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Abstract

The LaTech Eco Car team competes in the yearly Shell Eco-Marathon. This competition is to encourage students to think “green” by designing and building fuel efficient vehicles. The competition is strictly judged on fuel efficiency and nothing else. Due to increasing competition, the LaTech Eco Car team was looking for more inventive ways to reduce the fuel consumption of their car. As a result, we were assigned to design a custom wheel that would be lighter and dissipate less energy than the existing wheel.
Our design approach was to use carbon fiber material for the outer walls and rim profile since it has a superior strength to weight ratio. We decided to use tooling board for our foam core because it added strength and also served as a mold for the infusion process. We also chose aluminum for the hub and flanges of our design. Although carbon fiber and tooling board are fairly new materials that would require much research and learning, we were up for the challenge.
We learned much about the material properties and behaviors of carbon fiber by conducting experiments which aided us in our design process. We are the pioneers in using carbon fiber and tooling board which advanced our team’s knowledge of the infusion process as a whole; however, we are certain that we will not be the last students at Louisiana Tech to take advantage of our new found knowledge of carbon fiber and tooling board.
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1. Introduction and Background
The Louisiana Tech Eco-Car Team is the sponsor for our carbon fiber wheel capstone design project.  This team competes in the Shell Eco-Marathon, which is a competition based entirely on fuel consumption.  In efforts to maximize fuel economy, the team attempts to reduce as many losses as possible.  While there are many ways to increase fuel economy, one of the main approaches that they use is to minimize mass.  There is much room for improvement in this area for the Urban Concept vehicle. 

The incorporation of carbon fiber into body design has been one of the main ways that the eco-car team has reduced weight.  The high strength-to-weight ratio is what makes this material so desirable, it also aids in allowing the cars to reach such high performance.  As a means of pioneering the use of carbon fiber for its strength and minimizing resistance, the Louisiana Tech Eco-Car Team has presented the project of designing a carbon fiber wheel for the Urban Concept vehicle.  They simply want a wheel that is lighter than the current wheel, and that can sustain the loads experienced during the competition.
2. Engineering Design Specifications
The following specifications were initially set to assure that the final product stays true to the original requirements.  These specifications will determine how well the final product meets its desired function.
In-Use Purposes of Products
2.1. Intended Uses
The wheels are being designed for the Urban Concept vehicle entering the Eco Car Marathon Competition.  The wheels will be designed for a 450 lb car plus a 150 lb driver. During the Eco Car Marathon, the wheels will be contacting a very smooth surface.
2.2. Un-Intended Uses

The wheels are not being designed for any other vehicle other than the Urban Concept vehicle being entered into the Shell Eco Car Marathon Competition.  It is especially not well suited for any type of motorcycle or two wheel vehicle such as a bicycle.  Rough surfaces, such as a gravel road, will not be designed for.
Customer Requirements
2.3. Functional Performance
The intended function of our carbon fiber wheel is to perform the same tasks as the current wheels while reducing energy losses.  The wheel is intended to be a direct replacement of the current wheels, so that no changes are to be made when either wheel is installed.
2.3a Strength
The wheel must not break, so it must be able to withstand all loads applied to the wheel during and in preparation for the Shell Eco Marathon competition.  Since carbon fiber is a brittle material, any fracture or tear in the wheel will deem the wheel broken.  The forces will pertain to a 450 lb car plus a 150 lb driver.  The wheels will have to be able to transfer the torque necessary to hold the vehicle stationary on a 20% incline.  The brakes at two wheels have to be activated during this test, so the torque would be divided between these wheels.  The static forces due to the stopped vehicle are self explanatory; however, the impact and fluctuating forces are bit more complex.  The impact forces deal with any bumps, crevices, or valleys the car may encounter during testing or competition. Impact from a 1.5 inch tall edge, possibly due to uneven pavement, should not cause failure to the wheels.  Fluctuating forces are created due to the wheel’s rotation.  The fibers in the wheel will see different types and magnitudes of force at different wheel positions.  The sharpest turning radius of the track is 6 meters.  The wheels must be able to sustain lateral forces due to this turning.  All of these forces will be analyzed at the average car speed of the Urban Concept Car which is 20mph.
2.3b Aerodynamics
The wheels should provide less aerodynamic drag than the current spoke wheels.  Since no tests have been run on the current wheels, a general value for the drag coefficient of a bicycle plus cyclist has been used.  Therefore, our wheels must have a drag coefficient less than Cd = 0.9. 
2.3c Inertia
The wheels should be made as light as possible.  A lighter wheel results in less energy required to bring the vehicle into motion due to both rotational and linear inertia.  The current wheels weigh 15 lbs.  Our wheels should weigh less than 15 lbs.  Figure 2.3c below shows our level of satisfaction in relation to wheel weight.
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Figure 2.3c – Satisfaction Curve for wheel weight

2.4. Operating Environment
The carbon fiber wheel is intended to run in an environment where humidity ranges from 10% to 99% and temperature ranges from 20°F to 115°F.  Increased temperatures from factors such as hot roads and hub friction will be taken into account.  The carbon fiber wheel should be able to withstand the pressure of about 50psi.
2.5. Geometric limitations
According to the rules of shell-eco car marathon, the minimum width requirement of the wheel is 80mm and the diameter of the wheel should be either 16 inches or 17 inches.  The restrictions on the exact dimensions of the diameter are not very strict.  The intent of the rule is to limit the teams to using the nominal 16 or 17 inch tires.
2.6. Economic
Since the carbon wheel is going to be used in place of current wheels, things should be considered to minimize the cost as much as possible.  It is acceptable to go over the price of the current wheels, but we must remain under the price of alternative carbon fiber wheels.  The estimated cost of a carbon fiber wheel is less than $125.
2.7. Ease of Use/Installation
The wheels need to be as easy to install on the car as the current wheels.  The installation of the tire onto the wheel should also be of the same level of difficulty as the current wheel.  These difficulty levels can be measured by the amount of time it takes to do each respective task.
2.8. Appearance
The carbon fiber wheel is which is going to be used in Louisiana Tech’s eco-car should match with the color scheme of the car. Red, blue or glossy carbon fiber finish is a probable color that can be used in the wheel.
Company Requirements
2.9. Manufacturing
The manufacturing process of carbon wheel consists of carbon fiber layout and infusion process. The whole process should be completed within 12 hours.
3. Project Proposal
The Project Proposal for Carbon Fiber wheels describes the project description, five initial design concepts, criteria for evaluating the designs, proposed budget, and the schedule. We are required to design a carbon fiber wheel for the Louisiana Tech Eco-Car Team that will decrease the overall resistance to the car’s motion. The car that the wheels are to be mounted on is the Urban Concept car that the Louisiana Tech Eco-Car Team built to compete in the Shell Eco Marathon.  The competition is judged purely on fuel economy, hence the need to eliminate as much resistance as possible.  The Louisiana Tech Eco-Car Team has focused much attention on carbon fiber as a means of reducing overall vehicle weight without compromising strength.  This material has been used in the making of the car’s body, and the team is currently working to make a carbon fiber unibody.  Because of the availability of carbon fiber to the team, we need to use this material.  The resistance to the car’s forward motion comes in the form of the overall weight of the car (seen in the linear and rotational inertia of the car), aerodynamic drag, bearing friction, and wheel deflection energy.
Five wheel design concepts considered for this project were a thin-spoked, thick-spoked, ribbed disk, thick-walled disk, and foam-filled disk.  These concept designs are more closely related to configuration designs rather than concept designs.  They are described in detail below.

