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Abstract

- The Manufacture of Marine Propellers in Moulded
Anisotropic Polymer Compeosites

T. J. Searle

Ph.D. 1997
Abstract..

This thesis examines the feasibility of manufacturing small marine propellers from
continuous fibre reinforced polymer composite materials. An appraisal of some current
applications of composite materials in the marine industry is given, together with the
moves shown towards the use of composites in the area of propeller design. It has been
shown that manufacturing propellers in composite materials is theoretically more cost
effective than traditional matenials.

The manufacturing route investigated is Resin Transfer Moulding, where some detailed
investigations have highlighted some of the critical processing parameters necessary for
successful production of laminates suitable for propellers and other high performance
marine structures.

A thorough testing programme of 4 novel designs of composite propeller is reported.
Trials at séa on university run vessels has enabled many hours use to be logged, which has
shown the fitness for purpose of propellers made from glass reinforced, epoxy composite.
Experimental tank testing has helped to shape the remainder of the research by identifying
the possibility of using hydroelastic tailoring to improve the efficiency of the propeller
when a variety of operating conditions are required from the propulsion system. Further
experience is required with respect to the the tooling construction and the life assessment
of the propeller.

To facilitate appropriate modelling of the propeller, spreadsheet based load prediction
models have been used. Finite element analysis (FEA) was used to model the elastic
characteristics of one particular design of novel composite propeller. This indicated that
traditional geometries may be too stiff to allow significant performance advantages from
the anisotropy of the material. However the potential does exist for modified propeller
geometries made from composite to give some performance benefit.

For specific applications, small marine propellers made from continuous glass fibre

reinforced epoxy composite are likely to yield cost savings over traditional propeller
materials.

Page i



Contents

Contents

AADSITACK . ...veccevver e ceecsseas e esssssssssss e 8 R e e page i

COMUBIS......coooitviricecscrme et essssssseesss e st s s page ii

List of Figures................... et tet e et e Rk R R s ekt s PARE VIL

List of Tables..........cciivrrnns €11 s 405500438 R 8RR R AR ARt e e page x

LASE OF PLALES......o oot css s sesrs e ss s s b et s page xi

ACKNOWIBAZEIMEBNLS........c.iovvvecieect o reeerrcecsms e esssass s sss s e st s st page xiii

DECIATATON.....c..otvieriinr e eeeesssseeere st seiss s st et b smsate st vser st pisesiss e page xiv

U NOMIENCIATUTE. ..ot ss s sss e esssss e e s et e page xv

Chapter 1

Introduction.

1.1 The purp0se Of the tRESIS.............cccrrerrimemminimerres s sesesesecens e csemsesssess s page 1
L1 1 INEOAUCHON. .....oeiieie ettt e cecnes et e e page 1
112 ECONMOMIUCS. ...ttt et s s e s page 1
1.1.3 ManUFaCHULE. ........cooiiieieienie ettt e se e enn e page 1
1.1.4 Propeller strength.........ocovvvv v page 2
1.1.5 Propeller Life.. ..o e page 2
1.1.6 Hydrodynamic advantages

1.2 Background t0 the PIOJECL.............cuummmeemrnmssirenneesreesesesesms s s ssesssesessssssasssssnsoees page 2

1.3 The practical applications of COMPOSIIES ......oooovievvveeromsicerveis s page 3

1.4 The case for marine propellers in COMPOSItE............cccoouicveimncccrsiniiinnininn bereeeer s page 4

Chapter 2 __

Composites for Marine Applications.

2.1 INETOQUCHION. ..ot reieienmse e st sissinsssse e sessssssensssesere s snscssesss s page 7

2.2 Ships and hull Structuses................coccccevrrersoneverienrinees S erverrermsensoenseneesssseees e PARE T

2.3 ProOpulSion SYSIEMIS. ...........eemecieeeereeereeseseesesr s se e e seseseessestaenseseesseesssens page 10
2.3.1 Propeller DraCkets...........ocovevreereeeeecie st emeies e e s eeracn e s seeesemeecen page 10



2.3.2 The composite engine and propeller shaft............cccoovcvvenrnrnnnnn page 11
2.3 3 PROPELIETS. ...t s e page 12

Chapter 3 ]

Economic Benefits.

3.1 INErOAUCHON. . coeu ittt et s sb b st e page 15

3.2 FASE COBES. ...t ettt ettt e ettt e e et bt se e s page 16
3.2.1 MALEHHAL COSLS.....vreerviiriviriresserecreeeeerassssrsessese s ssseseasssesscassssssssesesesaeas page 16
3.2.2 ProCESSINE COSIS. .. ccuuieriitereteieeeeeeitee et e serneseseseeaesnesese e eeeaaeenneeeen page 17
3.2.3 Design and pattern Making........c.ccvvoviveivieeecrrameieecneeer s e areeeas page 19
3.2.4 Production in Metal.........cccccuvvrenrerrieeneeiirnenreseresrseeeeressesaenesessesnens page 20
3.2.5 Production in COMPOSILE. ... .cceeereiverire et e e page 20

3.3 Example COSt COMPATISOMS..........eeveereeriaeeternesseeresseseseeseeeseneresesesessenennesese page 21

3.4 SUMMATY ... ..ot et st eee e e eaesnc e sresnn e entessenneaneeeeenseneeneenes PARE 24

Chapter 4
Manufacture of Marine Propellers by Resin Transfer
Moulding.
4.1 INITOAUCHION .oovcvvevevs e cereeesmeenseneeesssserensesses e st s st s s e page 25
4.1.1 Manufacture of COMPOSite COMPONENLS........ococvvrirrrveivcreriernrcrienae page 25
4.1.2 Some manufacturing examples..........cccocrerireenriencieinmennieseseeenene page 27
4.1.3 manufacturing COMPIEXILeS. ......ccocevririrevrrrnreriresc e ereraeeereesrer e page 29
4.2 RTM -.Some theoretical consSiderations.................ocecverenereserieereresieseennenns page 30
4.2.1 Fluid flow through porous materials...............cmicrcsessroicee page 30
4.2.2 Fill MECRANISINIS. ... eeeeeercemsmseess s essssesssass e page 33
4.2.3 The influence of fabric architecture............icccencnn. page 34
4.3 Resin fIoOW SIMUIAHON. ... sensnnees et esssescese s sessssssesssescecores page 35
4.3.1 Solutions to the RTM processing problem..............oocernceccnn. page 35
4.3.2 Simulation of a flat plate containing mixed fabrics.........ccocccns page 35
4.3.3 RTM Simulation at The University of Plymouth................. R page 36
4.4 Determination of the most dominant RTM processing parameters................ page 38
4.4.1 INITOAUCHON. ..o eveenereercr i vesreensassenes s sssseseeces e e page 38
4.4.2 Experimental ProCedure............... e sssmssssssssscnsns page 38
4.4.3 ReSiN SYSeML.....ccovovonricriererenireces et R e R page 41
4.4.4 EXPEIMENIS ..coooooriecoreoccvoeorsmssssessssccsssos s mses o sserssssmsssss st ssssons s page 42
445 RESULLS........oooeerereer et ressesssosseses essesns esnne page 43
4.4.6 Interpretation Of RESUILS........oooooroieeee s page 50
4.4.6.1 Total mould fill time (side iNJECHON)...........coccorvecumeecermmmieriorsinrermanennes page 50
4.4.2.2 Percentage mould fill vS. tME..........ccoerrmivseemmrcnivenne s page 51
'4.4.6.3 The effect of increased volume fraction on resin flow rate...... page 54
4.5 Mathematical description Of reSin flOW ... page 56

page iii



Contents

4.6 Propeller MANUFACIULE.............c.oooooiveeie e cssnnns e esse s s s page 60

4.6.1 Initial manufacturing improvements. ............c.cccoeoeeereeerercnereseresnenn. page 60

4.6.2 Further propeller manufacture...............cccovvveeveeeerneviecenrnneecennnans page 62

4.6.2.1 SOft RTM tOOLNE.......c.ccererrereriieiriee e eereec e page 63

4.6.2.2 POTiNg......oovverrerereren.. et R page 63

4.6.2.3 Sealing and clamping..........cccceceeeieierieiiese et page 64

4.6.2.4 Developments in tool configuration..........ccccccevceeeercereenenens page 64

4.6.3 Injection and shaft attachment interface..........cc.ccocvvrvecrverennnenn. page 67

~ 4.6.3.1 Resin injection eqUIPMENt..........coieieecenvecerrcenee e page .68

4.6.3.2 surface finish...........coooiiiiicnninec e page 68

4.6.3.3 Fibre 10ading...........ocooeviemnne it page 69

4.7 Examples of each design........c.ccouviiinicnic e page 70

4.8 SUMMATY ..ottt ettt st r e b e r e st e s e e page 72

A8 L RTM ettt e e e e eanan page 72

4.8.2 EXPEriMENtation.........cceeveveerreereerivmririsrinernesersesnerssessnssnsenssnneinnen PAEE 72

4.8.3 Propeller manufacture................ e rteeetereeeeneaneeateetestee e easeereeerenneeaans page 73
Chapter §

~ Testing Carried out on a range of Composite Propellers.

5.1 INEEOQUCHON. ....cccover v ereeenr e venveces s essssssss e essssse s s e s e s page 74

5.2 BOAE LHHALS.....ooooo e ms e e et page 74

5.2.1 Performance measurements on the vessel Pandora...............ccc........ page 74

5.2.2 Longevity trials On PARAOIA..........ccococevveeereenscsiesssiceessresss e page 77

5.2.3Sea trals of the outboard motor propeller...........mnnee page 78

5.3 Open Waler BSHIE. .........occeieerecee ettt e e e page 79

5.3.1 Towing tank measurements..................... ettt e page 79

5.3.2 Cavitation tUNNEL LESHIME.......ccoommrvureer e esesncseercessesssssscssssrsssmseeseesesssessscs page 84

5.3.2.1 Experimental ObSEIVALON. ............coowmmmmrecrmsenmmmmsreemsessmssinsscssssssseeene page 85

5.3.2.2 Experimental PAFAIMEIETS......... .o mmeeermmereeseessiosssssesssssmeensesesessssasis page 85

5.3.2.3 DYNAMOMELET TANEE. .....ccvresisersveevoriaerseensseesssmssmssesmesssssssssssimissssssssossnssssnneess page 85

5.3.2.4 EXperimental QiMiS..........coocccommmrirrronesmseesmereesssisesseesmsssssssssss e page 86

5.3.2.5 MethOUOLOBY ... ...oovoovvverremrerermmnerceneriossscnisieseceerssrssssecesessssssnssrscssse s page 86

5.3.2.6 Conclusions from the cavitation tunnel work...............ce........ page 88

5.4 SUMMATY ... cresene e ssssss e s e et e e e page 88
Chapter 6

Prediction of Hydrodynamic Performance Advantages for

Elastically Tailored Composite Propellers.
6.1 INETOAUCHON.......ooococrrrceereae e ssesess et s s esssse s e oo page 91

6.1.1 Elastic tailoring of aniSotropic COMPOSILES .......ccwvevrenccrmreevernsoneneee page 91

pageiv



Contents

6.1.2 Mechanical self pitching propellers ... page 92
6.1.3 The hydrodynamic Benefit. ... e seessens e page 93
6.2.4.1 The Kt, Kq, efficiency chart..............ooeccceneercccinnn page 94
6.2.4.2 The engine diagram. ... s page 94
6.3 The modelling Strategy............o...... et — page 96
6.3.2 Finite element validation..........coccoveee e e eeeeeeee e s eeeve s s ernaees page 99
6.4 Load calculations for marine propellers............cconivinninnnnciennen page 104
6.4.1 INLEOAUCHON........ccoiteeeeectee et ieererere e nsevns e st sasene s nesanas page 104
6.4.2 The maximum loading CONdition. .............coo...orvvuvvemreereererieereeenas page 105
6.4.3 Calculation of blade 10ading.........ccooieveerercicrneciiniiri s enereiererorens page 106
6.4.4 Full scale Measurement.........cooeeverveeriereieeeeeceerceceneeseeuas s eemeereeneens page 110
6.4.5 Example 10ad CalCULALIONS. ........cooooocovcienrrrercerecescsssssmssene e ssessesissesenseseeess e page 111
6.5 Finite element analysis..... ..o it page 113
6.5.1 PrOPElIEr SEIECHON........oooeecoeeerorevsece e somssees s s e ssssse e page 113
6.5.2 Modelling the propeller blade.................cccccccceeevomonmrermrcccisineiecereceec page 116
6.5.3 Material configuration for the analysis...........cceiecenncccrercrcne.page 116
6.5.4 FEA output.......cc.cccooorvcnn. et et e e s eea sttt bR s baneen e page 119
6.5.5 Fibre angle that gives the most bend twist coupling............ page 119
6.6 The influence of fibre volume fraction...........oociccscccennscnsriecine page 120
6.6.1 The angle of maximum bend/twist coupling............... et een e page 120
6.6.2 The influence.of fibre volume fraction...............eccncnnionnns page 120
6.6.3 Interpretation of the graphical QUIPUL.........oovrmrcsimmecnccrssnnresesrnen page 123
6.6.4 The influence of fibre perpendicular to prime load bearing fibre..page 123
6.6.5 Interpretation of graphical OUIPUL...........coocovinnicinioinieiienienn e page 125
6.7 Prediction of AP/D vs. fibre volume fraction.............ccmcmioeeree s page 125
6.8 SUMMMATY ... ssses e ssss s s st st 5 page 126
Chapter 7
Discussion and Conclusions.
7.1 PIOJECE OVEIVIEW ..ot rceveenece et cessesinssss s seses s s s cneon page 128
7.1.1 Aims Of the thesiS..........corcvecririricr et page 128
L2 ECONOIMICS. . vevereeeee s ee et e eetm e st e e e e e eseettesseesesasbntssassassrseeassasnsnns page 128
7. 1.3 Manufacture.......c.ccoooiieniiieiie e page 129
7.1.4 Propelier Strength........cccccoeoiiireniiiiereeeeee e s page 130
7.1.5 Propeller Iongevity......c..co.vevcciiiiiineccicicin e page 130
7.1.6 Hydrodynamic performance...........cocecvimuievenmnrennecnenncnnieneananes page 130
7.2 Immediate apPliCALONS............c.corrriicesessicesenssneesesemsssesss s sseerissssssssssssssenss s page 131
7.3 Future applCALIONS.........cocvvrreenrrecrieeeescsesssnas s ieesssoese e csssesscsasssssssssssscsiss e page 131
T4 CONCIUSIONS. ..o v ssinns s essese s ssssas s oo e e page 132

page v



RELEICINCES ... s page 134
Appendices:

A.l Composite propellers manufactured t0 date..........coiii s Al
A2 RTM experimental data. ... s ceesssssssss e s A2
A3 REésin rheology data...........cccovvcnne et ees s seneee e e st oo e A3
A.4 Resin MmanufaCturers data...............o..occcmiveeeercommmmmeemminecreessssssnssscecessssesesss i eessess e A4
A 42 TEMPETATUIE PLOLS.....ooomcemrrrieaermiesses i stsmsssesssssessesseess et esssemees s sessesesesssssesssssesesie o Ada
A.5 Composite mMAterial ProPerty data...... ..o iveeeersiemsessieseees s ssssmssssssssssssssssonins A5
A.6 Spreadsheets and EQUALIONS............c..coooororrcoessson oo oesss e A6
ABAL0Ad CelLl.....oeoeeee e et r e es s e e e Aba
A.7 Composite propellers manufactured for this project..........icremermncne. A7
A B FEA MOAELING AALA...........ooo oo s s s A8
A.9 B-Series propeller design Charts. ... osseee A9
A.10 Training COUrsSes attended.............ccomurrerrereceeismiens e seases st e e AlQ
A.11 List of publications / papers / preSentations.............oemmermmmsinermerssessesersssne All
A.12 COPieSs Of PUDIICALIONS. ........oocuriemuearame s ssessmssamssss s sssssasmssssesmssssessssmsssssssssssesssssssseones Al2

page vi



List of figures.

List of Figures

1.1 Composite propeller viability............cccocvevieiniiininienncee e page 5

3.1 Cost per kg of traditional propeller materials compared to some composite

MAETIALS. ... s e e e e e ..... page 16
3.2 Volume cost of traditional propeller materials compared to some composite
materials........ et eee e b et e e et r e et e ettt page 17
3.3 Component geometric complexity vs. manufacturing cost.

