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1.0 Abstract
Domestic vehicles are using aerodynamics as a large factor to reduce fuel consumption as well as emissions. Companies have turned to looking at the airflow around the vehicle in order to reduce the drag against it which then reduces the power needed to drive the vehicle forward resulting in less fuel being used. This started happening in the 70’s when the oil crisis hit and companies were made to reduce their fuel consumption by 20% by 1980 (Drollinger. R, 1987). However how will adding a roof rack and storage box affect the aerodynamics of the vehicle in terms of drag, lift and turbulence of a vehicle on the motorway. To explore this singular modifications from a cuboid along with modern designs which incorporate all of these modifications were created and tested through the use of wind tunnel and computation fluid dynamics (CFD). The process from designing through to results using ANSYS ICEM Mesh and Fluent is explained using Marko Lanfrit, 2005 as a guide. 
2.0 Introduction
Aerodynamics is the study of air flow around an object and how the shape of the object affects this flow. It is used throughout industries from planes to cars and even buildings. Although they all use aerodynamics it is for very different reasons, for planes to be able to fly, cars to steer around corners without rolling and reduce the risk of buildings in high wind areas being blown over. Aerodynamics plays a key role in the motorsport industry with some considering it the most important to perfect. Nowadays with engine power being limited speed has to come from other elements and aerodynamics increases speed in various ways and makes a drastic difference. Not only will an aerodynamic car travel fast generally but it will also create a lot of downforce to increase corning speeds and make overtaking easier if the car is positioned on track correctly. James Allison, technical director of Lotus F1 proclaims "Generally the car with the best aerodynamics wins the championship." (Holt. S, 2012).
               However these aren’t vital in the automotive industry but aerodynamics has become increasingly important. The environmental factors are what are encouraging companies to produce more aerodynamic vehicles with regulations demanding more efficient cars and consumers wanting more miles per gallon. They are achieving this by reducing drag in cars where possible so less work is done to drive the car forward, therefore less fuel/power is required to overcome the resistive forces experienced whilst driving. With less power needed to drive the cars this also means smaller engines can be used which further improves the fuel economy but also results in fewer emissions also regulated by law. The use of drag reduction methods has resulted in a decrease of drag by 40% and fuel economy by 40% as expressed by Richard Wood (2012) of SOLUS Solutions and Technologies. This along with the estimation (Snyder, 1997) that a 1% reduction in fuel consumption would save the USA $310 million per year it has certainly been an economic advancement (R.H. Barnard, 2009). Productions are using aerodynamics in order to achieve improvements as engine technologies are as efficient as they can be whilst keeping the industry affordable. This is also happening with public transport vehicles and lorries so they’re saving fuel and are seen as environmentally friendly with streamlined lorries, trains and buses becoming very popular within the last decade.
               Cars are becoming more aerodynamic but how will this be affected if accessories are to be added such as roof top storage boxes? This investigation will be looking into the drag implications of boxes and the racks needed to install them using the MIRA Reference Car as the car model. This investigation tests different parameters using both wind tunnel live testing and Computation Fluid Design (CFD) simulation testing. 8 designs has a singular modification from a standard cuboid changed to discover which have the larger effects, 1 design which combines half of these together and then 1 final design which combine them all and are the typical shape of modern aerodynamic boxes. Again through CFD simulations the impact of the height of the roof rack sitting from the car roof will be evaluated. The pressure, velocity and turbulence will be instigated. 
3. Aerodynamic Fundamentals 
Aerodynamics is the study of air flow and how it behaves, it is what allows a plane to fly and a car to remain on the road. A basic knowledge on typical air flow behaviours needs to be established in order to understand what is happening in the wind tunnel and explain certain characteristics of flow that occur. 
3.1 Direction of Travel
There are 4 main directions (Fig 3.1) in which a body can move: up, down, forwards and backwards. However these have different terms within aerodynamics with them being lift, weight/downforce, thrust and drag respectively. Weight being used for aeronautical use and downforce for vehicle use. Rotation is also an occurrence with there being 3 rotational directions (Fig 3.2): pitch around the side to side axis, roll around the front to back axis and yaw on the vertical axis.
[image: Image result for aerodynamics direction of travel]	[image: Image result for rotation of car axis]
Fig 3.1 – 4 Directions of Travel (Whitley. D, 2010)		Fig 3.2 Rotational Movement 
3.1.1 Drag
Drag is the force acting against the vehicle as it drives forward and is the focus of this investigation. The main occurrence of drag is due to the shape of a vehicle and how easily it moves through the air. Bulky and flat shapes have an increased drag as it is more difficult to move through the air compared to streamlined vehicles which are purposely shaped to move air around them easily, resulting in less power needed to overcome the drag experienced. Drag reduction plays a large role for racing vehicles in order to have this ease of drive, to make the car quicker with higher acceleration. As the main aerodynamic characteristic being measured in this investigation there are many sub categories of drag different which are listed below:
· Total Drag – The force acting against the momentum of the vehicle from all aspects experienced
· Skin–Friction Drag – The drag experience of the surface of the body and what is affected by the viscosity of the fluid, resulting in the boundary layer produced.
· Profile Drag – The drag experienced from the shape of the body and the boundary layer included
· Form Drag – The difference between the Skin-Friction Drag and the Profile Drag
· Pressure Drag – Drag produced by varying pressures across a body, related to Berounelli’s equation 
· Induced Drag – Drag created due to lift forces
· Wace Drag – Drag created through shockwaves fur high velocities, aeronautics rather than automotive
· Coefficient of Drag - A dimensionless number used to show the drag of the vehicle in a comparative form eg 0.2 being a good coefficient of drag and 0.8 being a poor coefficient of drag. This is the same for lift.
(E.L. Houghton, Aerodynamics for Engineering Students, Page 35, 2004)

3.2 Types of Flow
There are two main types of flow, these are laminar and turbulent. Laminar flow (Fig 3.3) is when air moves smoothly over the body and can be referred to as streamlined whereas turbulent flow (Fig 3..4) is disturbed and flows irregularly. 
[image: http://www.nuclear-power.net/wp-content/uploads/2016/05/Flow-Regime.png?d484e7][image: http://www.nuclear-power.net/wp-content/uploads/2016/05/Flow-Regime.png?d484e7]
Fig 3.3 – Laminar Flow 		 		Fig 3.4 – Turbulent Flow (Nuclear-Power.net)
Laminar flow is the desired option where there are no disruptions and results in less drag. However this is rarely the case as many variables create a turbulent flow such as the skin-friction coefficient, eddies and pressures etc. increasing the drag. Turbulence occurs at a certain point along the body called the “transition point” and where this occurs is dependent on the variables involved. For instance a body with a rough surface or high friction will experience the transition point sooner than that of a smooth material. Turbulent flow is an issue in terms of fuel consumption and performance that NASA have dedicated projects since the 1930’s to purely creating laminar flow over aeroplane wings (A. Bowers, 2011). The turbulent flow experienced behind the body is referred to as the “wake” where the turbulent flow from above and below then mix together and turbulence increases. The wake is the air that is felt after a fast moving vehicle has passed.