The first concept follows the trend of having the lightest wheel possible, which is a spoked bicycle wheel.  This concept allows for the minimal amount of mass in between the hub and the outer rim.  The spokes will be in tension, placing the outer rim in compression.  The connection between the spoke and the outer rim will be done with the typical spoke nipples so that the wheel true will be adjustable.  
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Figure 3.1 – Bicycle style spoked rim concept
This design concept is based on the wheels used in typical automobiles.  The outer rim is connected to the hub through thick spokes.  These spokes, unlike the first concept, are not pretensioned nor will they be adjustable.  There will also be fewer spokes due to the increased thickness.  
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Figure 3.2 – Automobile style spoked rim concept
Our third concept is the thick walled disk rim.  There will be a solid disk on each side of the wheel that connects the outer rim to the hub.  These disks will likely be angled, coming closer together when going to the outer rim.  The design thickness of the disk as well as the angle will be adjusted depending on the required strength.  
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Figure 3.3 – Thick-walled disk wheel concept
The fourth concept is a ribbed-disk wheel concept. This concept will have the same outer disk as concept three. The difference between this design and the thick walled disk will be where the design gets its strength from. Instead of relying solely on the strength of the disk, like concept 3, this concept will have ribs running on the inside of the wheel from one disk to the other. This will give us a lot of freedom to place the ribs where we would like; however, it will be very difficult to build these ribs into the wheel with precision.
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Figure 3.4 – Ribbed-disk wheel concept
The fifth and final concept we came up with is a foam-filled disk. From the outside this concept will look identical to concept 4 & 5. The difference is what will be in between the disks. In order to increase the moment of inertia, we decided to put foam in between the two disks. This will increase the strength tremendously but the weight will also increase.
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Figure 3.5 – Foam-filled disk wheel concept
The criteria that we used to evaluate the feasibility of our concepts are volume, aerodynamics, ease of construction and strength.  The volume criterion encapsulates both cost and weight.  The weight of the wheel will have the biggest role in drag, so its combination with cost puts volume at the top of our priorities.  The next highest ranking criterion is the strength of the wheel.  This criterion is rated so heavily because the wheel cannot fail.  Strength is somewhat proportional to volume in that if a design proves to be too weak, then the volume will be increased to strengthen the member.  However, different concepts allow for greater strength to volume proportions.  Aerodynamics is rated as the third highest criterion because it will not have as much effect as the others, yet it is still very important in our considerations.  The ease of construction is rated last because we are more concerned with the performance once the wheel is built.  The only way that ease of construction would have significant influence on our decision is if the concept is impossible to build or if the difficulty impaired us from finishing on time.

Each concept was rated on each criterion on a scale of 1 to 5 with 5 being the best score.  The ratings were scaled according to the weight and totaled.  The ratings are presented in Table 3.1 below.  As can be seen by the totals, there are two concepts that rank equally.  These two concepts are the thick walled disk and the ribbed disk.  In order to determine which concept is the better choice, more in-depth calculations will be required.  
Table 3.1 – Decision matrix for choosing the best concept

	Wheel Wall Concepts

	
	Thin Spoke
	Thick Spoke
	Thick Walled Disk
	Ribbed Disk
	Foam Filled Disk

	
	Weight
	Rating
	Weight
	Rating
	Weight
	Rating
	Weight
	Rating
	Weight
	Rating

	Volume / weight_cost
	0.4
	5
	0.4
	3
	0.4
	4
	0.4
	4
	0.4
	2

	Aerodynamics
	0.2
	1
	0.2
	2
	0.2
	5
	0.2
	5
	0.2
	5

	Ease of Construction
	0.1
	1
	0.1
	2
	0.1
	5
	0.1
	2
	0.1
	5

	Strength
	0.3
	1
	0.3
	5
	0.3
	3
	0.3
	4
	0.3
	4

	Total
	
	2.6
	
	3.3
	
	4
	
	4
	
	3.5


Another decision that had to be made was what type of tire we should design the wheel to fit, tube or tubeless.  The criteria for making this decision were cost, ease of manufacturing and weight.  The ease of construction was weighted the highest because we believe that trying to make the outer rim completely airtight would prove to be quite a challenge, which could greatly delay the project.  This decision was based on prior experience with carbon fiber fabrication.  The next most important criterion was the weight.  From a performance standpoint, the tubeless tire would be better because of less rotating mass, so the extra weight of the inner tube is weighted almost as heavily as the ease of manufacturing.  The cost difference between the two was not a huge factor, so it was weighted very low.  The two options were ranked in the same way that the design concepts were.  The results of that ranking are presented in Table 3.2 below.  We have decided to go with the tire that requires an inner tube.
Table 3.2 – Decision matrix for tube versus tubeless tire

	Tire Inflation

	
	Tube
	Tubeless

	
	Weight
	Rating
	Weight
	Rating

	Cost
	0.1
	3
	0.1
	5

	Ease of Manufacturing
	0.5
	5
	0.5
	2

	Weight
	0.4
	4
	0.4
	5

	Total
	
	4.4
	
	3.5


The third decision that we had to make was whether to buy a hub or make one ourselves.  The criteria used in making this decision were the drag from the bearing friction, cost and ease of construction.  The most important consideration was the drag by far.  We are not too worried about how difficult the hub will be to make or how much it will cost.  We are mostly concerned about how free the hub will spin.  The two options were evaluated with weighted rankings as can be seen in Table 3.3.  Based on the matrix, we will be making our own hub.
Table 3.3 – Decision matrix for buying a hub versus making a custom hub

	Wheel Hub

	 
	Purchased
	Custom

	 
	Weight
	Rating
	Weight
	Rating

	Cost
	0.1
	3
	0.1
	4

	Ease of Manufacturing
	0.15
	5
	0.15
	1

	Drag
	0.75
	2
	0.75
	4

	Total
	 
	2.55
	 
	3.55


As shown in the criteria tables, the ribbed-disk wheel concept and the thick-walled disk wheel concept turned out to be superior to the other three concepts. We feel that these two design concepts are the best concepts that we came up with. The ribbed-disk wheel will have good performance because it is very strong in all directions, has great aerodynamics, and gives us much more freedom in the design of the wheel itself. The downfall to this concept is the difficulty of precisely constructing this wheel. On the other hand, the thick-walled disk concept is not as strong in the lateral direction as the ribbed-wheel, but it is extremely lightweight and would be much easier to construct. Our final decision will ultimately boil down to which design can meet the strength requirements while weighing the least amount.