[Medified from Flower 1990]........c.ocooinniiimrceeciee e page 18
3.4 Process stages for the manufacture of metallic and composite propellers... page 19
3.5 Propeller manufacturing COStS..........cuvrerevereerernrerrieremreerenenan. SO page 23
4.1 Resin transfer moulding schematic...........occcoveiecceecii i page 26
4.2 Compression MOUIAING.........cc.coe i et e, PAGE 260
4.3 Longitudinal 18I0 fIOW..............oveeeeeeeeeoeeeserseeceseee e eseseseseesesseeeson page 32
4.4 Radial 1eSin flOW......ccooimiiiircer ettt e e page 32
4.5 Space types the resin must fill...............ocooo et page 34
4.6 Fingering of 1e8iN floW.......ccooviiiiieiiiece vt e page 35
4.7 Experimental resin injeCtON. ...........cceveerieiereeeeeceeree et e s e er e page 35
4.8 Computer SIMUIALON......c.c..oeiviiiiieie e e e s st st e er e ete s er v page 36
4.9 Comparison between experimental and simulated RTM.............................page 37
4.10 Flow fronts from which permeability was measured.................cc.............. page 37
4.11 Composite test coupons showing dimensions...........c.cocvveeenecerencinieenn. page 39
4.12 Mould for RTM test coupons of 200mm in length..............cccooveininnnnn, page 40
4.13 RESINM VISCOSILY ...eeiiiir et eree st st se s et e sr s st st eat et s e e e sseannans page 42
4.14 Thermo cOUPIE POSIHONS. ....cccceriireriieereen i e e page 42
4.15 Resin flow COupon L., page 44
4.16 ReSin fIOW COUPOM 2.....occiiiiir ettt ettt e page 44
4.17 Resin flow COUPON 3. ..ottt aeaeean page 45
4.18 Resin flow Coupon 4............cooiiviircnnciii e secreeeeene e PAGE 45
4.19 Resin floW COUPOM 5...cooiiiiiiiiiririee ettt page 46

4.20 Resin flow COUPON 6..........cooviviiiiien vt cceesr e e PAGE 46

page vii



List of figures.

4.21 Resin flow COUPON 7.....oviiiiiiiiit s page 47
4.22 Resin flow COUPON 8.......coovoiieiieiieeeeec et et e page 47
4.23 Resin flow coupon9................ e tererresee et eee e e a b st eeante e st ea e et e ensgnnennns page 48
4.24 Resin flow coupon 10.........c.cooocveirii oo page 48
4.25 Resin flow COUPON L. e page 49
4.26 ReSiN fIOW COUPON 12.....c.vvoeeeeeceeerereves oo ses e ssees s eeseeesees e seens page 49
4.27 Mould fill ime VvS. TeSIN VASCOSILY....c...eoeererieieeeeiereere e eereece st eneeeeaeeeeveen page 51
4.28 Mould fill time vs. resin temperature. ...........ocoeeeenrneienccosenes page 51
4.29 Percentage of mould filled vs. IME........ccoocceiciiieiiineccie e page 52
4.30 Fill rates for fabric types A&B.........ccooeiriiniiincenccceencrn e page 52
4.31 Fabric B showing good inter-tow SpPaces...........ccccccomvcncrivensinnccincinnenes page 53
4.32 Fabric A showing poor inter-tow SPacing...........ocecoveuerevenesereeemerereeeneencnn. page 53
4.33 Initial resin flow fabric A..........coooorierenee e page 54
4.34 Inttial resin flow fabric B..........ooooioiiii e page 54
4.35 Measurement of flow velocity against fibre volume fraction.................... page 54
4.36 The influence of fibre volume fraction on resin flow velocity...................page 55
4.37 Log plot of unfilled mould space vs. time with straight line fits................ page 57
4.38 Exponential coefficient vs. [MPETature. ...................covvverreeereeereressessnenns page 57
4.39 Comparison of actual fill times and modelled fill times at 14°C............... page 58
4.40 Comparison of actual fill times and modelled fill times at 24°C............... page 59
4.4]1 RTM s0ft toOliNE 12y UP...c.otiirernieeeeie s page 63
4.42 POTting AITANEEMENIS. ....c.cvveiivereeier e e eceeeencress e eeees e sanse e e eneneeneon s PARE 64
443 RTM mould Seal.......c.cccooeveiieieceie ettt eece e ese e e rees page 64
4.44 Mould arrangement with two virtually identical mould halves................. page 65
4.45 Improved mould CONfiGUIALON. .......coceiiereer i page 65
4.46 The arrangement of the boss insert showing resin injection port............... page 67
4.47 Pressure pot used for resin injection...........cooeevvereinneceneesire e page 68
4.48 Preforming the fibre reinforcement.............cocooeeeinicene e page 69
4.1 Major loads acting on a propeller..........c.cccoceriiiriecieinne e e page 59
4.2 Contours of equal axial VelOCILY......ccvrvrevirerervrecre e page 60
4.3 Thrust & torque forces relative to the plane of minimum inertia................. page 61
4.4 Distribution of thrust and torque loads with blade radius..........c.c.cc.coco...... page 62
4.5 Centrifugal bending moment IeVer............co.oovriieiiconin e page 63
4.6 Incremental dimensions of propeller blade SECUON.........cocvvvvecuervreeeneee. page 64
4.7 Flow chart for loads.calculation..............ccceeveneemiiininencnceeee e page 66
5.1 Bollard pull test TeSUILS...........eeoeriiireeieteie ettt e e veas page 76
5.2 Speed St TESULLS. ......coveeiecie e e e e page 76
5.3 Composite outboard motor propeller as an effective replacement............... page 79
5.4 Definition of directional moduli............coeceoemreencesecereeieeec e page 80
5.5 Open water efficiency bronze and propeller 2.........ccocovevveeeenericecicereenee, page 82
5.6 Open water efficiency bronze and propeller 3..........ccoooviieeniieieeecene. page 83
~ 5.7 Open water efficiency bronze and propeller 4............cccooevivieecieceerrecernnnne, page 83

page viii



List of figures.

5.8 Open water efficiency bronze and propeller 5............ccccovennnnne. TN page 84
5.9 Efficiency curves found from the cavitation tunnel measurements............. page 87
5.10 KT and KQ curves found from the cavitation tunnel measurements......... page 88

6.1 Different fibre orientations that give a different elastic response................ page 92
6.2 Thrust, torque coefficients and efficiency for “AutoProp”............cccooo..... page 93
6.3 Generalised efficiency advantage for a variable pitch propeller.................. page 94
6.4 Generic engine diagram.............ccocueeiiiicierreieeeeeie e e ee e rmeee e s e e e seesneeseens page 95
6.5 The adopted modelling SIrategy............cccovvrrrriiincnccce s page 97
6.6 Plate FEA validation eXpertment............cc.cocueeeriereieninmnneer e sesieseene e page 99
6.7 Comparison of experimental result and FEA for 2 element types............. page 101
6.8 Deflection vs. load for different elastic moduli..........c.coooeeeriiincninenne. page 101
6.9 Comparison of experimental result, FEA & analytical result.................... page 102
6.10 Deformed FE mesh for the FEA validation..............ccccovvvcenionnnecncnns page 103
6.11 Major loads acting on a propeller............coccocoeciniriincnnncceneen page 104
6.12 A typical wake field for a single screw full form hull............................. page 105
6.13 thrust and torque loads relative to the plane of minimum inertia ............ page 106
6.14 distribution of thrust and torque loads with blade radius......................... page 107
6.15 Centrifugal bending MOMENt IEVET..........c.eeeeeeeeeeieeeereeeeeeeee et eeeaeeeans page 108
6.16 Incremental dimensions of propeller blade section...........coocovvvinnnnnne, page 109
6.17 Flow chart for loads calculation...........c.ccooveivereriiveiensicerenie e page 111
6.18 Loads and restraints on the propeller FE mesh.............cccoooooiiiiincnnnnen. page 115
6.19 Alignment of global FEA axis...........ccccooevvemvreiennenercecrneenseseee e page 116
6.20 Propeller mesh deformation..............coeooeiiiiicnni s page 118
6.21 Unidirectional fibre angle that gives max. blade twist.........c.cccoovevrnnce. page 120
6.22 Curvature coefficient K1 vs. fibre orientation...............cocccopeeerernnen....page 121
6.23 Curvature coefficient K2 vs. fibre orientation................cccceveeeeeeecvernnee. page 122
6.24 Curvature coefficient K6 vs. fibre orientation............c.occcoeeeenienivnneecns page 122
6.25 Curvature coefficient K1 vs. fibre anisotropy........c..coovevvviveinnnnennnnns page 124
6.26 Curvature coefficient K2 vs. fibre anisotropy.........c.ccecovvvvivnerreercrnnnane, page 124
6.27 Curvature coefficient K6 vs. fibre anisotropy............ccceoevvvevereiecvennen, page 125
6.28 Change in P/D ratio for different fibre volume fractions..............c.......... page 126

page ix



List of tables.

List of Tables

2.1a Reinhold Industries Torpedo Propellers........coccvcvcnininnaii page 13
2D FIEXPIOP. .o e page 13
2.1c CoNtru Propeller.........o.ooviiiice et e s ee e page 14
3.1 Typical material COSIS............cooriircrierc s page 16
3.2 Timings for production of sand moulds..........cccecceveveiirennncn e page 20
3.3 Comparison propeller details...........c.ocooviiiinieni i i, page 21
3.4 Manufacturing cost breakdown..........cccoovvvreiiiieiein e page 22
4.1 Fabrics used for the €Xperiment...........cocoeeeiiniiriiie oot page 39
4.2 ReSin VISCOSILES. ....couuiviviiirirercececeercr et sssescsceionsesececeennie PAEE 41
4.3 Summary Of EXPErimentS..........ccovieieiiiciere ettt s e e page 43
4.4 Graphical analysis of data.............ccooivrcurvcemmrmrinnsisniiee e page 50
4.5 Details of composite propellers manufactured.........ccccoevvevenicnnrinnennnnne page 62
5.1 Propeller USe NiSIOIY........coccueviieieieciecece e et st eee e st st page 77
5.2 Elastic properties of propellers used in the experiment...........c.oocccvncruenenee page 80
5.3 Experimental PAramelerS. . ........coueeureerriecrieeeersenaesuieneesseeeessesaesesessesneesnnas page 84
5.4 Cavitation PETTOMMANCE. ..........cuiviveiriecrere et st page 87
6.1 Laminate details of the 2 plate types used.............cccconeeniiininnniiiniecnene page 100
6.2 Modelled 1aminate PrOPErties..........oceveeiureeeereneeis s s e reereeeeneeeenaeas page 120
6.3 K value interpretation..............ooioieeeicecininsnsin i page 121
6.5 Laminates for the orthotropic comparison.............c.ccccovvieicceccncene... page 123
6.6 Material mOdIfICAUONS.............ocvieirreeceie et et page 125

pagex



List of plates.

List of Plates

1.1 One composite propeller from the original Study............occovveveniriinniennenns. page 2
2.1 Fabrication using pre-wetted glass cloth...........cocoovcviniiinnininee e page 8
2.2 Severn class LTEDOAL. .........cccooi i page 9
2.3 Composite propeller bracket...........ccovv v page 10
2.4 The BRITE ENEINE.........ccovriiieitieiecie ettt e e e ee e s e e eeeas page 12

3.1 Composite propeller showing the flash line that can be removed quickly...page 20

4.1 Composite aircraft propelier blades manufactured by RTM........................ page 28
4.2 RTM processing variabilities............coooeoricrir e page 30
4.3 RTM processing variabilities..........cccocoveiieicniivvenininnic et page 30
4.4 Experimental RTM mould.......c.ccccooooiiiccci v secceerevsee page 39

4.5 FabIIC Ao sresn e e seee s en s e enennenn. PABE 40
46 FabriC B...........ociiii e e e PAEE 4]

4.7 Coupon 9 after INJECHOMN. .....iupveuere sttt ee e page 50
4.8 Propeller manufacture after improvements.........cococeeveecreresvoresennnnesnien... page 60
4.9 Propeller prior (0 iMPIOVEMENLS........c.eceeeieierteerieecieiesees e eressraeeeesses ceevens page 61
4.10 Successful manufacture of the propeller for the vessel “Aquatay”............ page 61
4.11 The initial mould for the 12 propeller............covvoimiciicincceeeeaes page 66
4.12 The mould for the propeller for the vessel “Pandora”................................page 66
4.13 The mould for the outboard motor propeller.............cceovieiioniieneciine page 66
4.14 The mould for the propeller for “AqQuatay”.........c.cooouerererreneeerieereenrseeinn, page 67
.15 HTB 1 DOSS IMSEIL. ... oeeeimeeeeeeeeeee et eeee et e e e e seee et eeea s eraesevesaeseteesmeeaneees page 68

4.16 12 inch propellers painted for open water testing............c.ccceeeecevereeneneen... page 70
4.17 The propeller installed on the vessel “Pandora”...............cccovevcvvvevnnnnn. page 71
4.18 Outboard MOLOr PrOPEIIET...........ocurmiiriieeercriece e eb e page 71
4.19 Propeller installed on the vessel “Aquatay”...........c.ccccocevrerrernrerernennnen. page 72

page xi



List of plates.

5.3-The propeller having lost all three blades.............ccccoiiiiiiiiii page 78
5.4 A composite propeller in the towing tank........c..cocooeviiiiicicenc e, page 81
6.1 Two uni-directional glass/epoxy cantilever Specimens..........cc.c..cccoveeeene. page 92
6.2 The Brunton’s “AutoProp” ... page 93

page xii



Acknowledgements

Acknowledgments

A large number of people, to whom'the author is greatly indebted, have contributed widely
to make not only this research possible.but to strengthen and refine it. At the outset, Roger
Ch_éés-iéy worked hard and enthusiastically to secure the initial funding for the project. At
this stage members of ACMC, Steve Grove, John Summerscales, Denise Horne, David
Short, Andy Lewis did much to welcome the “outsider” into the team! A number of
undergraduates from the Institute of Marine Studies and The School of Manufacturing at
early stages had considerable input with some helpful dissertations. In particular Sara
Bucknol with an innovative study on outboard motor propellers. Chris Hodge worked
hard at The Royal Naval Engineering College, Manadon on the early tank testing. At
certain phases of the project Mansel Davies was particularly helpful explaining and
measuring the rheological properties of the resins used for the RTM experimentation.
Adam Sweet did an excellent job producing the tooling and some of the propellers for use
on Aquatay. Heather Kirby-Chambers also worked against the odds to develop a load
cell to assist in propeller load measurements. Mike Stringer’s ability to produce
components for the propeller tooling and testing often from a little information has been
much appreciated. The sea trials carried out during this project would not have been
possible with out the enthusiasm of the staff at Coxside, who gave us time during their
busy schedules of work. In particular; Frank Knott, but also, Pete, Jerry, Richard, Bob
and Laurie. Thanks are due also to the industrialists with whom we came into contact,
Max Izzo kept us sharp by asking the difficult questions.

Steve Grove has been a stickler for detail and his knowledge and academic rigour were
particularly valued during the modelling aspects of the project, so to was his research
experience; John Chudley has had much energy and enthusiasm for this work, his
constant support, his practical focus, his search for excellence and some particularly good
food at his house have been much appreciated. The endorsement and belief of David
Short throughout this work has been a great encouragement, the combination of his belief
in the work, belief in the author and his searching mind has been inspiring.

Thanks are due also to the anonymous man at the end of the phone who has supplied
abundant accurate surf reports during the last few years.

Lastly for the support and encouragement from two Grandfathers, Mum, Dad, Bec,
Mark, Mark, Meghan, Charlie, Rosie, and friends at MBC-thank you!

page xiii



Author’s Declaration

No part of this thesis has been submitted for any award or degree at any other institute.

While registered as-a candidate for the degree of Doctor of Philosophy the author has not
been a registered candidate for another award of a University.

Publications by the author, in connection with this research, are included at the end of the
thesis.

Signe(ﬂ: C'p
| | S

Date Io{n‘lva‘l %?

Page xiv



Nomenclature

Nomenclature.

