| | FLORIDA
F I u INTERNATIONAL
UNIVERSITY

EML 4905Senior Design Project

A B.S. THESIS
PREPARED IN PARTIALFULFILLMENT OF THE
REQUIREMENT FOR THEDEGREE OF
BACHELOR OF SCIENCE
IN
MECHANICAL ENGINEERING

OCEAN WAVE ENERGY GENERATOR
Final Report

Bader Ale
Alfonso Parra
FrancisS. Fernandez

Advisor: Professor Sabiiosunoglu

April 10, 2011

ThisB.S. thesis is writtem partial fulfilmentof the requirements in EML
4905 The contents represent the opinion of the autéwodsnot the
Department of Mechanical and Materials Engineering.



Ethics Statementand Signatures

The work submitted in this project is solely preparedhligam consisting dader Ale,

Alfonso ParraandFrancis Fernandeand it is original. Excerpt§ r om ot her sdé wor k
been clearly identifiedtheir work acknowledgewithin the textand listed in the list of

references. All of the engineering drawings, computer programs, formulatiesgn

work, prototype development and testimegorted in thilocumentare also original and

prepared byhe same team of students

FrancisS. Fernandez Alfonso Parra Bader Ale
TeamlLeader Team Member Team Member

Dr. SabriTosunoglu
Faculty Advisor

i|Page



Table of Contents

IS o ) T [ P SPPPPPPRRP, v
IS A ) = ] =TS PP PUPPPP viii
N 0] 1 = o AT TTTTPPPPP 1
R 11 o o 18 o o o TSRS 2
1.1 Problem STateBINL...........uuuiiiiiiiiiiiiii et 2
2 Y[ 1)Y= o o OO RRRSPTRR 3
1.3 LIterature SUIVEY.........cccoiiiiiiiiiiiiieeee e enn
1.4 EXiStING TECNNOIOGY. ...ttt ieeeii ettt et e e e e e 8
2. ProjectFormulation...............oouuiiiiiiiireeeeee e e e e e e e e aes 11
P2 N @ Y o= S 11
2.2 Project ODJECHVES .. ..uuuiiii e re e e 11
2.3 DesSigN SPECITICALIONS. ......uuuuiriiiiiiiiiiiiiceeeeee ettt e e e e e e e e e e e e 12
2.4  Constraints and Other ConSIderationS..........ccccvvieeiiieeeeeiiieeeee e 13
3. DeSIGNAREINALIVES.......cooi ittt eee et e eeee e e e e e e e e e e e e e e e s e e aanee 14
3.l OVEBIVIBW.. ittt e ee bbbttt ettt e e s saat e st e et e e e e e e e e eaeeeeeesammeaeaaeeas 14
3.2 Design ARErNAIE L.........ccooiiiiiiiiiiiiieeee e e 17
3.3 DeSign AREINALIVE 2........uiiiiiiiiiiiiiii e 18
3.4 Design AREINAtIVE 3.......ccooiiiiiiieeeeee e s 20
3.5 Feasibility ASSESSIMENT.......ccooiiiiiiiiieeee e 21
4. PrapoSed DESION......cccoiiiiiiieieeeeeme e e e e e anana 23
o R O 1< V1 S, 23
4.2 Conceptual ProtOtype.....cccoeeiiieeeiieiieeeeeee e emme e 24
4.3  Modified ProtOtYPe......ccooiiiiiiiiieietee e eee bbb 31
5. ProjeCtManagement...........coooeviiiiuiiiimmee et e s et eeaaeaeaan 34
o0t R © 1V =T oV = A RPU 34
5.2 Project BreakdOWN..........uiiiiiiii i eeeeeeeeee e 34
5.3 Project OrganiZatiOnl...........eeiieiiiiiiiii et 35
5.4 Bred&kdown of ReSponSibilitieS.......cccoeiiiiiieiiiiiiieeeie e 36
6. Engineering Design and ANAlYSIS...........cooouiiiiiiiimmmniiiiiiee e 38
6.1 OVEIVIBW...ceiieiiieiiiiee e et e e e e e e e e e e e e anaea s e e e e e e e e e e eeeeeeeeessssbnnneeeeeeees 38
6.2 Thermal ANAIYSIS.........uuuiiiiiiiiiiiiii e 39
6.3 KiNemMaAtC ANAIYSIS.......uoiiiiiiiiiiii et emmr e 40
6.4 Dynamic/Vibration ANalySiS.........ccooviiiiiiiiiieeen e A2
6.5 ElectromagnetiCc ANAlYSIS.......ccooviiiiiiii e 46
6.6 BUOYANCY ANAIYSIS.....coiiiiiiiiiiiiii it ieee bt eeea e e e e e e e e e 51
6.7 Forceand StreSS ANAlYSIS......coiiiiiiiiiiii e eene e 53
6.8  Fluid MechaniCS ANAIYSIS........ccuuiiiiiiiiiiiiiie e 57
6.9  Fatigue ANAIYSIS.....ciio it 58
I O T @0 T 1S = L - | = P 60
7. Prototype @NSIIUCTION. ... ccoiiiiie i eeeeeeee ettt as 62



T L OVOIVIBW. . et et e e e e e e ammeeenenead 62

7.2 Preliminary RESUILS..........oooiiiiiiii st e e 62
7.3 Prototype DESIgN.....cccccuiiiiiiiiiiiieeieeeiiiiiee ettt e e s emer e e e e e e e e e e e e e 638
7.4 PartS LBt @nd COSL......ccuiiiiiiiiiiiiiiei et 70
4 T O] 111 U X1 o] o PR 71
8. Testing and Evaluation...............oooeiiiiiiimemee e 81
S TR R @ 1V = oV = APPSR 381
8.2 TeSt ReSuUlts anDataL...........ccouuuiiiiiiiiiiieeii et 82
8.3 Buoy Testing on Biscayne Bay, Florida..............cccccumvimmmnnniiiiiiiiiiiiee 84
8.4 EVAIUALION......cuuiiiiiiiiiiiiii e 87
8.5 Improvement of the DeSIgn..........ccooiiiiiiiiiirei e 88
9. Design CoNSIAEIAtiONS..........uuuuueiiiiie i e ceeeitiies s s e e e e e e e e e e e aeeesa e e e e e e eaeaaeeeeeeennnans 91
9.1 Assembly and Disassembly...........cccccuiiiiiiimmmni 91
9.2  System MaiNtENaNCE..........cceeeiiiiieeeeieeee e e 91
9.3 Prototype Changes..........ccuuiiiiiiiiii e 92
10.  Environmental IMPacCT..........coooiiiiiiiiiime e Q3
L10.1 OVEIVIEW....cceeeeeieiiiiiiiieeee e s sttt s s e s e e e e e e e e e e amaessaaaaeeeeeeaeaaeeeeeessssnnneeeeeeees 93
10.2 MaAFINE LIfe....uuuiiiiiiiiiiiiiiiiee et e e 93
10.3 OceaniC IMpPAacCt ON BUOY.........ccuuuiiiiiiiiiiiieeeiiiiieieieee e eeeee e e e e e 95
10.4 Tidal EffECL.. ..ttt 96
I3 R @ [ 111 [ o P RRRRPRRR. 97
11,1 OVEIVIEW....uiiiiiiiiiiiiiiiiei et e e s eeeteet et et e e e e e e e e e e e e e e s s ammme e e e e e e e e e e e e e s s nnnnnnsnnes s e e e 97
11.2 FULUIE WOTK ...ttt e e e e e e e emnnnes 97
12, Special ThakS..........ccooiiiieeee e eneaees 99
IR O = (T = o = 101
APPENIX AT CatalOgS......cvvviiiieiiiiiee e e s e e e e e e e e et eeeer e s e e e e e e e e aeeeeeeeeerraaana- 103
Appendix Bi Engineering DrawingsS...........oooiiiiiiiiiiimmena i eeeeeseseeeee 112
B.1 Conceptual Prototype........cooooiiiiiiiiiiieeeee e 112
B.2  MOdified ProtOtYPe......ueeiiiiiiiiiiieeee et 116
Appendix Ci Design Sample Calculations...............ooovvviiiiieee e 126
Appendix Di Properties of Materials..............uueeeiiiiiiiieeeiiiiiiieeeee e 130

