movement, as expressed by Yingchao 

Zhang, 2014. The equations of fluid dyanmics are the conservations laws of mass, momentum and 

energy. When using CFD, these conservation laws are called the Navier-Stokes equations, justified by 

Kronbichler, 2010. The programme needed to calculate the results for investigations is called Ansys. 

The following flow chart illustartes the general process for using the software to generate value for 

coefficient of lift and drag, inspiration provided from Francesco Mariani, 2016 and Stephane Cyr, 2011: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8 - A flow chart illustrating the process of using 
CFD 
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2.3.2 CFD Methods for External Aerodynamics 
When looking at external aerodynamic features; diffusers; splitters; rear wings, a similar process is 

used to calculate results for the coefficient of lift and drag. Once the baseline study has been verified, 

the geometry is changed, to include one of the features stated above. For example, when testing a 

front splitter, the size of the splitter can make a difference to the drag generated, as shown in the 

graph below, created by Renan Francisco Soares, 2018: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.3 Validation Case 
In order to generate results, a validated baseline model needs to be generated. If the baseline study 

cannot be validated, then results cannot be used. The validation can be made using existing studies, 

or through experimental data. Once a baseline study has been made, so that the data can be verified, 

the results should be similar to ones shown below, produced by Renan Francisco Soares, 2015:  

 

 

 

 

 

 

 

 

Figure 9 - Various graphs illustrating how splitter sizes affects 
coefficient of drag and lift values 

Figure 10 - A Graph illustrating coefficient of drag values against 
different assembles 
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3.0 MIRA Reference Geometry with Validation 

3.1 Base Car Setup 
The first stage in the process is create the base setup for the car. The computer software Ansys is 

required to perform the CFD process. Once the software has been loaded up, Design Modeller, ICEM, 

Fluent and Results tab needs to be inserted into the worksheet, as seen in the diagram below:  

 

Figure 11 - All four sections needed for the CFD process 

 

The first component needed to be configured is the geometry. Once the geometry tab has been 

opened, the first step is to import the geometry file into the document. Under the options tree that 

loads in with the geometry, the geometry needs to be simplified. Select the generate key to load the 

geometry into the work area. The next stage is to draw a rectangle around the geometry so that 

dimensions can be inserted to illustrate the size of the domain, using the modelling tool. To insert the 

dimensions, the dimension tab needs to be selected, with two horizontal, and two vertical dimensions 

placed in the positions shown in the diagram below, using the following measurements: 

 

 

Figure 12 - The domain used for the CFD process, with the dimensions highlighted in black 
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The rectangle needs to be extruded, four meters in length, with the setting being changed to add 

frozen. Once all the settings for the extruding processing have been clarified, the generate function 

needs to be used to finish the process. Now a bolleen needs to be inserted between the geometry 

model and the extruded shape. The diagram below shows how the bolleen is created: 

 

Figure 13 - Inserting the bolleen into the geometry 

Once the Bolleen has been made, the individual faces of the model need to be assigned, ranging from 

velocity inlet, to identifying individual parts of the car itself. The diagram below shows the process 

used for one of the faces: 

 

Figure 14 - Selecting the faces of the model 
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Now that the geometry section has been completed, the ICEM section can be loaded to start the 

meshing process. Once ICEM has loaded, the first step is to repair the geometry. Once this has been 

done, the various settings for the meshing need to be applied. The diagram below shows the various 

settings used for the mesh for the base setup: 

 

 

 

 

Once the settings have been defined, the areas used for prism layers inside the model need to be 

identified and selected, imputing the number of layers needed as well as the dimensions for the 

maximum size of the prism layers. The diagram below shows the function used to bring up the settings 

required, and the numbers used for the settings: 

 

Figure 16 - The settings used to generate prism layers around intended areas 

Figure 15 - The various settings used through the meshing process 
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The next step is to apply a density box around the model of the car inside the geometry. The size of 

the density box used was 0.1 for the base setup. Once the density box has been made, the size, and 

the position needs to be altered.  