ST ICNAANDAT BEHTE >

thrust moment arm
stress section area
function coefficient
function coefficient
torque moment arm
number of blades
function coefficient
function coefficient
chord length

dimensionless constant found by experiment

propeller diameter

centrifugal force

permeability (Darcies)

shape coefficient

flow length (cm)

centrifugal bending moment arm

mean blade thickness

propeller RPM

specific volume output in the x direction
nondimensional radius of stress section
radius

radius of inlet port (cm)

flow front radius (cm)

blade rake angle

inlet pressure (bar)

propeller pitch

engine power
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Nm
Mp
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pressure
torque (Newtons)

the specific wetted surface area

time in seconds

section thickness -

time (sec)

thrust (Newtons)

speed of vessel

speed of advance

taylor wake fraction

blade face ordinate

nondimensional position of blade CoG
0.7 propeller radius

section modulus

total stress

stress due to thrust

stress due Lo torque

_stress due to centrifugal bending moment

stress due to centrifugal direct stress

stress due to unknown out of plane bending moments
stress section pitch angle

shaft efficiency

propeller efficiency

material density

radial stress (Conolly}

transverse stress (Conolly)

dynamic viscosity

porosity, the ratio of space available for the liquid to occupy.

dynamic viscosity (centipoise)

Nomenclature.
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Chapter One

Introduction.

1.1 The purpose of the thesis.

1.1.1 Introduction.

This thesis seeks 10 investigate the viability of manufacturing marine screw propellers in
continuous, high modulus fibre reinforced polymer composite materials. In order to set this
study in context from other existing work, (reviewed later in the thesis), the propellers
considered are low cost small boat propellers that can replace the existing metal propeller by
a one shot, monolithic composite aliernative. To this end the following aspects have been
considered:

* Economic benefits.

* Manufacturing viability.

» Fitmess for purpose, strength and longevity.
* Hydrodynamic advantages.

1.1.2 Economics.

The manufacture of a metallic propeller in either Manganese Bronze (HTB1) or Nickel
Aluminium Bronze (AB2), is a highly skilled, labour intensive process. The manufacture is
multi-staged.and the final shaping, finishing and polishing of the propeller is dependent on
the skill of the operative. A detailed breakdown of this is given in chapter 3. Part of the
hypothesis of this research, is that by moulding a propeller to finished dimensions, no
finishing, apart from the removal of a minimal resin flash, would be required when the
propeller is ejected from the mould. This would yield a first cost saving over producing the
same shaped propeller in metal.

1.1.3 Manufacture.

A reasonable indication that it is possible to make a small boat propeller in composite
materials has been show by the author in an earlier study, [Searle 1991]. However, this has
been developed in this research. The manufacture of larger, more robust propellers has been
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Chapter One Introduction.

The early study was carried out using a standard 12 inch, 3 bladed, manganese bronze
propeller. The task was to manufacture a geometrical replica in FRP. For reasons that are
given in chapter 4, Resin Transfer Moulding (RTM) was chosen for manufacturing and the
successful production of 4 FRP propellers was achieved. This manufacturing route allowed
the complex shape of the propeller to be faithfully reproduced in composite materials.
Traditionally propellers of this type, made from manganese bronze or nickel aluminium
bronze, are cast in sand and hand polished. FRP materials processed by RTM were shown
to be a realistic alternative to traditional methods and worthy of more detailed investigation.
The initial undergfaduatg: projéct finished after a RTM mould tool and 4 propellers had been
manufactured. _ -

It was estimated that during 1985, 10 000 tonnes of polyester resin was used in the U.K.
marine sector alone [Marchant 1987). Some sources have predicted that globally, the use of
FRP’s will over take the use of steel by 2010 [Flower 1990]. The number of novel
applications for FRP is increasing. The marine industry presents a varied range of
applications that would lend themselves to a redesign in a composite. Many applications are
well established, for example high performance racing yachts. Some more subtle
applications like the propeller are on the threshold of emergence. Some FRP propeller
designs have been put forward, but it is still early days and they are yet to become widely
used. Various designs are discussed in chapter 2 and appendix 1.

1.3 The practical applications of composites.

These fall very loosely into two categories. Firstly, the lower mechanical performance end of
the material spectrum, GRP or fibreglass, usually consisting of short fibres of ‘E’ glass in a
chopped strand mat form, laminated in polyester resin. Typically the glass makes up 20-30%
by volume of the material content. The cost effectiveness of this material in making complex
shapes such as a boat hull quickly, with semi-skilled labour has contributed to its popularity
as a production boat building matenial. Generally production boats built in GRP have not
been considered as high performance structures. Their manufacture has been appropriate for
this view, usually fast hand lay ups, in a workshop environment that has variable
conditions. Thus hull structures tend to be over—engineered to account for the structural
inefficiencies and manufacturing variances, so they are heavier than need be and more
expensive due to the extra matenal being used. A more rigorous approach to manufacture
considers the material quality, the fibre orientation, the fibre volume fraction and the void
content of the laminate. While this lengthens the manufacturing process, savings are made
by using less material to create a more effective structure. The product may also have a
longer service life and will certainly be lighter Many companies-are recognising this and are
introducing more sophisticated laminates into their boats. Foam cores are being used and
woven glass cloths are replacing chopped strand mats.

When there is a more challenging application such as the-design of a competitive racing boat
or a fire proof structure, a more sophisticated technology is required. This loosely falls into
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Chapter One Introduction.

the category of “advanced composites”. Although more akin to airframe technology, it
usually falls somewhat short of this ideal. This is for two reasons. Firstly it is much easier,
fundamentally to keep a boat afloat, than to keep an aircraft flying. Secondly a rather
dubious philosophy that says, if something goes wrong, you can swim but you can’t fly.

understand the properties that can be provided by composite materials, which should
influence their selection.

* High specific strengths.

» High specific stiffnesses.

*» Good corrosion resistance.

* Possibility of reduced cavitation erosion [Harris 1986].

* Better fatigue performance than metals.

* Potentially higher production rates.

* Potentially healthier production environment.

* Specific material design.

» Low coefficient of thermal expansion.

* Ease of producing complex shapes.

* Anisotropic elastic properties can be utilised to advantage.
» Ease of repair & maintenance.

* A composite material uses about half the energy to manufacture compared to
steel or aluminium [Richardson 1987].

Although not an exhaustive list, the above shows some important benefits of composite
materials, that makes them worthy of consideration alongside conventional materials.

1.4 The case for marine propellers in composite.

Of the benefits already listed, some that particularly pertain to propeller design include the
following:-

* Reduced production costs.

+ Component longevity.

* Reduction in cavitation damage.

* Damage tolerance & ease of repair.

* No corrosion.

*» Possible reduction in fouling.

» Easer maintenance.

* Higher manufacturing yield (with many composites manufacturing processes).

* New shaft attachment possibilities.

* No need for painting, (as the case for aluminium propellers).

* Introduction of designed deformation of propeller blades under load to achieve
. greater hydrodynamic efficiency.
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Chapter One Introduction.

A number of solutions have been put forward for the redesign of the marine propeller by
changing its material to composite. Although the widespread use of composite propellers
does not seem 1o have materialised yet, many are still at the development stage but given time
successful designs will emerge.

To consider the areas set out at the beginning of this chapter, the thesis is set out in the
following order:

Chapter 2
Composites for marine applications.

Chapter 3
Economic benefits,

Chapter 4
Manufacturing of marine propellers by resin transfer moulding (RTM).

Chapter 5
Testing carried out on a range of composite propellers.

Chapter 6
Prediction of the hydrodynamic performance advantages for elastically tailored composite
propellers.

Chapter 7
Conclusions.
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Chapter Two

Composites for Marine Applications.

2.1 Introduction.

Continuous fibre reinforced polymer matrix composites are having a significant impact on
the marine industry. Composite materials are now evident in virtually every area of this
diverse market. This chapter reviews a range of marine applications where composite
materials are now used to advantage. The benefits are generally specific to the application.
and should be viewed in that context.

2.2 Ship and hull structures.

Large hull structures manufactured in composite have in the past been limited to vessels of
approximately 60m [Anon 1989a]. From a manilfacturing viewpoint, a large vessel with
many flat sections is conveniently and cost effectively fabricated from flat or easily curved
steel plates. A small yacht, for example one that requires a good surface finish and has a
high degree of compound curvature in its hull form, lends its self to production in contact
moulded GRP. Generally as the size of a structure increases the modulus of the constituent
materials must increase also. In proportion to the overall dimensions the scantlings become
very much thinner as the hull size increases. GRP has a significantly lower modulus (8 GPa
for chopped strand mat in polyester resin compared to 207 GPa for steel). Another important
consideration for larger structures is the increased strain energy. Whilst stress is simply
proportional to the area subject to the load and can be scaled proportionally, strain-energy is
proportional to the size of the structure. For example the scantling of a small and a large
vessel can be designed to the same working stress but the strain energies of the larger
structure will be significantly higher. Thus the fracture toughness of the material is an
important consideration. Composites can have high fracture toughnesses but this must be
specified and is not always easily or cost effectively achieved.

The steel industry is experienced in making large volumes of material for big structures.
Making composite materials in the same quantity is not yet as well established. The first cost
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Chapter Two Camposites for Marine Applications.

skinned sandwich so the buckling resistance of the skin was not reliant on the core.

Production was by usual boat building methods i.e. a hand lay up in two part moulds with
vacuum bag consolidation. The core was of syntactic foam, that could be poured in to the
bracket after the mating of the two moulded bracket halves. This meant that no prior shaping

process comprised the following:

1. Production of a GRP mould,

2. Hand lay up,

3. Vacuum bag consolidation,

4. Removal of part from the mould,

5. Fitting a PVC foam block and GRP boss tube,

6. Mating of the two halves and pouring in syntactic foam in several stages.
7. Post curing and finishing.

The following analysis was carried out on the bracket:

" Mechanical test for bending: Deflection/Strains/ Acoustic emission,
« Mechanical test for torsion: Deflection/Strains/ Acoustic emission,
+ Finite element analysis.

The tests showed that the material and the process catered well for bending and torsional
loads, particularly the jointing of the shells. However further work is required to close the
gap between the finite element and the experimental results. The end result of this production
technique was a slight reduction in fabricating cost, the final weight of the bracket was 70kg,
this represents a 77% reduction over usual production methods.

2.3.2 The Composite Engine and Propeller Shaft.

Research has investigated the use of composite materials for engtnes. This application is
very much in its infancy and has been confined to small petrol engines for cars. Success at
this level is necessary before work can begin on larger marine engines. However results
from Polimoter Research Inc. more than 10 years ago [Wise 1980] and more recently the
B.R.IT.E. (Basic Research in Industrial Technologies for Europe) engine in the late eighties
have been significant plate 2.4
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Chapter Three

Economic Benefits.

3.1 Introduction.

Part of the hypothesis of this work, is that certain types-of marine screw propeller are more
cost effectively manufactured in fibre reinforced plastic materials. This chapter seeks to
outline the economic, manufacturing and technical issues requiréd to support this thesis. The
evidence and experience presented, (both anecdotal and scientific) will substantially make the
case for the economic viability of FRP propellers.

[t is beyond the scope of this chapter and report to deal in any depth with the through life
costs of a composite propeller. (Some catastrophic damage has been experienced on
composite propellers in service. This is discussed later in chapter 5). The focus-of this thesis
is manufacture, the followihg longevity issues have not been measured:-

« Corrosion.

» Cavilation.

» Wear due to abrasion.
» Fatigue.

These will be investigated in further studies.

In order to create an economic bench mark, the processes and materials by which and from
which metallic propellers are made should be understood. Also, the potential of the rapidly
maturing manufacturing technology available to the composites industry, which gives the
capability to produce high quality structural parts economically, must be accepted. This
chapter compares the processes on a cost basis in the following way:

1. Material cost.
2. Processing cost.
3. Tooling cost.
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Chapter Three Economic Benefits.

this type of tooling is expensive compared to making a sand'mould for metal casting. RTM
propeller tooling is discussed in detail in chapter 4. However at this stage it is adequate to
say that considerable industrial development is underway to produce a format of cost
effective tooling [Harper 1997]. Essentially, this consists of producing mould tooling faces
that are separate from the peripheral mould clamping mechanisms, injection peripherals and
other mould furniture items. Composite mould faces on their own with integral heaters can
be produced relatively cheaply.

Common to both composite and metallic propellers is the need for a machined shaft
interface. Thus some machining time must be costed to the composite propeller. However
this metallic boss can be produced much more cost effectively on its own. It can be produced
as a stock item, defined only by its length, shaft taper, and key dimensions.

A key to success in RTM is the need for a well made fibre preform. Preforming automation
is expensive, and particularly for complex shapes is not well advanced. However, cutting
the fibre manually using templates and assembling the preform by hand can be accurate and
effective.

Equipment to automate RTM is now available for only modest investment. The handling of
tool closure, resin injection, flushing, cleaning of mixing heads, associated pipe work and
finally the opening of the mould on resin cure, can now be handled automatically. The entire
cycle for modest components can be less than 4 minutes with total equipment investments of
less than £40 000. This also allows for a “clean process” where the only time resin is seen
and handled is in the cured finished part and styrene emissions are negligible.

3.3 Example cost comparisons.

To break down and illustrate the cost comparison between a typical metallic propeller and the
composite equivalent, the details of a 24 inch propeller are used (table 3.3).

Diameter G.....24inches
_Numberofblades | 3
Material .. HTBL
_______________ DAR i 05
Market cost £450

Table 3.3 Comparison propeller details.
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The manufacturing parameters and assumptions which are kept consistent for each propeller
are as follows:

O 0o = O\ W

10.
1.

Time is cost at £30 per hour.”

The present worth of any investment is not taken into account.

There is zero material waste and zero scrap. (waste metal can go back in the furnace,
RTM wastes very little material).

Keyway and shaft taper machining is required for both props (although machining
the small bush for the composite propeller is very much simpler than setting up an
entire propeller).

Composite propeller is monolithic.

RTM tool faces are estimated at 40 hours work (@ £30 / hour).

The RTM tooling cost is divided between the number of propellers in table 3.4.
RTM equipment investment cost is low and not considered.

Manufacture of the bronze propeller is estimated at 3 hours (@ £30 / hour).
Manufacture of the composite propeller is estimated at 1 hour (@ £30 / hour).
Consumables for the bronze propeller are estimated at £20.

These figures can be modified. However considering these as typical figures, the cost break
downs are shown in table 3.4 and figure 3.5. The profit margin shown for the metallic
propeller is variable and probably not as optimistic as the one given. It is an estimation, as
companies will not divulge commercially sensitive information of this nature.

Propeller type EMaterlal il’rocessing cost (labour : Mould cost, labour and Margin

cost | cost for making the material (divided i (profit) i
i propeller) between the number of :
propellers produced)

_Composite (5 of) | £ 16.00 £ 30.00 £24000 | £20400
_Composite (10 off) | £1600 : £30.00 o £12000 | £30400
_Composite (20 off) | _£1600 | £3000 £.60.00 | £ 35400
Composite (100 off)i £1600 | £ 30.00 £1200 i £39400

Table 3.4 Manufacturing cost breakdown.
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3.4 Summary.

From the cost'models presented:-

* An increase in the numbers of HTB1 or AB2 propellers will not yield a significant
~- --increase in profit margin, as the sand-mould must be constructed for every propeller.

» Small numbers of composite propellers manufactured by RTM cannot increase the
economic margin.

* For the numbers presented in this model, the indication is that the economic margin
will become favourable when quantities of greater than about 15 propellers are
achieved.

Thus, economically composite materials and associated manufacturing routes are likely to be
viable when the manufacture of a relatively small number of like propellers is required. With
greater maturity in RTM tooling techniques the process should become more and more cost
effective.
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Chapter Four

Manufacture of Marine Propellers by Resin Transfer
Moulding.

4.1 Introduction.

4.1.1 Manufacture of Composite Components.

Metallic components are manufactured in two stages. Firstly the metal is manufactured from
raw material with specific properties which are subject to modification with subsequent heat
treatment. Then the component is manufactured from this material to the required shape.
Composites differ because the raw materials of fibre and resin are brought together at the
same time the component is manufactured. Thus the component is manufactured at the same
time as the material. This fundamental difference allows:

* Net shape manufacture.
* Specific material property tailoring for the component.