3.3 Boundary Layer
As air flows over a body it would seem that it would flow along the outer surface. However the air flow doesn’t hit the body directly as stationary air molecules build up a layer against the body known as the “boundary layer”. The thickness of this layer is dependent on multiple variants as well as the thickness affecting some flow characteristics. The main reason for boundary layer build up is the viscosity of the fluid, or the stickiness of the molecule and a higher viscosity leads to a thicker boundary layer. Depending on the shape of the body the boundary layer may be uneven, for example circular curves on a model can have an oval curve boundary layer and therefore the shape has changed that the moving air is passing. Fig 3.5 shows the boundary layer slowly builds up, transition zone has a stepped pattern and as the flow becomes turbulent the layer gradually thickens.

[image: https://media.licdn.com/mpr/mpr/p/6/005/076/324/28e9d7a.jpg]
Fig 3.5 – Boundary Layer Thickness Through Different Flows (Aerospace Engineering Blog, 2016)

3.4 Separation 
Separation is the occurrence when there is a difference in pressure and causes some molecules to act against the direction of airflow and therefore is reversed. This separation causes larger eddies in the wake and within automotive this doesn’t cause much of an issue but for aeroplanes the result could be fatal for aeroplanes traveling in the same direction and the air has not settled. There are two ways to reduce separation and these are to either make the flow as laminar as possible or according to University of Sydney (2005) it is done by making a more turbulent flow that would cancel out this separation due to the more energy and momentum turbulent flow possesses. However a more turbulent flow is not what is desirable due to the higher drag, and since drag reduction is the aim it would be a poor decision to do this. 

3.5 Equations Used in Aerodynamics
3.5.1 Reynold’s Number
“The Reynolds number is physically a measure of the ratio of inertia forces to viscous forces in a flow and is one of the most powerful parameters in fluid dynamics.” John D. Anderson Jr., “Fundamentals of Aerodynamics”, (1991).
Reynold’s number is a popular measurement within aerodynamics. It is the ratio of the inertial forces of a fluid against the viscous forces and dependant on the number the prediction of flow can be used. The higher the Reynold’s number the more viscous the fluid is and therefore more turbulent and a lower number gives a laminar result. It is an important measurement to use when measuring scaled models in wind tunnels as the Reynold’s number gives an indication of how close the scenarios are to each other. Reynold’s number is calculate as follows:
RE = ρVL/ μ
     Reynold’s Number = Density of air * Velocity * Length 		(Equation 3.1)
		         	         Coefficient of Viscosity 
3.5.2 Bernoulli’s Equation
Bernoulli’s equation simply expresses:
     Total Pressure = Static Pressure + Dynamic Pressure	(Equation 3.2)	ρV²
2

Pt = Ps +	

This equation is a calibration of airspeed and is how pilot tube measurements are acquired for systems that use this selection of data reading.





4.0 Literature Review
Now that a basic understanding of aerodynamics has been established further research was done specified to the investigation. This included aerodynamics of family vehicles and the testing procedures of commercial vehicles and how drag/fuel consumption was reduced due to aerodynamic advances. One book based on family vehicles and 2 papers on commercial vehicles will be summarised, compared and the information used within this investigation will be stated.

4.1 Road Vehicle Aerodynamic Design – R. H Bernard, 2001
This book displayed a lot of relevant information on the forces acting against family cars on modern roads. It begins with demonstrating the need for decreased fuel consumption and how this can occur by improving the aerodynamics of cars and during early testing of this researchers found how it also improved the road handling of the test vehicles. Bernard includes a statement which reads “It is estimated that a 1% reduction in fuel consumption would save $310 million per year in the USA.” (Snyder, 1977). This was a few years after the oil crisis hit the USA in which fuel became expensive and fuel saving became the main priority with automotive designs in that time, leading to the use of aerodynamics as a quick and cheaper solution for vehicle companies compared to engine advancements. They came to the conclusion to investigate aero as it decreased the power needed to overcome the resistive forces experienced and less power means less fuel used. Currently it is seen how aerodynamics is playing a large role in the battle of emissions and fuel consumption with streamlined buses, trains and lorries. The following graphs are based off of a 900kg medium sized European family car with the Cd of 0.35.
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Fig 4.2 – Force (N) Vs Speed (km/h) for Rolling Resistance and Aerdynamic Drag (Pg.54)
Barnard used Fig 4.2 to determine at what speed aerodynamic forces dominate the forces experienced, in this example that is at 60km/h (37mph). For family cars it can be determined that residential driving where speed limits are 30mph that the force acting upon the car would be rolling resistive forces but once the car is on dual carriageways/motorways (70mph limit) that drag will play a large part around 400N, 300N more than rolling resistance. 
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Fig 4.2 Acceleration Vs Time with Different Coefficient of Drag (Pg.59)
Fig 4.2 shows that a lower Cd produces faster acceleration speeds but it only really noticeable around 80km/h (50mph). The standard acceleration test is the time it takes for a car to reach 100 kph (60mph) which in this scenario the Cd of 0.25 is 0.5s faster than 0.35 which again is 0.5s faster than the Cd of 0.45. In a faster test which is time taken to reach 120kph (75mph) the most aerodynamic car is 3 seconds faster than the least. This show that acceleration differences are more noticeable during motorway speeds and Barnard explains why this is as drag increases with the square of speed. The more aerodynamic car will also experience a higher top speed due to less drag has less limiting effects of its attainable speed. Acceleration is improved by an increased tractive effort by the downforce created.
	Speed
	Coefficient of Drag

	
	0.25
	0.35
	0.45

	100kmh / 60mph
	12 seconds
	12.25 seconds
	13 seconds

	120 kmh / 75mph
	17 seconds
	18 seconds
	20 seconds


Table 4.1 – Table of Results for Fig 4.2
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Fig 4.3 Power (kW) Vs Speed (Speed km/h) with Different Coefficients of Drag (Pg. 61)
Earlier on it was explained how reducing drags reduces the power needed for a vehicle to reach a certain speed and Fig 4.3 is the graph representation of this. Unlike the acceleration graph the differences start to occur at speeds of 60kph (37mph) and the differences are larger at higher speeds. They demonstrate at 160kmh (100mph) that 10kW of more power is needed for each increase of Cd
	Speed
	Coefficient of Drag

	
	0.25
	0.35
	0.45

	160kmh/ 100mph
	32kW
	42kW
	52kW


Table 4.2 Table of Results for Fig 4.3
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Fig 4.4 Centre-Line Pressure Distribution along a Notch Car and Flow Characteristics (Pg. 79)
This diagram not only shows the pressure occurring along the car but also the flow characteristics. As predicted the highest pressure is experienced at the front of the car and the windscreen where the flow of air hits the car more directly and causes it to have a large change in direction. Areas where separation occurs are where arrows back onto themselves and is shown where the lowest pressures are experience, as explained in section 3.4. The separation occurs after the flow goes around an edge and eventually reattach to carry on the flow. In the instance between points G and H this would be the wake region and the streamline is wavy showing turbulent flow. Typical of Notch cars between the rear window and boot. Barnard describes how rising the height of the boot and a lower angle of the rear window decreases this affect as reattachment of flow occurs more easily.