iv|Page



List of Figures

FIQUIE 1- OCEAN WAVE.......uueiiiiiie e e ceee et e e e e e e ettt eeea e e e e e e e e e e e e eeaaaansann s mmme e 4
Figure 2- Schematics of a Wave SysStem.[3]...........uuumiiiiiiiiieemiiiiiiieiieeeeeee e 5
Figure 3- U.S. Coastline Wave Heights, Dated 4/4/2011.[6]..........cccceeiiiiiiieecnnnnnnnd 6
Figure 4- Concept Design of BueReel SysStem [7] ... 8
Figure 5- Magnetic Induction Wave Energy Design [8]..........ceeeiviiiiiicccciiincinennn. 9
Figure 6- SIECAT Compressed Air Energy Design [9]...........uuvviiiiiiiiiieesiiiiiiieeeen. 10
Figure 7- Preliminary Design CONCEPL.......cciiiiiiieieeieiiieeeei e enee e 15
Figure 8- Consequent Design CONCEPL.2......ccoeviiiiiiiiiiiicceee e ee e 16
Figure 9- Design Alternative L...........ccoooiiiiiiiiiiiieee e e 17
Figure 10- Design AEINALIVE 2.........ceviiiiiiiiiiieii e 19
Figure 11- DeSIgNAIEINALIVE 3..........ovvviiiiiiiiie e eeeen e e e e e e 20
Figure 12- Neodymium N42 Magnetic Field Strength at Surface Area................. 25
Figure 1340 Neodymi um N42 MagnAway froon Sarface. .26
Figure 14- Exploded View of Conceptual Prototype.......ccccccvviviiiiiieeciiiiiiieeeeee, 27
Figure 15 Solenoid (Copper WIrE)........cccuviiiiiiiieeiiieeeeeee e et smmme e eeeneannees 28
Figure 16- Neodymium Magnet COLE.........ccccuuuuiiiiiiiieeeriiiieb e eeeeee e 28
Figure 17- BUOY FIO@L........cccoooiiiiiiceeeee e 29
FIQUIre 18 MaAgNet CaSE.......uuiiiiiiiiiiiiiie ettt 29
Figure 19- Copper Solenoid Case.........cccoiiiiiiiiiiiiieee e 30
Figure 20- Magnet Case ENd Cap........c.cuuuuuiiiiiiiiiieeeiiiiiiiiiee et e eeeeee e 30
Figure 21- Modified ProtOtype.........cccoiiiiiiiiiiiiiiieeee e 32
Figure 22- Exploded View of the Modified Prototype............cccccooviiiimesineece e 33
Figure 23- Senior Design Project TIMeling............cooovrriiiiiiiee e 35
Figure 24- System Element Prop@Fs. ..o e 38
Figure 25 Magnet Case Temperature Gradient Distribution at 1 BTU/s.............. 39
Figure 26- Solenoid Outer Case Temperature Gradient Distribution at 1 BTU/s...39
Figure 27- Displacement and Velocity DIr€Ction.............cceeeiiieeiceeciiiicieee e 41
Figure 28- Magnet Case, Vibration Frequency, Mode. L........ccccccceiiiiiinannnnnnnnnnn. 42
Figure 29- Magnet Case, Vibration Frequency, Mode.2............ccccceeivevieeeeeceeennnnnn. 43
Figure 30- Magnet Case, Vibration Frequency, Mode.3...........cccccoviiiiiieannnnnnnnnnnn. 43
Figure 31- Magnet Case, Vibration Frequency, Mode.4............cccceeeiiivieeeeeceeennnnnn. 44
Figure 32- Solenoid Inner Case, Vibration Frequency, Mode.1l............ccccvvvvvieenes 44
Figure 33- Solenoid Inner Case, Vibration Frequency, Mode 2...............cccovvueeeen. 45
Figure 34- Solenoid Inner Case, Vibratn Frequency, Mode.3..............cccvvvvvviiieenens 45
Figure 35 Solenoid Inner Case, Vibration Frequency, Mode 4...............cooevvueeeen. 46
Figure 36- Magnetic Strength 2 Inches from the Surface...............ccccccieen s a7
Figure 37- Magnetic Strength 1 Inch from the Surface................cieiiii s 48
Figure 38- Magnet Case Factor of Safety ReSUItS.............eeveiiiiiiceciiiiiiiiiiiiicen 54
Figure 39- Magnet Case Displacement ResuUltS...........ooouiiiiiiiccciiiiieiiiiiiiin 54

Strengt



Figure 40- Magnet Case von Mises Stress Distribution Results.............ccceevveeeees 55

Figure 41- Solenoid Assembly Case Factor of Safety Results..............cccovvvieeee... 56
Figure 42- Magnet Case Displacement ResuUlts.............cccccviiimmmniiiiiiiiiiee 56
Figure 43- Solenoid Assembly Case von Mises Stress Distribution Results......... 57
Figure 44- Fatigue Analysis of Magnet Case............oovevvvivuiiimmmeniieeeeeeiiiiiiiee e 59
Figure 45- Fatigue Analysis of Assembled Solenoid Case...........ccceeeeeevveeeeeeeennnn. 60
Figure 46- Coast of Florida Wave Heights April 10, 2011 [6]..........cccoeiivvvvvvrnnnnn 61
Figure 47- Coast of Florida Wave Heights April 14, 2011 [6].......ccccoveeiiiieeeeeennnn. 61
Figure 48 7-in Test Solenoidrad Multi-meter...........ooovviiiiiiiiiiii e 63
Figure 49 Three %in x 1-in N42-Grade Magnets............ccoovvvvvviiivimemeeeeeeeeeeeciiiiiinnns 63
Figure 50- 7-in, 2-ft Long Test Solenoid...........cooooiiiiiiiiiiccee e 64
Figure 51- Creation of the Solenoid.................oooiiiiie e 71
Figure 52- Securing the lined up Solenoid Wires with Tape.........ccccccvvvviiieeennnnen. 72
Figure 53- Completed Solenoid Case (L).........cceeeeeiiiiiiiieeeie e 73
Figure 54- Completed Solenoid Case (2).........coouuiiiiiiiiiicmee e 74
Figure 55 Marine Sealant is Applied to the Wiring Hale.................cccevvveeeeeoo.. . 75
Figure 56- Neodymium Magnet COLE...........ccuuvvimiiiiiieeeiiiiiiiiiiiieeeeeeeeeeeseeeeeeeeeeees d O
Figure 57- Equipment used to grind theilich pipe.............cooovvviiiiiiiiieeeeeees 77
Figure 58 Solenoid Case is outfitted with Styrofoam noodles to increase buoya@@y
Figure 59 Top view of the curing Solenoid Case.............cccoevvvvviieeeeeeeeieeeeeeiiiins 79
Figure 60- Complete Modified Buoy System Prototype..........ccccccvveeeiiiieesnneeneennn. 80
Figure 61- Modified Prototype First Time Deployment.............ccoooiiiiiieeeenieeeeeee, 81
Figure 62- OWEG Team deploying and testing the buQy.............cc.euvvvviieeciiiinnnnne. 83
Figure 63- Multi-meter Measuring Voltage of Modifigérototype...............ccceeeee 83
Figure 64- BUOY ANCHOING DEVICE........uuuiiiiiiiiiiiiiiiieeeiiieiti ettt 84
Figure 65 Launching of the Buoy on Biscayne Bay.............ccccccovvveeeeeeiiviiveennnn, 85
Figure 66- Footage Screenshots of the Biscayne Bay Launching........................ 86
Figure 67- OWEG Team (From left: Dr. Tansel, Alfonso, Bader, Francis)............ 87
Figure 68- Modified Prototype Ready for TeStiNG........ccovvveeeiiiiiiiiiiccee s 88
Figure 69- 4 x 3" Neodymium N42 Magnet Purchase Price.............cccceevvvieeeenn.. 103
Figure 70- 4 x 1" Neodymium N52 Magnet Purchase PriCe..........cccccccviiiieeennen. 104
Figure 71- Schedule 40-4NCh PVC.........cocooiiiiiiieeee e 105
Figure 72- Schedule 40-4NCh PVC CapS.......ooccuvriiiieiiiiiieeeieee e neeens 105
FIQUIE 73- PVC CeMEBNL....cciiiiii ettt ereee e e e e e e aea e 106
Figure 74- 5200 Maring AdNESIVE........ccuiiiiiiiiiii e 106
Figure 75 High POWEr PVC SAW.........ccuuuiiiiiiiiiiiicii e eeeevvmmmea e e e eens 107
Figure 76- SPring LiNK ........ooooiiiiiiii e 107
Figure 77- Grinding POINt..........oooiiiiii e emme e 108
Figure 78 Styrofoam CyliNGEr..........oooo i e 109
Figure 79- Schedule 40-&nch Diameter Pipe.........coouvviiiiiiiiiicceiee e 110
Figure 80- Foam Core 8nch Diameter PiPe..........ccooviiiiiiiiiieecees e 110
Figure 81- Buoy System Technical Drawing............ccoovuuviiiiieeeiie e 112
Figure 82- Buoy Float Technical Drawing...........ccooooiiiiiiiemne e 113
Figure 83- Magnet Case Technical Drawing..............uuuuueeuiiccneeeeeeiiiiiiinee e e 113



Figure 84- Neodymium Magnet Technical Drawing..........ccccccceeeeiiimemiiiiinceeenen. 114