In order to bring the fibre and resin together in the required geometry, an effective technique
of manufacture is required. The manufacturing process must satisfy the following criteria:

* Cost appropriate to application.

* Allow the fibre and resin to be brought together in the correct ratio.

* Ensure correct fibre alignment.

* Resin must surround each fibre.

 Minimise foreign particles, defects and air voids.

* Accurately define the entire component geometry which is the requirement of
the marine propeller.

Resin Transfer Moulding (RTM) enables these criteria to be achieved. Figure 4.1 shows the
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Chapter Four Manufacture of Marine Propellers by RTM.

this technique is that the mould tools are expensive. In-order to withstand the high clamping
forces and thermal loads, tooling must be substantial and consequently expensive. RTM does
not necessarily require large variations in temperature 1o cure the resin, nor is.it a process that
requires strong tooling, as resin injection pressures are low, usually in the region of 1-5 bar.
(Some. compression moulding does not require high temperatures,- but it is usually more
effective when high temperatures are used). Generally speaking compression mould tools are
required to be produced from metal, whereas RTM mould tools can be made from composite
at a reduced cost. If the tolerances of the component or the size of the production run allow,
then metal tooling, which is more durable is used for RTM. Thus the result is RTM can
certainly be more cost effective at producing high quality, high fibre volume fraction and
more complex parts than compression moulding. [Harper 1992].

In addition to cost there are other benefits of RTM which arise from tooling and processing,
the following list shows some general advantages over other FRP manufacturing processes
[(Dean 1988].

* Low void content in laminate.

' Good control of mechanical properties.

» Repeatable process.

» Ability to mould comptiex shapes.

* Reduction in labour & material waste.

» Clean process, fibres are handled dry, (resin is only added
after the tool is closed).

*» Good for large production runs, as the process has a fast turn
around time.

» Works well for large components.

* Minimal raw material storage problems (unlike pre-pregs that must be kept
frozen).

4.1.2 Some Manufacturing Examples.

[ndustry and research establishments have exploited the clear benefits that RTM has to offer.
Several examples in recent years owe much of their success to the flexibility that RTM
allows.

The Advanced Composites Manufacturing Centre (ACMC) of the University of Plymouth has
manufactured monolithic ballistic panels by RTM. The panels comprise a solid 60mm thick
laminate of various different combinations of fibres in epoxy resin. Total weight of the
finished test panels is in the order of 100kg. Due to the bulk of material, RTM was the most
cost effective method of manufacture and possibly, with the exception of resin injection under
a bag, the only method of consolidating thisbulk of fibre and resin in a one hit moulding.

For 25 years, Dowty Aerospace have been developing RTM techniques for the manufacture
of aircraft_propell_er blades plate 4.1. [McCarthy 1992]. The composite blades have several
important advantages over those made from aluminium alloy.
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Concargo Ltd. have begun using RTM for the mass production of the roof for the Ford
Transit Van [Sudol 1994]. The projected production run is estimated at 90 000 parts over 7
years from one nickel shell electro formed tool. This type of tooling is 40% cheaper than steel
tooling, quicker to produce than steel and allows for a class A finish on the product.
Production has been ramped up from concept to full production within 2 years.

The low volume fraction manufacturing process involves a gel coat sprayed into the tool,
placement of precut fibre pack, closure of the mould and finally the resin injection. One port
is used for the injection which takes just 6 minutes. The roof is de-moulded 26 minutes after
the injection is first started. The goal of the company is to achieve an overall cycle time of 15
minutes.

Essentially, the process has enabled high quality, well finished components to be
manufactured quickly with tooling that is significantly cheaper than steel RTM tools and
cheaper than the tooling required for the production of metal parts.

4.1.3 Manufacturing Complexities.

These applications discussed and many other products manufactured by RTM can be
categorised in terms of fibre to resin ratio. When the fibre content is low, approximately 20-
30% by volume, the resin enters the mould, permeates the fibre structure and fills the mould
cavity with relative ease. However, when higher mechanical performance is required, the
proportion of fibre increases to approximately 50 - 60% and injecting the resin becomes
progressively more difficult. The increase of fibre in the mould cavity not only stows the flow
of resin into the mould but can often make the flow front of resin erratic and difficult to
predict, the resin seeks out easy flow paths much more readily. This means in practice, for
low fibre volume fraction components, processing parameters such as the resin viscosity and
fibre weave architecture are not critical. As these and other parameters vary, so the moulding
quality remains repeatable and consistent. However as the proportion of fibre starts to
increase, it becomes increasingly important to control and maintain RTM process:conditions.

Initial manufacturing of FRP propellers produced in the early stages of the study confirms
this. In order 10 achieve the required mechanical properties to manufacture a propeller that is
fit for purpose, fibre- volume fractions of 50% are about the highest practical fibre volume
fraction possible for the complex component shape. The fibre reinforcement is standard
E-glass and the resin a slow curing epoxy. Plates 4.2 and 4.3 show the inconsistency of
moulding quality realised for one design of experimental composite propeller. Variations
occurred in different blades of the same propeller and in different propellers.
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Chapter Four Manufacture of Marine Propellers by RTM.

4.4 Experimentation to determine the most dominant
RTM processing parameters.

4.4.1 Introduction.

In order to investigate resin flow as a function of fibre architecture, it was decided to carry
out a series of experiments. These determined which parameters have a major effect on the
end laminate quality and how the theory already discussed applies. In the light of previous
practice of this research, the following were chosen for further study. These are considered
to be the parameters that dominate the flow:-

» Effect of high volume fractions.
» Effect of reducing the resin viscosity.
« The effect of different fabric architectures.

The following secondary parameters were kept constant throughout each experiment:-

» Injection pressure 1 bar.
- -* Vacuum was not used.
* Resin and fibre type were fixed.
* Port position.
* Resin was not de-gased.

4.4.2 Experimental Procedure.
A mould tool was designed that enabled small wedge shaped test specimens to be produced.
Figure 4.11 shows the details of the test coupons. This configuration was chosen because it
allowed a specimen to be produced that had changing fibre volume fraction along its length.
" This was achieved by manufacttiring each coupon with a consistent number of plies
throughout. Thus the effect of different fibre volume fractions could be investigated in one
experiment. Plate 4.4 shows the tool together with the temperature monitoring equipment! .
Figure 4.12 shows the detail of the mould. The mould was substantially built so that any
distortion of the mould during resin injection was insignificant. A straight edge was places
across the top surface of the tool on a number of occasions and there was no detectable
distortion.

1 Hot Bonder from Aeroform.
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Chapter Four Manufacture of Marine Propellers by RTM.

Fabric Architecture.
» Fabric architecture is a critical parameter that should be optimised, if not, slow,
inconsistent and erratic resin flow will result.
» For the experimental mould, a 8-9 fold reduction in injection time was achieved
between 2 different cloth types, all other parameters equal.

Fibre Volume Fraction.
« It was shown that for one cloth type, resin flow was virtually stopped at 55%
volume fraction, whereas the other fabric exhibited significant resin flow at 67%
volume fraction.

In order to improve on the information that has been presented from this experimentation, a
number of points should be considered to:enhance the data.

* Greater number of experiments

» Greater variety of temperatures

* Other fabrics should be tested, especially enhanced flow cloths.

* A variety of different injection pressures should be used.

» Image analysis should be used to:collect and analyse the flow front data.
» Microscopy of samples manufactured during experimentation.

Enhancement of this information would be to the advantage of this project, however great
improvements have already been made in the manufacturing of propellers to this point.

4.8.3 Propeller manufacture.

The tool manufacture and production of a range of propellers was carried out successfully
without great expense. The manufacturing technology demonstrated is-accessible and mature
enough to implement into a production environment.
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Chapter Five

Testing Carried out on a Range of Composite
Propellers.

5.1 Introduction.

The following preliminary tests were carried out to study the performance of composite
propellers.

* Speed and bollard pull measurements on the vessel Pandora.
« Longeyvity tests on the vessel Pandora.

* Sea trials with the outboard motor propeller.

* Open water towing tank measurements.

o Cavitation tunnel measurements.

* Sea trials-on the vessel Aguatay.

Earlier parts of this thesis have looked at the economic and manufacturing issues pertaining
to the composite propeller, the prime concem of this chapter is to begin the investigation as
to the fitness for purpose of composite materiats for marine propellers.

5.2 Boat trials.

5.2.1 Performance measurements on the vessel Pandora.

The University’s vessel Pandora is a Tm (23’) GRP work boat powered by a 23kw (31hp)
continuous or 28kw (38hp) intermittent diesel engine. The maximum engine speed is 1700
RPM with a gearbox reduction of 1.85 to 1. The main purpose of the boat is safety cover for
student recreation. It can carry up to 12 people plus diving equipment. Plate 5.1 shows the
vessel. - -

Page 74






Chapter Five Testing Carried out on a Range of Composite Propellers.

Thrust

Bollard Pull Test
tonnes
0.3
t L7
/
0.2
0.1 s .
- o Bronze Prop.
<+ Composite Prop.
0.0 —_— |
500 600 700 800 900
Propeller RPM
Figure 5.1 Bollard pull test results.

Boat
Sﬁ%‘iﬂ Boat Speed vs. Propeller RPM

8

;] ﬁ’w
6 / i

5

4 s

T //// a Bronze Prop L

3 ///:/ ¢ Composite Prop _—
2 - l |

200

400

600
Propeller RPM

800 1000

Figure 5.2 Speed test results.

Page 76



Chapter Five Testing Carried out on a Range of Composite Propellers.

After these tests were performed and three weeks of general boat duties the propeller was
removed for-inspection:

*» The boss joint showed no signs of degradation.

* During this period of immersion no marine growth occurred.

* One of the leading blade edges had been slightly scuffed, this was probably due to
an impact with an underwater object.

From these test results the main conclusion was that the performance of both propellers were
comparable. This is to be expected as both propellers had identical geometries, although their
respective elastic properties were different.

5.2.2 Longevity trials on the vessel Pandora.

After these trials, the propeller was left on the vessel so that an assessment of the long term
behaviour of the propeller during everyday use could be made. Inspections were made of the
propeller by slipping the vessel at regular intervals. The history of this appraisal is recorded
in table 5.1. “Hours use” indicate the hours of engine running time as recorded on the
engine log. All the vessel operations were carried out in Plymouth Sound and the
surrounding waterways.

Date Hours use  Comments
25/4/94  Prop 1 installed
25/5/94 n/a Prop removed, all blades lost after hirting a mystery
-under water object. No damage to shaft gearbox or

iengine
9/6/94 | Ohours New propellerinstalled

2806094 | 30hours |

13/7/54 62 hours 'E'Shght marine growth composnte in the boss area
: worn slightly where rope had been entangled

25/8/94 "117 hours :3mm radius size chip on 2 blades caused by Imof
thick electrical wire wrapped aroundprop

.. 1008 | 19hours

______ Y194 | 1S9hours 1
9/11/94 165hours : .
1/12/94 n/a  Prop removed after shedding 2 blades on impact

- with a significant piece of wood which could not be
i recovered, no-damage to gearbox or transmission
isystem.

Table 5.1 Propeller use history.
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5.3.2.1 Experimental Observation.

This was greatly enhanced as the-cavitation tunnel has viewing windows immediately
adjacent to the turning propeller. The towing tank clearly does not permit the propeller to be
viewed in the same way. Close inspection of the propeller during the experiment allows the
onset of cavitation and the deformation of the blades under load to be observed.

5.3.2.2 Experimental Parameters.

It is important that good control of the experimental parameters is possible. Many of the
experiments that are performed in cavitation tunnels involve scaled down model propellers.
In order to model cavitation successfuily, the model should be run at the same cavitation
number as the full size propeller. The best method of ensuring this happens, is to vary the
water pressure in the tunnel. This can be done in the Newcastle cavitation tunnel.

5.3.2.3 Dynamometer Range,

It can be seen from table 5.3, that the dynamometers for thrust and torque can measure
significantly greater loads than those in the towing tank. Although the precise figure is not
available, it can be inferred from this that the motor turning the propeller in the tunnel has a
significantly higher power than the one used in the towing tank. This has important
implications for the cavitation study. It has already been stated that there was no-evidence for
any cavitation taking place in the towing tank experiment. Cavitation occurs as the cavitation
number (o) becomes smaller, as given by equation 5.5.

IprWA

.......................... Equation 5.5

Where:
= Cavilation number
p = Local absolute pressure
Py = Vapour pressure of fluid
p = Fluid density
Vo = Velocity of advance

It can be seen from equation 5.5 that in order for the cavitation number to be small, the
velocity of advance must be large. Because the propeller must operate at the correct advance
coefficient (J ), to compensate for the increase in the velocity of advance, the RPM must
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increase. This requires more torque and therefore more power from the driving motor.

The cavitation tunnel enabled the propellers under test to operate in cavitating conditions. A
second important consideration, resulting from more power being absorbed by the test
propeller, is that each blade is subjected to a greater bending moment. Thus the blades will
deform to a larger extent under the bigger load and any change in performance shall be more
measurable. '

5.3.2.4 Experimental Aims.
These were:to produce a set of K7 Kg curves for one composite and one bronze propeller and

observe both propellers in the cavitation condition. From these observations it would be
possible to determine if one propeller had a different efficiency envelope from the other, and
how a propeller with significantly different elastic properties affects the onset of cavitation.

5.3.2.5 Methodology.

Two propellers were selected for the experimentation from the five possibilities used in the
towing tank. The bronze propeller and one tailored (red) propeller were used. The red
tailored propeller has anisotropic elastic properties that allow the pitch to back off (decrease)
as a bending load is developed upon it.

Having installed each propeller in turn into the cavitation tunnel, the thrust and torque
coefficients were measured under the following conditions:

* The speed of the water within the tunnel was maintained as high as possible in
order to keep the Reynold’s number high and avoid detrimental effects on
accuracy caused by skin friction.

* The propeller was run at the correct advance coefficient which is most easily
obtained by setting the water speed, then adjusting the RPM to suit.

* The pressure in the tunnel was lowered to produce the correct cavitation number
at the propeller axis.

» Each experiment was performed at an advance velocity of 3 to 4 m/s.

The observations of cavitation onset are significant as both propellers performed differently.
Table 5.4 summarises the cavitation performance, figures 5.9 and 5.10 give the efficiency
and the K7 K¢ curves respectively.
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techniques to help visualise the blade tip deflections under load. Such a system would
comprise of a video image of the deforming propeller blade, viewed under strobed lighting,
and computer software to determine and present the data pertaining to these deformations.
This information coupled to the structural analysis software would provide an invaluable tool
for the future composite propeller designer.

The greatest future benefit from hydroelastically tailoring the type of propeller used in the
experimentation described, may be the ability to have greater control of the onset of
cavitation because of the geometry change under load. This would reduce cavitation erosion
damage, cavitation induced noise and other inefficiencies that may not be directly evident in
the K1 Kg and 1), plots. This benefit is worth pursuing in its own right, even if it is not

possible to radically alter the shape of the efficiency envelope by material selection.

The development of a suitable model to help analyse these series of benefits is the key to
maximising the potential. This is discussed in Chapter 6.

A variety of experience has now been gained with respect to the use in service of a number
of composite propellers. In any of the cases described, there was no evidence of any in
service cavitation damage. However a great deal more experience is required before any
confidence can be placed in the fitness for purpose of composites for marine propellers. A
catalogue of many more accidents and mis—use incidents is also needed, although the
experience to date is useful. 165 running hours on the vessel “Pandora” over a period of
approximately 6 months where the propeller was submerged in sea water almost continually,
has gone some way to validate the structural design for “normal” use. Two important
questions remain. Firstly, how will the propeller fare over a much longer period of time?
More service running time will help answer this. A programme of laboratory accelerated
fatigue testing in sea water would allow greater control of environmental parameters and
yield more reliable data. Secondly the question of the propeller’s ability to withstand impacts
is possibly the biggest issue to address. Two propellers on “Pandora” were destroyed by
impact damage.

It can not be said for certain that the first propeller was damaged by the impact with an
object. Nothing was observed in the vicinity of the propeller at the time the damage took
place. Damage to the second propeller was certainly caused by a large piece of wood. This
was not recovered. These incidents must be put into context by considering the following
points.

* Matertal flaws existed in some of the early composite propellers. As described in
Chapter 3 these have largely been eliminated.

* Regular inspection up to the time of each incident revealed no visual degradation
of the propeller material.

