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Abstract

Washington State University Vancouver entered the 2007 EiRRNth a reverse three wheel recumbent design. This vehadesbme
good features. The 2008 team decided to make several impenis to the existing vehicle; some of which are: a new caftin
fairing, simplified rear suspension, stronger front susjmem highly adjustable pedal position, and larger chaig.ri

The decisions to implement these changes were arrivedatghrthe use of weighted rating matrices, expert advice fimycle
professionals, and mathematical analysis. Some of thaliolioices were later changed due to further introspedttbowing consul-
tation with experienced advisers. In particular, the ordgplan to create a new frame with chrome moly tubing wasielted when it
was obvious that the manufacturability was difficult and tmne would be better spent modifying the existing aluminuamfe.

Conceptual designs were made using SolidWorks parametrilelimg software. COSMOS FloWorks was used to assess the aer
dynamic characteristics of our fairing design. Finite EéghAnalysis of the frame and suspension components wagdaut with
COSMOS and in some cases with ANSYS. Stress testing with stnoim machine was used to verify the critical componentstand
check the strength of our welds. Two iterations of our fgjrilesign were also tested in a water tunnel to visualize tiekfflaw in order
to reduce the turbulence and thereby decreasing the drag.

The resulting vehicle performance is expected to be a sogmifiimprovement over the existing design. Constructiccursently
under way and tests of the final product will prove our desigfe will make modifications to correct any problems encowdend
present our final results in Reno during the April 2008 Wegi®® HPV Competition.
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1. Description

1.1. Design Criteria

Design constraints for the ASME HPVC are broad and open epelealso include very specific criteria. The first and foretses
of criteria is the safety requirements established in thrapstition rules. Next are dimensional and ergonomic caratibns for the
riders. Finally, the desired performance output of the eletis considered. These criteria are detailed as follows:

1. ASME Minimum Requirements

a) 100 ftstraight line travel.

b) 25 ftturning radius.

¢) Roll-bar protection of equal or greater thai x 0.049 inch Chrome Moly Tubing, evaluated with test results.
d) Safety harness.

e) Fairing that cover$/3 of the frontal area.

2. Ergonomic and Dimensional Constraints:
a) Rider Dimensions

i. Seated Leg Length: between 37 and 48 inches
ii. Seated Torso Length: between 23 and 27inches
ii. Shoulder Width: between 16 and 21inches

iv. Hip Width: between 14 and 17 inches

v. Total Seated Height: between 32 and 38 inches

b) Ergonomic Factors

i. Convenient Steering position
ii. Easy Entry and Exit
iii. Comfortable Torso to Leg Angle

3. Performance Criteria
a) Speed

i. Sprint40+mph
ii. Endurance0-30 mph

b) Cornering Radius20 ft
¢) Minimize Frictional Resistance

i. Center of Gravity Balance



ii. Neutral Steer
iii. Cornering Resistance
iv. Equal Front and Rear Slip Angles

d) Performance to Weight Tradeoff

i. Drag Reduction VS Acceleration Loss
ii. Ergonomics

iii. Steering Force

iv. Actuator Position

v. Actuator Motion

Based on these criteria there were several features fro20igvehicle that needed improvement. Obvious flaws in teeipus design
included a warped brake disk, chain rubbing on the frame stiighbed out threads on some fasteners. Some systems \eetdiéad
as potential performance enhancements. A new fairing woellikely to increase our sprint speed. While last year'sgiteteam had
intended to use a full fairing, they were only able to use thpeun half due to a miscalculation. This proved to be a detimas the
vehicle was shown to have less rolling resistance without it

Lightening the frame would reduce road resistance and thmuatrof power needed to accelerate the vehicle. An adjiestedat
would add to the comfort of the rider and allow for the optirpasition for power transmission. The bell crank and chagpdould be
selected for the best ratio for the sprint and endurance ettigns.

Improvements in the safety features might include a chaardjand a faster acting safety harness. All of the minimuratgaf
features were met, though some by a small margin. The tumaidiys was measured to Rd f¢, which is just barely within the
maximum allowed. Due to the three wheel design and goodistegeometry there was no problem riding in a straight lirdefinitely.
The handling characteristics were very good, especialiygiter speeds, but the position of the steering interfaceqmted easy entry
and exit. Both the Short-Long Arm (SLA) front suspension &$l as the Four Bar Linkage rear suspension were found todstiib to
function properly and were consequently not engaging duthe course of normal riding.

Several tools were used to evaluate the merits of each atteerdesign suggested. First, a morphological matrix waated to
enable us to see how the systems would combine: choicesénaincompatible were discarded. Next, several weightiarenatrices
were set up to find the optimum design alternatives for eabbysiem[1]. Detailed charts with requirements of cost, ufacturability,
weight, performance, and safety are presented in Appendix A

This phase in the process forced us to research many of thensys$n greater detail. None of this year’s team had any ggrio
background in bicycles, and since the majority of thesealekiutilize bicycle parts, we would need to start learniegyvquickly. A
book that was very helpful for its general content was TheuRdent Bicycle by Gunnar Fehleu[2]. From suggestions s heiok, we
learned that aerodynamics would play a significant role gi lspeeds, however, at low speeds the rolling resistancédwiominate.
Since we are performing in both types of race, the designdvoekd to be robust.