Figure 85 Solenoid Case Technical Drawing............ccoeeeeeviivieeeiii e, 114
Figure 86- Copper Solenoid Technical Drawing...........ccccceoviiiiiccceiiieeee 115
Figure 87- O.W.E.G. Modified Prototype Technical Drawing..............cccccevvveeeen.. 116
Figure 88- Assembled Solenoid Case Drawing.............cccccuvvrimmmnnnnniiiiiiiiniinnnene 117
Figure 89 Magnet Case Technical Drawing..............uuvuuvemiicccreeeeeeeiniiiinneea e e e 118
Figure 90- Solenoid Inner Case Technical Drawing.............cceeeeeesieeevvennnnnnnneennn. 119
Figure 91- Solenoid Outer Case Technical Drawing...............cocvvvvvimemeeeeeeeeeennnnnns 120
Figure 92- Solenoid Magnet Case End Caps Drawing...............uuuvvvviemmneeeeeeennnnns 121
Figure 93- Solenoid Innetto-Outer RING Drawing...........cceeeiiieeeeeeesceeeiiieee e eeeee 122
Figure 94- Magnet Case Floats Technical Drawing............cccccceeeeiicccniinienneeennn 123
Figure 95 Solenoid Case Floats Technical Drawing............cccccovvvvvieeeneeceeeeeeee, 124
Figure 96- Neodymium MagNEL............uuuiiiiiiiiiiiieeeiiiiirie et emr e e 125

vii|[Page



List of Tables

Table 1- Deflection Temperaturesf Sch 40 PVC..........cciiiiiiiiiiiiiiceccciieece e 40
Table 2- 3.5in Solenoid, it Pipe, 1.25in Diameter, 2 HZ........ccccoooeiiiiiiiiiiiceeennn 65
Table 3- 3.5in Solenoid, 2t Pipe, 1.25n Diameter, 2 HzZ..........cccooooeeeiiiiiiieeeennn 66
Table 4- 7-in Solenoid, it Pipe, 1.25in Diameter, 2 HZ............ccceeiiiiiiivieeciiiiinnnns 67
Table 5- 7-in Solenoid, 2ft Pipe, 1.25in Diameter, 2 HZ............cccceeeiiiiiiviceeiiiiinnns 68
Table 6- Modified Prototype Construction Price LISL...........uuueiiiiiisieeeennniininneennn. 70
Table 7- Prototype TeSt RESULLS............uvueiiiiiii i eeres e 82

viii [Page



Abstract

Fossil fuels have been a popular source of energy for a long @ome ofthe
more prominent drawbackae its finite life and toxic byproductdNewer technologies
have risen to solve this problemCurrently, technologiesbeing researchethclude
devices to harness solar and wind enerfiye existilg wavegenerating units anesually
around 12 feet hiyand are designed with the intent of operating in active waske
waterswith 8-to-10-ft average wave heights. These uc#ds produce as much as 10 kW
of power. Along witha smallerscale design the team explooesteffectivealternatives
which couldpotentially allow smaller buoys to produce less power in coasts averaging 2
to 6 feet waves.The project puts to the tesadic laws of electromagnetisraud as
Faradayods L aawn do fA mpned libedpsojettrase explores the properties
ofnedymi um magnets in order to convert the wa
Also known as a rare Earth magnet, the part is used as the driving core to one of the two
main components of the buoy. The other main component contains a copper solenoid
used to generate electricityThe undulating motion of the ocean wawgenerate the
current in the copper wire and store it in an underwater central unit ngempynd the

scope of this project).
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1. Introduction

1.1 Problem Statement

The harnessing adnergy isone of the most critical challengasthe forefront of
al |l of h u ma.nlt affegt® sHcieties in almost @lspects, including economic,
social, political, military, and technological venues. In recent years renewable energy has
bemme a pressing matter for the latest generation of engineers and researtlegrare
confrontedwith the responsibility of designing environmentally safe products which
require less conventional energy or that run on cleaner renewable Tueli s t eamd s
senior desigmprojectis acommitment tofurther realizetheseefforts by researcimg and
developingcurrent ocean wave energy technoldgrythe benefit to all humanityOne of
the goals is to achieve the developmdrdroall buoy units that are capable of harnessing

energy from ocean waves specific to faaveheight coastal areas such as Florida.
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1.2 Motivation

Among other alternatives, there have been advancements promoting the use of
solar, electrical, biduel, and wind energy. But in order to keep up with the demands of
today more progress is needed. Fossil fuels will not last indefinitely and it quickly
becomes imperative that alternatives be developed to the point that they become viable
and readily avadble for all peopleand societieso use. The team considefsarnessing
and ugng ocean wave energy which cpotentially in the long run, alleviate the current

dependence on conventional fuel.
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1.3 Literature Survey

Traditional sources of energy havee | ped pr opel the worl do
technology in insurmountable ways. Some of the greatest advancements are not only due
to fossil fuels, but also greatly depend on them. There are also serious challenges and
consequences associated with their usehsas pollution, ecological disasteend
addicting economic political and socialdependene Research and development is
being made on fields related to the advancement of alternative fuel options. These fields

extend to solar, wind, electric, bfael, and most recentlpcean energy technolpg

Figure 1 - Ocean Wave

The focusis to furtherdevelop andmprove on ocean wave energy technology.
Specifically, it is desired to create a more efficient design which allows thevatse
areas witHow wave heights, such as Florida. By harnessing the irregular oscillating and
low-frequency energy that waves providear and offshore establishments such as

marinas are able to reduce the usage of more conventional fuels.

4|Page



Wavelength J

. @
-_— - »

Wave Height J

Trough

No particle motion below this depth

Figure 2 - Schematics of a Wave Systefi3]

Figure2 shows the components that make up a standard ocean wave. The design
project depends mostly on the change of wave heights for a given frequency. And the
main challenge when making this consideration is how these waves affect and interact
with the local environment. In thisase there is the incorporation of unique features
added which wouldallow an existing working desigto become more efficient in
harnessindesspowerful waves in states such as FloridBhe east coast of the United
States is the weaker of the coasts when it comes to wave height and strengths, thus
smaller and more energpensitive design alternatives are preferrétjure 3 provides a

recentsnapshot bthe wave heights (in feetyr the United States coastline.
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Figure 3 - U.S. Coastline Wave HeightsDated 4/4/20116]

The approachesgsedin the developma of wave technology are float pitching
devices, oscillatig water columns, and wave surge focusing devices. Additional
considerationgieed to be made, such as how fargtfbre shoul@ctual structures stand.
The closer to land, the easier it bews to maintain and service these devid&ile the
further away these structures ganovide a greater potentidr energy collection. Near
shore devices are generally situabedveer80and75 feet away from land.

A long-standing benefibf wave energy generation indes the ability to praluce
essentially freeenergyand requires no fudb additional fuel to operateAdditionally,

the costs to maintain the buoy are on the low end. Alwerting on the location, it can
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be a major contributor of renewable energy. There are also disagearwhich include

the cost it takes to develop worthwhile technology. The variable nature of wave
frequency and height also make the endrggsfer rates unpredictable. It can also
disrupt or alter marine life in the vicinity. Deciding how and wrtaese structures will

be most beneficial becomes a critical part of the decisiaking process.The cost for

high-end industrial sized magnets can be exorbitantly high as well.
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1.4  Existing Technology

In order to determine whiclapproachto take the alternatives in design are
analyzed and studied. There are ultimatelyr designs which prove to be the most
promising and enticingpr a project of this scopeOne such design involves the use of a
buoy, reel, and dynamo. Its simplicity is appegland gives ample room to expand on

the concept.Figure4 illustrates a schematdaetailing its process

Figure 4 - Concept Design of Boy-Reel Systen{7]

There has been success in developing working prototypes and models. And the
main concern when attempting to incorporate its design to a concept requiring
optimization of wave movement is the reel limitations. In order to have sigrtifica
motion between the dynamo and reel the waves need to be well defined. In other words,
wave height becomesitically essential.

Another design alternative initially developed in Oregon State University
primarily involvesthe use of a r a d a y dmsluctlom Whe entl design is largbulky,
and efficient in order to fully take advantage of the wave heights readily available in the

western coast of the U.Figure5 shows a detailed schematic outlining this concept.
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Oregon State University
Conceptual’Wave Park

secured to
heaving buoy

Permanent Magnet
Linear Generator Buoy

Figure 5 - Magnetic Induction Wave Energy Desigrn 8]

The functionality in this case is highly situational and would require radical adaptations
in order to create aalternative more appropriate for the eastern coast.

A third design considered is created the companySIE-CAT. The idea behind
the technology iso create a system of buoys configured in a linear fashion to compress
air and eventually lead it to a maieservoir tank at the bottom. Each buoy is attached to
a cylinder and is used to pressurize the air that is being sucked in through the intake port
in the beginning of the systemWith the help of the undulating behavior of waves, the
buoy would rise tdhe crest of the wave, creating a partial vacuum in the cylindlbe
wave eventuallylowers the buoyonce it reaches the troughThis is similar tothe
behavior ofan internal combustion engindzach consecutive buoy, compressing the air
ever so sligtly, is further compressed by successive budlise final pressure buildup
the reservoir tanlcould be used to pav a turbine to generate electricityrigure 6

shows a simplifiedepresentation on how the technology works. This syst&Tactsin
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a synchronied fashionsince the timing of the wasas critical to the efficiency of the

process.