Next, we would like to propose our tentative schedule. We feel that this budget will not change dramatically with our choice of the ribbed disk wheel or the thick walled disk wheel. Our main objective is to have the wheels ready for March 26 because that is the first day of the Shell Eco-Car Marathon. Due to size constraints, the Gantt chart for our project has been placed in the Appendix.
Based on the two design concepts we narrowed our choices down to, we put together a rough cost estimate of how much we believe we will spend. We used our solid model from solid works to estimate the average volume of the two designs. With this volume we estimated the amount of carbon fiber and resin we would need. After doing this, we estimated what size the block of steel (tool) and aluminum (hub) we would need then priced them. We gathered a rough price for the bearings we will need through one of our group member’s prior employers. Our budget and references used is shown below.

Table 3.4 – Budget

	Item
	Cost in ($) per wheel

	Carbon Fiber
	 $1,000

	Hub
	$6

	Resin
	$25

	Bearing
	$44

	Tooling
	 $50 

	Total
	$1,125


4. Preliminary Design
This report describes detailed information about the main components, engineering analysis of the final wheel assembly, bill of materials and the detailed budget estimation for our carbon fiber wheel. The main components that are illustrated in the report are Hub, Bearings, Foam, Foam Core and carbon fiber. Although the ribbed and thick-walled disk concepts appeared to be our best choices, we decided to go with the foam-filled disk concept.  This decision was made due to construction limitations, as well as the advice of people with more expertise in the area of carbon fiber.  The Stress and Deflection tests were performed to do the engineering analysis of the final wheel assembly.  

4.1. Hub
The hub will be constructed out of a solid 2"X3" hexagonal aluminum bar which will be machined using the lathe and drill press in Louisiana Tech's machine shop.  A 5/8" diameter hole will be drilled through the center in order for the spindle to pass through.  Also, a 1-3/4" diameter hole will be drilled 1/4" from the end on each end of the hub so that bearings can be inserted.  Four holes of 1/4" diameter will be drilled in the ends so that flanges can be bolted on.  The SolidWorks model in figure 4.1 shows the machined hub with flanges bolted on.
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Figure 4.1 – Hexagonal Aluminum and Flanges
Since splines are better torque transmitter, hexagonal hub would be our preference in order to transmit torque.
4.2. Flanges
The flanges will be constructed from aluminum sheet metal that will be machined using Louisiana Tech's water jet machine.  A 1/2" plate thickness will be used for the inner flange (connects the hub to the clutch or a brake rotor), and a 1/4" plate thickness will be used for the outer flange.  Eight holes will be cut in the inner flange:  four to bolt to the hub and four to bolt to the clutch or brake rotor.  The outer flange will only need four holes to bolt to the hub.

4.3. Hub and Flange Interface
Four bolts can be used in order to transmit the torque from flange to the hub. Stress analysis of the interface using bolts of diameter 0.25 inches gave the value of 3.85 ksi whereas the yielding stress of the each bolt is 20.772 ksi. Thus, four 0.25 inches bolts are able to transmit the torque of 85 ft-lb with a factor of safety of 2.3.
4.4. Bearings
As mentioned before, a bearing will be placed in each end of the hub, spaced 1/4" from the ends. The maximum dynamic force the bearings can withstand is 1300bf.
[image: image8.wmf]
Figure 4.4 – Radial Ball Bearing

While analyzing the situation when the car is in worst case loading (taking a turn as fast as possible while braking and hitting a bump), the equivalent load on the bearing is calculated to be 342.4 lbf per bearing. However, the bearing with maximum load capacity of 1300lbf is chosen to account some uncertain forces like the force due to the bumps. By choosing this type of bearing, we have assumed that forces due to bumps should not exceed about 1181 lbf of force.

4.5. Foam Core
The foam core for our carbon wheel is going to be made from tooling foam, and the foam core is manufactured using 3-axis CNC router which is shown in figure 4.5b.  Figure 4.5a illustrates the foam core made by using 3 –axis CNC router.
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Figure 4.5a – Foam Core
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Figure 4.5b – 3-axis CNC Router
4.6. Carbon Fiber
Carbon fiber is the main component of our carbon fiber wheel and the strength of the carbon fiber rim depends upon the weave alignments of the carbon fiber. 
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Figure 4.6 – ±45° Orientation of the Carbon Fiber
Among the three different alignments such as 0°/90° and ±45° or a combination of the two, we are using the orientation that gives the best strength in order to transmit torque. Currently, the experiment to test the strength of the 0°/90°, ±45° alignment is being carried out at the Louisiana Tech’s eco-car lab. 

4.7. Final Assembly
The figure below shows the exploded view of our carbon fiber wheel, generated using Solidworks, except the tire.
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Figure 4.7 – Final Wheel Assembly
4.8. Rim Analysis
[image: image82.jpg]


The following figures show the stress and displacement of our rim when subjected to 1000 lb radial force, 335 axial forces, and 85 ft-lb of torque through the hub. The maximum stress is calculated to be 24,850 psi and the maximum deflection is found to be 0.00325 in.
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Figure 4.8a – Stress Analysis
    Figure 4.8b – Displacement Analysis

4.9. Rim Profile Analysis
The following figure demonstrates the impact of tire pressure of 35 psi onto the profile of our carbon fiber wheel. The maximum stress and maximum deflection are calculated to be 1963 lb and 0.0006845 in respectively.
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Figure 4.9a – Stress Analysis

  Figure 4.9b – Displacement Analysis

The results from the Analysis of the rim and profiles are helpful to study the probable effects of static and dynamic forces that can be experienced by our carbon fiber wheel.

4.10. Bill of Materials
All the materials required for our carbon fiber wheels are listed in Table 4.10. The quantity or the size of the materials listed in the table is per one wheel.
Table 4.10 – Bill of Materials
	Item 
	Quantity /Size 

	Carbon Fiber
	15 sq. ft

	Epoxy Resins
	60 fl oz

	Foam
	Two, 20”x20”x4”

	Hub
	1 Hub

	Bearing
	2

	Flange
	2

	Bolts
	12


4.11. Detailed Budget
Table 4.11 – Detailed Budget

Total cost to make six carbon fiber wheels is shown in Table 4.11 that contains the information about the donors and the sellers.
Table 4.11 – Detailed Budget
	Item
	Quantity
	Cost
	Vendor