1.1.1. Fairing Alternatives

The option of having two fairings was explored. Since we califly the bicycle up to 65% between races, using a full fgjirfior
the sprint and a partial fairing for the endurance would nskese. The partial fairing would satisfy the rule that dmedtof the front is
fared, while maximizing the air flow to the rider which willlelv more heat to be dissipated from the rider’s body. Our $isredviser, a
certified USA Cycling Coach, informed us that the power weadnle to generate is strongly related to the ability to refj@ett from our
bodies. The problem with using two fairings would be cost ame to design and manufacture both fairings. Another pabivould
be the ability to incorporate the mounting of both fairingattwould be made from different materials and geometries.

A second alternative was to make the fairing modular, sotti@tear portion could be moved for the endurance competifibis
option has the obvious advantage of being easy to changegdilne race and the cost would be lower than when using twaaepa



fairings. The problems would be complexity of the design mrathufacture. Also, getting the modules to mate smoothlyldvpase yet
another challenge.

Our third alternative was to make a single fairing with a q@tlkpening. This would greatly reduce the aerodynamic athge
needed for the sprint competition, but the cost would be Iod/ithe design and manufacturability would remain simple.

The last option, which is the one we chose, was to make a diaigieg with an opening door. This would allow us to keep tiesidn
and manufacturability simple, while allowing for full aelynamics in the sprint and the ability to remove the door & thmperatures
were high during the endurance competition. Creating thoe ohoa way that it is easy to mount might be a problem, but wetlelt our
concept for accomplishing this design would make it faidgye

Fairing material was also put into consideration. Clothifigis are the least expensive and the lightest alterna@eth fairings
are usually made from tough materials such as the cloth usedils or parachutes. They are also easy to put over a biketh&n
advantage would be the fact that they also do not generateisegsonance. There are two major downfalls to cloth fagir@ne, they
lack aerodynamic efficiency. Two, they perform very pooniosswinds. This is due to the fact that fabrics will stnetc

The third major option, composite fairings cost betweerfdlaen fairing and the cloth fairing. It is the most aerodyneatly efficient
fairing material as the surfaces can be very smooth. Theldisdage to this alternative is the weight. It can be the iestalternative.

In the end, carbon-fiber composite material was chosen #faining. With the majority of the material being consteatfrom
one-ply carbon-fiber, the weight of the carbon-fiber sho@dight. The lighter the material, the more competitive tiebicle can be.
The major weight of the fairing will be due to the support nigtle

1.1.2. Frameand Suspension

Our first thought was to design and build a completely newalehiOne of the reasons, based on the opinions of mechanits fr
several bicycle shops, that aluminum frames are too stiifé 8xisting frame design is made of aluminum tubing, and hasksabsorbers
to reduce vibration. Our thought was to eliminate the sh@adogbers and related mounting hardware to reduce weighhakd the new
vehicle more stable (the rear suspension assembly woulé faterally and cause the vehicle to become unstable duastgédaling).
We designed a chrome moly frame in SolidWorks and found tiatteight savings were minimal. The cost and time to manurfact
were both factors in deciding that this may not be the bestrative. So, we decided to modify the existing frame by rénmthe
shock absorbers and just live with the rough ride that maynice@ntered.

The steering system of the old vehicle was difficult to contféve handles would push up against the rider’s leg when gpghean
was attempted. One solution for this was proposed that wsiaigly move the location of the handles forward and up so itter’s
legs would not interfere with steering. However, anothabem with the steering was the way it had to pass throughahimd by
a large opening. To keep this opening from being necessatyg@ate an unobstructed motion for the controls, we decidea lever
and linkage system. There would be two levers, one on eaeto$ithe driver, connected to push rods that transfer theftrtie rods
through a pivoting mechanism. The tie rods push the wheet bhabsing them to rotate in the desired amount to completama Tine
rods will have threaded adjusters to tune the steering fstriesults. The way the control levers move parallel to tterts$ legs allow
free movement for the full turning motion.

1.1.3. Drivetrain

The existing system had a few drawbacks in the drivetraine @tmain was rubbing against the frame in one location. Amothe
problem was the position of the pedals in relation to therrii@eryone on last year’s team noticed that the pedals wetedze higher.
Although this would reduce the driver’s field of vision, wetfenat the increase in comfort that would translate to moréugance for
the long haul warranted a higher pedal position. Since aarsivaried in height from five foot tall to over six foot talle decided to
make the pedals movable both in height and in extension.crbiaed a new question; how would we account for the hugerdifice in



chain length required. One way is to make the seat slide haatkaath. This would make a lot of added weight and our exgsframe
constrained the distance allowed for such an arrangememts@ution was to incorporate two chain tensioners worlkingndem.

The selection of hardware for this project would need to Keepion to a minimum. Ceramic sprockets were suggestedligycle
mechanic. Our research indicated that the cost might beitgg but if we could get some donated by a sponsor, these wmittie
choice to use. Another thing to consider in this category avhstter quality chain. Recommendations were that a hightgehain
would improve our performance in the drivetrain. Also, betires were chosen to reduce resistance to rolling.

For the sprint competition, the existing front chainringswtao small, preventing the full speed potential from beieached. The
gear ratio was too small and the rider was pedaling at thekimmam long before the timed section of the course. To altevihis
problem it was decided to increase the diameter of the cingintUnfortunately, the largest commercially availablaiching was still
too small. Gaining full advantage in the sprint competitwith our vehicle would require a custom built chainring. &rtime was
against us, we chose the largest commercially availabliedhg we could find rather than trying to design and manufeect new one.