WAVE ENERGY ACCUMULATOR

Compressed
Air Energy In

v
7

Reservoir

Figure 6 - SIECAT Compressed Air Energy Design9]

A fourth design considered consists of waves being used to harness the kinetic
energy to turn several impellers within the system. The -ty system consists of an
open cylindrical buoy which has several iniped attached in series to a worm gear that
drives a generator. The watarshesthrough the open top of the system and the
impellers rotate due to the kinetic energy. The vertical distance between impelless allow
the water to gaipotential energy alanthe wayand thelower impellersgain rotational
motion. The worm gear at the bottom of the cylindersas the driving mechanism that
convers the vertical rotational motion attained by the impellers to the horizontal

rotational motion that drives tlgeenerator.
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2. Project Formulation

2.1 Overview
The team remains focused in accomplishing the objectives set forth from the
beginning of the project. However, to remain realistic, these goals have and continue to

be tweaked depending on the constrairds #éine encountered as activities progress.

2.2 Project Objectives

The original objetives of the project encompatte following:

1. The buoy must be able to operate in coasts withitb@nsity wave heights.

2. The aim is to produce@ngant supply ofLOOW under normal weather.

3. Attempt to generate power at an average of 12 V (supply to battery).

4. In order to allow for easy deployment, the final design must be light weight.

5. The final design should cost $2,000 or less to rpasduce.

However, due mostly tarfancial and time constraints the power delyvebjective
has been further tweaked @adlow for a more realistic design within the allotted time and
budget. The team continues to monitbese objectives to ensure that they can be
realisticallymet. Thee are other goals that remdiigh in thepriority list, such as the

size and design alternative§hese considerations are discussed later.
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2.3 Design Specifications

The project is classified into two sectiorise originally intended desigrvhich
exceeds the amount of funds and time the team has available, and a more economically
conservative design which can be constructed and tested within the amount of time
prescribed, as wel |l as b uiThetintendédprbtotype t he t
consists of two main components; the magnetic case, which houses the magnetic core and
is anchored directly to the sea floor, and the solenoid case, which houses the copper
solenoid and floats along the vertical axis. In the original prototype desegepl#noid
case also has an external float attached which allows it to ride the waves more efficiently.
A light design is preferable and the team aims at keapumgder 100 Ibs. The buoy float
is not to exceed 6 inches in diameter, while the totalhhésgexpected to remain within 6
feet. Since there are financial limitations the magnet originally considexed,
cylindrically shaped Tt x 1 ft, is replaced by a more economically feasible alternative
which is smaller in size, #h X 4in.

Since the omponent containing the magnet is restricted in terms of space it must
be independently buoyant. As an economically feasible alternative, a sc@dtilech
pipe can be used as the magnet case. However, this specific material is heavy and
requires addional buoyancy support which in turn would require a slight extension in
height from the original intent. The solenoid case is of a very specific design which
requires a custom mold to be created. The cost of this mold would be exorbitantly high
and bewnd the budget restriction of the project. Therefore, the team uses an alternative
solution which can stil!l all ow for testing
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the expense of life and durabilityDue to space limitation, the copper solen@sd
restricted to 1 ft in lengthnd 5 inches in diameter argldoublelayered to intensify the

current output.

2.4  Constraints and Other Considerations

In addition to the objectives set forth there are constraints that must be fully
understood and com@red when designing and constructing the prototype model. The
constraints include but are not limited to fluid passage between the solenoid and magnet
covered cylindersandmaximum and minimum oscillations between the components of
the buoy. Also, themagnetic field strength must be strong enough to cause a changing
field in order to induce current. Other things to consider include bugydseyxhanges,
anchor depth, corrosieresistant measures, and environmental and biological impacts on
and due tdahe buoy. As the project progresses these and other constraints are manifested

and taken into consideration in order to allow for the most efficient dpsignissible
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3. Design Alternatives

3.1 Overview

The scope of this project allows for opemdedsolutions that can serve to meet
the original specifications set forth by the teamdifferent ways As a consequence,
there are many sound approaches thay be considered when tackling tipioblem
The most feasible and appealing of these solutasesdiscussed in this sectiorfzour
alternatives are considered amdaluatedindividually and based a budget, time,
methodologyanalysis, ease of test, construction and assembly.

Since some work went into the analysis and development of a vemipeely
team thought process it is worth noting its schematic before discussing the final four
designs. Additionally, this allows the reader to understand the initial foundation laid out
by the team and how the analytical process evolved from there.

This preliminary desigrfocusel on the development of a buoy with a magnetic
shaft attached to the chassis by mosensitive springs at both ends allowing it to move
vertically. The desynchronized motion of the buoy would cause a magnetic field change
creatng a current within the solenoid. The main problem encountered is that the spring
would need to be integrated into a shock system with the inclusion of a daRigeare 7

illustratesthe basic components of what this specific desigald look like.
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Figure 7 - Preliminary Design Concept

In order to keep production costs down and the overall system efficient the team
concentratesn keeping the design simple and with the primary electrical components
outside the chassisFigure 8 shows a design conceptore in linewith what the ¢am
expects from the projectThe main difference is that thmagnetic caseemains fixed
while the solenoid moves freely about the vertical axis. There are still many variable
that remain opee n d e d such as the di st amrcdametkeet ween |
and the solenoid caseb6s inner diameter. Th
role in the determination of the strength of the magnetic field produced near the copper
wire. Depending on howtreng this magnetic field is will determgnhow much current,
and subsequently power, can be generated.
A mp e r e dpkays Braimportant role when determining the amount of current
that can be generated from a magsmenoid couple and it is highly dependent on

distance between the magnet andrsoig. This equation is written as
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The magnetic fluxB, is a specific property generated by the magnetic mate¥ia. the
number of turns produced by the wire, in this case, the copper soleisoibe length of
the solenoid, andis the amount of current producedhe vacuum permeability,o, is a
constant.t The t eamb s ispa bie adertoypovegeioba\olt battery to store the
currentgenerated by the buoylhe wave forceand subsequme calculations are based on
an average wave height @ft and frequency of 0.3 Hz, which is typical for the
southeastern coastlié the United StatesEven thoughtte original intent was to dggn

a device capable of generating approximatEdp W of consistentpower, the team
realizes that this goal is highly ambitious, expensive, and heavilyd@pendent, which

make it difficult to achieve within the allotted time frame.

Figure 8 - ConsequentDesign Concept 2

Another flexibility afforded by the nature of this project is selection of float
diameter size, which can increase flexibility and efficient at the expensatefiats and
manufacturing cosand mobility. Making the diameter too large may end up being

counterproductive.

16|Page



3.2 Design Alternative 1

In terms of design alternatives, the following concepts were heavily considered
when determining whiclthough process tqursue The model described iRigure 9
outlines the desired characteristibat theteam considers to be acceptable and capable of
meeting the objectivegreviouslyset forth. Onechallenge however, is that the model
requires he size of the magnet to beleastl foat in length. A magnet of this sizevould
need to be manufactured or created specifically for this job and the assmuoated
exceed the prAdditienally,tlee ofematobry ef tsuch a magnet can be
extremely dangerouand unsafe The cost for a component of this magnitude alone is

approximately $2500.

-

Neodymium Magnet

Figure 9 - Design Alternative 1
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Another obstacle presented by this concept is the mold required to fabricate the
float andsolenoid case as one part. This component needs to contain goxwafer
hollow cylinder that can house the copper solenoid and support the float. Since no
standard shapes exist that can satisfy the
in the creation of a custom nabl If the buoy were to be mapsoduced usin@ quality
mold, the creatiomprocess, including the design and fabrication of the mold, waddd

cossover $2000.

3.3 Design Alternative 2

Due to the magn e tdecay withiresped tihncgeasingdigtanoee nt i a |
a different approach may be considered whiololves the use dive smaller diamter-
sized magnets. Figure 10 illustrates a geometric interpretation on how these small
magnets are fit into a case. The design seemsalfikiateresting alternative to test and
measuraesults with. It also is more cesftficient in terms of magnetic field use since
the magnetic @&ld, although smaller in size, is strongest at the edge and near the solenoid
wire, while the center of the case has a lower strength magnetic field. Since no field is
required at the center of the case, this shift in strength towards theeoistsadtully

beneficial to this design alternative
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5 Neodymium Magnets

Figure 10 - Design Alternative 2

In addition to the mold problem presented from the first design alternative there
are two additional challenges brought forth from this design; (1) dseto acquire the
correct magnets isstill higher than the projected budget af®) the positions of the
magnets add complexity to the magnetic field which make it difficult to test and analyze.
The case would also need to be designed to account ffordes interacting between the
magnets. Additionally, to maintain a certain level of safety it is desired that the magnet

itself doesnot pose high risk to the team members.
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3.4 Design Alternative 3

A third design abrnative illustrated inFigure 11, is consideredo be the most
feasible in terms of manufacturability and costhis model is designed based on the
same principles as the first alternative. Howevlee, neodymium magnditted is 4
inches in diameter and inches in length. The buoy is also smaller in diameter
(approximately3 fee)). Additionally, the solenoid has a closer fit to the magneigec
allowing it to take better advantage of the magnild generated by the motion of the

waves

Figure 11 - Design Alternative 3

This alternative design has been fitted with practical pipe end oagpdily

available in the markeds well as black float stoppers that seme purposesrestrict
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vertical movement to the flond al |l ow t he magnet.6Asacase
consequence thdesignallows the float to remain in place while still permitting it to

produce movement while deployed in the water.