* The vessel “Pandora” has a robust guard that fits closely around the propeller. If
a solid object enters the propeller disc, something must fail regardless of the
propeller material.
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* Small and non catastrophic damage generally requires less skill to repair in
composite than in bronze alloys where often a foundry is required.

* Impacts occurring to metal propellers that may be more robust than composite for
this type of loading can often lead to extensive damage to other parts of the
propulsion system if the propeller stays intact. There is a significant body of
anecdotal evidence supporting this.

« Damage to metal propellers often resuits in all or the majority of the blades being
bent, and rendering the unit ineffective for propulsion. Composites, however,do
not fail plastically. The impact energy is-absorbed by many small cracks at the fibre
resin interfaces. Thus, if the composite is correctly engineered, moderate impacts
may weaken the structure but not alter the overall geometry. So, albeit at lower
power, propulsion can still take place.

Sea trials on the vessel “Aquatay” showed a marked increase in the vessel’s top speed, from

16 knots with the bronze propeller to 18.5 knots with the composite propeller. As only one
day was available to trial the propeller for this boat further investigations were not possible.
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Chapter Six

Prediction of the Hydrodynamic Performance Advantages for
Elastically Tailored Composite Propellers.

6.1 Introduction.

This chapter examines the potential of anisotropic material properties for the design of the
propeller. The observations from the towing tank work in chapter 5 suggest that the
possibility exists to improve the hydrodynamic performance of the propeller by designing
specific elasticity into the structure of the blade. Of the propellers tested in the towing
tank, 3 composite propellers exhibited marginally higher efficiencies over the bronze
propeller at advance coefficients less than the design point, that is, at higher thrust
coefficients. At the design point for any propeller, the maximum efficiency is achieved by
using the correct propeller geometry. Any elasticity that permits a pitch change will not
add to this maximum possible efficiency. However, any elastic property that allows a pitch
change in response to different operating conditions will lead to greater efficiencies in off
design conditions at greater thrust coefficients. This has been tentatively shown by the
experimental work in the towing tank.

In order to investigate and optimise the advantage of building a propeller in an anisotropic
material that has a particular elastic response, additional investigation was carried out. The
scatter shown in the tank testing results meant that further study was required.

6.1.1. Elastic tailoring of anisotropic composites.

Composites offer design variables not possible with isotropic materials. Two compaosite
structures can be produced of the same weight, geometry and the same material, however
their elastic properties can be different. Figure 6.1 and plate 6.1 show how the distribution
of elastic modulus affects a cantilever beam as bending is coupled to twist under load. The
bending stiffness of a beam like this can also be tailored, whilst keeping the in plane
tensile properties the same. This uniqueness of composites is useful for many structures,

not least propellers. This property of hydroelastic tailoring may allow a compos1te.
propeller blade to deform to advantage during use.
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knots, whilst the trawling may take place at 3 to 4 knots. During mine hunting operations,
the vessel is required to locate within a “hover box” of typically 20m by 20m, [Vosper
Thonycroft 1996). In order to do this, the mine hunter uses the main propeller to stem the
wind/tide vector thus maintaining station. The vessel is operating below maximum power
where savings can be made with a carefully designed deformable propeller.

Thus the broad goals have been identified in the light of these hydrodynamic perspectives.

* The blade design that gives the maximum possible pitch change.
* The pitch should reduce for high propeller loading (increased thrust coefficient), and
increase towards the matching point where the load is smaller.

6.3 The Modelling Strategy.

Having identified firstly the elastic possibilities with composites and secondly the
hydrodynamic implications, a model to generically predict the elastic deformations of a
composite propeller blade was required. Thus a pitch change would be determined and the
hydrodynamic benefit predicted.

The most appropriate modelling route was to use a finite element analysis (FEA) software
package. This enabled the deformations under load of the propeller with a variety of
material configurations to be determined. The FEA software used was PAFEC-PC, this
was familiar to the author and able to handle anisotropic materials. The flow chart in figure
6.5 shows the strategy that was adopted.
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Plate 1 Plate 2
Resin o .. Epoxy o ....Epoxy . .
Fibreangle | ° e
Dimensions 0lmx006m | 01mx006m
Laminate thickness | 33mm N 3.3mm |
Fibre form Uni Directional | Uni Directional

Table 6.1 Laminate details of the 2 plate types used.

Plate 6.1 show each sample plate subjected to the bending loads in the laboratory. The
twist, bending coupling is clearly shown for plate 2. The twist was measured by bonding a
straight edge to the free end of the plate, this was used to assist in measuring the angle of
twist. The torsional angle was assumed to be constant, given that there were no
discontinuities in the material.

Each plate was then modelled by FEA in order to compare the experimental results with
the analytical approach. The deformation for the plate with 0° fibres was also determined
by the classical equation for an encastré cantilever (equation 6.1). Figure 6.10 shows the
FEA mesh (0° fibre) responding to the load. The deformation is exaggerated for clarity.
The point load was placed at the centre of the free end, encastré restraints were applied to
each node of the fixed end.

D= WL3
3 EI
E= 396GPa ceeveeeeeeennn Equation 6.1

In addition to this comparison, a check was carried out on element types available in
PAFEC, also the modulus in the materials data file was changed by £ 10% to check the
sensitivity of the analysis to these input parameters. Two element types were used for
anisotropic materials. 46215 is a flat plate element, 43215 is a solid brick element, further
data on each element is included in appendix 8. Figures 6.7, 6.8, 6.9 show the comparisons
between the FEA and the experimental results. Figure 6.10 shows the deformed FE mesh.
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approximation, as blade camber, shaft inclination and manoeuvring conditions are ignored.
Conolly’s method was primarily brought about because of the need to evaluate the stresses
in wide blades. However, these can now be determined with finite element analysis (FEA),
so0 long as the global loads upon each blade are known with confidence.

It is important to realise the complexity of this problem. Although a number of
sophisticated analytical routes are available for the determination of the stresses within
propeller blades and similar structures, a cast metallic component like the propeller has
significant internal stresses. Therefore it is not possible to determine the actual stresses
within the propeller [Schoenherr 1963]. Also, consideration should be given to the
operating condition providing the greatest load upon the propeller. Full scale measurement
and analysis can help in understanding this.

For propellers whose skew angle is less than 25°, classification societies permit the
calculation of propeller loads by this beam method outlined. This means that loads other
than pure bending, (e.g torque), can be ignored. Since the propeller that is considered for
FEA work later in this chapter has a skew angle of only 10°, these assumptions can be
applied. For the FEA the loads are calculated and shown in spreadsheet 6.3. These
calculations give values for point loads of thrust and torque, which are distributed radially
by the factors in the left hand columns in the thrust and torque loads tables. These loads
were used in the FEA model. The distribution of the loads together with the restrainis for
the FEA model are shown in figure 6.18. The loads are off-centre; this is partly due to the
constraints of the FEA, in that loads should not be applied to mid-side nodes, but only to
corner nodes, or results can be erroneous. Additionally, the thickest part of the propeller is
not quite mid—chord for these blade sections. Thus a slight approximation is inevitable.
Increasing the number of elements would improve the accuracy of the model, (although
not investigated here), this would be at the premium of increased processing time and the
software is limited in the number of nodes a particular model can contain. Also the centre
of lift for this type of foil section 1s marginally forward of the mid section. This generally
holds true for most propellers except super cavitating propellers where the centre of
pressure acts as much as 75% from the leading edge of the chord.

6.4.4 Full scale measurement.

Results from strain gauged propellers operating in their true environment give a good
indication of stress levels, but there are complexities in wiring the strain gauges. Normal
methods require the wiring for the strain gauges to be led through a hollow shaft to a set of
slip rings. Radio telemetry is a better alternative, where the data from the strain gauges is
transmitted through the water to a receiver on part of the hull structure. During the 1960’s
results were published from the testing of a propeller on a 42 000 ton tanker [Wereldsma
1964]. These results confirmed the following:-

» That in general past finite element models can be accurate [Carlton 1980].
* The leading and trailing edges were relatively unstressed.
* The largest principal stress was radial.

—
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Equations for the spreadsheet are. given in appendix 6. Models such as the one shown in
this chapter can give a reliable indication, of the loads that act on a marine propeller.
However they must be used critically in view of the accuracy of the input parameters and
verified earnestly with practical experience. Seme factors are difficult or impossible to
model accurately, such as the wake field the propeller has to operate in. Certain
empirically derived parameters have been shown to be good approximations, such as the
length of the thrust and torque moment arms. Full scale testing [Carlton 1980] has shown a
90% correlation with the theoretical cantilever prediction, thus enabling some considerable
confidence to be placed in the method.

6.5 Finite element analysis.

6.5.1. Propeller selection.

The Aquatay propeller subject to the manufacturing investigation discussed in chapter 4
was used as a basis for the next stage of the model. Whilst FEA is a generic modelling
process, using this particular propeller was convenient, as data from sea trials would be
readily available when this work is continued.

In order to determine the coordinates that describe the geometry of the propeller for input
into the pre—processing module of the FEA, the unconventional approach was to take
“slices” of a previously moulded composite blade. Blade sections were then transferred to
paper where the co—ordinates could be determined. The propeller sections are included in
appendix 8. The FEA mesh is-.shown in figure 6.18, the thickness of the propeller sections
and the corresponding FEA elements are specified in the data file (AQTH.dat), also in
appendix 8.
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6.5.4 FEA Output.

The nodal displacements given by PAFEC are shown in spreadsheet 6.4. (nodal
displacements are held in the file AQTH.007). Figure 6.20 shows the deformed
(exaggerated) propeller mesh. The pitch change at this radius can be determined by simple
geometric transformation:-

1. Select tip nodes at 0.7 radius on the blade periphery.

2. Read displacements from file AQTH:007.

3. Perform geometric transformations that express the angle of twist of a line
joining the 2 nodes.

4. Calculate the pitch change.

5. Plot.

These transformations are performed in spreadsheet 6.4. (Equations given in appendix 6).
The pitch change is expressed by convention as a pitch / diameter ratio, (P/D).

6.5.5 Fibre angle that gives the most bend twist coupling.

The following can be seen from the graphs on spreadsheet 6.4:-

» The fibre angles (0f) that give greatest pitch change for this particular propeller are
40°and 130°,

» The fibre angles for zero pitch change are 5°, 78°and 185°.

*» The pitch change is small; change in pitch diameter ratio (AP/D) is 0.856 to'0.845.

At this stage this pitch change is too small to make any worthwhile difference to the
performance of the propeller. Thus in order to produce a further pitch change the fibre
volume fraction must be reduced to give greater flexibility, as the geometry of the
propeller is fixed. However, the angle 0f may be volume fraction dependent, this must be

established before further FEA models are run.
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outlined, that gives a maximum bend/twist coupling relationship. This angle for practical
purposes has been shown to be:

* Independent of fibre volume fraction.
* Only marginally affected by the addition of small quantities of fibre
perpendicular to the major reinforcing fibres.

This chapter has considered the possibility that a propeller made from composite materials
that has bend/twist coupling deformation properties, would have a significant
hydrodynamic performance advantages. It is clear that this material phenomenon does
exist and that a variable pitch propeller is beneficial.

However, what has also become apparent from the modelling, is the blades of
conventional propeller geometries are very stiff. (the propeller modelled here is a typical
example). The maximum pitch change predicted from the example researched here, is only
0.3 inch.

Thus, in order to exploit the hydrodynamic advantages possible with the use of highly
anisotropic material, a more compliant blade must be produced by using a thinner blade
section and a composite with a lower modulus. When this is achieved, performance

. improvements will be available for propulsion systems that are required to operate below

the optimum matching point for a traditionally stff propeller.
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Chapter Seven

Discussion and conclusions.

7.1 Project overview.

7.1.1 Aims of the thesis.

The purpose of this work has been to investigate the hypothesis that the novel approach of
manufacturing marine propellers from moulded, continuous fibre, anisotropic, polymer
composite materials has some significant advantages. These include the following:

1. That there are economic benefits in producing certain propeller types in composite.

2. That it is possible to effectively manufacture marine propellers in composite materials.
3. That they can be designed in composite with sufficient strength.

4. That they have sufficient longevity.

5. And that there is the potential for hydrodynamic performance advantages.

Each area was studied systematically in order to prove or disprove each of the ideas put for-
ward. '

7.1.2 Economics.

A fundamental issue with the manufacture of marine propellers is that each propeller must be
designed to match the powering and speed requirements of the vessel for which it is inten-
ded. This means that there are a large number of different propeller designs, many of which
are “one offs” and there are rarely large production runs of any one design. The exception to
this is with outboard motor propellers.and some smaller “‘stock” AB2 propellers, where large
numbers of one design are produced. The economic analysis is presented in chapter 3 and
does indicate that for relatively small production runs, a composite propeller manufactured
by RTM would give a viable economic margin. This is largely dependent on the cost of the
tooling, which, as argued in chapter 3 and discussed in the next section can be produced
cheaply. And as the RTM industry matures, the process will become more cost effective still.

The material cost for AB2 and HTBI propellers is usually about 5% of the propeller market
price. For 50% (by volume) glass epoxy composites this figure is nearer 4%. This material
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cost is in favour of the composite propeller. The studies of this thesis indicate that for even
small numbers of 12 or 15 propellers of non complex geometries (eg 0.5 DAR and 3
blades), the margin is likely to be improved over the equivalent metallic propeller.

7.1.3 Manufacture.

Four different designs of propeller were produced successfully during this project. Because
of the complex laminate configurations of the propeller shape and thick root sections, large
amounts of fibre are required. This most conveniently comes in heavy weight fabrics, which
required some important process optimisation.

What has become clear through the process experimentation is that some fibre forms exhibit
very different flow characteristics. Experimentation demonstrated that with two different
fibre arrangements the difference in fill time for the same mould with resin can be up to 10
times as long, even though the fibre content is kept 'the same. With the complex shape of the
propeller, it is sometimes difficult to control precisely the position of the fibre in the mould
and therefore the fibre fraction in parts of the blade. Using a fibre pack that has good resin
flow attributes has allowed a far greater chance of sound mouldings. This type of process
optimisation meant that successful propeller manufacture was more probable.

Incorporating a metallic shaft interface into the composite propeller has proved successful. It
has been shown by experience that this style of interface is very conveniently incorporated at
the fibre layup stage. Experience with the propeller at operating at sea has shown no measur-
able mechanical weakness with: this attachment after 200 hours of logged use.

Manufacturing technology seldom stands still, the following areas indicate the likely deve-
lopments in composite manufacturing technology. that will facilitate the future production of
composite propellers.

1. NC machining of mould tools from a thermo plastic, which can then be recycled.

2. Low cost RTM tooling skins that fit into standard clamping and porting systems.

3. Increasing use of rapid prototyping technology, primarily for producing patterns and
moulds.

4. Robotically controlled spray up composite tools.

Some new metallic propeller designs require re-pitching after initial sea trials. This is not
possible with composite propellers, (although, if the composite is heated and deliberately
distorted, a small permanent geometry change is possible. This, however is not an option for
major pitch changes). For some non-specalised propellers which will not use hydro-elastic
tailoring, prototyping could be carried out in metal and when the design is correct the pro-
duction of the composite propeller follows. A common problem in the propeller installation
for production powerboats occurs when the final hull weight of the vessel varies from that of
the original specified design weight. This results from inconsistent manufacture of the com-
posite parts of the vessel. With this variation in weight and consequently the powering of the
vessel required for a given speed, the propellers for these vessels:often have to be re-pitched.
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This is a related problem that comes from poor manufacturing control of the hull laminate
manufacture that the composite boat building industry should address if a standard composite
propeller is to be supplied to a standard vessel. However, a more compliant hydro-elastically
tailored propeller would be less sensitive to variations in final vessel weight.

7.1.4 Propeller strength.

Boat tests have shown that the propellers manufactured so far have sufficient strength for the
usual operating conditions the vessel experiences. The main evidence for this was from the
testing on the vessel “Pandora” where a composite propeller was used over a period of 9
months, accumulating nearly 200 hours running time, until the propeller failed on impact
with a solid object. Prior to this the regular inspections of the propeller could not detect any
visual sign that the propeller was not strong enough or degrading with use. The fact that on
no occasion during any of the boat trials with the composite propeller was there any loss of
performance, indicates that the composite propellers were well able to absorb the power deli-
vered to them.