1.1.4. Safety Alternatives

Our safety considerations included a faster acting haymesg brakes, a chain guard, and Kevlar reinforcement inahim§. The
existing harness is safe. If we have time at the end of majddifications, we will look into a better harness system. Thakbs
on last year’s vehicle had a problem with warping of the dismae side. Our decision is to purchase a better quality bspkim.
Several options were researched and a brand was selecteck Was no chain guard on the existing vehicle. None of trexsidiere
harmed by the chain or chainring during the last competitimwever, it was decided that a guard would insure a saféra@maent.
Since carbon-fiber can be dangerous if broken, our decisamtavuse Kevlar to reinforce some of the key locations onahin§ that
were vulnerable to splintering in case of impact. The weagldition incurred would be a sacrifice well worth making teyant the
possibility of an injury. Our final vehicle will be closelyspected for sharp edges or dangerous protrusions that n@ighe injury to a
rider or anyone working in the pit.



2. Design and Analysis

2.1. Fairing

The aerodynamics of a fairing greatly affects the perforoeasf a Human Powered Vehicle (HPV). One goal behind thenfgiri
design is to make the pressure more uniform across the bmaly,allowing for a boundary layer to stick to the surface (laminar
flow). When a boundary layer is no longer able to stick, the t@eomes turbulent and would defeat the purpose of havinigiaga

The first step was to measure the dimensions of the frame fenyéar’s team (Fig. 2.1) since the frame was readily aittess

Figure 2.1. Roll-Bar Measurements

This was to get a grasp of how large a fairing might be and whiainnal dimensions would be required to fit onto the old frame.
The fairing design was quite simple. The nose was constidaden an ellipse due to the aerodynamic properties of thengsxy.



Figure 2.2. Side View Profile

Figure 2.3. Top View Profile

Figure 2.2 represents the side view of the fairing. The nmawe-line curves towards the top of the fairing; the pugpofthis is
to create less airflow at the bottom to reduce ground eff@dts.major problem was creating a profile that can have a faginpeance
and will fit over the current frame (refer to Figures 2.3 ant) 2The length of the fairing also had to be considered. Atsndairing
(97 inches) would allow for more control, but at the risk of more draggF2.4).

Figure 2.4. 97-inch Fairing

The steeper angle at the back would cause the boundary tagepéarate, thus creating vortices.
A slightly longer (107 inches) fairing (Fig. 2.5) would require a higher speed for the bdany layer to separate; however, it would
have slightly more surface area.



Figure 2.5. 107.5-inch Fairing (Final Fairing Design)

The suction caused by turbulence would be worse than thecdnaged by the extra surface area as determined by analgsisofs
2.1.2).

2.1.1. Fairing Design Process Overview

The recommendation of using four-point-splines in Solidkgowas provided by Chris Bailey from ProTech Compositesings
four-point-splines greatly simplified the constructiortioé fairing design and provided a more uniform surface. the to accommo-
date any significant changes in the frame was reduced by @austior each further change. Shortly after this method wedeémented,
the SolidWorks 2006 software at WSU Vancouver was upgraoleérsion 2007 and COSMOS FloWorks was installed which great
improved our productivity.

2.1.2. Fairing Analysis

The fairing designs were analyzed in COSMOS FloWorks withradvgpeed oB0 mph coming from the front. As illustrated in Fig.
2.6, there are two major pressure drops located by the rdyaldwlor (101.30 £ Pa) sections and pressure spikes at the front and end
of the fairing (101.40 kPa and 10135 k Pa respectively). The pressure in the center of the side pr@file.31 £ Pa) and the pressure
at the pressure drops are nearly uniform. The lowest pressiue is located by the navy blue color at the back end; tesspre drop
is measured to be around1.28 k Pa. Since the pressure through the majority of the body is umifm the simulate®0 mph winds,
the boundary layer should adhere to the surface allowintafomar flow. The pressure drop at the end suggests the aidkying the
fairing to be laminar since it is well between the pressurihefside profile and the front tip.

Figure 2.6. COSMOS FloWorks Isometric View of Final Fairibgsign



Figure 2.7. Final Design Under 15 mph Cross Winds

The drag coefficient is made up of two components, the fretialrag coefficient and the pressure drag coefficient (presirag is
also known as form drag). The theory involved in solving foe frictional drag includes the following equations[3]:

9(¥) =& (2.1)
Yy
Y =3 2.2)
1
C = / g (V) [1— g (V)] dY (2.3)
_dg
Co= 22 (2.4)

Tw:U%”% | PE (2.5)
2 T

In the relations abovey is the velocity at a given locatiofi] is the maximum velocity (assunié = 30 mph = 13.4m/s), y is the
normal distance from a surface, aha the boundary layer thickness. The shear stress at thenyalb defined in terms of the distance
from the front of the fairingz. For Exampler,,; = 0.00146//x wherer,, is the shear stress estimated fror: 0.254 m t0 0.889 m.
The frictional drag was estimated through three parts, ingahree graphs are needed to determine the drag.

D:/mwA+/MMA+/mﬁA (2.6)

Table 2.1 is a sample of the data collected from COSMOS FI&®\itig. 2.8). The velocities at varying distances, randiom zero to
the calculated boundary thickness, perpendicular to & jpoitthe surfaces are recorded then nondimensionalizedndimgimension-
alized values are then graphed. A function can be genenatedthe graph; once the function is generated, the wall stesss can be
determined through coefficients generated from an intdggal(2.3) and derivative Eq. (2.4) of the functions (Refeetmations 2.1
through 2.5).