3.5 Feasibility Assessment
In some form or other the models presented so far each add unique value and
benefits to the overall success of the project. However, they also present new obstacles
and challenges that either exceed the scope of design or hinder the prodtidtien
prototype in terms of time and/or codtltimately, the third design alternative is chosen
due to itsoverall appal to the team ability in satisfyingthe time and cost constraints
and keeping thedesign complexity manageablehd principal charateristics of this
designare
1 MediumsizedComponents
1 Magnetic shaft and electric coil are able to move within a controlled distance
1 The desigrkeeps arexternalfloat for greater stability
1 A neodymium nagnetic disk and solenoid can be easilgttachedto allow
desynchronizedisplacemenbetween the two components
9 Electrical components are housed outside the buoy in a remote nearby location
(outside the scope of this project)
Additional design consideratioasemadeas the project progresseBor example, during
heavy storms will thebuoys be designed for easy removal or will they be built to
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withstand hurricanstrength winds and waves? How well do they react to impacts and

crashes? At what depths can they be anchored?
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4. Proposed Design

4.1 Overview

At this point it becomes necessary to clarify the direction the production of the
prototype takes due to realistic limitations versus the direction it would have taken if time
and cost were not criticalgteciding factors. Masgroducing groduct facilitates, and in
most cases, justifies the high cost of the development and design of molds. In the case of
this project, purchasing a mold at a high cost for the production of a single prototype does
not justify its price. However, it museb not ed t h a toductfveretpbtentot e a mod s
high volumeproduction the thought process would be different. Therefore, from this
point forward a distinction is made betwdée conceptual prototype the prototype that
would be designed with the intéon of massgproduction and high durabilityy mind, and
the modified prototype, or the lowcost alternative designed simply survive project
testingand experimental analysis

Both prototypes share similar qualities in terms of components and size.
However, they differ mostly in areas where it becomes extremely expensive and difficult
to manufacture parts. The conceptual prototype is the ideology and thought process used
in developing a quality product able to withstand lbexgn environmental hostilés of
the ocean This prototype will not be constructed by the team. Instead, its parts and
functionalities are analyzed without experimental testifige modified prototype is built

based on readily available alternatives which jeopardize the lifedarability of the
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buoy. However, it allows the team to construct and test certain parameters critical to the

success of the project. This prototype is ch@sethe prototype mod& be constructed

4.2 Conceptual Prototype

The conceptual prototypeequires thathermeticalcorrosion and U\tresistant
ca®s be constructed in order to accommodate the two most critical components; the
magnet and the solenoidSince thee components must be completely sealed and
enclosedthe internalktructurecannot omeinto contact with the seawatem.he hermetic
sealalso plays a crucial role in determining buoyancy behavior. SchdQld®/C is
consideredas the main material. However, it requires that at least two hands ef high
quality fiberglass resin be appiien order to add the necessary protection in making it
durable. The design also requires that the body withstand buoyancysfarzk cable
tension (tethered to ground).

The tension cable attached to the ocean fisorequired to bemadeof non
corrosiveand nonrferrousmaterial (to avoid interaction with the magnetic field)his
narrows the design possibilities to only a fesadily availableproducts. For all intents
and purposes, aluminum 8§lthis niche well. However, it must be noted that it is also
desirable that anchors and chaoositribute inweight in orderto add additional tension
support. A anchor and chain must be ablemaintain tension over extended periads
time in order toprovide the buoy a maximum tension force necessary to counter the

upward effects of the waves.

24|Page



The primary componentsf the buoyare the solenoidheodymium magnet, and
the float The solenoids designedapproximately 1 fin length and 5 inches in diater.
Two magnets are mated to form anegret 4 inches in diameter andrthes in length.
The industry field strength is rated in terms of N42/N52. At the surface (2 inches from
the center) the magnetic field strengthated at approximately 2500 Gaau At 4 inches
from the center the magnetic field rating is approximately 700 Gauss. Magnetic field
ratings are usually obtained empirically (through experimentation). However, the

mathematical model is based on the equation

6 ¢Q0 T @)

whereB is the magnetic field anslis a closed surfacarea Using empirical methods the

strengths are determinég extrapolation usintheresults fromFigure12.

Field Strength vs Lengtt
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Figure 12 - Neodymium N42 Magnetic Field Strength at Surface Area
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It shouldbe notedthat at the surface the magnetic field strength decreases with
increasing lenth of the magnet while at say, 2 inches away from the magnet, the field
actually increases with increasing length of the maghrjure13 shows the relationship
between magnetic field strength and increasing magnet length 2 inches away from the

surfaceof the 4in diameter magnet

Field Strength vs Lengtt
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Figure 13-4 dNeodymiumN42 Magnetic Field Strength 2in Away from Surface

For the conceptual design thiwat is approximately Zeet in diameterand
constructed from industrial insulation Styrofoamdnylon. The finish is protected with
fiberglass resin in order to increase its durabilityhe case containing the magnetic core
is anchored from the bottoto the sea floor anthus,remains relatively stationary. The
solenoid is attached to tlleat and as waves produce a difference in height relative to the
core itis free tomove in a vertical fashion. The change in magnetic field relative to the

soleroid is what causes a flow of current in the solenoid. This current will then travel
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outside the solenoid through a secured wpteof outlet and into a batterdocated
nearby(outside the scope of this projectirigure 14 shows an exploded view exposing

the main components of the buoy systeiihe picture alsshows the magnetic shatft,

copper solenoid, wire case, float filue andyellow), and stationary magtic case.

' 4

Figure 14 - Exploded View of Conceptual Prototype

Figure15 shows a schematic representation of the copper wire coil (solerbid).

has a rean diameter of approximately tfehes and length of approximatédlyoat.
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Figure 15 - Solenoid(Copper Wire)

The magnetic shaft is made of neodymium and is approximatehchesin
lengthand 4 inches in diameteidt weighs approximately 14 pounds aisdexpected to
be the heavier and more costly of the componefitigure 16 illustrates the size and

shape of the magnetic core.

Figure 16 - Neodymium Magnet Core

The float isrepresented ifrigure 17. As previously stated, the diameter spans

approximately 2 feet.
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Figure 17 - Buoy Float

The cases where the magnet and copper solenoid are housed are made ¢f smooth
light-weight, durableplasticsprotected in fiberglass resinrAs mentioned earliea good
candidate is Schedu#) PVC. Figure18 andFigure19 showthevisual representati@n

of what the magnet and solenoid casespectivelylook like.

Figure 18 - Magnet Case

The copper solenoid case has hollow walls to allow the solenoid to fit through.
For this specific model, the part is fabricated using aoonsmold. The technical
drawings for theconceptual prototype can be foumud Appendix B i Engineering
Drawings pagell2
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Figure 19 - Copper Solenoid Case

Figure 20 illustrates a conceptual design of the end caps for the magnet case.
The threaded surface allows for easy installation, removal, and maintenance when

required. The inside top end also requires-aing seal to prevent leaking.

sl

Figure 20 - Magnet Cas End Cap
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Buoyancy static stress/strairfatigue analysis and other mechanical tests are
corducted and reported in ChapterEBngineering and Design Analysis, pegfe It is
also worth noting that as the project advances new ideas, changes, and innovations are
made accordingly in order to ensure that the buoy system benefits from greater efficiency

in terms of quality and & while remainingstructurally sound.

4.3 Modified Prototype
Designwise, the modified prototype is very similar to the conceptual counterpart.
Where they differ is in the types of materials used, process used, and certain parts change
in order to albw ease of manufacturdity and testing. Additionally, the solenoid case
fl oat has been r e mdiametér Siyrofoam stgph. arhegnagnét case 3 . 50
has also been fitted with smaller diameter Styrofoam strips in order to stétbifizihe
vertical position Figure 21 shows a threedimensional viewof what this model
resembles. The prototype is designed based on this visual representation, as iewill b

shown later.
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Figure 21 - Modified Prototype

Figure22 shows an exploded view of the same modified prototype.
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Figure 22 - Exploded View of the Modified Prototype

The magnet case has also beacreased from 4 feet to feetto add a greater
volumeto-mass ratio and thus, decrease the density, improving buoyancy. As previously
mentioned, this buoy is not expected to have prolonged life in the waters. Instead, it is
built to allow for easy testing and analyzing. Thestauction of the modified version is

economically more feasible than the conceptual alternative.
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5. Project Management

5.1 Overview

In order to facilitate the research and development of this project the team
members are assigned different tasksireason which they are expected to excel and
become subject matter experts some caseareas are covered and overlappedviy
or evenall three members to expedite certain aspefctse projectsuch as the writing of
this reportand construction fathe prototype Testing and analysis is also split between
all members. In terms of spéc tasks, these are outlinethd discusseth the following

section.