[image: ]
Fig 4.5 – Change in Drag Coefficient Due to Change in Front-End Height (Pg.80)
This graph was created from data in Buchheim et al (Buchheim.R 1981) which demonstrates that changing just the height of the front stagnation point that it increases/decreases the Cd. By making the ratio around 0.05m the Cd can decrease by a small amount. This alone won’t have much affect but if the ratio were to be 0.2m they is a 0.015 increase of Cd. To decrease the Cd an example of a 2m car depth will need a front point of 0.1m.

Table 4.3 Fuel Consumption for Different Duty Cycles on Two Different Cd MIRA Cars
[image: ]
This data was taken in the 1980 to demonstrate the fuel saving from aerodynamic improvements. It includes data of the MIRA Baseline vehicle used in this investigation and cars with a Cd of 0.32 typical of modern family vehicles, giving a good indication of how aerodynamics has improved cars overtime. It uses 3 duty cycles, one of town driving, highway driving and one which combines both into one cycle. The main fuel saving occurred with highway driving where drag forces play a larger role in the forces occurring which is explains this higher fuel saving. Although for domestic vehicles this wouldn’t be enough fuel saving to satisfy governing bodies at the time, Cd reducing to save fuel was mostly effective for lorries as they spend a much larger percentage of their time motorway driving. It was estimated that 1 billion gallons a year was saved due to this (Buckley, 1978).
	Barnard also touches upon the testing procedures available for aerodynamics focusing on wind tunnel systems. The two types of wind tunnel, open and closed are briefly discussed with the open wind tunnel said to have advantages of its compact size and due to using surrounding air there is no heat rise within the system. This is important as temperatures affect the viscosity/density of the fluid and would affect the boundary layer and therefore if the temperature were to rise during the testing the later models would have an increased drag because of this. However open systems need to have better sealing in the working area to assure pressure within the tunnel isn’t affected. It is stated that scaled models need to have an air velocity multiplied to that of the scale, for example a 1/20 model would need an inlet velocity 20x higher than the full scale model in order to achieve the same Reynold’s number. Finally he describe the use of a ground board to be used to represent the road for more representative date. The ground board also separates the car from the model from the lower section of wind tunnel which experiences a large boundary layers on their floor making the flow rather turbulent below. The model is to be placed just above this ground board and not touching to account for the boundary layer. Finally the use of contraction ratio is describe to be needed for the steadiness and uniformity of the flow with larger being better. The wind tunnel for this investigation uses a 3:1 ratio, where the inlet of the tunnel is 3 times larger than the outlet end.
	This book gave great understanding into how aerodynamics affects the functions of the car and point out why it is needed to tackle the issues of fuel consumption, although focused around the late 70’s and early 80’s the implications still apply to modern industries. The graphs displayed are of a few that show the increased performance of vehicles and the benefits from these. The wind tunnel section gave understanding on the one that is used in this study, one that is a closed system and its benefits/negatives along with how its contraction ratio comes to use.




4.2 Fuel Efficiency Improvement of Commercial Vehicle by Investigating Drag Resistance – Palidar. A, Gupta. U, Bansal. A, 2015
This paper goes into the testing procedure of how drag is decreased on a standard bus by making minor changes through CAD and CFD. They show how they reached the result of a 30% improvement of coefficient of drag resulting in a 17% improvement in fuel consumption. Importantly they show they’re Fluent set up used similar to that in this project with their reasoning behind these choices. In the lorry sector there was more room for advancement aerodynamically with the simplest of changes resulting in significant improvements such as smoothing the edges on the cab and underbody alone removed 10% of drag.
	Importantly during their CFD model they 5 boundary layers which is the recommended number to use within Fluent, backed up by Marco Lanfrit, 2005. The same model used during the simulation is a K epsilon, Realisable, Non-Equal Wall Functions, as they say a robust set up which has easy convergence. However the standard K epsilon model isn’t used due to multiple accounts of separation experienced. Realisable is an option that as the solution satisfies a certain set of math constraints compared to that of the standard model. Finally non-equal wall functions describes that the walls experienced in the mesh do not have equal boundary layer functions. For use of simulating how the car would act on the road the inlet velocity is set to the desired speed and the outlet is set as a pressure outlet of 0 making it atmospheric to simulate the surrounding environment experienced on the road. Finally they state that when validating wind tunnel results to make the working area sector walls whereas validating a practical coast down test to make the upper and outer sides a symmetry.
	This paper is of use to approve of the solution choices made in this study when testing in Fluent along with brief descriptions of why they are used. Since both projects share common goals the methods are compatible with each other.

4.3 Heavy Duty Truck Aerodynamics – Richard Drollenger, 1987
This paper was referenced by the previous one which describes the process of creating aerodynamic lorries again for fuel saving, a common theme with all these papers. As with all papers they say the need for this to occur was due to the 70’s oil crisis where fuel prices rose by 850% within a couple of years and the commercial sector was heavily hit as companies went from spending 10% of their budget on fuel up to 50%. They describe how mileage went from 4mpg to 9mpg with quick and easy changes which were classed as “add on solutions” where they used accessories added to the current lorries as a swift and cheap improvement to the sector. These include cab roofs deflectors and fairings and new models would have curved edges. This also made lorries safer on the roads for other vehicles, especially motorcycles, as they was a great reduction in the turbulence and wake created by these lorries. 

Overall these 3 reviews give vital information in understanding the research and advancements that has happened in automotive aerodynamics and the testing procedures that were used to achieve this. There is a better understanding in the methodology of this investigation as well as confirmation of the choices made.