	Carbon Fiber
	90 sq. ft
	Donation
	Eco-Car lab

	Epoxy Resin
	360 fl oz
	Donation
	Composite Acoustic/Composite One

	Foam Blocks
	12
	Donation
	Coastal Enterprises

	Hub
	6
	$111.86
	McMaster

	Bearing
	12
	$123.72
	McMaster

	Flange
	12
	$56.19
	McMaster

	Bolts
	72
	$30.52
	McMaster

	Total
	
	$322.29
	

	Total per wheel
	
	$53.72
	


5. Detailed Design
5.1. Carbon Fiber
Since carbon fiber is a composite material, it is difficult to find documented mechanical properties that will accurately predict the behavior.  The orientation of the fibers, the number of layers, the addition of a spacer material called soric, and the fiber to matrix volume ratio will alter the behavior of the material.  In order to determine the properties of the carbon fiber that is available to us, some tests were run on sample pieces that we fabricated.  The samples were fabricated with two layers of carbon fiber separated by a layer of soric.  One layer had a 0º/90º orientation and the other had a ±45º.  The tests that were run include three point bending, buckling, and torsion testing.
The most valuable test for our purposes was the three point bending test.  This test was conducted on the Tinius Olson machine with the help of Dr. Mikey Swanbom.  The samples that were tested had a general cross-section of 0.125” x 3”.  The loading was directly in the middle of two supports that were 4 inches apart.  Figure 5.1 shows the setup with a sample being tested.  The displacement and applied load were recorded up until failure of each of the samples.  Using the equation for deflection and the cross sectional area of each sample, the modulus of elasticity was found for each data point.  Based on the theory that we have been taught, this value should be a constant, but it actually increased with applied load.  The values correlated fairly well across the samples, however.  In accordance with the advice of Dr. David Hall, we assumed a constant value for the stress range that we expected our wheel to be in.  The value that we are using for the modulus of elasticity is 1.47·106 psi.
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Figure 5.1 – 3 Point Bending Test

Another valuable test was the buckling test.  The samples that we used for this test were 8.5 in x 3.5 in x 0.125 in with the compression force being applied along the 8.5 in dimension.  As with the bending test, the displacement and applied load were recorded.  For this test we were only interested in the max force that the member could handle.  Each sample held approximately 100 lb.  It is interesting to note that only the side in compression was damaged.  The side in tension was still in original condition.  The bending tests samples also displayed this behavior.  This difference displays the drastic difference in strength between carbon fiber in tension and compression.
The torsion test was conducted to find the strength of the interface between the carbon fiber and the hub due to the infusion process.  Disks were made with a hex shaft in the middle.  Each disk was then placed in a clamp that restrained all of the carbon fiber outside of the radius that our wheel will be.  We then applied a torque to the shaft using a torque wrench while capturing the measurements using a high speed camera.  The max torque that the interface could hold averaged out to 780 in-lbs.

5.2. Outer Rim
The dimensions for the outer rim are based on the dimensions that Michelin gives for the tire that we are using, which is a 95/80 R16.  Based on the natural shape of the tire without any pressure, the rim dimensions seem to be much too wide.  However, if the tire bead is spread apart, it does appear that the rim will fit well.  The width does make it appear that the tire will be stable on the rim.  The dimensions of the rim are given in Figure 5.2.  
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Figure 5.2 – Dimensions of rim profile

While the profile was predetermined by Michelin, the layout of the carbon fiber that will make up the rim still had to be determined.  Based on the small radii of the rim profile and previous experience with soric, we decided to use only carbon fiber in the rim.  We do not think that the soric will form to the rim until the vacuum is set up.  It will be very difficult to keep the soric in place before the vacuum has been pulled.  If the soric were to fall out of place, then the rim would no longer have the uniform thickness that we need.  In addition to the difficulty of fabrication, this part of the wheel is one of the more stressed areas.  The extra strength from the additional layers of carbon fiber will be needed.  We will use 6 layers of carbon fiber in the rim to match the thickness of the rest of the wheel.
5.3. Wheel Wall
Ideally we would have liked to make the wheel wall be shaped like a cymbal.  However, due to the width of the rim and the hub, a perfectly flat wall would be too near to vertical.  A wheel with this design would not be very rigid in the presence of a lateral force.  It is also likely that a vertical load would try to separate the carbon fiber from the foam core and induce buckling.  For these reasons we chose to make the wall curve back into the wheel before going down and out to the hub.  The resulting shape is more like an hour glass with a wider bottom than top as can be seen in Figure 5.3a.
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Figure 5.3a – Section view of wheel displaying wheel profile

The location of the bend as well as the angle of the wall was optimized using SolidWorks.  The angle of the wall was optimized first.  Different loads were applied to see how the wheel would behave under normal running conditions as well as worst case situations.  All of the stresses appeared to be lower than the failure stresses that were seen in the bending tests.  Since the stresses were not critical, the deflections were used to decide which angle was best.  The most rigid angle is 5º.  The location of the bend was optimized in the same way and has been set to a distance of 115 mm from the base of the carbon fiber at the hub.  The dimensions can be seen in Figure 5.3b.
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Figure 5.3b – Dimensions of Wheel Wall

With the dimensions of the wheel wall figured out we had to decide upon the layout of the carbon fiber.  When comparing the stresses shown by SolidWorks to the stresses from the bending test, we decided that we should double the amount of carbon fiber that was used in the test.  Since the wheel wall goes back in, the carbon fiber should not try to separate from the foam, but rather be pressed against the foam.  This difference should make the wheel much stronger because the carbon fiber will not be subject to buckling.  For the wheel wall we will have two layers of carbon fiber, a layer of soric, and then two more layers of carbon fiber.  Each side of the soric will have a 0/90º and +45/-45 º orientation.

5.4. Hub
The hub consists of one 3 inch long hex bar, one ¼ inch thick outer flange, one ½ inch thick inner flange, and two 32mm x 20mm x 7mm radial ball bearings.  The hexagonal shape was chosen to help prevent slippage that a circular cross section bar would most likely see.  We chose the hex to be 2 inches wide and 3 inches long based off the dimensions of last year’s car hub.  For more in depth dimensions see Figure 5.4a.
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Figure 5.4a – Final Hub Dimensions
The reason for this is because we wanted to be in the same ballpark for the dimensions since they are using the same body and frame as last year’s car.  We then chose the material for the hex bar.  We chose 2024 aluminum alloy because it is not too expensive, its density is lighter than steel, and it has enough strength for our application.  Next we decided to mount the flanges using ¼ inch diameter bolts that penetrate into the hex bar ½ inch. Using Equation 5.4a we found that aluminum bolts would have enough strength for our application. 

[image: image20.wmf]r

A

T

A

F

b

y

×

=

=

=

s

s

:

577

.

0

……………………………………Eqn. 5.4a
where σy is the yield strength of the aluminum bolt, Tb is the torque applied to the hub, r is the radius where the bolts are located with respect to the centerline of the hub, and A is the total area of the bolts combined. Finally we had to choose which bearings were best for our application.  Some of the parameters we sought were to have the same inner diameter as last year’s car so the spindle would not have to be changed and a bearing with low resistance.  We chose an ABEC-7 tolerance ball bearing with dimensions 20mm x 32mm x 7mm.  The smaller the tolerances the smaller the rolling resistance a bearing has.  The 20mm inner diameter is the same size as last year’s bearing so that goal was also met.  We sized the bearing using Equation 5.4b.
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where v is the car’s velocity and ρ is the radius of the smallest radius turn on the Shell Eco Marathon course.  Using the equation 
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 we then found the tangential force on the bearing.  Using the car’s weight and an impact loading factor of 3, we found the vertical force on the bearing by using equation 5.4c.
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where Ft is the tangential force and Fr is the vertical force resulting from the car’s weight and impact loading, we calculated the equivalent force for the bearings which helped us confirm that the bearing we chose was strong enough.  A picture of our hub assembly can be seen in Figure 5.4b.
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Figure 5.4b – Final Hub Assembly