Once the density box is in the correct position, the volume mesh can be applied to the geometry, 

shown in the diagram below: 

 

Figure 17 - The volume mesh generated throughout the geometry 

 

Once the mesh has been carried out, the document needs to be saved. Once this has been done, the 

prism layers mesh can be started, which will take longer compared to the volume mesh. The process 

used to apply the prism layer mesh is the same as the volume mesh.  
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After this step has been completed, ICEM can be closed, and fluent can be opened. Once fluent has 

loaded with the meshed geometry, all the necessary settings need to be inputted. The diagram below 

shows all the potential settings that need to be changed: 

 

The turbulence model, the viscous model shown in figure 18, needs to 

be set to the realizable K-epsilon model, used with non-equilibrium 

wall functions.  

Under boundary conditions, the inlet needs to be set as a velocity 

inlet, and under parameters, the velocity specification method needs 

to be set using components, with the reference frame set to absolute. 

The speed of the air needs to be set at twenty mph, moving in the x 

direction.  

The reference values can be seen in the appendix. The values need to 

be computed from inlet face, as otherwise the values for coefficient 

of lift and drag produced from the calculation will be inaccurate.  

The settings used for the methods options, as well as control settings 

can be seen in the appendix. The limits seen in the appendix are 

changed to allow the largest number possible to be achieved, 

otherwise the results of the calculation will not be as accurate as 

desired.  

Under report definitions, two graphs need to be created for 

coefficient of drag and lift. Force reports are the option needed. When 

creating the graphs, only the faces of the car need to be selected.  

Under the monitors tab, select the residual setting. Once loaded, the 

convergence criterion option needs to be changed from absolute to 

none, otherwise the software will finish the calculation early, as it will 

believe that data being collected has levelled out.  

Once all these settings have been changed, the calculation can be 

initialized. The initialization tab is selected, and the hybrid version 

used. Now completed, the calculation can be run, and solutions gathered. The run calculation tab is 

selected. One thousand iterations are used, with the reporting interval set to one, as well as the 

update interval.  

 

 

 

 

 

 

Figure 18 - The various settings 
that need to be set up before 
starting the fluent process 
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After the calculation has been completed, the values obtained for coefficient of drag and coefficient 

of lift are 0.325 and -0.131. Looking at the data gathered by Angelina I. Heft, 2012, the value found for 

the coefficient of drag is similar to numbers descovered through testing, as seen in the table below:  

 

 

 

 

 

 

For the coefficient of lift, the value produced from testing is similar to numbers produced by V. Naveen 

Kumar, 2015, which can be seen below:  

 

 

 

 

 

 

 

 

Looking at the diagram on the left, the 

model shows that high pressure is acting 

on the front of the vehicle, and along the 

bonnet of the car and up the windscreen. 

At the rear of the vehicle, as the air flow 

moves away from the car, there are two 

areas of low pressure, which is what is 

expected.  

 

 

 

 

 

 

Figure 19 - Data gathered by Angelina I. Heft 

Figure 20 - Data gathered by V. Naveen Kumar 

Figure 21 - A visual representation of the air flow around the model 
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3.2 Investigations 
After completely the base setup case study, investigations into the defining factors of the model need 

to be made. The three main factors that need to be investigated include domain size, mesh size and 

the turbulence model used. The values for coefficient of drag and lift being aimed for are 0.296 and -

0.08.  

3.2.1 Domain Size 
The size of the domain is the first investigation to be carried out. To alter the size of the domain, the 

workbench file used needs to be reopened, and as seen above in figure (), the dimensions for the 

measurements can be changed. The table below shows the dimensions used for the different domain 

size tests:  

 Dimensions (m) 

Test Run H16 H20 V18 V19 

1 12 27 0.02 3.3 

2 14 31.5 0.02 3.85 

3 14 36 0.02 4.4 

4 14 40 0.02 4.4 

5 16 35 0.02 4.4 

6 16 36 0.02 4.4 

7 16 37 0.02 4.4 

8 16 38 0.02 4.4 

9 16 39 0.02 4.4 

10 16 40 0.02 4.4 

11 16 41 0.02 4.4 

12 20 45 0.02 5.5 
Table 2 - The tests carried out on the domain size of the geometry 