5.0 Methodology
5.1 Design Process
Ten different boxes will be tested, eight have a singular modification from the standard box, one has a multiple simple modifications and the final box has a combination of all tested. The baseline model and the rack without a roof box will also be tested as well as All models were designed in SolidWorks CAD software based on the full scale and then scaled down to 1/20 for use in the wind tunnel. Below are the all the models tested:
[image: ]	[image: ]
Fig 5.1 – Baseline Model			        Fig 5.2 – MIRA with 100mm Rack
[image: ]  [image: ]  [image: ]
Fig 5.3 – Set Up 1 Standard Design	         Fig 5.4 – Set Up 2 Slanted Top 	   	 Fig 5.5 – Set Up 3 Curved Top Edge
[image: ]  		[image: ]  
         Fig 5.6 – Set Up 4 Curved Bottom Edge    	  Fig 5.7 – Set Up 5 Curved Side Edges   Rear

[image: ]  [image: ] [image: ]
Fig 5.8 Set Up 6 Four Edge Fillets at rear     Fig 5.9 – Set Up 7 Tapered Edges 	Fig 5.10 – Set Up 8 Concaved Top 

[image: ]		[image: ]
    Fig 5.11 – Set Up 9 All Edges Filleted and Slanted Top	Fig 5.12 – Set Up 10 Combinational Modern Design
[image: ]	[image: ]
		Fig 5.13 – MIRA with 50mm Rack		          Fig 5.14 – MIRA with 150mm Rack
Fig 5.13 and Fig 5.14 are the two different racks which were used in CFD to investigate how rack height makes a difference but were not tested in the wind tunnel.

5.2 Wind Tunnel
The wind tunnel used was the Armfield C2 open wind tunnel. It has a maximum speed of 26ms⁻¹/58mph and a contraction ratio of 3:1. Two testing sessions were taken place, one preliminary which used wooden models, cut and sanded to shape for initial and cheap data as a practice run to not only get an estimated trend of the results for each box design but also to develop a suitable way to fix the add on features to the model and if they would be suitable for the final run. The data from the preliminary run will not be used in any conclusions. 
The final test used 3D printed designs with a finalised design which differed from the initial designs so that when they were scaled up for CFD the volume of the designs were similar to the volume of roof boxes in the modern market, 400L. The testing procedure remained the same for both tests.
5.2.1 Wind Tunnel Set Up
The model was mounted onto the wind tunnel mounting point with a ground board installed to represent a road. The way in which the tunnel chamber is shaped as an octagon the best placement is to install at the bottom of the vertical faces. This allows the air to flow underneath but this also the limits the build-up of a boundary layer on the wind tunnel walls itself. This ground board will get the boundary layer build up onto the front and the layer created at the bottom due to slanted faces will not have any effect on the car model as earlier described by R. H. Barnard. 
	Calibration of the wind tunnel is needed to ensure the measuring system is correct. This was done by using a zeroed small scale placed against the mounting point and pushing the point backwards (measures drag) and comparing the results. The grams on the scale was the same as the wind tunnel’s measurement meaning the wind tunnel was calibrated and reliable.
An external speedometer was used for a more accurate air speed reading as the Armfield’s speedometer can be rotated and is possible to be lifted/pushed down by the airflow which will skew the air speed readings. The Armfield uses a pilot tube compared to a digital sensor which means exacts readings cannot be taken compared to the speedometer in use. The wind tunnel used in this experiment has already got a designated slot for this to be installed where it will not interfere with the air flow around the car model. 



5.1.2 Testing Procedure
Starting with the baseline placed just above the ground board and assuring it is properly fixed so it does not rotate within the wind tunnel the drag and lift scales on the wind tunnel are set. Drag and lift is set to start at 50 so any negative values can be recorded and it rules out any pre loads (Fig 5.15), for example for drag on 0 it cannot move further on the scale but the device can keep being tightened and so when drag is experienced it may not be enough to move the dial and therefore skewing the results. This is to be done after each set up is installed and ready for testing.
[image: ]
Fig 5.15 – Wind Tunnel Scale for Drag and Lift
Once set up the results were taken for both lift and drag in intervals of 5 ms⁻¹ up to 30ms⁻¹ on the external speedometer. Unfortunately due to the scale on the wind tunnel any value in-between the markings had to be estimated, usually a factor of 10 predicted by how many fifths into the section the dial was sitting. Markings were attempted to be carried out to mark but however were unsuccessful due to the casing.
	For testing the rack notches they were hot glued to the car 10mm inwards of the edge on the roof. This was to ensure the rack was even over the car as well as being the measurements for the bars so the boxes can be screwed in. Set up for the whole rack consisted of just placing the bars in the slots in the notches which required no materials to keep in place. For testing the box setups they had screw holes measured up to the rack bars so they would be central to the roof. Thin electrical tape was used to cover the holes from the screws to remove the disturbance in the model whilst also replicating the surface texture of the box. 











5.3 Computation Fluid Dynamics (CFD)
CFD is the digital simulation of a wind tunnel. It predicts many forces acting upon a given geometry and is used across all sectors and is popular due to the visual aspect of it. Forces can be visualised in the scenario and show what behaviours are occurring. In this study CFD has allowed the prediction of drag and lift of a full scale vehicle whilst also being able to separate what sections I want to know the results from which a wind tunnel cannot do, for example the roof rack was isolated and the forces acting on it were presented. Not only that but the pressure distribution across the car/rack was show by a rainbow scale and how pressure is affected in the wake region as well as where the turbulence is experienced.
“CFD is poised to remain the forefront of cutting-edge research in the sciences of fluid dynamics.”	
                                                                                                                                             (Jiyaun Tu, 2013)
The software used to achieve the full scale simulation data was ANSYS 16.2 using ICEM Mesh for mesh generation and Fluent for the solution solver. This chapter demonstrates the entire procedure taken to achieve the results used for the conclusions of this study as well as experimental runs that took place to determine which settings to use in certain areas. Once all settings had been determined the final method was used for all tests and is as follows in Fig 5.16 below.
[image: ]
Fig 5.16 – ANSYS Workbench Procedure and Sectors
5.3.1 Geometry Set Up
Before use in the programme it is recommended that all parts in any assemblies are to be combined into one and saved as a parasolid file. The file was then inserted into Geometry and a sketch was drawn around the vehicle to represent the wind tunnel and according to Lanfrit. M the length should be at least 3 car lengths in front and 5 car lengths behind. For this experiment the length in front was made to be 16m and 20m behind, larger than the minimal sizing but kept proportional so there is more to the rear than the front. The height was set to 4.4m to represent that of the MIRA wind tunnel. The final measurement is a tiny height from the bottom of the tyres so that when the box is extruded it will represent deflection in the tyres as if it was placed onto a road and not have rounded tyres. This was set to a small 25mm (Fig 5.18).
[image: ]
Fig 5.17 – Sketch Around Model Representing a Wind Tunnel