7.1.5 Propeller longevity.

Incidents were recorded where one of the propellers had a 15 mm diameter polypropylene
rope wrapped around it. On another occasion an electrical cable became entangled. Apart
from some minor abrasion on one blade edge and around the boss, neither incident caused
any significant damage or fall off in performance. However, as testing experience was gath-
ered it became apparent that the propellers tested do not seem to have sufficient toughness for
certain levels of impact damage.

On the two occasions that catastrophic propeller failures occurred, very little information was
available. The objects that struck each propeller were not recovered. The first propeller lost
all three blades and the second propeller lost two blades. Before significant conclusions can
-be drawn, more data must be gathered. Whilst there are other issues that pertain to the com-
posite propeller longevity, that are discussed presently, appropriate propeller toughness is
the main issue that requires further research. A further crucial question that remains unan-
swered is what damage would the metal propeller have suffered with the same impact.

Propellers of most descriptions experience a degree of cyclic loading. However there was
no evidence to suggest that fatigue was primarily the cause for any of the two failures.

7.1.6 Hydrodynamic performance. )

The introduction of an anisotropic material to the marine propeller allows some design possi-
bilities that metals do not have. Initially it was récognised that by using a material of a differ-
ent modulus there may be a performance difference. In order to investigate this, the testing
on “Pandora” was carried out. The vessel speed for given RPM and the thrust generated in
the bollard pull condition indicated that there was no performance penalty for this vessel
using a propeller that had more compliant blades than the metal propeller it had replaced.

Secondly, the possibility of introducing a hydrodynamic advantage to the propeller by intro-
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ducing directionally elastic materials was investigated. By designing a biade that was flexible
to allow a small pitch change as the load increased, in theory some efficiency gain may be
possible. This can either be by allowing the efficiency envelope to widen slightly, or allow-
ing a little reserve pitch for acceleration before the propeller reaches the matching point. (See
figure 6.4).

The work carried out in the towing tank and cavitation tunnel confirmed that a small change
in the shape.of the efficiency envelope was possible by changing the flexural characteristics
of the propeller. However the FEA modelling confirmed that in order for this idea to have
any significance the propeller blade must be far more compliant. This must be achieved by
using a material with a lower modulus and a propeller with a thinner blade section.

7.2 Immediate applications.

It is evident from the work that has been done, that some specific propeller types are market-
able and very little research is required to realise this. Although not the main thrust of this
thesis, outboard motor propellers made from continuous. fibre composite materials have
some clear benefits over the conventional materials used for these types of propeller. These
propellers are characterised by high volume production in quantities that have allowed injec-
tion moulding to be economic. However, a coniinuous fibre composite allows mechanical

- stiffnesses and strengths not otherwise possible from glass filled thermoplastics: The inno-

vative blade configurations explained in this thesis, manufactured cost effectively by RTM
have shown significant technical and economic progress. To date no manufacturer has been
identified who is producing continuous fibre composite outboard motor propellers.

Large numbers of manganese bronze propellers are produced as stock items. Generally these
propellers are for displacement or semi—displacement vessels up to 40’ in length. They are
robust and they are for vessels of only moderate performance. Generally the propelier geo-
metry is not highly critical. Resin transfer moulding is a low investment process and this
propeller type lends itself to production in composite.

7.3 Future applications.

Certain vessel types are range limited. This is true of a number of vessels in the fleet of the
Royal National Lifeboat Institution. (RNLI). The payload including fuel is limited. Thus any
weight saving measures that allow more fuel to be carried thus extending the range of the
vessel are beneficial. Composite propellers that weigh 25% of their metal counterparts in
conjunction with-other composite stern.gear, will give some effective exiension to the range
of operation of these vessels.

Sophisticated, high performance propellers that require high geometric tolerances, thinner
blade sections and stealth characteristics will benefit from the elastic tailoring that can best be
produced in composite. It is this propeller type that has stirred the most interest from indu-
stry. Significant financial investments will be required to realise the clear potential available
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to this market sector.

7.4 Conclusions.

This thesis has shown that it should be possible to economically manufacture small, monoli-
thic marine propellers of simple geometries in composite materials by resin transfer mould-
ing. With some developments in tooling manufacture and the continuing maturing of resin
transfer moulding an improved economic margin may be possible aver certain types of me-
tallic propeller. This has been well established. Also it is clear that the composite raw mater-
ial costs are slightly cheaper than AB2 or HTBI.

A key manufacturing issue that must be addressed before a composite propeller will be man-
ufactured by mainstream marine industries, is a cultural one. Most propeller manufacturers
are expert in processing and casting metals, a process that has developed over many years.
For most, the change to processing a different material is an unacceptably high risk, coupled
with the perception that composite materials are too fragile.

The fundamental requirement for a successful composite propeller is to identify by how
much the toughness must be increased. This requires a failure analysis as, the two catastro-
phic propeller failures occurred as a result of contact with an unidentified and unrecoverable
solid object in the water. Some further work is necessary to study the statistical and mech-
anical nature of propeller impacts with solid objects. Laminates should be optimised for
maximum toughness. The failure mode exhibited so far has shown the shedding of the
whole of the propeller blade, rendering zero propulsion. A more effective failure mode
would enable the blade to fail somewhere away from the root area, thus leaving some blade
area still intact, thus allowing some propulsion.

In order that greater confidence can be placed in composite propellers as a viable method of
propulsion, significantly more time must be logged at sea. Only when a large quantity of data
is available will it be possible to prioritise the further issues of longevity. The marine tndu-
stry is conservative, the concept of composite propellers must necessarily be sold on anecdo-
1al evidence and experience as well as scientific rational.

The exploitation of propeller blades that have greater compliances for improved hydrodyna-
mic efficiency should be studied further. This must be coupled with the development of ef-
fective failure models that enable determination of thinner blade sections. Thinner blade sec-
tions will inevitably lead to.efficiency gains, however this must be looked at in the light of
the toughness of the propeller structure.
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A number of areas have been highlighted that require further generic research which have
not been studied in this thesis. The following areas carry on from the work already underta-
ken they will contribute to the future effectiveness of composite propeller development:

* Water absorption.

» Fatigue in seawaier.

s New shaft attachments.

« Cavitation erosion.

* Particle erosion.

» The use of low modulus resins.

The concept of a small, monolithic composite marine propeller is viable economically,
should there be sufficient numbers to produce. The fundamental issue to solve is that of pro-
peller toughness, this is not insurmountable but more intelligence is required pertaining to-the
nature of propeller impacts. When this is understood, then a more compliant blade can be in-
troduced to gain some hydrodynamic advantage.
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Appendix 1

 Composite propellers manufactured
to date.

























Appendix 2

RTM experimental data.











































Appendix 3

Resin rheology data.

























Appendix 4

Resin manufacturers data.








































Appendix 4a

Temperature plots.































Appendix 5

" Composite materials property data.







Appendix &

- Propeller load calculation spreadsheets.
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&, i =0,5467*D32*D31 . 1.000 I X s U —————S——————————-SSSSS R e B S
........... 5 | =0.4373°D32*D31 .} 0.929 0.900
B =0.3628"D32°D311 0,000 [ ... S o AU ———————————eeeeEEE B
7 H0 31747 D82 DB b e oo eee oo eeee o222 AR
.............................................. i

6. 13
ord.: K i, Yp_ coeff, t _coeff. Max Thick L SM X SM i YR O s col_10xSM col 12xSM
1 0,000 {omo0 1 =138/129 =D63"E63 Q.500 =G63*H63 =G63*(2°F63+GE8). - i, =J63'H63 =G63*(3'F63* (F63+G63)+(G63° G63)); =LB637HE3
L2 P o202 | 0.353 =De4“Ees ; =(64"H64 e, SJBATHBE e, =G64"(3'F64* (FE4+G64)+(G64°GE4N. .5 .. =L64*H64
.3 0.128. iy . =E64. .. I=CB5'EES: . .. =D§5 E6S =G85°H85 b =685 (2TFEBHGBE) e =J65°HES =G65*(3*F65* (F65+G65)+{G65°GE65)) =L 65*HES
4 0.076 | o BT0B e, =E65 =DB6*EES 2,000 ~GB6"HE66 b =GeB*(2'F664GE8) i =J667HBE ... . =lLeerHee
5 0.025 | =E66 | =ce7*E67! =D87'EST =G67 H67 GE7*(2"F67+G8T) . =J677He7 . =G67* (3" FB7*(F67+Q67)+(G67 GB7)X =L67"He7
L 0.000 | =E67 i =CBB*E6S8! =D68"EBS =G68*HE8 =GBBM2 FB8+8B8) 1 e =4687HEE, =G68* (3" F68"(F68+G68)+(G68"GE8))  =L687H88
S0 A0 SO OO s s DT OTNS .-tk UOO OO OO PO U UU O URORURRROTS S 0.000 . =E68 | =C89E89! =D697EBS 000 e r e ettt =G69THEY .. =J88 HES . =1.69rHee
8 .: 0000 L DA9BB et e =£69 . =070 T e 2000 e =G70°H70 BT O T 0 e ss s =L.70*H70
) 0.050 | =E70 P Oy A = 1.000 =G71*H71 N Y A TR
10 0.126 | OB e =E71 {=C72°E72} =72 E T et 2.000 =G72'H72 =472°H72 ...
11 0.888 | =2 =£72 . {=C78'E73: . =G73*H73 =J737HI3 L. =G73% (3 F73* (F73+G73)+(G73"G73));
»»»»»»» : =SUM(163..173) =SUM(K63..K73) =SUM(M63..M73)




Help: This worksheet calculs Propeller Parameters: i
Vessel: Aguatay EY 3 ‘ Propeller loads vs. vessel speed
Sheet: Load.BLS 8.55%
Date: 33619 8.558 8.88488 - //,...—“—«—-.-————4-4\_____.
8.62 8.88358 1 /‘/,/' - ~——#— |oad due to thrust, per blade
B.7 . _. 6.se3ee W/ S0 (MN)
8.93 ‘ZZ 8.88258 ¢ ——0O— Lpad due to torgue, per blade
1.93 o b.eezee - (MN)
Pessel Dperating Paral ~ S 8.88158 -
J Total Load Total Load ~ s.08108 -
Thrust (MN) Torque (MN] 8.88858 -
' 0.80808 . . . t + ' 4
68 1288 =-B.16366+8.812796*FE14  =C14/$HS9 =((D14*B.5144)*$H$8)/ (((C14/$H$9)/68)*$HS6) |=(B14*1888*$HS4)/ (SHS3*(D14/2)*$H$8)/ 1088808) =(B14*10808 $SH$4)/(P1()*2*($H$6*8.33)*(C14/($H$9*60)))/ 1880808 7.8 9.1 10.4 11.8 13.1 14.4 15.7 16.4
75 1488 = - 8.16366+8.812796*E15  =C15/$H$9 =((D15%8.5144)*$H$B)/(((C15/$H$9)/68)*$H$6) | =(B15*108@*$HS4)/(SH$3*(D15/2)*$HSB)/1888808] =(B15+1888x$H$4)/(P1()*2*($H$6*8.33)*(C15/($H$9+68)))/ 1088888 Dessel speed (knots)
95 . 1608 = - B8.16366+0.812796*E16  =C16/$HS$9 =((B16*8.5144)*$H$8)/(((C16/$H$9)/68)*$H$6) | =(B16*1888+$H$4)/(SHS$F*(D16/2)*$HS8)/1000008] =(B16*1888>$H$4)/(P1(*2*($H$6*8.33)*(C16/(SHS9*68)))/ 1600888
115 1808 = -B.16366+8.812796*E17  =C17/$HS$Y =((D17*8.5144)*$H$8)/(((C17/$H$9)/68)*$H$6) | =(B17*1888*$H$4)/($H$3*(D17/2)*$H$B)/ 1800888 =(B17*1 880+$H$4)/(P1()*2*($H$6*B.33)*(C17/(SH$9*68)))/ 1088888
130 28880 = - 8.16366+8.812796*E18  =C18/$H$9 =((D18*8.5144)*$H$8)/ (({CT18/$H$T)/68)*$H$6) | =(B18*1888*$HS4)/(SH$3+(D18/2)*$H$8)/1088880] =(B18*1888>$H$4)/(P1()*2*($H$6*8.33)*(C18/(SH$9+68)))/ 10008088
145 2288 = -B.16366+8.812796*E19  =C19/$HS$Y =((D19%8.5144)*$H$8)/(((C19/$H$9)/68)*$SHS6) | =(B19*1888+$H$4)/(SHS3*(D19/2)*$HS8)/ 18008888 =(B19*1880-$HS$4)/(P1()*2*($H$6%8.33)*(C19/($H$9*68)))/ 18000888 Vessel speed vs. advance coefficient
158 2488 = -8.16366+8.812796%E28  =C2B/$H$Y =((D28%8.5144)*$H$8)/ (((C20/$H$9)/68)*SHS6) | =(B20+188B+$HS4)/ ($H$3*(D26/2)*$HSB)/ 108880 B =(B20*18088>SH$4)/(P1()*2*($R$6%8.55)*(C20/($H$9*60)))/ 1888080 '
155 2588 =-8.16366+8.812796*E21  =C21/%$H$9 =((B21*B.5144)*$H$8)/(((C21/$H$9)/68)*$HS6) | =(B21*1888+$H$4)/(SH$3*(D21/2)*$HS8)/ 1088808 =(B21*18868*$H$4)/(P10*2*($H$6*8.33)*(C21/($H$9+*68)))/ 1888888 = 8.5870
‘ ; ~ 8.5868 | //.//—*'—""“"”'
Thrust =F14 =F15 =F16 =F17 =F18 =F19 ~F28 —F21 § g.ggzg: \ |
8 =$6$14*B24 =$6$15*B24 =$G$16*B24 =$6$17+B24 =$6$18*B24 =$6$19*B24 =$6$28*824 =$6$21*B24 = 0.5830 | //
8.81 =$6$14*B25 =$6$15*B25 =$6$16*B25 =$6$17*B25 =$6$18*B25 =$6$19*B25 =$6$20*B25 =$6$21*B25 © 5.5828
8.82 =$6$14*B26 =$6$15*B26 =$6$16*B26 =$G$17*B26 =$G$18*B26 =$G$19*B26 =$G$28*B26 =$G$21*B26 G esaig ;'/‘
8.85 =$6$14*B27 =$6$15*B27 =$G6$16*B27 =$6$17*B27 =$6$18*B27 =$6$19*B27 =$6$20+B27 =$6$21*B27 S g‘;ggg _
8.09 =$6$14*B28 =$6$15*B28 =$6$16*B28 =$6$17*B28 =$6$18+B28 =$6$19*B28 =$6$208+*B28 =$6$21*B28 2 w5788
8.15 =$6$14*B29 =$6$15*B29 =$6$16*B29 =$G$17*B29 '=$6$18*B29 =$6$19*B29 =$6$20*B29 =$6$21*B29 T gs5778 , 5 ,
8.19 =$6G$14*B38 =$6$15*B30 =$6$16*B38 =$6$17*B38 1=$6$18*B38 =$6$19*B36 =$G$28*B30 =$6$21*B38 7.8 9.1 18.4 1.8 13.1 14.4 15.7 16.4
8.2 =$6$14*B31 =$6$15*B31 =$6$16*B31 =$6$17*B31 =$6$18*B31 =$6$19*B31 =$6$28*B31 =$G$21*B31 Dessel speed (knots)
8.17 =$6$14*B32 =$6$15*B32 =$6$16*B32 =$6G$17*B32 =$G$18*B32 =$6$19*B32 =$6$28*B32 =$6$21*B32
8.12 =$6$14*B33 =$6$15*B33 =$6$16*B33 =$6$17*B33 =$6$18*B33 =$6$19*B33 =$G$28*B33 =$6$21*B33
8 =$6$14*B34 =$6$15*B34 =$6$16*B34 =$6$17*B34 =$6$18*B34 =$6$19*B34 =$6$28*B34 =$6$21*B34
=SUM(C24:C34) =SUM(D24:D34) =SUM(E24:E34) =SUM(F24:F34) =SUM(624:634) =SUM(H24:H34) =SUM(124:134) =SUM(J24:434) Uessel speed (kno's) us. prop. RPM
Torque =C23 =023 =E23 =F23 =623 =H23 =123 =J23 18.8 -
) =$H$14*B38 =$H$15*B38 =$H$16*B38 =$H$17*B38 =$H$18*B38 =$H$19*B38 =$H$208+*B38 =$H$21*B38 . 168 1 "
8.01 =$H$14*B39 =$H$15*B39 =$H$16%B39 =$H$17*B39 =$H$18*B39 =$H$19*B39 =$H$28*B39 =$H$21*B39 2 14.0 | /*/
8.82 =$H$14*B48 =$H$15*B48 =$H$16*B48 =$H$17*B48 =$H$18*B48 =$H$19+B40 =$H$208*B40 =$H$21*B48 FRPX R e
8.85 =$H$14*B41 =$H$15*B41 =$H$16*B41 =$H$17*B41 =$H$18*B41 =$H$19*B41 =$H$20*B41 =$H$21*B41 T 18.0 //
0.89 =$H$14*B42 =$H$15*B42 =$H$16*B42 =$H$17*B42 =$H$18*B42 =$H$19*B42 =$H$28*B42 =$H$21*B42 § 8.0 B— ‘
8.15 =$H$14*B43 =$H$15*B43 =$H$16*B43 =$H$17*B43 =$H$18*B43 =$H$19*B43 =$H$28*B43 =$H$21*B43 = 681
8.19 =$H$14*B44 =$H$15*B44 =$H$16%B44 =$H$17*B44 =$H$18*B44 =$H$19*B44 =$H$28*B44 =$H$21+*B44 % 40/
8.2 =$H$14*B45 =$H$ 15*B45 =$H$16*B45 =$H$17*B45 =$H$18*B45 =$H$19*B45 =$H$20%B45 =$H$21*B45 2 g
8.17 =$H$14*B46 =$H$15*B46 =$H$16*B46 =$H$17*B46 =$H$18*B46 =$H$19*B46 =$H$28*B46 =$H$21*B4b 0.8 , . .
8.12 =$H$14*B47 =$H$15*B47 =$H$16*B47 =$H$17*B47 =$H$18*B47 =$H$19*B47 =$H$2@8*B47 =$H$21*B47 621.8 225.4 820.8 932.6 1836.3 P 12435 1205.3
8 =$H$14*B48 =$H$15*B48 =$H$16*B48 =$H$17*B48 =$H$18*B48 =$H$19*B48 =$H$28*B48 =$H$21+*B48 Prop. IPM
=SUM(C38:C48) =SUM(D38:D48) =SUM(E38:E48) =SUM(F38:F48) =SUM(638:648) =SUM(H38:H48) =SUM(138:148) =SUM(J38:J48)