5.5. Flanges
From an experiment we did on torsional testing of a carbon fiber/hexagonal bar interface, we found that the hub alone would not transmit the required torque because the contact surface area was not large enough.  These findings showed that flanges would be needed to give a large enough contact area to transmit the required torque.  An epoxy with a larger maximum shear load than needed was chosen to adhere the flanges to the carbon fiber disk face.
Design of the flanges includes two different sized aluminum plates with different bolt hole configurations to accommodate the desired applications.  An outer flange will be ¼ inch thick with a 3.3 inch outer diameter and 1.3 inch inner diameter.  Six equally spaced bolts holes will attach the outer flange to the outside facing hub face.  An inner flange will be ½ inch thick with a 3.3 inch outer diameter and 1.3 inch inner diameter.  Four bolt holes will attach the inner flange to the car facing hub face, and four other bolt holes will attach the inner flange to a brake rotor or clutch.  Refer to Figure 5.5 for schematics of the flanges.
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Figure 5.5 – Dimensions for Flanges: a) Inner Flange  b) Outer Flange

The inner flange is thicker to withstand higher torque loads applied at that interface during acceleration and braking.  To determine the outer diameter, calculations using the torsional shear stress equation (
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) were done to find a contact area that would transmit the required torque with a maximum shear load capacity of the epoxy.  The inner diameter for the flanges was chosen to have enough clearance for possible bearing removal but also to have enough material between the bolt holes and inner diameter which would prevent tear-out.
5.6. Bill of Materials/Budget
	Item
	Quantity
	Vendor
	Cost

	6” x 2” hex bar
	1
	McMaster
	$ 55.51

	6 sq. in. x ¼” sheet aluminum
	1
	McMaster
	$ 23.90

	6 sq. in. x ½” sheet aluminum
	1
	McMaster
	$ 22.14

	¼” x ¾” socket countersunk head aluminum bolt
	1 pkg. 50
	Fastener-Express
	$ 21.00

	¼” x 1” socket countersunk head aluminum bolt
	1 pkg. 50
	Fastener-Express
	$ 24.50

	Abec-7 single row radial ball bearing 
	2
	Timken
	$ 86.00

	12 lb/in3 tooling board (2 sq. ft. x 3”)
	1
	Precision Board
	$ 51.00

	Tire
	1
	Michelin
	Donation

	Tire inner-tube
	1
	Scooter Parts

4 Less
	$ 28.00

	Carbon fiber
	 
	LaTech Eco Car
	Donation

	Carbon fiber resin and hardener
	 
	LaTech Eco Car
	Donation

	Epoxy Adhesive
	1
	AeroMarine
	$5.00

	Total Cost
	 
	 
	$317.05


The design of all of the components of our carbon fiber wheel has been discussed.  Now that the design is finished, we fill move on to face the new challenges that will come with fabricating the wheel.  Figure 5.6 shows an exploded view of our finished wheel.
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Figure 5.6 – Exploded View of Final Wheel Design

6. Prototype Test Plan
6.1. Strength Test
Our customer, the Louisiana Tech Eco-Car Team, does not want a set of wheels that will bear a certain load; they simply want a set of wheels that will not break during the competition.  For this reason, we have based our strength requirements on the most severe circumstances that the wheel will see during the competition.  However, before we subject these wheels to live testing on the vehicle, we must run some preliminary static tests.  We will mount the wheel on the stationary vehicle and add weight to the vehicle to simulate the shifting of weight, as during a turn.  To statically test the lateral strength we will place the vehicle on an incline.

The strength test will be performed after the initial static tests are performed. Once every static test is passed and we are confident that the wheels are strong enough to avoid any danger to anyone, then we will perform the strength test. The strength test will be of the simple pass or fail type. After each test, a visual inspection will be conducted to see if there is any damage to the wheel as a result from the test. This is easily done because carbon fiber is very brittle, so any failure in the carbon fiber would be easily visible.

The first strength test that will be conducted will be the 20% incline brake test. This test was defined by the Shell Eco Marathon rules. The brake from the car must keep the car stationary while on a 20% incline. Due to this rule, the wheel must be able to transmit the torque necessary for the brakes to hold the car stationary. A tape measure with a resolution of 1/16th of an inch will be used to measure a 20% incline.

The second strength test will be a turning radius test. The main purpose of this test is to see if the wheels could withstand the lateral force of a sharp curve at high speed. After choosing to use Shell Eco Marathon track’s sharpest curve, we calculated the speed at which the car would begin to tip over. The sharpest curve is at a radius of 25ft and the speed at which the car would start to tip at that particular radius is 20 mph. For safety purposes, we will start this test at a slower speed so that we can ensure the driver’s safety. A measuring tape with a resolution of 1/10th of an inch will be used to measure the radius of the curve.  The speedometer on the vehicle will be used to measure the velocity.  It has a resolution of 0.1 mph, giving an uncertainty of 0.05 mph.

The final strength test is the impact test. This test will ensure that the wheel will be able to withstand the impact forces of a 1.5 inch tall bump. We are using a 1.5 inch tall bump due to our engineering design specifications. This test will be performed at a speed of 20 mph since this is the average speed of the car during competition. The bump will be measured using a standard tape measure with a resolution of 1/16th of an inch.
6.2. Aerodynamic Test
The purpose of our aerodynamic test is to find a drag coefficient that determines the amount of air resistance of our carbon fiber wheel. The most common approach to find the drag coefficient of an object is a wind tunnel experiment where a certain wind velocity is supplied and the corresponding drag force is measured. The drag force is then used in drag equation (6.2a) to get the coefficient of drag.
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Where,

D = Drag Force

ρ = density of air

V= velocity of air relative to the object (model / prototype)

A= cross-sectional area

The wind tunnel located at engineering and science department of Louisiana Tech University is not big enough for our actual carbon fiber wheel (prototype), so the CNC machine available at mechanical engineering department will be used to create a scaled down model of our prototype. The wind tunnel experiment is then performed in the model to calculate the drag force caused due to the air with the wind velocity of 20 mph. 

In order to maintain the same effects of real life situation we have chosen our wind tunnel’s wind velocity to be 20 mph which is the average velocity of the cars in the Shell Eco Marathon.

After the calculation of the drag force for the model, we will use modeling and similitude technique to estimate the drag force for the prototype. The scaling factor obtained by using modeling and similitude technique is expressed in equation 6.2b.
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Where, 

Subscript “m” denotes values corresponding to model, and 

The values without the subscript correspond to prototype.  

It is found that, for our case, when a typical shell eco-car is running at an average speed of 20 mph the drag force is not affected by the viscous effect of air. Similarly, same wind speed is maintained inside the wind tunnel so that drag force inside the wind tunnel will not be affected by viscosity. Thus, by maintaining the same velocity in wind tunnel and in real life situation, equation 6.2b can be simplified to equation 6.2c as shown below.
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After the specimen (model of the carbon fiber wheel) is placed inside the wind tunnel, velocity of wind is controlled through a controller which has a resolution 1 mph. The scaled model of the wheel will be placed on a metal bar that has a strain gage attached to it.  The metal bar will have been calibrated prior to the wind tunnel test so that a force can be calculated based on the change in resistance of the strain gage.  The strain gauge attached to our model is hooked in to a DAQ which has a resolution 0.004883 V.