Table 2.1. Boundary Layer Velocity at= 0.254 m

lum/s) | dm) | y [y/d(=Y) | uw/U(=g()) |
12.7867| 0.00259| 0.00259 1 0.953434
12.7839| 0.00259| 0.0025 | 0.9650594| 0.953226
12.7811| 0.00259| 0.00194| 0.7488861 0.953017
12.7783| 0.00259| 0.00161| 0.6214983 0.952808
12.7755| 0.00259| 0.0013 | 0.5018309 0.952599
12.7727| 0.00259| 0.00099| 0.3821635 0.952391
12.7699| 0.00259| 0.00066| 0.2547757 0.952182
12.7671| 0.00259| 0.00034| 0.1312481 0.951973
12.7643| 0.00259 0 0 0.951764

Figure 2.8. Boundary Layer Velocity

Ultimately, the frictional drag force was found to BeH0489 N from Eq. (2.6). The frictional drag coefficient was found ® b

1.912 x 10~° through the governing equation:
D

Cp=-—1 2.7
b= T (2.7)

The frictional drag coefficient can often be considered igégk.

The pressure drag coefficient is more easily obtainable gbherning equations are:
A
Co, J Cpcosbd (2.8)
A
pP—Po
C, = (2.9)
" (pU?)2)

whereC,, is known as the pressure coefficient. The data are preseniedbie 2.2 and depicted in Fig. 2.9.



Table 2.2. Pressure Coefficient

[0 (deg) [ «(m) | p(Pa) |

Cp |

Cpeost |

Cpeosbh ]

8.61

0.00151

101394

0.720381968

0.712263455

25.99761612

35.8

0.03259

101381

0.600318306

0.486896458

17.77172072

47.47

0.0695

101368

0.480254645

0.324640687

11.84938508

54.66

0.10783

101355

0.360190984

0.208344282

7.604566294

59.35

0.14376

101342

0.240127323

0.122415075

4.468150226

62.51

0.17489

101329

0.120063661

0.055420641

2.022853392

66.8

0.22841

101316

0

0

0

78.56

0.27626

101303

-0.120063661

-0.023813625

-0.869197303

86.75

0.75968

101303

-0.120063661

-0.006806744

-0.248446143

94.17

1.75333

101303

-0.120063661

0.008730549

0.318665021

106.7

2.06096

101303

-0.120063661

0.034501556

1.259306798

111.45

2.19533

101316

0

0

0

111.65

2.32764

101329

0.120063661

-0.044295782

-1.616796057

111.77

2.53944

101342

0.240127323

-0.089058813

-3.250646672
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Figure 2.9. Pressure Coefficient vs. Position

A graph was created from the data and separated into threg¢ieqsifor better correlation:

yl(z) = 11.3922% — 5.6732x + 0.6887 (2.10)
y2(x) = 0.03682> — 0.11572 + 0.1234x — 0.0498 (2.11)
y3(z) = 1.361223 — 9.254522 + 20.633z — 15.095 (2.12)

Assuming a constant width 86.5 inches (0.927 m), and a frontal cross-sectional areaSaft in2 (0.525 m?) for our fairing, the
drag pressure coefficient can be found by solving Eq. (2.Bis flesults in a drag pressure coefficien0df786.

Now that both components have been determined, they candesla@p = Cp + Cr to determine the final drag coefficient of
0.0786. (Note that the friction coefficient was indeed negligiple.
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2.2. Frame and Suspension

This year’s team of riders spans a diverse range of body.sfzésg length range of 1 inches was the first and primary difficulty
to overcome regardless of the chosen vehicle. Last yedrisleadid not have any adjustment for the torso to leg anglielvivas fixed
around 138. This angle was uncomfortable and limited the power tragasioin from the rider.

The 2007 frame incorporatedla75 x 0.125 inch roll-bar that was firmly secured into the rest of the framethAlgh hand
calculations were performed by last year's team to showvedgricy with the specified standard (Appendix B), no testiag carried
out to back up those assertions[4].

The issues previously discussed have been addressed ®/fiildwing modifications:

1. The steering and control system were redesigned withea bmll-crank layout. Much of the original steering geometas preserved
due to its excellent handling characteristics, though tremonents were redesigned with greater strength and adjliist

2. Afully adjustable bottom bracket assembly that allowstfoth varying torso to leg angles and can accommodate fdutheinge
of leg lengths was designed.

3. The wide adjustment in leg length required a techniquectoant for a large amount of extra chain. This was accomgdishith a
specially designed chain tensioner that could remove @g taches of extra slack in the chain.

4. The suspension was removed from the vehicle to save waiggdt it was proven that it was not affecting the performatteaygh
the SLA style was kept due to its light weight and wide rangadjtistability.

2.2.1. Steering And Suspension

There are many factors affecting the performance and hamndharacteristics of a vehicle, however, only a few of theidsawere
investigated in this project. The principals of Ackermatgesing geometry and center of gravity placement were theguy design
criteria used here[5].

As a tire travels along a curved path, the tread is deflectatidgtatic interface with the road and the force exerted byéhicle.
This is because the actual turning radius of the tire is wildan the path predicted by pure Ackermann geometry. Thésedlip angle
is a function of the tire, input steering angle, speed, adlilyg conditions. In order to accurately predict the bebrasf a vehicle
during cornering, some knowledge of the slip angle charisties must be known. Ackermann steering is the principat the axes of
the front wheels should intersect on the axis of the rear Wheesse at the center of the turning radius as illustratedgn Ei10.

o b
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Figure 2.10. Ackerman

2.2.2. Rear Suspension

The design for the new rear suspension has two braces cedrtedhe cross members of the frame. These braces are hmttesl t
Ellsworth member. This configuration is more stable in therk direction than the previous design. Finite Elemenalgsis (FEA)
results show that the braces are strong enough to withstatadiaload 0f500 [b. placed on the driver’s seat. The effect that may prove
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to cause a problem is fatigue caused by flexing the frame wital@ling over bumps. Since the roughness of the competitarck is
unknown, the number of cycles encountered will have to bamasd. The vibration amplitude applied to the frame is alsknown.
Some estimates have been made by measuring the pavemend dnelWWSU Vancouver campus. The average bump is found to be
0.125 inch in height and the wavelength that these bumps occur is arddhdnch. With a load of500 (b on the seat of the vehicle
and traveling a distance @00 km, 8.75 x 10 cycles would be placed on the frame. Using COSMOSWorks tesadatigue with these
parameters resulted in a minimum factor of safetg.afl for the brace which seems adequate.