Flbre Resin
Modulus (GPa) 72 8 Orthotroplc Epoxy/Glass Lemine at
Tensile strength (MPa) Jaa00 85 %00 Fbre %907 Fibre Ex Ey Sy Ny X X Y v Sy Fxy®
Compressive strength (MPa) 1440 - 130 50 0 40 8 24 0.26 1242.5 785 85 130 51 -0.5
Shear inpiane mod (GPa) =E343/5 =F3°3/5 37.5 12.5 =J5°H6/50 14 24 013 =N5*H6/50 =05"H6/50 354.6 =261.25 51 0.5
Shoar inplane sirength (MPa) j=E4*3/5 =F4°3/5 25 25 =J525/50 20 24 0.0818 =N5°0.5 =05°0.5 =N7 207 57 0.5
Laminate Propertiss Modlfied
fvolume Frac. Ex Ey Gxy Nuxy X X M Y Fxy* ;
o =$F$3*(1-B11}+(SES3*B11) =$F$3 =$F$6°(1-B11)+(SES6°B11) 0.26 =$FS$4*(1-B11)+(SES4*B17 =§F$5°(1-B11)+(SE$5*B11) =$F§4 =$F$5 =$F$7 -0.5 Kt 70% K2 70% K6 70% K1 80% K2 80% KE 80% K1 90% K2 0% KS 90%
=B11+0.1 =$F$3*(1-B12)}+($E$3°B12) =$F$3 =SF3$6°(1-B121+(SESE°B12) 0.28 =$F$4°(1-B12)+(SES4°B12 =$F$5°(1-B12)+({$ES5*B12) =$F$4 =$F35 =3F37 0.5 0.01455 -0.00378 [ 0.01297 -0.00337 o 0.01171 -0.00304 0
81540 3 §Fsa°(1-B13)+(SES3°B13) ~$F$3 =$F$6°(1-B13)}+(SE$6°B13) 0.26 =§F34°(1-B13)+(SES4°B13) =SF§57(1-B13)+(SES5°B13) =5F$4 =$F$5 =$§F$7 -0.5 0.01426 -0.00104 0.00115 0.01273 -0.00062 0.00092 0.01149 0.0002¢ 0.00074
=B13+0.1 =$F$3°(1-B141+(SES3°B14) =$F$3 =$F$6°(1-B14}+($E$6°B14) 0.26 =§F$4°(1-B14)+{SEF4°B14 =SF$5°(1-B14)+(SES5°B14) =$F54 =$F35 =§F$7 -0.§ 0.01438 0.00591 -0.00307 0.01297 6.00635 0.00352 0.01183 0.0067 0.00388
—B1440.1 =$F$3°*(1-B15+(JES3°B15) =$F§3 =3$F§6°(1-B15)+(SES6°B15) 0.26 =$F84°(1-B15)+(SES4°*B15 =3F35°(1-B15)4+(SES5°B15) =$F$4 =§F$5 =$F$7 -0.5 0.01731 0.01381 -0.01495 0.01609 0.01427 -0.01558 0.0151 0.01463 -0.01609
=B15+0.1 F$3°(1-B16}+(SE$3'B16) =$F$3 =$F$6*(1-B16)+($ES6°B16) 0.26 =$F$4°(1-B16)+(SES4*B18 =$FS$5°(1-B16)+(SES5*B16) =$F$4 =$F$5 =$F$7 -0.5 0.02544 0.01897 -0.03208 0.02446 0.01944 -0.03284 0.02368 0.019882 -0.03344
=B16+0.1 =§F$3°(1-B17M+(SES$3°B17) =$F83 =$F$6°(1-B17)+($E$6°B17) 0.26 Z8F$4°(1-B17)+(SES4 BI7 =3F$5°(1-B17)+(SES5°B17) =$F§4 =$F35 =3F3$7 9.5 0.03950 0.01897 -0.04813 0.03888 0.01944 -0.04893 0.03831 0.01982 -0.04957
~B17+0.1 |=§F$3°(1-B18)+(SES3°B18) =$F$3 =$F$6°(1-B18)+(SES6°B18) 0.26 =3F$4°(1-B18)+(SES4°B18) =SF$5°(1-B18)+(3ES5°B18) =3F$4 =3F$5 =$FS7 -0.5 0.05804 0.01381 ~0.05558 0.0576 0.01427 -0.05632 0.05725 0.01463 -0.05691
—B1840.1 =SF$3°(1-B19)+(SES3*B19) =$F$3 =$F$6*(1-B19)+($ES6°B19) 0.26 =$F$4°(1-B19)+(SES4*B1p =§F$5°(1-B19)+($SE$5°B16) =$F$4 =$F$5 =3F$7 0.8 0.07678 0.00591 -0.04928 0.07657 0.00635 -0.04985 0.0764 0.00669 -0.0503
SB19+0.1 | =SF$3°(1-B20)+ (SES3°B20) =$F$3 =$§F$6°(1-B20)+(SES6°B20) 0.26 =$F$4°(1-B20)+(SE$4*820) =$F3$5°(1-B20)+($E$5°B20) =$F$4 =$F$5 =$F$7 -0.5 0.0808 -0.00104 11-0.02901 0.09075 -0.00062 -0.02932 Jo.05807 -0.00029 -0.02857
=B20+0.1 j=$F$3°(1-B21}+(SES3°B21) =$F$3 =$F$6°(1-B21)+(SE$6°821) 0.26 =§F$4°(1-B21)+(3EF4°B21) =$F$5°(1-B21)+(SES5*B21) =$F$4 =$F$5 =SF$7 -0.5 0.096 70.00378 o 0.056 T0.00337 ry 0096 000304 5
Fibre Angle K1 10% K2 10% K6 10% K1 20% K2 20% K6 20% K1 30% K2 30% K6 30% K1 40% K2 40% K6 40% K1 50% K2 50% K6 50% K1 60% K2 60% K$ 60%
o 0.05333 .0.01387 0 0.03692 -0.0096 0 0.02823 -0.00734 9 0.02288 .0.00594 [ 0.0192 -0,00499 0 0.01655 .0.0043 o
=B26+10 0.05204 -0.01129 0.00687 0.03605 70.00605 0.00445 0.02758 -0.00485 0.00317 0.02235 -0.00323 0.00238 0.01879 -0.00227 0.00184 0.01621 -6.00157 0.00145
=B27+10 0.04922 -0,00476 0.008 0.03448 -0.00024 0.00332 0.02667 0.00215 0.00084 0.02184 0.00363 -0.0007 0.01856 0.00463 -0.00174 0.01618 0.00536 -0.0025
=B28410 0.04747 0.00267 0.00062 0.03471 0.00738 -0.00597 0.02795 0.00988 -0.00947 0.02377 0.01143 -0.01161 0.02093 0.01248 -0.01308 0,01887 0.01324 -0.01414
=B29+10 0.04958 0.00751 -0.01847 0.03937 0.01236 -0.02134 0.03396 0.01493 -0.02551 0.03062 0.01652 +0.02809 0.02834 0.0176 -0.02985 0.02669 0.01838 -0.03112
=B30+10 0.05699 0.00751 -0.02855 0.04963 0.01236 -0,03683 0.04573 0.01493 -0.04122 0.04332 0.01652 -0.04394 0.04167 0.0178 -0.04578 0.04049 0.01838 -0.04712
=B31410 0.0888 0.00267 -0.03757 0.06425 0.00738 -0.04519 0.06183 0.00988 -0.04923 0.06034 0.07143 -0.05173 0.05933 0.01248 -0.05343 0.05859 0.01324 -0.05466
=B32+10 0.0819 -0.00476 -0.03542 0.07973 -0.00024 -0.04129 0.07858 0.00215 -0.04439 0.07787, 0.00363 +0.04632 0.07739 0.00463 -0.04763 0.07704 0.00536 -0.04857
=B33410 0.09213 -0,01126 -0.02147 0.09157 <0.00695 -0.024686 0.09127 -0.00465 -0.02635 0.09109 -0.00323 10,0274 0.09086 -0.00227 -0.02811 0.09087 -0.00157 -0.02862
=B34+10 0.096 -0.01387 0 0.096 -0.0096 0 0.096 -0.00734 [ 0.096 -0.00594 [ 0.096 -0.00499 0 0.096 20,0043 o
0.01 T 0.02
—t—— K8 10% % K1 10% R N
o (NS — 0.015 R K2 10%
o K6 20% ——0—— K1 20% T K2 20%
I 0 %
-0.01 b K6 30% . K1 30% 0.01 '__._ K2 30%
——o—— K6 40% ——— .
002 % K1 40% b ——o—— K2 40%
e e K§ 50% R 0.005
e e K1 50% . - K2 50%
-0.08 Jeeenenn —t—— K& 60% b Ki 60%
1 i [y
T B —
o i KB 70% ) K2 60%
-0.04 4 —*— K1 70%
—0— K6 80% .0.005 * K2 70%
0 K1 80%
-0.05 A X K6 0% - —O— Kz 80%
—X— Kt 90% 1 -0.01 x Kz 50%
-0.06 —X—
Fibre orientation (degrees) S— -0.015
37.5:12.5 25:25
Fibre Angle K1 0% K2 50% K6 50% K1 K2 K6 K1 K2 Ké
0 0.0182 -0.00489 0 0.0256 -0.0033 0 0.0384 -0.00353 0
=B77+10 0.01879 -0.00227 0.00184 0.02487 0.00172 0.00385 0.03688 -0.00201 0.00833
=B78+10 0.01856 0,00463 -0.00174 0.02333 0.00236 0,00417 10.03304 0.00183 0.01277
=B798+10 0.02083 0.01248 -0.01308 0.02258 5.006701 -0.00074 0.02868 0.0062 0.01123
=B80+10 0.02834 0.0176 -0.02985 0.02433 0.01003 -0.00969 0.02585 0.00905 0.00443
=B81+10 0.04167 0.0176 -0.04578 0.02941 0.01003 -0.01912 0.02583 0.00805 -0.00443
=B82+10 0.05933 0.01248 -0.05343 0.03721 0.00701 -0.0246 0.02868 0.0062 -0.01123
=B83+10 0.07739 0.00463 -0.04763 0.04574 0.00236 -0.02287 0.03304 0.00183 -0.01277
=B84+10 0.09096 -0.00227 -0.02811 0.05236 -0.00172 ~0.01386 0.03688 -0.00201 -0.00833
=B85+10 0.086 -0.0049¢ 0 0.05486 .0.00333 0 0.0384 -0.00353 0
o+ 0.02 7 0,02
0.09 4 -
0.08 ’ - 0.01 /\'\' .
. 0.015 / R
0.07 o = Y B :
10 20 30 40
0.06 1 —#— K1 50% 0.01 TR K2 50% -0.01 % K6 50%
0.05 4 —— K1 b
N O K2 -0.02 —O— K¢
0.04 K1 0.005 1 e ——— K
0.03 4 \_\ -0.03 e K6
0.02 y \'\ .
0 : t : " " ¢ ; + g 0.04
0.01 4
20 30 40 50 60 70 80 i 1
0 , L™ E ® 0.05
0 10 20 30 40 50 60 70 80 90 -0.005 -0.06
| | | { T




. NAB FRP
% -45° Unloaded Loaded Loaded

% -45° H 293 H 281 Y293 v281 [z293 Z281 % -45° |4 293 H' 281 v 293 Y 281 Z' 293 Z'281 Fibre Pitch (in) Pitch (in) Pitch (in)