Finally, after the estimation of the drag force for the prototype, equation 1 will be used to calculate drag coefficient of our carbon fiber wheel. Uncertainties in our calculations will be calculated using Kline- McClintock analysis. For example equation 4 will be used to calculate the uncertainty of the drag equation (1). As reported in our Engineering Design Specification, the desired value of drag coefficient is less than 0.9 for our carbon fiber wheel. 
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6.3. Weight Test
The main reason for this project is to eliminate the excessive weight of the current wheels that fit on Louisiana Tech’s urban concept vehicle.  Our wheels need to be lighter than the current wheels in order to improve efficiency.  In order to weigh the wheel, we will simply place it on a digital scale.  The scale has a resolution of 0.005 lb, giving an uncertainty of 0.0025 lb.  This is obviously much more precise than we need.  We really only need a resolution of 0.1 lb, but this equipment is what we have to work with.
6.4. Operating Environment Test
Our wheels need to be able to operate in a fairly wide range of environments.  The competition will likely be postponed in the event of rain, but the chance of very high humidity is very possible.  Our wheels must be able to handle a range of humidity from 20-99%.  We will use a humidity meter, which has a resolution of 1% and an uncertainty of 0.5%, to measure the humidity of the air that the wheel is in.  We will generate a more humid environment if necessary.  Due to the complexity of testing the wheel dynamically in a generated environment, we will have to test the wheel statically to assess its integrity.
The wheel will also need to be able to withstand the pressures that it is subjected to from the tire.  The tires are pumped up to as high of a pressure as safely possible during the competition to eliminate rolling resistance.  This safe pressure is taken from the reading on the tire.  The tires should actually be able to hold about twice the pressure marked on the tire before exploding.  We do not want to pressurize our wheel to the point of explosion, but we do want to test the wheel beyond its operating point to see whether or not the wheel is at the brink of its capacity.  We will watch the tire as we inflate it and take every precaution to assure the safety of our team members in this test.  The tire will be pumped up using a Schwinn Airdriver 1100, which is a hand pump for bikes.  The resolution on the pump gage is 4 psi, yielding an uncertainty of 2 psi.

One critical test on the wheel deals with the temperature range within which it can operate.  When carbon fiber reaches a certain temperature, it becomes floppy.  If our wheels reach this temperature during use, the results will not be good.  In this test, the wheels will be heated in an oven to 115 °F.  The wheel will then be tested statically to determine its strength.  If need be, the wheel will be kept at temperature during testing with a heat gun.  The temperature will be monitored using an infrared thermometer.  The Redington 9930 irt has a resolution of 0.5 °F and an uncertainty of 0.25 °F.

6.5. Geometric Test
According to Shell Eco Marathon regulations the width of our wheel must be greater than or equal to 80 millimeters.  Dial calipers with a resolution of 0.001 inch and uncertainty of 0.0005 inch will be used to measure the width.  Regulations also state that the wheel must be either 16 or 17 inches in diameter.  We chose our wheel to be a diameter of 16 inches.  A standard tape measure with a resolution of 1/16th inch and uncertainty of 1/32nd inch will be used to measure the diameter.

6.6. Installation Time Test
The tire and wheel installation must take the same amount or less time than the existing tire and wheel.  This test is important because if a tire and/or wheel fails during the competition, the replacement time must be as small as possible.  First, the time to install the existing tire and wheel will be measured.  Then, the time to install the prototype tire and wheel will be measured.  Each time will be measured with a stopwatch which has a resolution of 1 second and an uncertainty of 0.5 second.

6.7. Manufacturing Time Test
Laying out carbon fiber on the foam core and the resin infusion process should be completed in less than 12 hours.  This time constraint is a customer requirement as stated in the engineering design specification report.  A stopwatch with a resolution of 1 second and an uncertainty of 0.5 second will measure the time it takes for the process to be completed.
7. Prototype Construction and Testing
7.1. Construction of Hub
The hub is made of two inch thick hex bar. We purchased three feet of hex bar and cut three inch sections for each hub. Next we bored out a center hole of 1-1/8th inch for the spindle to pass through. Then we bored out 1.258 inches on each side for the bearings to sit. Finally we drilled and tapped six ¼ inch diameter holes to a depth of 1.5 inches deep. A pictures of our hub being tapped and the shop drawing of the hub are shown in figure 7.1a and 7.1b respectively.
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Figure 7.1a – Tapping Holes in Hub
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Figure 7.1b – Shop Drawing of Hub

7.2. Construction of Flanges
The flanges were designed in a 3-D CAD program called SolidWorks. From this program, we imported the .dxf file into the OMAX WaterJet software which allowed us to cut out our flanges exactly to the dimensions we designed for. Finally we had to do some manual machining. Figures 7.2a-d show the making and finished flanges that were made on the OMAX WaterJet.
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Figure 7.2a – OMAX WaterJet
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Figure 7.2b – Show Drawing of Inner Flange
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Figure 7.2c – Show Drawing of Outer Flange
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Figure 7.2d – As Built Flanges

7.3. Construction of Carbon Fiber
The “construction” of carbon fiber consists of cutting each layer from the roll and then cutting it to its own specific dimensions. First we cut eight 20” x 20” squares off the roll for the side panels. Once these pieces were cut off the roll, we placed them on the foam core to cut them more precisely. This can be seen in Figure 7.3. Next we cut six long 8” x 56” strips of carbon fiber off the roll for the rim profile. These strips did not need any additional cutting. These pre-cut carbon fiber layers were put directly onto the foam core during the wet laying process.
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Figure 7.3 – Cutting Carbon Fiber for Side Wall

7.4. Foam Core Construction
Foam with a density of 18 lb/ft3 was used to make the core of the wheel.  A SolidWorks model was made from our given outer rim profile dimensions, hub dimensions, and strength calculations for the sidewalls.  Iterations were also done to reduce weight but maintain strength.  Using the Louisiana Tech architecture department’s CNC router, the foam was cut by importing our SolidWorks file into the router’s computer.  Due to the router’s z-axis limitations, we had to cut the foam block in half before actually putting it in the router.  For each half one side was cut, then the block was flipped and the other side cut. Figure 7.4 illustrates a part of the foam cutting process using above mentioned CNC router.
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Figure 7.4 – Cutting Foam Core

7.5. Foam Core Assembly
The two halves were assembled by inserting ¼ dowel rods into the ¼ inch holes that were drilled by the router in the back side of each piece. The purpose for this is to locate each half with respect to the other.
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Figure 7.5 – As Built Foam Core

7.6. Hub Insertion
To bond the hub to the slightly larger hexagonal cutout in the foam, two layers of unidirectional carbon fiber with a layer of soric in between were first wet-laid (resin/hardener mixture evenly distributed on carbon fiber) on the hub.  Then a piece of visqueen was wrapped over the carbon fiber to protect it as it was pulled through the cutout.  The visqueen was discarded after the hub was pulled through so the resin and carbon fiber could bond to the foam.