Once all the domain sizes have been changed, the results of the calculations can be seen in the graph 

below: 

1 2 3 4 5 6 7 8 9 10 11 12

Cd 0.323 0.336 0.325 0.324 0.305 0.325 0.314 0.31 0.329 0.324 0.32 0.319

Cl -0.063 0.011 -0.121 -0.114 -0.093 -0.131 -0.159 -0.093 -0.143 -0.115 -0.075 -0.137
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Figure 22 - The coefficient of drag and lift results for the tests changing the domain size 
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Looking at the results of the domain size case studies, test run five and eight produced values for 

coefficient of lift and drag closest to the target for these investigations, with the test run five being 

chosen going forward. Through looking at the results, even a small change to one of the dimensions 

of the domain has a direct influence of the outcome of the calculations. The two diagrams below 

illustrate how changing the size of the domain can affect the aerodynamic drag and lift, but not 

influence turbulent air around the vehicle: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.2 Mesh Size 
The second investigation to be made involves the size of the mesh used. To change the size of the 

mesh used, the settings need to be opened using the same method as shown in figure 15. Out of the 

three different settings tabs visible in the figure, global mesh size is the variable being changed. The 

table below shows the sizes of the mesh tested: 

 

 

 

 

 

 

Test Run Mesh Size 

1 3 

2 2 

3 1.2 

4 1.1 

5 1 

6 0.9 

7 0.8 

Table 3 - The tests carried out for the mesh size of the geometry 

Figure 23 - The turbulent air flow visible in domain size test 
1 

Figure 24 - The turbulent air flow visible in domain size test 
12 
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When all the mesh sizes have been changed, calculations can be made, and the following results 

achieved: 

 

Figure 25 - The coefficient of drag and lift results for the different mesh sizes 

 

Looking at the results of the different mesh sizes, test run seven produced the best outcome for the 

coefficient of drag and lift. The two diagrams below illustrate the difference between using a fine mesh 

and a coarse mesh. Using the smaller mesh will improve the validity and accuracy of any tests carried 

out, as stated and shown in the work by Ahmad NE, 2010:  

  

 

Figure 26 - A visual representation of changing the mesh sizes 
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3.2.3 Turbulence Model 
The third investigation to be carried out is linked to turbulence model. When loading fluent, and 

choosing a turbulence model, there are variety of models that could be picked. The table below lists 

the turbulence models tested: 

Test Run Turbulence Model 

1 K-Epsilon 

2 K-Omega 

3 Transition K-Kl-Omega 

4 Transition SST 
Table 4 - The tests carried out for the turbulence model 

The following graphs illustrates the results of the calculations carried out using the different 

turbulence models: 

 

 

 

 

 

 

 

 

 

 

Looking at the results of the investigations, Transition K-KL-Omega could not be used as the turbulence 

model moving forward, due to the high value for coefficient of lift and drag, even though, illustrated 

by the diagram below, the turbulence model had an advantage in highlighting the change in velocity 

around the vehicle:  

 

 

 

 

 

 

 

 

 

1 2 3 4

Cd 0.325 0.312 0.467 0.32

Cl -0.131 -0.069 0.262 -0.075

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

O
C

EF
FI

C
IC

N
ET

S 
O

F 
D

R
A

G
 A

N
D

 L
IF

T 
V

A
LU

ES

TEST RUN

TURBULENCE MODEL

Figure 27 - The coefficient of drag and lift results for changing the turbulence model 

Figure 28 - A visual representation of the change in velocity of the 
air flow around the model 
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Out of the three remaining turbulence models tested, K-Omega is preferred over K-Epsilon and 

Transition SST. This is due to the turbulence model being able to illustrate the changes in turbulent air 

flow better when compared to the other two, as seen in the diagrams below. Work carried out by 