[image: ]         	[image: ]
Fig 5.18 – Sketch Dimensioned Just Above Bottom of Tyres 		     Fig 5.19 – List of Dimensions
Once the sketch was fully dimensioned is was then extruded by 4m whilst making sure to “Add Frozen” so that the two parts did not join and remained separate bodies as shown below.
[image: ]	[image: ]
Fig 5.20 - Frontal View of Extrusion 			Fig 5.21 – General View of Extrusion
Following on from this the MIRA body was removed by a Boolean subtract from the working section. This then makes the MIRA body vanish but leaves and a mould in what will be the fluid (Fig 5.22). This is shown by the car no longer protruding out of the side.
[image: ]
Fig 5.22 – Boolean Subtract of MIRA Car
Finally the faces were named to their function with the list below:
· Inlet – Front facing face which the airflow is coming from
· Outlet – The rear facing face which the airflow exists
· Topside – The top and out face to be able to hide to see within the fluid later on
· Symmetry – The inner face with the car sits on. Software knows to mirror this so results are calculated for whole car and not as half the car 
· Floor – The face below the car representing the road
· MIRA_Rack – The Rack and roof box separated to allow for individual calculations
· MIRA_Top – The top half of the car, roof and windows
· MIRA_Bot – The main body of the car
· MIRA_Fw – The front wheel
· MIRA_Rw – The rear wheel




5.3.2 Mesh Generation
The type of mesh used for this study was an all tri, patch independent Delaunay mesh. In order to determine what size mesh to use an experimental set of data was created to see at what point the decrease in mesh size no longer had effect on the coefficient of drag/lift. Examples of mesh sizing are shown below starting from 1m large elements and down to 0.05m elements. In Fig 5.23 it is clear to see that it is quite distorted and bulky and this doesn’t represent the model well at all, especially seen around the rear tyre where it looks oddly shaped and the curve of the car is rather sharp. When the mesh is more defined with the max element set to 0.75m as well so the mesh of the walls decrease as well as the mesh of the car the shape has improved and is more representative of the car and again in Fig 5.25. At each mesh size the Cd was calculated and plotted into a graph (Fig 5.26).

[image: ]
Fig 5.23 – 1m Mesh Elements
[image: ]
Fig 5.24 – 0.75m Mesh Elements
[image: ]
Fig 5.25 – 0.05m Mesh Elements
Table 5.1 – Results of Cd at Different Mesh Sizes
	Mesh Size
	Coefficient of Drag

	0.1
	0.321

	0.075
	0.31

	0.05
	0.307

	0.025
	0.304

	0.02
	0.304



[image: ]
Fig 5.26 – Graph of Cd vs Mesh Size
As shown by the circle in Fig 5.26 the point in which Cd remains constant is at the mesh size 0.025 and will be the main mesh size for the MIRA car. The rack will have a mesh size of 0.02 for slightly more refinement to ensure that all the contours are properly defined. Although it would be ideal to just have a smaller mesh for complete trust all contours are perfectly defined it unnecessary as it won’t change the results but also will increase the computing power needed to do this, use up a larger about of memory and increase the time significantly. Each meshing took around 20 minutes and then a further half an hour when meshing the boundary layer which is a post mesh process. Now that the mesh sizes are determined, before doing computing this a density box is added around the car which makes the mesh within that box more defined and so it allows the flow around the car to be more defined which is needed for looking at the pressures/turbulence in the wake. Again it is better is define the box rather than all the symmetry wall elements be this small for time/memory purposes. The initial mesh made is a Robust (Octree) mesh which is the top-down method, once complete a re-meshing of a Quick (Delaunay) mesh was done. The Delaunay is a bottom-up system and is preferred as it has a smoother finish to it but requires an existing mesh in order to compute (CFturbo2ICEM, 2018).
[bookmark: _GoBack][image: ]
Fig 5.27 – Density Box Added Around the Car and Wake Region

Once the mesh has been added the boundary/prism layers need to be added in order to represent what happens in the wind tunnel. As mentioned before the number layers will be 5 following the recommendation by both Marco Lanfrit and the paper reviewed in chapter 4.2. The reason why this is meshed afterwards is that the software works by pushing the current elements away by the specified number of layers and in the shape of the vehicles contour therefore needs to rearrange the current triangular mesh. The prism layers is shown in Fig 5.27 below.
[image: ]
Fig 5.28 – 5 Prism Layers Surround the MIRA Geometry
[image: ]
Fig 5.29 – Cut Plane of Mesh
Fig 5.29 shows the mesh across the x axis and in 3D form. The same as the symmetry wall the prism layers curve around the car and the element sizes gradually increase in size whilst moving away from the car.






5.3.3 Pre Process Set Up
With the mesh complete it is sent to the Fluent section where the simulation will take place and many rules have to be set for it. The primary settings used influent are parallel with a 4 process solver.
[image: ]
Fig 5.30 – View of Fluent Solver
On the left hand side are the multiple sections in which settings are inputting for the simulations, following on will be a list which state the chosen settings used in each modified section.
· Model – K epsilon, Realisable, non-equal wall functions 
· Boundary Conditions – Inlet Velocity = 25ms⁻¹, Pressure Outlet = 0
· Reference Values – Reference from Inlet, Frontal Area (taken from projected areas with0.01mm             measure size)
· Solution Methods – Coupled 
· Solution Controls – Flow Courant Number = 50
· Explicit Relaxation Factors = 0.25 for momentum and pressure
· Turbulent Kinetic Energy = 0.5
· Turbulent Dissipation Rate = 0.5
· Monitors – Create
· Drag/Lift – Plot, Print to Console – Rack, Top, Bottom, Front Wheel, Rear Wheel
· Solution Initialisation – Hybrid 
Initialisation is the last step before starting the calculation. Ensuring that it is successful to initialise then in Run Calculation to the number of literations can be chosen and the process can begin.  These simulations were left to run overnight to ensure convergence occurs which is when all scenarios have been tested and the solution is complete. This is known then the Cd and Cl level off in the monitors and have minimal to no change as well as a message appearing in console such as in Fig 5.31 below.
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Fig 5.31 – Cd and Cl Plots in Fluent and Convergence 
5.3.4 Post Process Analysis Techniques
This chapter will demonstrate the ways in which the will be collected using the baseline model as demonstration. Discussion of the results for this model will be in chapter 6.3.3. Going into the reports section and then into forces the box below appears. To obtain the Cd the faces are selected and direction vector is selected as 1 in the x direction. This then displays the pressure, viscous and total force with their corresponding coefficients in Fig 5.33. The final number is then the Coefficient of Drag. The same is done with lift but changing the X direction to 0 and Y direction to 1.
[image: ]
Fig 5.32 - Force Report Selector
[image: ]
Fig 5.33 – Printed Values of Forces Acting in the X Direction
As mentioned earlier CFD allows for visualisation of results such as Fig 5.34 showing the static pressure experienced on the vehicle. This is within the Graphics section and the pop up box gives a large variety of results to be displayed such as pressure with multiple sub categories such as static/dynamic, velocities in all multiple directions or turbulence (Fig 5.35) using a rainbow scale. It is also possible to remove the car from the visuals and leave the symmetry wall so there is no blockage (Fig 5.36) as well as setting a custom scale.