7.7. Carbon Fiber Infusion
The carbon fiber infusion process begins by preparing the carbon fiber and soric to be laid onto the foam core as mentioned before, then actually layering it on the foam as can be seen in Figures 7.3 and 7.7a, respectively.  
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Figure 7.7a – Preparation for Infusion

Before laying carbon fiber on the sidewalls, we cut a piece of visqueen and it placed over the exposed holes in the hub to prevent excess resin mixture from entering.  Our pre-cut pieces of carbon fiber and soric were layered on the foam core.  For the sidewalls, the layers included two carbon fiber, one soric, and two carbon fiber.  Six layers of carbon fiber only were applied to the outer rim.  Once the sidewalls were complete, we bolted the flanges on to keep access to the bolt holes during the infusion of resin mixture and curing process.  To finish the lay-up, we cut-to-fit a high temperature peel ply and a green flow media, then laid them over the carbon fiber.  The next step in the infusion process is making a “bag” to seal and create a vacuum that will pull the resin mixture into it.  Making the “bag” involves taking a sheet of visqueen and folding it once with the wheel inside.  The three open sides are sealed using double-sided tape with 2 tubes coming out: one for vacuum and one for the resin mixture to flow through.  With everything sealed up, the vacuum is pulled, causing the resin to flow into the bag and on the wheel as seen in Figure 7.7b. 
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Figure 7.7b – Infusion

When the resin mixture fully covered the wheel and started entering the vacuum tube, we clamped off the resin tube and left the pump on to guarantee a vacuum so the resin would stay in place until hardening and curing took place.  After the carbon fiber cured (about two days), we removed everything, leaving only the carbon fiber wheel with infused hub.
7.8. Flange Adhesion
After the resin cured we removed the flanges in Figure 7.2d and applied a high strength epoxy to them.  We immediately bolted the flanges back on and left them to dry.
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Figure 7.8 – Bolted Flange with Epoxy

7.9. Bearings, Inner Tube, and Tire Installation
We inserted the bearings into each side of the hub.  Before we installed the tire and inner tube, we drilled a hole was drilled in the wheel so that the inner tube’s valve stem could be accessed.  Since the hole was deeper than our inner tube’s valve stem, we installed a necessary valve stem extension.  With all the preparations finished, we installed the inner tube and tire.
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Figure 7.9 – Assembled Wheel with Brake Rotor

7.10. As-Built Bill of Materials
Table 7.11 illustrates the as built bill of materials for each carbon fiber wheel which includes tire and tube.
Table 7.10 – As Build Bill of Materials

	As-Built Bill of Materials

	Item
	Quantity
	Vendor
	Cost
	Actual Cost

	3” x 2” hex bar
	1
	Coast Machinery
	$12.29
	Donation

	4” x 36” x  ¼” sheet aluminum
	1
	Coast Machinery
	$2.33
	Donation

	4” x 36” x ½” sheet aluminum
	1
	Coast Machinery
	$3.77
	Donation

	¼” x 1” socket countersunk head aluminum bolt
	1 pkg. 50
	Fastener-Express
	$6.86
	$6.86

	20mm x 32mm x 7mm radial ball bearing
	2
	VXB
	$15.90
	$31.80

	18 lb/in3 tooling board

(2 ft2 x 3”)
	1
	Coastal Enterprises
	$160.00
	$25.00

	Tire
	1
	Michelin
	$70
	Donation

	Tire inner-tube
	1
	McKinney Honda
	$8.00
	$8.00

	Carbon fiber (cured)
	~5 ft2
	LaTech Eco Car
	$400
	Donation

	Epoxy Adhesive
	1
	AeroMarine
	$25.00
	$25.00

	Total Cost
	
	
	$704.15
	$96.66


7.11. Prototype Testing Results
All the tests are performed by installing the prototype of our carbon fiber tire into the front part of the driver side of the red Louisiana Tech Urban Concept Car. The pass/fail tests are evaluated using the auditory and visual inspections gained from previous torsional testing.
7.11a Strength Test
In order to test the strength of our carbon fiber wheel as mentioned in our Prototype Test Plan, we performed three different types of strength tests namely 20% inclined brake test, turning radius test and impact (bump) test. 

20% Inclined Brake Test

By creating an inclined plane with 20% slope we performed and successfully passed the test.

Turning Radius Test

The turning radius test was successfully passed without having any adverse effect to the car and our carbon fiber wheels. A turning radius of 25 ft was measured using a measuring tape.
Impact Test

We successfully passed the impact test by driving the car over a 1.5 inch diameter wooden rod at an average speed of 15 mph without having any adverse effect on the wheel.
7.11b Operating Environment Test
In order to ensure the usability of our carbon fiber wheel in different environmental settings, we performed Pressure test and Environment Test.
Temperature Test
In order to consider the probable use of our wheel at a temperature range of 20°F to 115°F, we statically loaded the wheel at these two extremes. The amount of static force applied to the wheel during the testing was 215 lbf.  This amount of force is higher than the actual amount of force that the car (270 lb) along with the driver (150 lb) can exert onto one of the four wheels. The experimental setup for the static loading is shown in Figure 7.11c.
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Figure 7.11b – Statically Loading of Wheel

Pressure Test
We pumped the tire up to a pressure of 44 psi while on the car without seeing any symptoms of failure.
Weight Test
The weight of our carbon fiber wheel is 12.325lb, and the result is less satisfactory according to the satisfaction curved presented in Engineering Design Specifications. However, by using the solutions that we have proposed in the problems and solutions portion of the prototype testing report, we can significantly reduce the weight of the carbon fiber wheel.
Aerodynamics Test
The mechanical engineering department’s wind tunnel was used to measure a drag force by creating a downscaled model of our carbon fiber wheel as explained in the test plan section. Although we planned to perform the wind tunnel experiment at only 20 mph, we performed the actual experiment at six different velocities:  15, 20, 25, 30, 35 and 40 mph in order to get better results.  After we calculated the coefficient of drag corresponding to each velocity, an average was taken to get the final coefficient of drag for our wheel.  Coefficients of drag corresponding to each wind velocity are listed in Table 7.11b.  Our final coefficient of drag was calculated to be 1.36 with an uncertainty of 0.06.
Table 7.11b – Coefficients of Drag for Wind Velocities
	Velocity
	Coeff. D

	15.0000
	1.200097

	20.0000
	1.405035

	25.0000
	1.422698

	30.0000
	1.374962

	35.0000
	1.395


Geometric Test
The width of the wheel measured at its widest point (the rim) was 106.785 mm and the outer diameter was 17.0 inches. Since the rim was wider than 80 mm, exactly 17 inches in diameter, and able to fit the standard tire provided by the Shell Eco Car Marathon on our carbon fiber wheel we successfully passed our geometric test.
Manufacturing Time Test
We manufactured our carbon fiber wheel in 10.5 hours which is well below our EDS value of 12 hours.
Installation Time Test
Installation of the tire onto one of the existing wheels and our prototype was performed separately and the amount of time required for each case was recorded.