Renan Francisco Soares, 2015 also produced similar results: 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29 - A visual representation of the change in turbulent air flow around the model; top left illustrates the  K-Epsilon 
turbulence model; top right illustrates the K-Omega turbulence model; with the bottom ones representing the Transition 
SST turbulence model 
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3.3 Fully Defined Model 
Using the best configuration of the results from the three separate investigations, a fully defined 

model can be created, and calculations can be run. Test run five from domain size testing, test run 

seven from mesh size testing, and the K-Omega turbulence model have been used to generate results 

for the fully defined model of the vehicle. The values for coefficient of drag and lift for the fully defined 

model are 0.311 and -0.077. Looking at the differences between the original base setup and the fully 

defined model, the mesh size appears to be the definitive factor, as it improves the accuracy of the 

results, whereas changing turbulence model or domain size has a smaller effect in comparison.  

 

4.0 Vehicle Geometry Investigations 

4.1 Vehicle Shape 
There are four generic vehicle shapes; notchback; fastback; pickup; and estate. These four different 

shapes need to be investigated as the effect of aerodynamic drag and lift will be different for each 

shape. All the tests carried out have been using the notchback shape. To be able to convert the model 

from the notchback shape to the alternative shapes, Computer Aided Design (CAD) needs to be used. 

Once the changes have been made to the designs, the four shapes below are the result: 

 

 

 

 

 

 

 

 

 

 

 

 

 

As soon as the three alternative vehicle shapes have been created, separate CFD files need to be 

produced, so that values for coefficient of drag and lift can be calculated. The graph below illustrates 

the values obtained for the two coefficients: 

 

 

Test Run Fully Defined Models 

1 Notchback 

2 Fastback 

3 Pickup 

4 Estate Table 5 - Test run layout for different car shapes 

Figure 30 - Cad model of the estate model variant Figure 31 - Cad model of the notchback model variant 

Figure 32 - Cad model of the fastback model variant Figure 33 - Cad model of the pickup model variant 
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Testing carried out by; Renan Francisco Soares, 2015; Pruthviraj Mohanrao Palaskar, 2016; and George 

B. 2014 validate the data gathered through testing. However, the value for coefficient of lift produced 

from the estate variant is lower than expected.  

For each of the variants, the size of the wake zone at the rear of the vehicle varies, as seen in the 

diagrams below: 
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Figure 34 - The coefficient of drag and lift results for the different vehicle shapes 

Figure 35 - A visual representation of 
the wake zone created at the rear of 
the model; top left notchback; top right 
fastback; bottom left pickup; bottom 
right estate 
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The fastback variant produces the smallest wake out of the four, as the air flow stays connected to 

surface of the vehicle for longer and not separating. The notchback version has one small wake zone 

forming off the rear of the vehicle, and another smaller zone forming as air flow separates from the 

surface of the car as it travels past the rear windscreen. The pickup variant produces a medium sized 

wake zone at the rear of the vehicle, but due to the shape of the car, air becomes unattached easily 

and falls into the unoccupied space. Futhermore, the estate variant produces the largest wake zone, 

as the air stays attached to the surface of the vehicle, similar to the fastback alternative. However, the 

area at the rear of the estate version is substainsuly greater than the fastback, meaning that the wake 

zone would be larger in size.  

The way in which these different models are affected by turbulent air also changes. Looking at the 

following diagrams, the estate variant is the model most affected, due to having the massive area at 

the rear of the vehicle filled by low pressure: 

 

 

 

 

 

Figure 36 - A visual representation of the turbulent air flow around the vehicle; top left notchback; top right pickup; bottom 
left fastback; bottom right estate 
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4.2 Air Dam 
After completing the calculations for the different vehicle models, aerodynamic devices were added 

to test if by adding them, the aerodynamic characteristics of the car improved or became worse. An 

Air Dam was the first device to be tested. To add an air dam to the models, the CAD models used 

before need to be opened again and changed. An example of the notchback model with an air dam 

fitted can be seen below: 

 