[image: ]
Fig 5.34 – Static Pressure of MIRE Baseline
[image: ]
Fig 5.35 – Turbulence Experience from MIRE Baseline
[image: ]
Fig 5.36 – Uninterrupted View of Turbulence for Set Up 1
Fig 5.36 would be difficult to view without the removal of the geometry as the rack would block the view of what is happening between the box and the car roof.











6.0 Results and Analysis
6.1 Wind Tunnel
The data from the final test will be looked into at the speed of 25ms⁻¹ as higher speeds have a higher accuracy reading and the airflow was stable at 25ms⁻¹ than it was at 30ms⁻¹. All calculations are done with the assumption of air being 15°C and coefficient calculations were done post CFD results in order to obtain the frontal area value which was then divided by 20 to suit the scale model. Due to printing issues model 9 could not be tested in the wind tunnel. The full results have be found in Appendices 1. Table 6.1 shows the raw data taken from the wind tunnel scales and the coefficients of this data calculated through equation 6.1 below, using base model as example.Ρ = Density of Air (15°C)
A = Frontal Area
V = Velocity

 	
											Equation 6.1

Table 6.1 – Raw Data and Coefficient Calculations from Wind Tunnel
	
	Lift
	Drag
	Cl
	Cd

	Base
	-5
	70
	-0.28256
	3.955874

	Notches
	-10
	75
	-0.51278
	3.845831

	Bars
	-25
	100
	-1.17836
	4.713431

	1
	-20
	120
	-0.94442
	5.666514

	2
	-25
	105
	-1.18042
	4.957751

	3
	-15
	105
	-0.70812
	4.95685

	4
	-15
	120
	-0.70812
	5.664971

	5
	-20
	115
	-0.94416
	5.428931

	6
	0
	110
	0
	5.193834

	7
	-15
	110
	-0.71044
	5.209908

	8
	-25
	105
	-1.18117
	4.960901

	9
	-15
	100
	-0.71199
	4.746611












Table 6.2 – Coefficients of Drag/Lift Ordered Smallest to Largest 
	
	Cl
	
	Cd

	8
	-1.18504
	Base
	3.959104

	2
	-1.18138
	Bars
	4.717279

	Bars
	-1.17932
	10
	4.750486

	1
	-0.94519
	3
	4.960896

	5
	-0.94493
	2
	4.961798

	10
	-0.71257
	8
	4.977154

	7
	-0.70928
	6
	5.198074

	3
	-0.7087
	7
	5.201377

	4
	-0.7087
	5
	5.433362

	Base
	-0.56559
	4
	5.669596

	6
	0
	1
	5.671139




Fig 6.1 – Graph of Drag (N) for Each Set Up
  
Unsurprisingly the set ups with significantly lower Cd are the baseline model and notches as these don’t have the bars/boxes to create drag. The 3rd least drag is the rack alone which is expected but experiences the same drag as set up 10, the most aerodynamic of the boxes. All the designs experience between 0-20N added drag due to their design with the Set Ups which has modifications to the top of the box (Set Up 2, 3 and 8) being in the lower scale. As expected the standard box of Set Up has highest Cd closely followed by Set Up 4 which is expecting a higher drag value as it’s curve on the bottom edge encourages the air to be pushed down under the box where a lot of turbulence will be experienced, where more turbulence equals more drag.


Fig 6.2 – Graph of Lift (L) for Each Set Up
All but one figure is in the negatives values which represents that this model experiences more downforce than it does lift, an important characteristic for vehicles for them to be stable and improve the handling. However the one value which doesn’t experience downforce is Set Up 6 which as the filleted edges on the rear of the box which has removed the downforce for this vehicle. Interestingly adding a rack and box increases the downforce for the vehicle, especially Set Up 2/8 where 2 has the slope at the front give a face that the airflow can push down on and 8 which has the concave.


Fig 6.3 – Graph of Coefficients of Drag/Lift for Each Set Up
Usually coefficient of drag is between the range of 0 and 1 but with these results there are in-between 3 – 6. This could be due to the Reynold’s Number of the wind tunnel not being matched to that of the full scale model which would usually be accommodated by decreasing the velocity to that of the scale model. However this would mean the wind tunnel would have to run a 1.25ms¯¹ to collect data for a vehicle travelling 60mph (motorway speeds) which wouldn’t show any result on the wind tunnel therefore final conclusions will be assessed on CFD data. This does not rule out the use of wind tunnel as an effective tool but just one that not be used alone for need of crucial data.















6.2 Validating the Wind Tunnel
Once all CFD results are collected it is possible to compare the data to establish if there is a trend between the two methods which will indicate if the wind tunnel produced representative data. 

Fig 6.4 – Comparison Graph of Cd
Although the two lines are offset from each other there is still a large amount of similarities between the two. Base has the lowest and increases for the rack and set up 1. Once the modifications take place then the Cd general decreases and rises again for set up 4. The only set up which differs mainly is set up 8 where in the wind tunnel is had a low Cd but with CFD is has one of the higher Cds. The same is done for Cf in Fig 6.5.

Fig 6.5 – Comparison Graph of Cl
There is less of a trend when it comes to lift but the main point is how set up 6 spikes for both methods along with Base being 2nd highest. Although not all points are following the same trend this was expected due to how the measurements for lift were taken as due to values being with the multiple of 5, meaning Set Ups with ever so slight differences between them was not able to be recorded. However it is believed to be validating the use of Windtunnel to quick and cheap results to base research off of whilst CFD solutions are taking place.
6.3 CFD Results
With the wind tunnel results they have to be taken including the car into the values, however with Fluent you can isolate the rack/box and have the calculated values for them alone. Most of the data in this chapter will represent this and may exclude the MIRA car from the values so results show the independent effects the rack creates.
6.3.1 Drag/Lift
Table 6.3 – Order of Set Ups from Lowest to Highest
	
	Cd
	
	Cl

	Rack
	0.105
	Rack
	0.041

	10
	0.127
	7
	0.054

	9
	0.138
	4
	0.073

	3
	0.141
	8
	0.082

	6
	0.155
	1
	0.084

	2
	0.157
	10
	0.084

	5
	0.181
	6
	0.087

	8
	0.187
	2
	0.103

	1
	0.189
	9
	0.107

	4
	0.196
	5
	0.11

	7
	0.198
	3
	0.118



Changing from full model to rack only the values of Cl have become positive meaning they do not produce downforce themselves and the negative values experience earlier were due to the MIRA car itself. Surprisingly the highest drag is not the standard cuboid but the box with the tapered edges followed by 4 which was earlier estimated due to guiding the air down and causing turbulence. Set up 7 has a slightly larger frontal area which could be the cause of this increased drag as area is used within the equation, making the top row of the division a larger number which then calculates as a larger number. 
Table6.4 – Order of Frontal Area from Smallest to Largest
	
	Area (m²)