Installation of our prototype took 2 minutes and 23 seconds while the existing wheel took 3 minutes and 53 seconds.
7.11c Testing Summary

Table 7.11c – Test Summary
	Testing
	Desired Result/Value
	Obtained Result
	Remarks

	Weight 
	Less than 15lb
	12.325lb
	Passed

	Aerodynamics, Coefficient of Drag
	0.9
	But varies for different velocity
	Test Pending

	Strength:

 20% Inclined Brake Test
	Brake must keep the car stationary while on a 20% inclined plane 
	Passed
	Inclined Plane created using ply wood

	Strength: 

Turning Radius Test
	Should be able to run through turning radius of 25ft
	Passed
	

	Strength/Impact:

 Bump Test
	Should comfortably run over 1.5 in crevice at average speed
	Test Successful without having any adverse effect to car and wheels
	Used shovel having  1.5in diameter  handle

	Operating Environment: Humidity Test
	20-99%
	Passed
	

	Operating Environment:

Pressure Test
	Should be able withstand at least the average pressure on car’s wheel
	44 psi
	Maintained the pressure to avoid rolling resistance 

	Operating Environment:

Temperature Test
	Should be able to withstand about 215lb at the range 20F -115F
	Passed
	Tried Max and Min for 215lbf

	Geometric Test
	Rim Width ≥80mm

Wheel Diameter =16in or 17in
	Rim Width=110.805mm

Wheel Diameter=16.0625in
	Rim with is not perfectly even  around the wheel 

	Manufacturing Time
	Less than twelve hours 
	10.5hrs
	Passed

	Installation Time

To install wheel into the car
	Less than the time required for existing wheels
	Existing wheels=3:53 

Carbon Fiber Wheels=2:23
	Did not meet the desired time.


7.12. Problems and Solutions
The major problem with our prototype was the wet-lay method we chose to use. The problem was that we didn’t anticipate the wet-lay process to take as long as it did. The wet lay process took over an hour which allowed the resin/hardener mixture to start to harden. This causes a major problem because in order to form the carbon fiber to the mold and to reduce weight by sucking out excess resin, a vacuum must be pulled on the carbon fiber/foam core. The problem is that by the time the vacuum was executed on the carbon fiber/foam core, the resin had already begun to harden which prevented the vacuum to suck out any excess resin or mold it to the foam core. This is the reason why our wheel is not cosmetically “pretty” and weighs much more than anticipated. To fix this problem, we plan to infuse the next wheel which is a process where the carbon fiber is dry when you lay it onto the foam core then once everything is in place the resin/hardener mixture is sucked through the carbon fiber using a vacuum. This should eliminate the problem of pre-hardening.
Another problem was our experiment we conducted in order to find the coefficient of drag of the wheel. When we placed our scaled down model of the wind tunnel, we mounted it on an aluminum flat bar which turned out to be quite flexible. This caused the model to vibrate at high velocities which threw off our strain gage readings. This could easily be solved by using a more rigid bar to mount the model onto.

Our last problem is not actually a construction problem; it’s more of a design problem. Our current design is just too heavy. Since the foam is the heaviest component, to reduce the weight we can either eliminate the foam altogether or reduce the volume and density of the foam. We can eliminate the foam by using a 3 part wheel which basically means you make three carbon fiber sections and attach them somehow. The three pieces would be the two side walls and the rim profile.
8. Appendices
8.1. Appendix A: Calculations
Loads
Vertical Force

We did not really do any calculations for the vertical force.  We made the assumption that, since the car has no suspension, its weight could be distributed among only two wheels at any time.  This force would be amplified if the car were to hit a bump.  We used a factor of three to account for this impact load.  The resulting vertical force is as follows:
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Torque

We based the torque that our wheel will need to transmit on the stopping distance of the Urban Concept vehicle at a speed of 40mph.  We made the assumption that 100ft would be a reasonable distance.  The following is the derivation of the torque equation as a function of stopping distance and number of wheels activated, based on a 20” tire
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Rearranging the above equation for torque and adding a parameter, n, to account for the number of wheels activated, the final result is as follows:
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Lateral Force

Below is a free-body diagram of the maximum vertical and lateral forces the vehicle will experience due to a 20% incline and the weight of the car with a 150 lb driver.
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The numbers in the free-body diagram come from summing the forces and moments in the lateral and vertical directions.  The 600 lb load comes from the combined weight of the car and driver.  The highest lateral force the car can experience before sliding or tipping is 480 lb.  For a worst-case scenario, each lateral force must be less than or equal to the product of the coefficient of friction and its corresponding vertical force.  The calculations can be seen below.
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Lx is the value that we will use for the lateral load.  We brought the value up to a round value of 450lb.

Component Selection
Bearings
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Bolt Calculations
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Since the actual stress of the bolt is considerably less than the yield stress of the bolt, ¼” bolts will be sufficient.

Epoxy Calculations
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Since our torque value that our epoxy can withstand with this surface area is greater than the actual torque it will see, this epoxy and surface area will suffice.

8.2. Appendix B: Carbon Fiber Properties
Buckling Test
The following charts are taken from the tests performed on carbon fiber samples having the dimensions of 0.125x3x8 in.  The sample consisted of one layer of carbon fiber on each side of a layer of soric.  One layer of carbon fiber was oriented in the direction (0/90°) of loading while the other was at ±45°.
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[image: image70.emf]Carbon Fiber Compression 2
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[image: image71.emf]Carbon Fiber Compression 3
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[image: image72.emf]Carbon Fiber Compression 4
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[image: image73.emf]Carbon Fiber Compression 5
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Bending Test
The following charts are taken from the tests performed on carbon fiber samples having the dimensions of 0.125x3x8 in.  The sample consisted of one layer of carbon fiber on each side of a layer of soric.  The layer in compression was oriented 0/90°, in the direction of stress.  The layer in tension was oriented ±45°.
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[image: image75.emf]Carbon Fiber Bending 3
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[image: image76.emf]Carbon Fiber Bending 4
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[image: image77.emf]Carbon Fiber Bending 5
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[image: image78.emf]Carbon Fiber Bending 6
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Based on the geometry of the three point bending tests, the loads and deflections can be related using the area moment of inertia and the modulus of elasticity.  The following equation relates the product of the moment of inertia and modulus of elasticity to the load and deflection:
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where P is vertical load and 
[image: image80.wmf]d

 is deflection in the direction of P.

Using the geometry of each sample, the modulus of elasticity was calculated for each data entry.  This value proved to change with load.  We decided to assume linear behavior and used the value corresponding to our stress levels.

The max stress for each sample at every data point was also calculated using the equation below, which is an adjusted bending equation with dimensions for the moment accounted for.
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where P is the vertical force and the rest of the values are consistent

with the bending stress equation.

**Note:  We did not overlook the fact that this is not correct analysis of a composite material.  SolidWorks is the only tool that we had that could analyze such a complicated part as our wheel.  It does not have any features that allow for the compensation of fiber orientation and layers.  Since SolidWorks treats the material as isotropic, we assumed it would be best to derive the properties as if it were isotropic.
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