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1.0 Abstract
An investigation was carried out with studied the effects of drag and lift on domestic vehicle roof storage boxes where it was discovered which design aspects reduced the most drag from the vehicle. Through the use of wind tunnel testing and using CFD as a full scale simulator to show what forces are acting when a car is driving at motorway speeds (60mph) and how the airflow is affecting through the use of rainbow scale visuals. The study was initiated due to the automotive industry focusing on aerodynamics to achieve their goals for a decreased fuel consumption and decreased emissions. They focus on the cars as standard but what would happen when the storage accessories are added and how companies have gone around designing their boxes which achieved their most aerodynamic.
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. 

3.0 Aerodynamic Basics
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. The turbulence occurs behind the object and in the case of cars the trial of mixed air they leave behind known as the “wake”.

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.
[image: http://www.carbon-sport.co.za/product/tech%26hardware-sub/Technical-pics/aero42.jpg]
Fig 3.6 – Separation occurring Over a Car Bonnet
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 +
4.0 Literature Reviews
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). The two examples below show aerodynamics plays a part in domestic vehicles.
[image: ]
Fig 4.2 – Force (N) Vs Speed (km/h) for Rolling Resistance and Aerdynamic Drag (Pg.54)
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. 
[image: ]
[image: ]
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). Cd of 0.25 has a faster acceleration by 1s to reach 100kph compared to a Cd of 0.45
	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 – Results of Acceleration Tests



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.
	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. 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.

4.3 Heavy Duty Truck Aerodynamics – Richard Drollenger, 1987
They describe how mileage went from 4mpg to 9mpg for lorries 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.












5.0 Methodology/Results
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
5.1 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 with a ground board installed. 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 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.
[image: ]	Each model was tested for Drag and Lift using wind tunnel scales from the speed ranges of 5msˉ¹ to 30msˉ¹ in intervals of 5msˉ¹. The data in table 5.1 was obtained and ordered from smallest to largest. The coefficients were calculated by using Equation 5.1.
 	
											Equation 6.1

Table 5.1 – Results of Cl and Cd Ordered Smallest to Largest
	
	Cl
	
	Cd

	8
	-1.18504
	Base
	3.959104

	2
	-1.18138
	Rack
	4.717279

	Rack
	-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











Expectedly the least aerodynamic go in order of Base, Rack, 10. Models without a rack/box will experience far less drag as there is no added accessories and then with Rack no box was placed on top so the areas of these two are far less than those with the boxes included. Set up 10 is the most aerodynamic box and this is based of modern models which as all of the modifications present. The least aerodynamic is set up 1 which has no changes to it.





5.2 CFD
The mesh was created in ICEM MESH and the type used was an All-Tri, Patch Independent Model Delaunay mesh. The max element size was 0.75m used on the outskirts of the area, a density box of mesh size 0.075m was used around the vehicle and trailing behind for the wale to be analysed. Finally the car mesh size was 0.025m with the rack/box being a size 0.02m although a procedure shows that these two sizes produce the same Cd value in Fluent, the 0.02m mesh was used for more trust within the programme to produce reliable results and ensure all the contours of the boxes were defined. 5 prism layers was used as suggested by both Lanfrit. M (2005) and Palidar. A, Gupta. U, Bansal. A, (2015).
[image: ]
Fig 5.13 – Density Box Added Around the Car and Wake Region

5.2.1 Drag/Lift
Table 5.2 – 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



This data doesn’t include the baseline model so that the data is based off of the rack set ups alone and again as expected the most aerodynamic goes Rack, 10, 9 which is again the rack alone, the all modified modern box and then the semi modified box which only includes the top face flor and filleted edges. However with CFD the least aerodynamic is not the standard cuboid as with the full scale the effects turbulence plays with the drag is calculated for the full model which wasn’t represented with the 1/20 model which had too small of a gap between roof and rack for air to mix up and produce drag.
[image: ]
Fig 5.14 – Pressure for Set Up 10
The use of rainbow scale visuals shows where the main effects of drag is experienced, that being the flat front facing areas of the car/rack/box and low levels and the bottom of the windscreen. Low pressures shown by greens and blues show where separation occurs as shown earlier just behind the bonnet corner and the top of the windscreen. 

5.2.2 Turbulence
Turbulence was viewed to see which boxes mix up the air most which will increase the wake producing more drag. It was concluded that adding a rack set on top of the car drastically increased the turbulence by over 20% for set up 2 shown in Fig 5.3. 
[image: ]
Fig 5.15 – Turbulence for Baseline Model
[image: ]
Fig 5.16 – Turbulence for Set Up 2
6.0 Conclusions
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. 
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