	Rack
	0.09255

	10
	0.17707

	8
	0.178168

	9
	0.182168

	1
	0.1826

	5
	0.182668

	7
	0.182668

	3
	0.18267

	4
	0.182686

	6
	0.182868

	2
	0.18287



There areas used to calculate coefficients are shown above and although there are very minute changes between them, vast majority being in the 0.182 dimension the differences between 7 boxes are down to 10,000th. As expected the rack alone has the lowest and then the most aerodynamic design being second. However this order does not determine how the air flows around this boxes.
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Fig 6.7 – Pressure With Set Up 1
The static pressure in shown in Fig 6.7 and represents where the largest forces are occurring from the airflow. Vast proportion of this are the flat facing surfaces of the car front, rack, box, wheels and the bottom section of the windscreen. Following the diagram by Barnard. R. H the separation is shown to occur just as the airflow goes over the front bonnet corner and then reattaches, this is by the blue colours is the initial separation and reattachment is shown by the yellow/orange. To compare how the drag changes around curves Fig 6.8 shows set up, top edge curved and it shows high pressure only on the bottom half of the box face with low pressure around the curve itself. Both set up experience a max pressure of 41pascals however Fig 6.8 scale is lower by -180pascals which is experienced at the curve showing huge pressure loss. Fig 6.9 shows set up 10 and around the front of the rack area less dark red is shown and more yellow is present showing that less force is experienced with the aerodynamic set up.
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Fig 6.8 – Pressure With Set Up 3
[image: ]
Fig 6.9 – Pressure With Set Up 10

6.3.2 Velocity 
[image: ]
Fig 6.10 – Velocity in the X Direction for Set Up 1
The airflow is set to be 25ms¯¹ but viewing the x velocity results the max velocity rises up to 35ms¯¹. The fastest this velocity occurs is in the underbody of the car and above the roof. It is very clear that behind the vehicle towards the top there is a large drop in velocity which is due to the pressure loss from separation. The high velocity occurring under the car is due to there being less space for the air to flow and is the same reasoning as to water comes out a house quicker when half of it is closed off. Once this faster air is released from the back of the car meets with the wake and slows down.
          There is a much defined line where the airflow which is shifted up and over the car remains a constant flow and where under this line the separation and wake appears. Above this line is also faster than the starting speed. This wake is seen to be quite turbulent due to the changes in velocity occurring and making the flow look rather messy compared to Fig 6.11 which is a rather neat flow. It is also worth noting the speed that is happening on the wall perimeters where the edges have a slower velocity which builds up to the velocity of 25ms¯¹ in the centre. This is from the boundary layer building up on the surfaces and this is would’ve happened in the wind tunnel itself which is why model must have clearance from the edges to avoid interacting near this.
[image: ]
Fig 6.11 – Velocity in the X Direction for Set Up 4




Velocity can also be examined in the Y direction as shown in Fig 6.12. Whenever the flow is forced to move upwards the shown by yellows and reds. These areas are also along the same edges separation begins. Since the air is forces to move in the upwards direction it continues to travel up and then curves round to travel back in the x direction with the undisturbed flow above it. Since these particles have moved up and out it has left a gap underneath the direction of travel where the lower one fill this gap and against the flow, again this is Separation shown by the blue areas. This occurs all around the rack especially in the middle, this is because the particles are flowing into the lower pressure created because the flow cannot reach this section as the flow is blocked rather than the direction of flow being too quick to flow around the corner.
[image: ]
Fig 6.12 – Velocity in the Y Direction for Set Up 4
















6.3.3 Turbulence
Turbulence adds drag to the vehicle due to the vortices that are created off of edges/corners. This occurs due to vortices being created which use kinetic energy and also generate heat, these vortices increase the skin friction drag at the car’s boundary layer. It is also theorised that to drop in pressure behind the vehicle increases drag and the car is essentially pulling a vacuum attached to it although this is has not confirmed as definite fact. Turbulence is mainly a problem for surrounding vehicles, especially motorcycles around lorries has they create a large wake around them. However in motorsport this lower pressure region right behind the vehicle speeds them up due to less particles in this area and this is called “streamlining”. Table 6.3 shows the order of maximum turbulence experienced in order.
Table 6.3 – Max Turbulence ordered Lowest to Highest
	Set Up
	Max Turbulence (m2/s2)

	Base
	50

	10
	55.9

	8
	58.604

	1
	64.5

	4
	65.7

	2
	66.3

	3
	66.9

	9
	67.1

	6
	68.7

	5
	90.9



[image: ]
Fig 6.13 – Turbulence Experience Around the Boundary Layer
As explained in the previous chapter with Fig 6.11 at the edges of the working area there was a decrease in velocity due to the boundary layer. In Fig 6.13 this is present again with turbulence which explains the lower velocities.
[image: ]
Fig 6.14- Turbulence for Baseline Model
Fig 6.14 shows the turbulence in the wake of the base model. The turbulence is mainly created in the gap behind the rear window of the notch style car which experience more drag than estate cars. This is why supercars have shallow sloped rear windows to limit this effect (R. H. Barnard, 2001). There are lower levels of turbulence towards the bottom of the boot where the air flow from beneath the car meets the less turbulent air, but its speed and direction causes it to mix up and create another area of turbulence. 
[image: ]
Fig 6.15 – Turbulence for Set Up 2
There is much more turbulence experience when a rack and box is placed as shown in Fig 6.15 where turbulence is now occurring onto of the box, behind the rack and between the rack and roof. The max velocity as also increased from 50 m2/s2 to 66.3 m2/s2. The turbulence from above the box settles and when it does is greeted by the turbulent flow coming up from underneath the box to behind and this creates the larger group of turbulence behind the rack. Adding this not only increases the turbulence but it has shifted it upwards including the undercar turbulence as there was no flow to stop it going upwards.






[image: ]
Fig 6.16 – Turbulence for Set Up 3
Fig 6.15 experienced above the box turbulence due to the top edge because straight, when this edge is curved such as set up 3 it is clear that this reduces the amount of turbulence experienced. The turbulence is shifted to the rear of the box and is slimmer, although this section experiences higher rates that the same area of set up 2 it has an overall decrease. The turbulence under the rack is pretty similar in shape and patter but experiences a little less which goes for the undercar section as well.
[image: ]
Fig 6.17 – Turbulence for Set Up 4
As earlier explained the drag for set up 4 was relatively higher than the other models and is for the bottom curvature pushing the air flow down. The turbulence from under the rack is much higher than the ones previously discussed but has a mild turbulence from above/behind the box itself which brought its value down, ranking it 5th lowest.









6.3.4 Streamlining
In post process results it is possible to add streamlines to the model to further understand how the air is flowing. Fig 6.18 shows the flow on set up 10 with a velocity rainbow scale. When the flow is going over the box that is when it is at its fastest on the outside of the box. The middle streamlines are the ones that dip into the low pressure region and become slower in Fig 6.19. However this investigation focused on drag, lift and turbulence and this was not investigated further but if were to be continued this would be a study implemented into it.