2.3. Budget

It was important to keep the cost of the overall vehicle asdsvwpossible in order to stay within the budget (see AppenjlixiGe
fairing materials were the most costly item in the systenolifigg foam is very expensive; to improvise, expanding foaaswsed to
build the plug. In addition, our method of building and caxgrribs with paper as a void in the interior space created evere savings.
Due to our lack of experience it took 30 hours to build the phlanks. However, with experienced workers and refinementhe
process, this time would surely be reduced considerablyerizhe cost of tooling foam at over $3000.00 for the amouated for our
plug (expanding foam cost was $462.00), it is easy to sedhsatethod has excellent potential for savings.

Our estimated cost to produce a single vehicle would be $538& estimate is based on labor of 80 hours at $20 per how. Th
estimate for a production run of 10 vehicles per month woel$8488. This estimate is reached by reducing the hourskior @ 30
and averaging the cost of the mold and fixtures over a year.

The project was funded by a $5000 grant from Associated &tadd Washington State University at Vancouver, a dondtiom
ASME Oregon Section for $500, a sponsorship from BattlegddBicycle for bicycle parts, and a sponsorship from ProhT@ompos-
ites of shop space and technical guidance in building theorefiber fairing.



3. Construction

3.1. Fairing

An approach to constructing the fairing that has a mix of sveethods combined with some of our own novel concepts akaent
Some phases are similar to the method depicted in a videoldsy Hlast Corporation[6]. Some ideas were taken from stegtsother
colleges have used in the past as found on their websitesramibps year design reports. Then, some were taken fromiteshihat
show how to build aircraft bodies and wings.

3.1.1. Plug

This is based on our most original idea. Although the contepimilar to other methods, a new one was developed. Thesfept
was to print out profiles of the fairing surface, including a.ch offset inside and a.5 inch offset outside of the intended surface. The
inside profiles are then cut from Styrofoam and the outsides % inch hardboard. The inside profiles are glued to a board that besom
a base. Then the hardboard profiles are used to pour secfierpanding foam. This method saves on the volume of expgrfdam
necessary, thereby saving money.

The foam is formed.5 inches over the intended surface. Since it is not very uniform, ibislt up enough to insure a uniform
consistency at the intended surface. Then the foam is niiieeh to the surface using CNC code generated by FeatureCAvad
necessary to build the plug in four sections in order to mhkentsmall enough to fit on the milling table.

The foam is sprayed with resin diluted with acetone. Thidsséee foam and creates a base that can be sanded to a smasith fini
Then the surface is waxed and sprayed with mold release.agent

3.1.2. Mold

Three coats of gelcoat are applied to the plug. When the fivetl ltas cured enough to stop tacking, three layers of fitesghat
are laid up. One layer of woven roving 18 ounce fiberglasddsup and one more layer of mat is applied over the woven roviilgen
this has cured the mold can be pried loose, washed, inspfectidperfections, and repaired if necessary. The mold isagand mold
release agentis sprayed on.

3.1.3. Carbon Shell

Vacuum bag forming is used to lay up a single ply of carbonrfibks soon as the epoxy has set, foam strips are positioned
strategically and strips of carbon or Kevlar (which is usdtere there might be a need for higher strength since carben+hight
shatter on impact) are laid up over the foam. Aluminum brescie mounting the fairing to the frame are positioned andlieis laid
up over them. These are vacuum bag formed and become suppottiees for rigidity and for mounting the frame

3.2. Frame and Suspension

It was necessary to generate CNC code by importing Solidg\ilds into FeatureCAM for many of the parts. Some parts were
milled and/or turned on a lathe manually. Some parts hadjigsto facilitate alignment during welding. The old moing structures

13



were cut off with a saws-all and ground down to the frame tgbibhe new parts will be carefully positioned, clamped intacp, and
welded. All subsystems will be assembled to complete thewshicle.
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4. Testing

4.1. Fairing Tests

A scaled prototype of the fairing design illustrated in gat®2.1 was created through a Rapid Prototype (RP) machir@m#ar
prototype of the previous year’s fairing, as shown in Fid., &vas also created. The prototypes were scaled at 1:3Caraditested in a
water tunnel.

Figure 4.1. Trimetric View of The First Design

The frequency that the water passes through the tunnelsdrage3.5 Hz (0.05m/s) to 10 Hz (0.17 m/s); the water becomes too
turbulent beyond 0 Hz. The objective of the water tunnel test is to compare theityuafl the flow around the scaled rapid prototype
fairing. The water tunnel releases ink to flow across theasarbf an object to provide visualization of the streamlifidss allows for
qualitative analysis.