Three different lengths of air dam will be tested on each model. The results can be seen below. When 

the testing was carried out, some of the models could not converge to produce a solution. All solutions 

for coefficient of drag and lift highlighted green were achieved using the parameters obtained through 

sections 3.2.1, 3.2.2, and 3.2.3. The boxes highlighted blue were achieved through changing the type 

of mesh used in fluent, converting from tetrahedral to polyhedral. The test highlighted red illustrates 

where changing the type of mesh did not work, meaning a change in turbulence model was needed 

to be able to gather results:  

  

Estate Fastback Notchback Pickup 

Cd Cl Cd Cl Cd Cl Cd Cl 

0mm 0.364 -0.386 0.256 0.085 0.311 -0.077 0.309 -0.053 

100mm 0.34 -0.337 0.268 0.084 0.325 -0.035 0.343 0.038 

Figure 37 - An example of an Air Dam fitted to the notchback model 
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200mm 0.36 -0.24 0.361 0.26 0.386 0.238 0.413 0.235 

300mm 0.422 -0.227 0.316 0.09 0.352 -0.176 0.354 -0.027 

Table 6 - The coefficient of drag and lift results for the three different length Air Dams when attached to each of the 
different vehicle models 

4.2.1 Lift 
 

 

 

 

 

 

 

 

 

 

 

 

Looking at figure 38, the fastback, notchback and pickup variants follow a similar pattern, with 

increasing the length of the air dam, the coefficient of lift produced gets worse. However, when 

moving from 200mm to 300mm, the lift produced by the vehicles improves. Looking at the diagrams 

below, there is a dramatic increase in wake zone size when increasing the length of the air dam. This 

is due to the air dam sealing the front of the car from the ground, meaning the air flow is forced to go 

round the vehicle by either moving along the top of the car, or by going round the side. This is the 

reasoning for increased amount of slow air around the front wheel of the car:  
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Figure 38 - A graph illustrating the change in coefficient of lift against the four model variants with 
changing length of air dam 

Figure 39 - A visual representation of the wake zone 
created by attaching a 200mm air dam to the front of 
the vehicle. Fastback model shown 

Figure 40 - A visual representation of the wake zone 
created by attaching a 300mm air dam to the front of 
the vehicle. Fastback model shown 
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The increase in coefficient of lift is produced by more high pressure being present under the rear of 

the vehicle, as seen in the diagrams below. The change in pressure is caused by the change in velocity 

under the vehicle, as an area of low velocity results in high pressure, as stated by Bernoulli’s equation, 

discussed in section 2.1.2: 

 

 

 

 

 

 

 

 

 

 

Figure 41 - A visual representation of the turbulent air 
flow created by attaching a 200mm air dam to the 
front of the vehicle. Fastback model shown 

Figure 42 - A visual representation of the turbulent air 
flow created by attaching a 300mm air dam to the 
front of the vehicle. Fastback model shown 

Figure 43 - A visual representation of the velocity of 
the air flow around the vehicle when a 200mm air 
dam is attached. Fastback model shown 

Figure 44 - A visual representation of the velocity of 
the air flow around the vehicle when a 300mm air 
dam is attached. Fastback model shown 
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4.2.2 Drag 
 

 

 

 

 

 

 

 

 

 

 

 

Looking at the graph above, similar to the results seen in figure 38, the notchback, fastback and pickup 

vehicle shapes follow the same pattern, where the coefficient of drag gets worse as the length of the 

air dam increases. However, as the length of the air dam reaches 300mm, the coefficient of drag 

improves. This improvement in coefficient of drag is achieved through the air flow, seen in figures 40 

and 41, moving around the vehicle instead to the side instead of being pushed around the top of the 

car, or fed through the small gap between the bottom of the air dam and the road.  