5.2 Project Breakdown
The senior design project has been broken down into sections depending

type of work required to accomplish it. These sections are

1 Problem Statement and Proposed Solution

1 Literature Survey

9 Definition of Project Objectives

1 Preliminary Analysis and Design

1 Selection of Design Alternatives

1 Advanced Analysis and Design

9 Corstruction of Prototype
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1 TestingandEvaluation
1 Final Report
As the project advances tasks are constantly reviewed and revised in order to ensure

accuracy and proper analysis.

5.3 Project Organization
In terms of organization a timeline has been developed in order to keep track of
major breakthroughs, developments, and milestones achieved throughout the project.

The team timeline is presentedrigure23.

Team Project Time Managemen

Brief Description of Design Propos |
Team Presentation Rehears
Senior Design Report (259

Team Poster Desig|

Team Presentation Rehears
Printed Team Poste

Short Presentation to IAE
*SPRING 2011**

Analysis and Desigi

Senior Design Report (509
Prototype Construction
Senior Design Report (759
Testing and Evaluatior
Senior Design Report (1009

m Days Completec

ODays Remaining

.H"'

Figure 23 - Senior Design Project Timeline
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The tasks have been len down into two main sectionBall 2010 (EML 4551
Ethics and Design Project Organization) and Sp@Adl (EML 4905 Senior Design

Project).

5.4 Breakdown of Responsibilitie s

Based on the sections outlined enéroject Breakdow(b.2), paged4, each team
memberis assigned tasks in order to efficiently complate work necessary The
Organizational Flow Chart in the following pagkustrates a breakdown of these
responsibilities per team member. Please note that some aspects ovetiegh alitam

memberailtimatelyshare the responsibility of ensuritigatall tasks are completed.
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6. Engineering Design and Analysis

6.1 Overview

The following sections outline the studies performed before the construction and
testing of the modified prototype. These analysesompasshe relevarn mechanical
engineering theorighat help drive the overall success of the project.

For all finite dement tests a mesh size of approximately 0.5 inches is used.

Figure24 contains additional details and properties specific to the siegh

Tolerance
Mesh qualiy High
< >

Figure 24 - System Element Properties
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6.2 Thermal Analysis
In terms of thermal properties PVC is a poor conductor of heat, and thus, the
analysis and results are consistently monotonolise results for the magnet case and

solenoid outer cagempeature gradient resultaate shown below.

L

38sme04

Figure 25 - Magnet CaseTemperature Gradient Distribution at 1 BTU/s

Figure 26 - Solenoid Outer CaseTemperature Gradient Distribution at 1 BTU/s

The deflection temperatures of scheddlePVC are illustrated ohablel.
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Table 1 - Deflection Temperatures of Sch 40 PVC

Deflection

Pressue (psi) Temperature (°F)

66 167

246 125

The average oceanic temperatnear the coast in Miami Beach, Florida is 78 °F,
with the yearly temperatures fluctuating between 71 and 86 °F. Considering the heat
factor alone, PVC is able to withstand thesmperatures all year round, since the load on
the buoy due to the buoyancy effect does not exceed 40 Ibs. These values do not take

into consideration the tidal and rip current effects that add to the buoy load.

6.3 Kinematic Analysis

The Ocean Wav&nergy Generator requires vertical displacement, velocity, and

subsequentl vy, acceleration, in order to pro
Induction
- 0 — ©)
w0

whereUis the electranagnetic force, or voltag® is the number of turns of the solenoid,

0 is the magnetic flux, antis the time. From this equation it can be easily verified that
the voltage is directly proportional to the rate of change produced byabeetic field
relative to time. In other words, the driving force behind the production of current is the

undulating motion of the waves against the solenoid case.

40|Page



Since the magnetic field is perpendicular to the direction of current the only
pertinent notional direction is along the-gxis (vertical direction).Figure 27 illustrates

thedirectionof motion from the wave and on the buoy

Displacement and
velocity vector in
the y-direction only

Figure 27 - Displacement and Velocity Direction
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According to the National Oceanic Atmospheric Administration (NOAA), waves
in the eastern coast of Florida average 2 feet in height and frequent approximately 0.3
Hertz. The modified prototype is desigrtedallow it to cycle through approximatedys

feet in height.

6.4 Dynamic/Vibration Analysis

The four principal modular shapes due to vibration frequencies for the PVC
components are aallated based on a maximum tensiorce of 50 Ibs.All detailed test
results are generated and listed in order for the magnet case and s(@encaehd 6in
diameter pipes

For the magnet case (Scheddl® 4in diameter, §t), the four modes of

vibration frequencies are listed, respectively.

Figure 28 - Magnet Case, Vibration Frequency Mode 1

42|Page



Figure 29 - Magnet Case, Vibration Frequency, Mode 2

Figure 30- Magnet Case, Vibration Frequency, Mode 3
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Figure 31 - Magnet Case, Vibration Frequency, Mode 4

For the 5inch-diameter solenoid case part, the vibration frequencies for all four

modes are listed below.

Figure 32 - Solenoidinner Case, Vibration Frequency,Mode 1
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Figure 33 - Solenoid Inner Case, Vibration Frequency, Mode 2

Figure 34 - Solenoid Inner Case, Vibration Frequency, Mode 3
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Figure 35 - Solenoid Inner Case, VibrationFrequency, Mode4

6.5 Electromagnetic Analysis

The curent produced in an environment such as the ocean and with the
equipment being used is of the alternating type (AC). This is important because in order
to produce useful energy the buoy requires tih@tAC current is converted into DC with
one of the many available market product s.
approximately 12 volts, the current quity has not been set as one of the primary
objectives.

The calculations for the magneticlfiel anal ysi s are handl ed wus
equation(4):

0 "Q
6 ' — (4)
a
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Since testing magnetic fields require experimental analyses application software
aids in determining the values of magnetic fieldsdidffierent distances from a given
magnet. In this case a magnetic calculator is used provided by the manufacturer from
where the magnet is purchased. According to the manufacturer, imported magnets are
rigorously tested to match the results posted fragrstiftware. A magnetic field strength
of 2743 Gauss is recorded at the surface
(di ameter) and 30 (l ength).

As shown inFigure36, the magnetic strength decreases from 2743 Gauss to 613.3
Gauss when the distance is increased from 0 (at the surface) to 2 inches from the surface
(4 inches from the center of the magnet). This is a significant decrease that would have a
tremendos impact on results when designing a buoy that must allow for a medium

(water) to flow through it.

Shape: Input: Cutput:
Cﬁiﬁéirs Magnet Info: Magnetic Field Strength: 613.3 gauss
Grade N42 & atan angle of: 180,39 from vertical

Diameter: |4 in ¥

Thickness: |3 in ¥

Measurement Position™:

®: 4 in ¥
e 0 in ¥ + $

Bx: -3.1 gauss Sesthe | . )
By: -613.3 gauss Magnetic Field 52 S

Figure 36 - Magnetic Strength 2 Inches from the Surface
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In contrastFigure 37 shows the strength of the magnetic field at 1.5 inches away
from its surface. The magnetic flux at that point is still very strong, relatively speaking.
The strength stands at 0.134 T. This is actually very miomibecause at those values
there may be significant production of curr e
presented, however, is that there will be little flow volume for the water to move. This,
in turn may end up causing a bottleneckwimere the float may have a very difficult time
passing by the magnetic shaft when the waves push it upwards. A fluid mechanical
analysis is needed in order to determine if this indeed poses a serious problem to the
current design. If that is the case thba team will need to reanalyze the entire design

structure of the buoy system.

Shape: Input: Cutput:
Dizcs Magnet Info: ; - .
Cylinders Magnetic Field Strength: 1340.6 gauss
Grade N2 w atan angle oft 180,19 from vertical
Diameter: |4 in ¥
Thickness: (3 in ¥
Measurement Position™:
X 3 in_ ¥
¥ 0 in ¥ $
Calculate
Bx: -2.9 gauss See the ’. 3
By: -1340.6 gauss Magnetic Field

Figure 37 - Magnetic Strength 1inch from the Surface
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The neodymium magnet used is considered a hybrid N42/N52 in strength since it
containsbotha 4 x 30 N42 and a 4 x 10 Nb52d The o
magnet is 4 x 40. Both magnets have a comb
properties for the magnet are listed in Appendix D, d&f=

Neodymium magnets are extremely vulnerable to collisions, impacts, and high
temperatures. They are brittle and can break easily. Therefore, it is important for the
team to handle the magnet with chucare. It is also critical that the magnets are handled

with extreme care in order to avoid serious injury.