Comparing the water tunnel test results (Fig. 4.2) with thkdSVorks velocity profile (Fig. 4.3), the change in the @ty in the
back results with the formation of vortices at the top anddsotcorners.
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Figure 4.2. Side and Top Views of the Water Tunnel Test
(a-b) 3.5 Hz (0.05m/s), (c-d) 5 Hz (0.07m/s), (e-f) 10 Hz {@ris)

Figure 4.3. Side and Top View SolidWorks Velocity Profile

These can be compared with the water tunnel tests on theopieriodel (Fig. 4.4).

(@) (b)
Figure 4.4. First Design at 1 Hz (a); and at 10 Hz (b)
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4.2. Road Tests

When the vehicle construction is completed, the effectagsrof our modifications will need to be checked under fielditmms.
These tests also give our team a chance to record the re@@imeihutes riding time as stated in Appendix 4 Part (7) of the®Rules
prior to the competition[7]. The method is simply to driveethehicle while noting the handling and performance. Thdckelwill
be driven at progressively increasing intensity until theximum output of our riders is reached. Each test will beofgid by close
inspection of the frame and all subsystems for defects. IResiithese tests will be used to make modifications if needée results
and any modifications necessary will be presented at the etitiop in Reno.
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A. Weighted Rating Matrices

Fairing Concept Allematves
(C=1=0] I one picce o piece ront cpensfwe piece sides opens]two piece back opens Three picce
Imporance weighted Welgh(edl vweighte o wweighted weighted
Criteria wWeight (36 Rating Rating Rating Rating Rating Rating Rating Rating Rating Rating
|~ ercaynamic Eficiency 2 .5 4 EY 3 o 75 E EY 3 o7
High Riliability z O 2| £ X a [SR=] £ [X=] A [eE=]
Ergonomics 4 [SN=) 4 [R=] = SN > o af = SN
Low Cost 2 SR} 2 0.4 2 0.4 2 0.4 2 [ERE}
rManuracturability E EW= | 3 ER=] 2 [ER= 3 o.15] 3 [ER=]
Totat = 1 = = T 55 = 1o T en
Front Suspension Concept Allematves
repairtune existing no shocks fixed | complete redesign |
Tmpor=nce e ighted eighte of Weighte o e ighte o
Criteria wweight (363 ] Rating Rating Rating Rating Rating Rating Rating Rating
High Emciency 20| 3 0.6 :E| 0.5 a [EN=) [s] [s]
High Riliability 20 3 0.6 3 0.6 4 [EN=) [ [
Low Maintainance =0 E .4 E =) E SN [ [
Low Cost 4 0.6 > 0.3 > [SR=] [ [s]
Lignt vweignt > 0.2 4 G4 E o3| [s] [e]
M anuracturability E 0.6 3 0.a5 3 0.45 [ [
Tot=t E ERLS ERS [< o
Rear Suspension Concept Allematves
fix existing alignment ma;sjuas"(g";'?;e'“ build into fairing complete redesign
Tmpor=nce e ighted Vielghte o Teights o Tieighted Treighted
Criteria wweight (363 ] Rating Rating Rating Rating Rating Rating Rating Rating Rating Rating
High Eficiency 20| E] 3 0.5 a [EN=) a [SN=) [
High Riliability 20 1 E] 0.5 2 [ERE E] = [
Low Maintainance =0 1 = C_4) = o4 = © .6 [
Low Cost 5| a :{l 0.a5 1 O 15| 1 O 15| [s]
Light Weight ] 1 = =] a o4 a ©_4 [s]
Manufacturability = 4 3] o.a5 1 o 15| 2 =] o
Total To0| | | = 7 = 3] N [s]
Breaks Concept Allematves
rear-v brake drum brakes front v-brakes fix existing disc breaks
I|11porlance| e ighted Tieighte o Tieights o Tieighted Tieighted
Criteria wweight (263 ] Rating Rating Rating Rating Rating Rating Rating Rating Rating Rating
High EMciency [s] 2 0.6 a 12| [ER=] E 1 [
High Riliability =5 E 0.5 a EY O .75 E O .75 [
Low Maintainance =5 E 075 = O 75| O 75| [s]
Low Cost ] 4 0.4 1 o3 E o] [e]
Light Weight 5| E 0.2 1 0.05 E 0.2 2 0.1 o
Manufacturability 5| = o5 = = o315 - o= o
Total 100 ENE = o5 ENE = [s]
Hand Controls Concept Alternatives
keep same steering voke indirect pivot adjustable spline a'j”‘séla:;epp'"":h
Tmporanc e Welghtedl Welgl'\tedl Tieights o I Teighted Weighte o
Criteria wWeight ¢ Rating Rating Rating Rating Rating Rating Rating Rating Rating Rating
High Eficiency 25| 2 1 a EY 4 1] a EY 3 o. 75|
High Ri =5 E = G5 O 75| a Y E [SR=
Low Maintainance [s] E = o8] [SRE] = ¥ E O3
Low Cost of 4 1 [N O 2] 1 [N 4 o4
Light Weight 5| 3 £l 0.3 o3| 1 015 E [EN=
Manufacturability 5| 4 = k=] o a5 EX o 15 > [EX=]
Total 100 = A E = & Z oo
Drivetrain Concept Alternatives
adjustable belt drive spring loaded idlers
Tmpor=nce Teighted Tweighte o Teighte o Teighted Tieighted
Criteria wWeight ( Rating Rating I Rating Rating Rating Rating Rating Rating Rating Rating
High Efficiency 25| a 1 | 3[ O .75 0. 75 [} [}
High Riliability =5 £l 1 = 0 75| O 75| [ [s]
Low mMaintainance 5 = O3 = 0.a5 045 [s] [e]
Low Cost S 1 0.15] 1 015 0.a5 [ o
Light Weight o = .2 | 0.4 ©.2] [ [
Manufacturability (5] = [ al o 1] [o=] (5] (5]
|Totau 100 =1 | 1 NS = [&] [&]
Seat Concept Alternatives
fixed Sdjustable fonvard! i ctable: F/B and tilt
Tmpor=nce Teighted TWeighte o Teighte o Teighted Tieighted
Criteria wWeight ( Rating Rating Rating Rating Rating Rating Rating Rating Rating Rating
High Efficiency (ergonomic) =5 N O35 E o 75| a EY [ [
High Riliability =0 £l [EN= > 0.4 1 [SF=] [ [s]
Low Maintainance of a 0.4 = o2 1 O_1] [s] [s]
Low Cost [s] a o.4 2 0.2 1 0.1 [ o
Adjustability 5| [=] [=] 3 0.a5 a [ER= [ [
Manufacturability =0 4 o EI :q O_65| = o _4] (5] (5]
[Totau To0] Z 65| = 2_4 [&] [&]
Pedal Adjustment type Concept Allematives
keep same make quick adjust Tixed
Tmpor=nce e ighte o |We|gh(sd Velghte o Telghte o TWeighted
Criteria wweight (26 Rating Rating Rating Rating Rating Rating Rating Rating Rating Rating
High Efciency =5 075 a E1 T O =5 [s] [s]
High Riliability Z0| > o4 = 0.5 a [eN=) [s] [e]
Low Maintainance S | 015 E] 015 a 0.2 [ o
Low Cost 10| E .4 2] 0.2 a [SRE [ [
Adjustability 15| = SR a N [s] of [s [
Light Weight 5| O 15| = O 15| a [sF=] [ [s]
Manufacturability Z0| 4 [s] §| E] 0.5 a [SN=| [6] [a]
| Totau 1o0o] 2. 90 =3 2. 69 [5] [5]
Pedal Type Concept Allermnatves
keep same guick release use linear drive
Tmporance Weighted VWeighte o VWeights o I VWeighted WWeighted
Criteria weight (363 | Rating Rating Rating Rating Rating Rating Rating Rating Rating Rating
High EMciency =0 = [EN=] 4 1 3] [CN=] [s] [e]
High Riliability Z0 2 [ERE} 4 0.5 0.6 [ o
Low Maintainance o E [ERE} 4 0.4 .3 [ [
Low Cost 5] £ ER E CR=] [SR=] [s [
Light Weight [] 4 O_a 4 o 4 = [s8=] [s) [o]
Total 100 = 3 =7 = 3 [s] [e]
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B. Chrome Molybdenum Tubing Equivalence