When looking at the estate vehicle, when the 100mm air dam was attached, the coefficient of drag 

improves. But as the length of the air dam is increased, the Cd value worsens. From the diagrams 

below, the estate vehicle works differently to the other vehicle models, as it starts to push the air 

round the sides when the smallest air dam is attached. Furthermore, as the length increases, the air 

flow hitting the front of the vehicle is not moving to the sides as before, staying connected to the front 

of the car instead:  
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Figure 45 - A graph showing the change in coefficient of drag for the different vehicle 
shapes with changing air dam lengths 

Figure 46 - A visual representation of the turbulent 
air flow around the estate vehicle with 0mm air 
dam 

Figure 47 - A visual representation of the turbulent 
air flow around the estate vehicle with 100mm air 
dam 
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4.2.3 Centre of Pressure 
The centre of pressure for each of the vehicle variants with different length air dams can also be 

calculated. When fluent has finished the calculation for the chosen setup, a moment around the model 

can be taken to find the position of the centre of pressure taken from the rear of the car. Also, the 

CAD drawings for the models need to be opened, so the distance from the rear of the vehicle to the 

rear axle can be measured, as seen in the diagram below: 

 

Figure 50 - Measuring the distance between the rear of the vehicle to the rear axle. Pickup model shown 

Using the distance measured above, and the measurements taken from fluent, the centre of pressures 

for the varying vehicle shapes and air dam lengths can be seen below, with measurements and hand 

calculations shown in the appendix: 

 

 

 

Figure 48 - A visual representation of the turbulent 
air flow around the estate vehicle with 200mm air 
dam 

Figure 49 - A visual representation of the turbulent 
air flow around the estate vehicle with 300mm air 
dam 
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Table 7 - The centre of pressure results for the different vehicle shapes and air dam lengths 

 

Looking at the results, with all four vehicle shapes, as the air dam length increases, the centre of 

pressure moves towards the front of the vehicle, at the same time as the coefficients of lift and drag 

becoming worse. However, as the length of the air dam moves from 200mm to 300mm, the CoP moves 

quite a distance back towards the rear of the vehicle.  

 

 

4.3 Spoiler 
An addition of a spoiler at the rear of the vehicle will be tested. A spoiler is added to the vehicle using 

the same procedure as before when adding an air dam. An example of the notchback model with a 

spoiler fitted can be seen below: 

 

 

 

 

 

  

Centre of Pressure (%) 

Notchback Fastback Pickup Estate 

0mm  51.05 62.67 52.63 

100mm 54.87 52.82 60.5 52.55 

200mm 57.94 53.81 61.17 53.61 

300mm 49.95 42.7 48.93 44.75 

Figure 51 - An example of the spoiler used fitted to the notchback model 



Luke Cripps P149407 

34 | P a g e  
 

Three different heights of spoiler will be tested on each model, with the results being shown below, 

with the same key is being used as before with the changes to air dam length: 

Table 8 - The coefficient of lift and drag results for the different vehicle shapes, with varying height of spoiler 

 

4.3.1 Lift 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Estate Fastback Notchback Pickup 

Cd Cl Cd Cl Cd Cl Cd Cl 

0mm 0.364 -0.386 0.256 0.085 0.311 -0.077 0.309 -0.053 

50mm 0.46 -0.568 0.305 0.117 0.349 -0.209 0.401 -0.131 

100mm 0.53 -0.683 0.33 -0.107 0.399 -0.32 0.431 -0.134 

150mm 0.651 -0.84 0.454 -0.375 0.441 -0.395 0.453 -0.297 
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Figure 52 - A graph showing the change in coefficient of lift for changing height of spoiler for the 
different vehicle shapes 
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Looking at figure 52, the effect of the spoiler on the coefficient of lift seen is what is expected, as an 

area of high pressure is created in front of the spoiler, producing more downforce, as seen in the 

diagram below. Investigations carried out by Renan Francisco Soares, 2018, and Christian Bach 

Rasmussen, 2018, further improve the validity of the results:  

 

 

 

 

 

 

 

 

 

 

 

 

However, when the 50mm spoiler was attached to the fastback model, the coefficient of lift produced 

was worse than with no spoiler fitted. When looking at the areas of high pressure produced from the 

spoiler, there is an area of low pressure next to the spoiler, connected to the high pressure produced 

by the spoiler. When comparing to the pressures produced from the 100mm spoiler, shown in the 

diagrams below, the area of high pressure in front of the spoiler is not connected to any other area of 

low or high pressure: 