[image: ]
Fig 6.18 – Sideways View of Streamlines

[image: ]		[image: ]
Fig 6.19 – Rear View		Fig 6.20 Front View







6.3.5 Shortening the Rack Height
The racks used for the previous results were using the 100mm rack, this chapter will briefly investigate what changes occur when using a 50mm rack using set up 1 and 10. Firstly the change in the frontal area of these sets up are compared with the shorter rack unsurprisingly having a smaller area. These set ups follow the same procedure and the results below were achieved.
Table 6.5 – Table of Results for Full Model
	
	Cd
	Cl
	Drag (N)
	Lift (N)
	Area (m²)

	1
	0.75
	-0.527
	317.2415
	-222.915
	1.10495

	10
	0.911
	4.179
	383.1058
	1757.409
	1.098536






Table 6.6 - Result for Rack Alone
	Cd
	Cl
	Drag (N)
	Lift (N)
	Area (m²)

	0.199
	0.05
	89.97865
	22.6077
	1.181137

	0.097
	0.096
	6.493675
	6.42673
	1.074877






Simple graph below demonstrates that a smaller rack increases turbulence as there is less room for the particles which have already mixed do to the flow against the rack. There is little change between the 100mm rack and 150mm rack as the distance between the two no longer have an effect on the turbulence, however 150mm has an ever so slight decrease as there is more room for flow to settle but insignificant amounts. This has caused the Cd to increase shown in Fig 6.19.

Fig 6.18 – Graph of Turbulence for Each Rack, Set Up 1


Fig 6.19 – Cd Comparison Graph for Rack 50mm and 100mm
7.0 Conclusions
Multiple aspects of roof top storage designing has been looked into individually to understand how each curve or slope affect the drag and lift of the vehicle through practical wind tunnel testing and simulated CFD testing. In the investigation the CFD method had proven to be more useful and accurate as it allows the full scale model to be simulated and provides information about the flow that is not possible with the wind tunnel. However using the wind tunnel allowed for a quick estimation of what to expect from the results and between preliminary testing and secondary it exposed any flaws with the testing system whilst also being a practice run so the final test ran smoothly and more efficiently. The visuals and rainbow scaling with CFD is what makes it superior to wind tunnel, although smoke can be used for the pattern of flow it cannot show at what intensity different forces are being experienced, making it “cutting edge technology” as stated by Jiyaun Tu (2013). CFD is widely appreciated throughout the industry with Simon McBeath of Competition Car Aerodynamic (2006) agreeing with the advantages pointed out. 
	The usual results for drag was expected with baseline model being the lowest, then rack and the two multi-modified set ups of 10 and 9. What couldn’t be expected was the remaining designs and how they would affect drag/lift due to their areas being extremely similar as well as how the flow around these designs affected the drag, for example how set up 6 (filleted rear) produced less drag than a design which had an arch removed from the top. It was expected of set up to have higher drag due to the air pushed below causing turbulence. What can’t be debated is that having all of the aspects of each set up configured into one design, set up 10, is the superior option and which is why it is used as the modern design as it does indeed produce the least drag, lower amount of turbulence and doesn’t cause the lift/downforce balance to shift so that there is less downforce acting on the car for handling purposes. 
To finalise the reason drag needs to be reduced for the domestic industry is not only for performance in improvements but to be able to reduce fuel consumption to make fuel last longer in vehicles by making the power needed to overcome resistive forces reduce. Since 1% fuel consumption loss equates to $310 million dollars being saved (Snyder, 1997) and Richard Woods estimation that a 40% decrease has been achieved (2012) it has most certainly been an economical advancement. This in turn will also reduce emissions which are becoming stricter by the decade, especially with the introduction of Euro 7 making automotive companies just able to pass the regulations to be able to produce their cars and this has been made possible through the autodynamics of domestic vehicles.
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9.0 Appendices 1 – Wind Tunnel Results
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9.1 Appendices 2 – CFD Results
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Drag	Base	Notches	Bars	1	2	3	4	5	6	7	8	10	70	75	100	120	105	105	120	115	110	110	105	100	Set Up


Drag (N)




Lift	Base	Notches	Bars	1	2	3	4	5	6	7	8	10	-5	-10	-25	-20	-25	-15	-15	-20	0	-15	-25	-15	Set Up


Lift (N)



Coefficients of Drag/Lift

Cl	Base	Notches	Bars	1	2	3	4	5	6	7	8	10	-0.2825624579147501	-0.51277746087952647	-1.1783577177229536	-0.94441892463827681	-1.1804168780903961	-0.70812138799174218	-0.70812138799174218	-0.94416185065565617	0	-0.71044200420147396	-1.1811668660062928	-0.7119917235708747	Cd	3.9558744108065014	3.8458309565964481	4.7134308708918145	5.6665135478296609	4.9577508879796639	4.9568497159421954	5.6649711039339374	5.4289306412700231	5.1938342635977426	5.2099080308108094	4.96090083722643	4.7466114904724979	Set Up


Coefficients



Cl of Wind Tunnel and CFD

Cd Wind Tunnel"	Base	Rack	1	2	3	4	5	6	7	8	9	10	3.9558744108065014	5.1277746087952645	5.6665135478296609	4.9577508879796639	4.9568497159421954	5.6649711039339374	5.4289306412700231	5.1938342635977426	5.2099080308108094	4.96090083722643	4.8537549999999996	4.7466114904724979	Cd CFD	Base	Rack	1	2	3	4	5	6	7	8	9	10	0.27900000000000003	0.45500000000000002	0.71099999999999997	0.63	0.59299999999999997	0.71699999999999997	0.66500000000000004	0.57899999999999996	0.78	0.78	0.55800000000000005	0.51400000000000001	Set Up






Cl of Wind Tunnel and CFD

Cl Wind Tunnel"	Base	Rack	1	2	3	4	5	6	7	8	9	10	-0.2825624579147501	-1.1783577177229536	-0.94441892463827681	-1.1804168780903961	-0.70812138799174218	-0.70812138799174218	-0.94416185065565617	0	-0.71044200420147396	-1.1811668660062928	-0.94657999999999998	-0.7119917235708747	Cl CFD	Base	Rack	1	2	3	4	5	6	7	8	9	10	-1.0999999999999999E-2	-0.253	-0.38600000000000001	-0.308	-0.25900000000000001	-0.3901	-0.22800000000000001	0.36	-0.46200000000000002	-0.30499999999999999	-0.20200000000000001	-0.158	Set Up







Turbulence	50	100	150	70.66	64.489999999999995	64.376999999999995	Rack Height (mm)


Turbulence (m2/s2)



Cd Comparison 

100	1	10	0.71099999999999997	0.51400000000000001	50	1	10	0.91100000000000003	0.75	Set Up


Cd
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