ASME specified minimum safety requirements for the roll bene following calculations show that a%Linch T6061 aluminum
with a 1/8 inch wall exceeds the minimum safety requiremestshown below. (These calculations are from the Washingtate
University Vancouver 2007 HPV Team report.)

i . Chrome Molybdenum| T6061 Aluminum
Yield Tensile Strength- - -
91200 psi 39885 psi

32-M -c o-1
- _

n(D*-D?
M:U%  (Dy — D)

D, = .
=2 32-D,

D

=1.75in

Oal
D;, =15in
Oy, = 39885 psi
7 (1.75% — 1.5%)

My = = Ib-i
= 39885 ———— 9658 1b - in
D;., = 1.402in
oy, = 92100 psi
m(1.5% - 1.402%) _
My, = 92100 =72271b - in

32-1.5
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C. Budget Details

Description | Qty [ Unit [ UnitPrice | Total Price
Fairing Mold

Respirator 1 ea $20.12 $20.12
Organic vapor respirator cartridges 1 pair $17.03 $17.03
MEKP catalyst 1 pint $7.75 $7.75
MEK dispenser 1 ea $7.60 $7.60
Ortho laminating resin 1 5 gal $112.35 $112.35
Chopped strand fiberglass mat (1.5 oz weight) 26 yards $2.32 $60.32
Woven roving fiberglass (24 oz weight) 7 yards $4.80 $33.60
Fiber filler 1 qt $19.66 $19.66
Acetone 1 qt $8.05 $8.05
Laminating roller 1 ea $7.50 $7.50
Wet/Dry Sandpaper 220 2 5 pk $5.13 $10.26
Wet/Dry Sandpaper 320 2 5 pk $5.13 $10.26
Wet/Dry Sandpaper 400 2 5 pk $5.13 $10.26
Wet/Dry Sandpaper 600 2 5 pk $5.13 $10.26
Buffing compound 1000 1 ea $7.50 $7.50
Buffing compound 2000 1 ea $7.50 $7.50
Mold release wax (Partall #2) 1 24 0z $16.45 $16.45
PVA parting agent 1 gal $36.10 $36.10
mil gage 1 ea $1.75 $1.75
mixing containers 5 ea $2.00 $10.00
trays 4 ea $1.75 $7.00
brush (2 inch) 5 ea $1.71 $8.55
brush (4 inch) 2 ea $4.11 $8.22
Tooling gel coat 1 qt $29.59 $29.59
measuring containers 4 ea $3.00 $12.00
latex gloves 1 box $8.50 $8.50
buffing pads 5 ea $4.25 $21.25
Microfiber cleaning cloth 2 ea $5.25 $10.50
Replacetone biodegradable cleaner 1 qt $9.75 $9.75
Fiberfoam 10 gallon expanding foam kit 2 ea $243.00 $486.00
Quart, Duratec High-Gloss Additive (904-001) 1 qt $23.16 $23.16
Surface Agent, (Styrene/Wax Solution) 1 qt $14.42 $14.42
SUBTOTAL $1,053.26
Fairing Materials