 

 

 

 

 

 

 

 

 

 

 

Figure 53 - A visual representation of high pressure forming in front of the spoiler. 
Estate model shown 

Figure 54 - A visual representation of the pressure 
distribution around the fastback model with 50mm 
spoiler 

Figure 55 - A visual representation of the pressure 
distribution around the fastback model with 100mm 
spoiler 



Luke Cripps P149407 

36 | P a g e  
 

4.3.2 Drag 
 

 

 

 

 

 

 

 

 

 

 

 

Looking at figure 56, the results follow the expected pattern, as with the increasing height of spoiler 

provides more obstruction in the direction the air travels. Out of the four vehicle shapes tested, the 

estate and fastback models suffered the most from an increase in the coefficient of drag, as the 

direction of the air flows straight into the path of the spoiler. Whereas, for the notchback and pickup 

models, the path the air follows does not flow directly through the spoiler, meaning the increase in 

coefficient of drag is not as drastic, when compared to the other vehicle shapes, an example shown 

below: 
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Figure 56 - A graph showing the change in coefficient of drag for changing heights of spoiler for 
different vehicle shapes 

Figure 57 - A visual representation of the direction of 
the air flow around the pickup model, fitted with 
150mm spoiler 

Figure 58 - A visual representation of the direction 
of the air flow around the estate model, fitted with 
150mm spoiler 
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4.3.3 Centre of Pressure 

  

Centre of Pressure (%) 

Notchback Fastback Pickup Estate 

0mm  51.05 62.67 52.63 

50mm 56.17 54.99 61.69 53.81 

100mm 57.24 55.58 61.88 54.2 

150mm 59.16 57.94 62.47 54.01 
Table 9 - The calculated centre of pressures for the four vehicle shapes fitted with spoilers of varying heights 

 

Looking at the results in table 9, for three vehicle shapes; notchback; fastback; and estate, the centre 

of pressure moves towards the front of the vehicle, as the height of the spoiler increases. The fastback 

model receives the greatest change in centre of pressure, moving forward by almost 8%. On the other 

hand, the centre of pressure for the pickup model moves fractionally towards the rear of the vehicle.  

 

5.0 Conclusion 
 

Through all the investigations carried out, the shape of vehicle has a direct effect on the coefficient of 

lift and drag produced, with the fastback shape having a smaller value for coefficient of drag compared 

to the others. However, the reduced coefficient of drag means the coefficient of lift produced by the 

fastback model is worse compared to the other variants.  

With respect to the aerodynamic devices investigated, the addition of a spoiler to the rear of the 

vehicle provided an enhancement of the coefficient of lift, but consequently meaning an increase in 

the coefficient of lift. The addition of an air dam to the different models increased the coefficient of 

drag and lift, but as the length of the air dam was increased, the coefficients for lift and drag did 

improve. Neither of the aerodynamic devices aided in the reduction of coefficient of drag.  

 

6.0 Evaluation 
 

To further enhance the validity of results gathered from the investigations carried out, wind tunnel 

testing could have been utilised, by using 3D printed models of the four different vehicle models. As 

well as this, more CFD tests could have been carried out, to find the ideal length for the air dam in 

which the coefficient of lift and drag would both be enhanced. Additionally, CFD tests could be carried 

out to investigate whether changing the angle at which the spoiler was positioned could improve the 

coefficient of lift and drag values. Furthermore, additional CFD tests could be made to investigate the 

use more aerodynamic devices, such as a splitter.  
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8.0 Appendix 
 

 

Appendix 1 - Reference values used during CFD process 

 

 

Appendix 2 - Solution methods used for CFD process 
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Appendix 3 - Limits used for CFD process 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Appendix 4 - Hand Calculations used to generate centre of pressure 
percentages 
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Appendix 5 - Hand calculations used to generate centre of pressure 
percentages 