The projectalsoheavily reliesorFar adayos Law of l nducti on
related to Ampereds Law. The equation is fo
()
- 0 —, (5)
wo

As can beseenthe voltage generation depends directly on the amount of turns the
solenoid has and on the rate of change of the magnetic flux with respect to time. That is
why ocean waves, in this spic case, play such an important role. The wave motion is
able to create the changing magnetic flux with respect to a stationary object.

Al so, when speaking of power generation
Law, which states the relationship betm power, voltage, current, and resistance. Since
the projectds emphasis is mostly on the desi
its mechanical properties, the team concentrates on the mechanical engineering
characteristics while still keeping n mind the electrical aspe

formulated as follows
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w 0Y (6)
In this caseY is the voltage] is the current, an® is the resistance. In terms of
power, the equation correlating the above terms is

0 ®0O (7)

In knowing the voltage and current of the system one is able to calculate the
power by using equatiov). Additionally, the force generated by an electromagnetic
el ement can be found by using Ampereds Force

o)
0 — (8
[

For equation(8), F is the forcegg is the vacuum permeability constant, anid the radial
distance from the magnet to the solenoid.
Knowing that the vacuum permeability constant is
‘ oo pTWETOEQ 9)
and that the number of turns of the solendldjs approximatehyb00 turns the team is
able to calculate how much voltage can be expected from the buoy. The length of the
solenoid isapproximately 1 foh and the magnetic field is approximatd00 G. Also
knowing that
w @i

pOwonloﬁwpnﬁ (20

the amount of currenheeded togeneratethe Bfield per cycle is calculated using

equation(1). This value is
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Considering a reversal of this process, therpatential for harnessing current
from a solenoidand magnet However, it should be noted that this value is also
theoretical and the total curregegnerated using the reverse processesanddepend on
other factors There are many variables that neede taken into account, including the
frequency at which waves are able to output this current.

A better and more accurate way of calculating the amount of voltage that can be
generated is by wusing Far af%.apylnhowhgthe of
magnetic field strength from the solenoid to the magnet (0.08%t, the magnetic
field area is approximated to 2 ft, the change in flux (magnetic field x peeajnit time
= 0.024 \‘s. Using equatiofb), yields V = 14.1 V. This value is very promising, since

it suggests the buoy is capable of generating over 14 V.

6.6 Buoyancy Analysis
Ensuring that the system remains buoyant is critical to the success of the
generator. The main components, the magnet case and solenoid case, are analyzed and

tested for buoyancyThe equation for the buoyancy force is
O W QMR "OQ f aBOHNVQ, Q6 " "Qw (12

For equation(12) } is the density of the submerged mass, g is thavitgtional
accelerationandV is the volume displaced by the submerged mass. This equation is also

known as Archi mededs Principle.
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As an example, in order to calculate the buoyancy of the magnetic case, the
volume is determined. This volume is found by using

“0 “ T X U

For equatior(13) V is the volumepP is the diameter of the pipe, ahds the length of the

pipe. The gravitationalcceleratiortonstant is given as
Q0
Q0@ — (14)
Also, the mass of the submerged body is needed. In this case this can be found by

weighing the body and dividing the result by the gravitational constant

O ¢ @a i

o ceam weveon (19

The density can nowe found by using the relationship

a mqyaoQi
" - T S e~ v 16
5 ® X 00 P& T ix 0 6F Q0 (16)
The density of seawater is
” pBo Y i & 61 Qo a7

When comparing this value to the density of the magnet case it is observed that the
density of water is greater than that of the case. Therefore, if fully submerged, the
magnet case would float.

A similar analysis is aoducted for the solenoid case. The diameter is computed
by subtracting 5.5 inches from 6.5 inches.
volume does not include the center hole through which the magnet case slides.

Otherwise, all equations are limlved exactly as shown previously.
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6.7 Force and Stress Analysis

In order to test the components on normal stresses the following equation is
utilized
S 18)
0
wherel is the stressk is the normal force, andl is the area. Additionally, in order to
calculate the bending moment in a given specimen the-Belgroulli Bending equation

is used

0w
bl 19
T (19)

whereM is the bending moment,is the perpendicular distance from theutral axis of
the beam, and is the second moment of area. Since there are no significant torsion
stresses that can significantly impact the buoy, this portion of the analysis only
concentrates in normal stresses.

The main buoy component, the magnese; is tested and built to withstand 1000
pounds of buoyancy force. Under these conditions it is able to withstand this force with a

minimum safetydctor of 18. The results frothis test are shown Rigure38.
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Figure 38 - Magnet Case Factor of Safety Results

The displacement results under this condition are displayeidune 39.

Figure 39 - Magnet Case Displacement Results

The von Mises stress distribution for the magnetic case is illustrakggure40.
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Figure 40- Magnet Casevon Mises Stress DistributionResults

The same analysis is performed on the solenoid assembly. The minimum factor
of safety, stress distwution, and displacement are all simulated and calculated under a
compressivel000Ib-force conditionanalysis The factor of safety obtained is 39. This

result is illustrated ifrigure4l.
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43.

Figure 41 - Solenoid Assembly Cas€actor of Safety Results

The displacement results are listedrigure42.
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Figure 42 - Magnet Case Displacement Results

Finally, the solenoid assembly case von Mises stress results are ligteplia
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Figure 43 - Solenoid Assembly Casgon Mises Stress Btribution Results

6.8 Fluid Mechanics Analysis

In order to determine an appropriate distance between the solenoid and magnetic
cases it is necessary to study the fluid characteristics of the system. This is extremely
important since the magnetic fieltecreases as a function of exponential decay with
increasing distance. However, making a tight fit between the two will limit the velocity
of the fluid through the float opening, thus, restricting the movement of the float. If the
float is unable to pragrly move in sequence with the waves its efficiency can be
significantly reduced as well. The viscosity of the fluid, in this case sea water is studied

according to the equation

t "

QU
¢ (20)

57|Page



whereUis the sheartgess or drag exerted by the fluid on the walls of the baidy,the

fluid viscosity. For seawater this value is 1.88 ¥ F-s(2.73 x 10% psi-s) Also, dv/dy

is the velocity gradient perpendicular to the direction of the shear stress. The team is able
to perform preliminary analyses on the fluid mechanics of the buoy system. It is initially
determined that a orte-two inch radial gap between the magnetid @olenoid cover

may actually be a decent compromise between float velocity and magnetic field strength.
If this value proves to be insufficient then the gap will need to be increased at the cost of

field strength.

6.9 Fatigue Analysis

The fatigue analysis is calculated using the results from SolidWorks. Both pipes,
the solenoid and magnet cases, are evalualdtk fatigue test for the magnet case is
performed using a pressure of 10 psi and restrained at the bottom end, since the ancho
chord is attached at this location. The results for the magnetic case are lisigdrin

44
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Figure 44 - Fatigue Analysis of Magnet Cae

The assembled solenoid case is tested using a pressure value of 100 psi from the
bottom end and restrained at the top end. This model is selected because the solenoid
case crashes against the top end cap when the waves push from the bottom upgard. Th

fatigue results are shown kigure45.
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Figure 45 - Fatigue Analysis of Assembled Solenoid Case

6.10 Coastal Data

The project heavily alies on historical coastal data collected by the National
Oceanic and Atmospheric Administration (NOAA). This information has been provided
courtesy of FIl orida I nternational Uni versit
Center. On average, the walieights in the state of Floridare about2 to 4 feet in
height. This information is critical in order to determine the maximum efficiency that the
buoy design can attain. The following two figures show snapshots from different days in

terms of the wavéeights predominant in the coasts of Florida.
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Figure 46 - Coast of Florida- Wave Heightsi April
10, 2011 [6]
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Figure 47 - Coast of Florida- Wave Heightsi April
14, 2011 [6]

The wave frequencglso plays an important role when determining the overall

efficiency of the buoy. This frequency has been determined to be an average of 0.3 Hertz

for the eastern coast near Miami and Fort Lauderdale. The data collection allows the

team to concentrate actual mechanics of the system rather than data research on coastal

trends. The available history is used to facilitate these calculations.
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7. Prototype Construction

7.1 Overview

Since the conceptual model proves to be a challenge to build in teroustof
effectiveness the team presses ahead in the construction of the merensesvative
alternative, the modified prototype (seigure2l). Although this modeis not expected
to survive long in a seawater environment it does facilitate testing and analysis. It must
also be noted that even though the buoy itself is approximately 5 feegih themodel
is considered small since the magnet is only 4 inchégameter and 4 inches in length.

The magnet is the limiting factor in terms of energy production.