GRAPHITE 5.7 OZ 3K X 50" x YD 12 yd $55.00 $660.00
System 2000 epoxy resin 2 gal $89.95 $179.90
System 2060 hardener 1 qt $37.95 $37.95
Polyethylene Bagging Film 10 yd $1.60 $16.00
Breather and Bleeder 10 yd $4.25 $42.50
Gray Sealant Tape 2 25' roll $7.95 $15.90
SUBTOTAL $952.25
Bicycle Parts

Avid Juicy Disc brake rebuild kit 1 ea $50.00 $50.00
Avid 160mm Rotors 2 ea $40.00 $80.00
DOT 4 Brake fluid 1 50z $5.00 $5.00
Avid Break pads 3 set $20.00 $60.00
Sram X9 Upper and Lower Chain Pulley Kits 1 ea $20.00 $20.00
Crankbrothers Acid 1 Pedals 1 set $120.00 $120.00
Shoes 6 pair $60.00 $360.00
Extra cleats 6 pair $25.00 $150.00
Spacers 1 set $20.00 $20.00
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Description | Qty | Unit [ UnitPrice | Total Price
Cateye Strata Cadence Computer 1 ea $45.00 $45.00
Spoke Adjustment Tool 1 ea $10.00 $10.00
Foot Pump 1 ea $40.00 $40.00
CO2 System 1 ea $30.00 $30.00
Flat Kit 3 ea $3.00 $9.00
Chain tool 1 ea $12.00 $12.00
SUBTOTAL $1,011.00
Frame Metal

1.75" OD x 0.125" WALL x 1.5" ID 6061 T6 TUBE X 6ft 1 ea $58.00 $58.00
1.5" OD x 0.125" WALL x 1.25" ID 6061 T6 TUBE X 6ft 1 ea $23.40 $23.40
0.875" OD x 0.065" WALL x 0.745" ID 6061 T6 TUBE X 6ft 1 ea $15.00 $15.00
0.625" OD x 0.058" WALL x 0.509" ID 4130 TUBE X 4ft 1 ea $15.14 $15.14
0.75" X 1.5" ALUMINUM 6061-T6 EXTRUDED RECTANGLE X 2ft 1 ea $13.85 $13.85
Shipping $16.22
Subtotal $141.61
Steering and Suspension Parts

302 Stainless Steel Torsion Spring 270Deg Angle, 1.342" Coil OD,.106" Wire, Cw/Lh (Same as 9287K94) 2 ea $8.60 $17.20
PTFE Flanged Sleeve Bearing for 3/8" Shaft Dia, 1/2" OD, 3/8" Length 1 ea $3.93 $3.93
Alloy Steel Shoulder Screw 3/8" Shoulder Dia, 3/8" L Shoulder, 5/16"-18 Thread 2 ea $1.33 $2.66
Easy-Adjust Threaded Connecting Rod 12" Overall Length, 1/4"-28 Threaded Female Ends 1 ea $14.96 $14.96
Alloy Steel Shoulder Screw 3/8" Shoulder Dia, 1/2" L Shoulder, 5/16"-18 Thread 3 ea $1.36 $4.08
PTFE Flanged Sleeve Bearing for 3/8" Shaft Dia, 1/2" OD, 1/2" Length 2 ea $4.12 $8.24
Easy-Adjust Threaded Connecting Rod 3" Overall Length, 1/4"-28 Threaded Female Ends 0 ea $13.85 $0.00
High-Strength Ball Joint Rod End 1/4"-28 Female Shank, 3250 Ib Load Capacity (Right Handed Threads) 2 ea $3.65 $7.30
High-Strength Ball Joint Rod End 1/4"-28 Female Shank, 3250 Ib Load Capacity (Left Handed Threads) 2 ea $3.65 $7.30
Right-Hand/Left-Hand Threaded Stud Black Oxide Steel, 1/4"- 20 Thread, 3" Length 4 ea $1.68 $6.72
Nylon Bearing Flanged, for 5/8" Shaft Dia, 3/4" OD, 3/4" Length 2 ea $4.80 $9.60
MDS-FILLED Nylon Bearing Sleeve, for 5/16" Shaft Dia, 7/16" OD, 5/8" Length 2 ea $2.05 $4.10
18-8 Stainless Steel Socket Head Cap Screw 5/16"-24 Thread, 2-1/2" Length 1 ea $11.57 $11.57
4130 Alloy Steel Sheet .125" Thick, 12" X 12" 1 ea $24.23 $24.23
Easy-Adjust Threaded Connecting Rod 6" Overall Length, 3/8"-24 Threaded Female Ends 2 ea $14.96 $29.92
High-Strength Ball Joint Rod End 3/8"-24 Male Shank, 5100 Ib Load Capacity (Right Handed Threads) 2 ea $4.32 $8.64
High-Strength Ball Joint Rod End 3/8"-24 Male Shank, 5100 Ib Load Capacity (Left Handed Threads) 2 ea $4.32 $8.64
Alloy 6061 Aluminum Rectangular Bar 3/8" Thick X 8" Wide X 3' Length 1 ea $58.41 $58.41
Alloy Steel Shoulder Screw 3/8" Shoulder Dia, 3/8" L Shoulder, 5/16"-18 Thread 2 ea $1.33 $2.66
Subtotal $230.16

Grand Total

$3388.28
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