7.2 Preliminary Results

I nitially the team tests magnetic field s
10 (1 inch diameter,tsl anndcha |Ze.ngyad hii &NB&t enra
approximatey 7 6 i n Theetestg sinhulate undulating motion at approximea2ely.
This preliminary smalkize model is used to test, extrapolate, and scale results to the
intended prototype design and size. As tesults indicate, the data is weak in terms of
voltage and current generation. However, this is attributed to the smaller size of the
magnets and wires. By tweaking the design and using larger and more powerful magnets
the team is confident that a dgr size prototype can be expected to output a noticeable

amount of voltage.
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Figure 48 shows two solenoidsf different diameterduilt in order to perform

preliminary experiments before the actual construction of the final design.

Figure 48 - 7-in Test Solenoid and Multimeter

Figure49s hows the three 10 x 10 N52 magnets
terms of strength the magnets are quite powerful, although their magnetic field strengths

decay rather rapidly with distance

Figure 49 - Three 1-in x 1-in N42-Grade Magnets
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Figure50 showsa 3.5-in diameter solenoid built on af2pipe in order to test and

analze pipe length relation with solenoid length.

Figure 50 - 7-in, 2-ft Long Test Solenoid

Table2 shows the results from the first testedesoid. This solenoid has a drb
diameter wrapped to a-fi pipe. The solenoid was tested using a frequency of
approximately 2 Hz. The average current generated is 30.8 mA and average voltage is

0.033 V. As previously stated, the results were laan anticipated.
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Table 2 - 3.5in Solenoid, tft Pipe, 1.25in Diameter, 2 Hz

3.5-in Solenoid, Ht Pipe, 1.25in
Diameter, 2 Hz

Current (mA)  Voltage (V)

1 23 0.072
2 29 0.011
3 41 0.012
4 34 0.013
5 25 0.031
6 29 0.052
7 22 0.051
8 37 0.024
9 23 0.05
10 45 0.011
Average 30.8 0.033
’ 8.1 0.022

For the second run the pipe is increased from 1 foot to 2 feet in order to test and
compare pipe length to solenoid length. The results actually show a minute improvement
in terms of voltage and current gain. There is a 28.6% increase in voltage4&do

increase in current. The results of this analysis are shoWabile 3.
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Table 3 - 3.5in Solenoid, 2ft Pipe, 1.25in Diameter, 2 Hz

3.5-in Solenoid, 2ft Pipe, 1.25in
Diameter, 2 Hz

Current (mA)  Voltage (V)

1 26 0.08
2 38 0.016
3 54 0.019
4 33 0.013
5 28 0.027
6 32 0.066
7 18 0.053
8 29 0.014
9 55 0.029
10 83 0.167
Average 39.6 0.048
) 19.2 0.048

Table4 shows the results obtained with @n7solenoid on a-foot pipe. As with
the previous results the numbers show an increase in both, voltage and current. The
voltage increases by approximately 1.77% while the current shows an increase of

approximately 4.2%.
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Table 4 - 7-in Solenoid, tft Pipe, 1.25in Diameter, 2 Hz

7-in Solenoid, #t Pipe, 1.25in Diameter,
2 Hz

Current (mA)  Voltage (V)

1 21 0.08

2 45 0.022

3 41 0.025

4 43 0.019

5 47 0.034

6 35 0.051

7 26 0.122

8 31 0.054

9 45 0.067

10 69 0.029
Average 40.3 0.050
’ 13.4 0.032

The next test evaluates the sarmi@ 8olenoid from the previous example with a
2-ft pipe. In this case, however, there were no significant gains in terms of voltage and
current at the same frequency. The percent changed.48% and-8.0% for voltage

and current, respectivelyResults are shown ifiableb.
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Table 5 - 7-in Solenoid, 2ft Pipe, 1.25in Diameter, 2 Hz

7-in Solenoid, 2t Pipe, 1.25in Diameter,
2 Hz

Current (mA)  Voltage (V)

1 43 0.011

2 41 0.021

3 40 0.035

4 28 0.025

5 37 0.1

6 38 0.014

7 49 0.013

8 44 0.125

9 22 0.112

10 55 0.004
Average 39.7 0.046
) 9.5 0.047

The overall results, although lower than expected, still show promise. With a
larger magnet and solenoid couplee team igonfident it can gemate a constant output
of 2 to 10volts. However, since the frequency of ocean waves is approximately 0.3 Hz,

the power output is expected to be less.

7.3  Prototype Design

Once preliminary tests are complete the team begins the processsbfuction
and manufacturing by gathering the necessary components needed to build the model.

The components are either purchased or obtained from different stores, which included
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onlinestores For example, the neodymium magnets were picked up from two different
online stores. These magnets were then
hybrid N42/N52 magnet.

It should be noted that although some construction processes utsoerced and
contracted to manufacturing stores the team performed most of the mgchimi
assembly. Additionally, some processes used, such as-bporyng, do not guarantee a
long life expectancy for the buoy. In order to ensure the safety afaaii thembers, it

was agreed early on to use a smaller scale model.
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7.4 Parts List and Cost

The parts and cost per part are liste@able6.

Table 6 - Modified Prototype Construction Price List

Price List Unit Price  Quantity Total
N52 4x1 Magnet $480.00 1 $480.00
N42 4x3 Magnet $366.00 1 $366.00
4" Schedule 40 Pipe (5 ft) $7.98 1 $7.98
5" Scredule 40 Pipe (1 ft) $13.20 1 $13.20
6" Foam Core Pipe (1 ft) $8.55 1 $8.55
PVC Cement $9.15 1 $9.15
20-Gage Copper Wire (600 ft) $29.95 1 $29.95
4" End Caps $7.35 2 $14.70
4'x 1' Gray PVC Slab (Solenoid Rings) $32.00 1 $32.00
4" High RPM Grinding Disk $5.27 2 $10.54
1' High RPM Grind Extension $9.96 1 $9.96
Sand Paper $4.95 1 $4.95
Styrofoam Insulation Spray Can $3.96 5 $19.80
Styrofoam Float $3.88 5 $19.40
5200 Marine Sealant $8.97 1 $8.97
Machine and Construction $550.00 1 $550.00
Total $1,585.15

This list does not include team man hours, replaced and damaged parts, wasted
material, and equipment that may have been previously available (power drill, saw, etc).

Additional price and company information may be foundppendix A pagel03
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7.5 Construction

The manufacturing process in developing the prototype involved different
procedures for the different components. Sqguads are sent to the manufacturing lab
and others are handled strictly by the tearhe solenoid is fabricated first, since it is the
innermost part that requires to be completed before the solenoid case can be sent to the
manufacturing lab to be macleith and sealed.

The solenoid is built adnchADpipéissetouvin mac hi r
the lathe and slowly turned while a team member tightly lines up the copper wiring until
one foot is covered. A second coat of wiring is applied by returtiagwire in the

opposite directionFigure51illustrates how this process is completed.

28 ®;

Figure 51 - Creation of the olenoid
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To keep tle copper wiring in place, the lined up wires are covered with tape. Itis
easier to work with the solenoid once the part that has been worked on is sétguee.
52 shows how this process was followed. Emels need to be free from wisence the

solenoid case end rings will be fit snug between tireb and 6inch pipes.

Figure 52 - Securing the lined up Solenoid Wires with Tape

Once he solenoid is complete, the team can cover thetd ID pipe with the 6
inch ID pipe and send it to the contracted manufacturing lab in order to have the ring lids
manufactured from PVC slabs. The solenoid case also requires that the small hole is
creaed in order to have the two sides of wires pulled through it. The hole must then be
secured against leakage.

Figure53 shows the PVC rings created at the manufaajuab to secure both 1
ft pipes together. The hole through which the wires are accessed is alsé-igeras4

shows the solenoid in a different profile.
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Once thesolenoid rings were manufactured and glued to the case, 5200 Marine
Sealant is used to seal the hole from which the wires are drawn. This ensures that the

solenoid is leak and water proof.

Figure 53 - Completed Solenoid Case (1)

Figure55 shows the solenoid with the marine resin already applied and drying.
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Figure 54 - Completed Solenoid Case (2)

Since the resin tas up to 2 days to cure and completely dry, the solenoid is left
at the shop until it is ready to be picked up.

In the mean time, the magnets are prepared to be unified. This is a dangerous
process, since the magnetic force increases exponentially witeadeng distance
between them. A team member can be seriously hurt if the magnets are not handled with

care.
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Figure 55 - Marine Sealant is Applied to the Wiring Hole

Figure56s hows t he two magnets coupled togeth
magnet cylinder. The inner joints in the same figure were purchased but never used,
since the 4nch diameter in the PVC p&powas filed using a power disk fitted to the

power drill.
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Figure 56 - Neodymium Magnet Core

Once both magnets are coupled together, thiecld pipe inner diameter is
prepared to be bored. The reason for this is that when the magnets arrived and it was
attempted to fit them inside the pipe, the pipe walls were too small and did not allow for
evena snug fit. The inner diameter walls needed to be ground approximately 1 to 2
millimeters. Schedule 40 PVC pipes are very rigid and difficult to resh&ggire 57

shows the tools used in order to grind the inner walls of-ihelpipe.
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