e -3.1268  -2.4753 [4.2436 2.5076 |-8.3113 3.4229 =B67 =-148+C67  =225:D67 [=-117+E67 =32:F67 =2174667 =217+H67 =8 u((TﬂN(stmmN(|49/373n))~n.z17*2*?:0/5.8254)/24.4 -((THN(SIN(BTBNU49/373])))*8.2l7*2*Pl()/B.9254)/24.4~=((THN(SIN(HTHN[(NS'I-MS’I)/{LG?—KG?)))))*B.Zl7*2*PI()/8.8254)/24.4
8.85 -2.6852  -2.2677 [3.343  2.4333 -8.345  3.1326 =B68 =~148+C68  =225:D68 |m-117+E68 =32+F68 |=217+G68 =217+H68 ~R67+B.85 'n((TBN(SIN(ﬁTﬂN(I49/373)))]*6.2l7*2*Pl()/B.8254)/24.4 -((TRN[SIN(RTHN(I49/373])))*8.2l7*2*Pl()/ﬂ.8254)/24.4 =((TﬂN(SlN(ﬂTHN((NSB—MGBJ/(L68-KGSJD}]*B.Zl7*2"‘Pl()/B.8254]/24.4
8.1 -2.3847  -2.1522 (2.8251 2.3588 -8.3643 2.9783 =B6Y =-148+069  =225.069 (u-i17+E69 =324F69 [=2174669 =217+H69 ~R68+8.05 u((TRN(SlN(HTRN(l49/373])))*8.227’*2*PI()/8.8254)/24.4 -((TﬂN(SlN(HTHN(l49/373)]))*ﬂ.2I?*Z*PIU/B.BZS4]/24.4k=((THN[SIN(RTBN((NGB-MGQ)/(LG9-K69)))))*B.217*2*?!()/8.8254)/24.4
a.15 =2.1167  -2.8953 [2.4911 2.32¢] ~-8.3818 2.8888 =B70 =-148+C78  =225.078 |-2117+E78 =32+F78 [=217+678 =217+H78 =R69+8.85 =((THN(SIN(RTHN(|49/373)))]‘B.2l?*Z*PI()/B.8254)/24.4 -{(TRN(S!N(BTHN(I49/373])))*B.2!7*2*P!()/B.0254)/24.4 =((TRN(SIN(RTRN((N?B~M78)/(L7B-K78]))])*8.2I7*2*Pl()/ﬂ.3254)/24.4
8.2 -1.9868 -2.8788 [2.2491 23339 -8.3995 2.8521 =B71 =~148+C71  =2254071 [~-]17+E71 =32+F71 [=217+671 =217+H71 =R70+8.645 =((THN($IN(BTHN[149/573))])*8.2l7*2*Pl()/8.8254)/24.4 -((THN(S!N(HTBN(149/373))))*8.2I7*2*Pl()/8.8254)/24.4 =((THN(SIN(HTRN((N71-M7l)/(!.7l—K?l))))]*ﬂ.z17*2*Pl()/ﬂ.8254)/24.4
8.25 -1.9849  -2.8832 (2.8755 2.3848 -8.421  2.8657 =B72 =-148+L72  =225:072 |=-117+E72 =32+FT2  [=217+672 =217+H72 =R71+8.85 =({T8N(SIN(HTHN(149/373))))*8.2l?*Z*PI()/B.8254)/24.4 n((TﬂN(SlN(HTRN[I49/373])])*8.2l7*2*Pl()/B.BZS4)/24.4 =((TRN(SIN(HTHN((N?Z—M?Z)/(L72~K72)DD*B.2I7*2*Pl(]/8.0254)/24.4
8.3 -1.8585 -2.1292 |[1.9478 2.478 -8.4478 2.925 =B73 =-148+C73  =2254073 [w-117+E73 =32+F73  |=217+673 =217+HT3 =R72+8.85 =((mN(sm(ﬂmN(149/373))))*8.217*2*?5(1/8.3254)/24.4 ~[(THN(SIN(HTRN(I49/375))D*B.2I7*2*PI()/B.8254)/24.4 ==((TﬂN(SIN(HTHN((N73—M?S)/(L73—K73)))D*B.217*2*Pl[)/a.8254]/z4.4
8.35 ~-1.8448  -2.2145 |1.8563 2.6232 |-8.4822 3.8371 =B74 =-148+C74  =225:074 |=-117+E74 =32+F74 [=2174674 =217+H74 " [=R73+8.85 u[(TRN(SlN(HTRN(149/373)11]*8.217*2*Pl()/8.8254)/24.4 -([THN(S!N(RTRN(MQ/S‘IS))]]*B.Z17*2*P!U/8.8254)/24.4 =((TﬂN(sxN(RTBN((NM—M74)/(L74-K74))))J*a.217*2*Pl()/8.9254]/24.4
8.4 ~1.867 -2.3526 |1.7978 2.8418 |-B.5282 3.2284 =B75 =-148+C75  =2254D75 |[=-117+E75 =324F75 [=217+675 =217+H75 =R74+8.85 ==((THN(S!N(RTRN(M9/373))))‘B.2I7*2*P|()/8.8254]/24.4 -((mN(sm(mﬂN(149/373))))*6.217*2*Pl()/o.uzs4)/z4.4 =((TRN(SIN(ﬂmN((N?s-M?S)/(L75~K75)))))*a.z17*2*Pl()/a.azs4)/24.4
8.45 -1.9365  -2.5724 {17757 3.177 -8.5931 3.5133 =B76 =-148+C76 =225+D76 [=-117+E76 =324F76 [=217+676 =217+H76 =R75+8.85 =((THN[SIN(HTRN(MB/S?KDD*G.Z‘!7*2*?!()/8.8254)/24.4 -[(THN(S!N[HTRN[149/373))))*9.2I7*2*Pl[)/u.8254)/24.4 =((mN(sxN(nmN((N?a-ms)/(ns-K?ﬁ)))))*a.z17*2*P|[)/a.azs4)/24.4
8.5 -2.8798 -2.939 1.8811 3.727 |-B.6917 4.8833 | =B77 =-148+C77  =225+077 |=-117+E77 =32+FT7_[=217+677 =217+H77 =R76+8.85 ~=((TﬂN(s]N(nmN(149/373)))]*8.217*2*Pl(1/0,6254)/24.4 -((TﬁN(SlN(HTHN(149/373))))*8.2l7*2*PI()/G.BZS4)/24.4 =((TﬂN(SlN(ﬂmN((N?7—M77)/(L77-K77)))))*ﬂ.217*2*Pl[)/a.0254)/24.§_J
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Displacements at

Nodes 293 and 281 . NAB FRP
Uniocaded Loaded Loaded
Degrees H 293 ¥ 281 v293 v281 (7293 Z281 Degrees X' 293 R' 281 ¥ 293 ¥ 281 Z' 293 Z'281 Degrees  |(Pitch (in) Pitch (in) Pitch (in)
B -8.9198 -1.8283 |B8.873 1.1191 [-B.2586 1.3918 8 =-148+C6  =225+D6 |=-117+E6 =32+F6 |=217+66 =217+H6 ] =((TAN(SIN(ATAN{149/373))))*B.2 1 7*2*P1()/8.8254)/24.4  =((TAN(SIN(RTAN(149/373))))*8.217*2*P1()/B.8254)/24.4 =((TAN(SIN(RTAN{(N6-M6)/ (L6-K6)))))*8.217*2*P1()/8.8254)/24.4
=B6+1@ -1,1711  -1.8887 [1.4896 8.9925 |-B.1978 1.3473 =J6+18 |=-1484C7 =225+07 |=-117+ET =32+F7 |=217+67 =217+H7 =R6+18 =((TAN(SIN(RTAN(149/373))))*B.21 7*2*P|()/8.8254)/24.4  =((TAN(SIN(RYAN(149/373))))*B.217*2*P1()/8.8254)/24.4 =((TAN(SIN(RTAN((N7-M7)/(L7T-KT)}})*8.217+2*P1(}/8.8254)/24.4
=B7+18 -1.6211 -1.1826 |2.1871 1.1234 |-8.1661 1.5644 ~J7+18  [=-148+C8  =225+D8 |=-117+EB =32+F8 |=217+68 =217+H8 =R7+18 =((TAN(SIN(ATAN(149/373))))*8.217%2*P1()/8.8254)/24.4  =((TAN(SIN(RTAN(149/373))))*8.217*2*P1()/8.8254}/24.4 =((TAN(SIN(ATAN((N8-MB)/(LB-K8)))))*8.217*2*P1(})/8.8254)/24.4
=B8+18 -2.1985 -1.5641 [3.8652 1.5144 |-8.1785 2.1333 =J8+18  |=-148+C9Y =225+09 |=-117+E9 =32+F9 |=217+69 =217+H9 =R8+10 =((TAN(SIN(RTAN(149/373))))*8.21T*2*P|()/0.8254)/24.4  =((TAN(SIN{ATAN(149/373))))*8.217+2*P1()/8.8254)/24.4 =((YAN(SIN(RTAN((NI-M9)/(LI-K9)})})}*8.217*2*P1()/B.B254)/24.4
=B9+18 -2.8236 -2.1325 [3.8918 2.1711 [-0.2515 2.9424 =J0+18  |=-148+C18  =225+018 |=-117+E10 =32+F10 [=217+G18 =217+H10 =R9+18 =((TAN(SIN(ATAN(149/375))))*8.2 1 T*2*P|(}/B.8254)/24.4  =((TAN(SIN(RTAN(149/373))))*8.217*2*P1()/8.8254)/24.4 =((TAN(SIN(RTAN((N18-M18)/(L18-K18}))))*8.217*2*P1()/8.8254)/24.4
=B18+18 -3,4882 -2.8418 |4.5362 3.8785 |-8.3836 3.929 =J10+10 [=-148+C11  =225+D11 |=-117+E11 =32+F11 [=217+G11 =217+H11 =R1g+10 =((TAN{SIN(RTAN(149/373))))*B.217*2*P|()/8.8254)/24.4 -((THN(SIH[HTHN[I49/373]]])"‘8.217*2*p|()/8_8254)/24,4 =((TAN(SIN(ATAN{INT 1-M11)}/(L11-K11)))})*B.217*2*P1(}/8.8254)/24.4
=B11+18 -3.8788 -3.562 [4.9346 4.8989 |-8.545 4.9042 =d11+18 |[=-148+C12 =225+B12 [m-117+E12 =324F12 [=217+612 =217+H12 =R11+18 =((TAN(SIN(ATAN(145/373))))*B.2 1 7*2%p|()/8.8254)/24.4  =({TAN(SIN(ATAN(149/373))))*8.217*2*P1{)/8.8254)/24.4 =({TAN(SIN(RTAN((N12-M12)/(L12-K12)})))*@.217*2*P1(})/8.8254)/24.4
=B12+18 -4,1867 -4.1182 |[5.1686 4.9218 |-B.6843 5.643 «J12+18 |=-148+C13 =225+D13 |=-117+E13 =32+F13 [=217+613 =217+H13 =R12+18 =((TAN(SIN(RTAN(148/373))))*8.21 7%2%P1()/8.8254)/24.4  =((TAN(SIN(ATAN(149/373))))*8.217*2*P1()/8.8254)/24.4 =((TAN(SIN{RTAN((N13-M13)/(L13-K13)))))*B.217*2*P1()/8.8254)/24.4
=B13+18 -4.3615 -4.4278 |[5.2878 5.4B27 |-B.7695 6.8461 =J13+18 |=-148+C14 =225+014 |=-117+E14 =32+F14 |=217+514 =217+H14 =R13+18 =((TAN(SIN(RTAN(149/373))))*8.217%2*P1()/8.8254)/24.4  =((TAN(SIN{RTAN(149/373))))*8.217*2*P1()/8.8254)/24.4 <((TAN(SIN{RTAN((N14-M14)/ (L 14-K14)))})*8.217*2*P1(}/8.8254)/24.4
=814+18 -4.3629 -4.5252 |5.2261 5.5796 |(-8.8189 6.1697 =J14+18 |=-148+C15 =225+D15 [=-117+E15 =32+F15 [=217+615 =217+H15 =R14+10 =((TAN(SIN(RTAN(149/373))))%8.2 1 7*2*P1(}/B.8254)/24.4  =((TAN(SIN(ATAN(149/373))))*B.217*2*P1()/8.8254)/24.4 =((TAN(SIN(ATAN{(N15-MI5)/{L15-K1S)NI*8.217*2*P1(})/0.8254)/24.4
=B15+18 -4.1493 -4.4644 |4.8528 5.5547 |-8.8295 6.887 =J15+18 |=-148+C16 =225+016 |=-117+E16 =32+F16 [=217+616 =217+H16 =R15+18 =((TAN(SIN(RTAN(149/373))))*@.217*2*P1()/B.B254)/24.4  =({TAN(SIN(RTAN(149/373)))}*8.217*2*P1()/8.8254)/24.4 =({TAN(SIN(ATAN{(N16-M16)/(L16-K16)))))*8B.217*2*P1(}/8.8254)/24.4
=B16+18 -3.7134 -~4.2582 [4.1542 5.3493 |-6.8287 5.7984 =J16+18 |=-148+C17 =225+D17 [=-11T+E17 =32+F17 |[=217+617 =217+H17 =R16+18 =((TAN(SIN(RTAN(149/373))))%8.2 1 7*2*P1()/8.8254)/24.4  =((TAN(SIN(RTAN(149/373))))*8.217*2+*P1()/0.8254)/24.4 =((TAN(SIN(ATAN(IN17-M17)/(L17-K17)))))*B.217*2*P1()/8.8254)/24.4
=B17+18 -3.1147 -3.8787 [3.2417 4.%414 |-B.8B29 5.2947 =d17+18 |=-148+C18 =225+D18 [=-117+E18 =32+F18 |=217+G618 =217+H18 =R17+18 =((TAN(SIN(RTAN(149/373)))*8.217*2*P1()/B.0254)/24.4  ={(TAN(SIN(RTAN(149/373))))*8.217*2*P1()/8.8254)/24.4 =((TAN(SIN(ATAN({N18-M18)/(L18-K18)})}*8.217*2*P1(}/8.8254)/24.4
=B18+18 -24717 -3.3859 ([2.3154 4.3442 |[-8.7479 4.6226 =J18+18 |=-148+C18 =225+D19 |=-117+E19 =32+F19 [=217+619 =217+H19 =R18+18 =((TAN(SIN(ATAN(148/373))))*8.2 1 7*2*P|(}/8.8254)/24.4  ~((TAN(SIN(ATAN(149/373))*8.217*2*P1()/8.8254)/24.4 =((TAN(SIN(RTAN({(N13-M19)/(L19-K19)))))*B.217*2*PI(}/0.8254)/24.4
=B19+18 ~-1.9844 -2.8244 (15482 3.6187 |-B.6652 3.8541 =J10+18 |=-148+C2B =225+028 |=-1174E28 =32+F28 |=217+628 =217+H28 =R19+18 =((TAN(SIN(ATAN(149/373))0)*8.217*2%P1()/8.0254)/24.4  =((TAN(SIN(RTAN{149/373)1))*8.217*2*P1()/8.8254)/24.4 =((TAN(SIN(RTAN{(Nz8-M28)/(L26-K20)))))*B.217*2*P1(}/8.8254)/24 .4
~B28+18 -1.4265 -2.2367 |8.9826 2.8389 |-8.561  3.849 =J28+16 |[=~148+C21 =225+D21 |=-117+E21 =32+F21 |=217+621 =217+H21 ~R28+18 =((TAN(SIN(RTAN(149/373))))%8.217*2*P1()/8.8254)/24.4  =((TAN(SIN(RTAN(149/373))))*8.217*2*P1()/8.8254)/24.4 =((TAN(SIN(ATAN(INZ1-M21)/(L21-K21)))))*8.217%2*P1()/8.8254)/24.4
=B21+18 -1.8751 -1.6983 |B8.6734 2.0986 |-0.4486 2.3815 =J21+18 |=-148+C22 =225+022 |=-117+E22 =32+F22 |=217+622 =217+H22 =R21+10 =((TAN(SIN(RTAN(149/373)10)*8.217*2*P1()/8.8254)/24.4  =((TAN(SIM(ATAN(149/373))))*8.217*2%P1()/8.8254)/24.4 =((TAN(SIN(ATAN((N22-M22)/(L22-K22)))))*8.217*2*P1()/8.8254)/24.4
=B22+18 -B.8946 -1.2675 [8.6321 1.4995 |-8.3439 1.7229 =J22+18 |=-14B+C23 =225+D23 |=~117+E23 =32+F23 [=217+4623 =217+H23 =R22+18 =((TAN(SIN(RTAN(149/373)))*8.217*2*P1()/8.8254)/24.4  ={(TAN(SIM{RTAN{149/373)1))*8.217*2*P1()/8.8254)/24.4 =((TAN(SIN(ATAN((N23-M23}/(L23-K23)))))*B.217*2*P1()/8.8254)/24 .4
=B23+18 -p.9198 -1.8283 [@8.873 1.1191 |-B8.2586 1.3918 =J23+18 |=-148+C24 =225+024 |=-117+E24 =32+F24 |=217+624 =217+H24 =R23+10 =((TAN(SIN(ATAN(145/373)))*B.2 1 7*2*P1(}/8.8254)/24.4  ~((TAN(SIM(RTAN(149/373))))*8.217*2*P1()/8.8254)/24.4 =((TAN(SIN(RTAN({(N24-M24)/{L24-K24)))))*B.217*2*P1()/B.8254)/24.4
Pitch variation vs. fibre angle (constant load)
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Appendix 6a

Load cell.




final







265258 24044 221049 204045
132629 1205.72 10524 102022
58419 802.51 756865 68015
66315 60266 25262 5104
53052 48229 44210 40509
44210 40191 26541 254007
376,94 24449 31978 2949
33157 N4 276,51 25506
29475 26794 24561 22672
26526 24114 22105 20404
24114 21922 20095 18550
22105 20095 165421 170.04
20404 18550 17004 156.96
186947 17225 157.869 14575
17664 160.76 147.57 12603
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Composite propellers manufactured for



















Appendix 7a

Cavitation data.
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Appendix 9

B-Series propeller design charts.





































Appendix 10

Training courses attended.




Training Courses:

March 1993,

WEGEMT Composite materials in maritime structures,
5 day course.

Southampton University.

March 1994,

1 day seminar,

Applications of composite materials in the marine industry,
The Institute of Marine Engineers.

June 1996,
Atomic Energy Authority, Oxford,
1 day seminar; Design with composite materials.
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Leaen e

EDUCATION AND TRAINING IN COMPOSITES
FOR THE MARINE INDUSTRY

S.M. Grove, T. Searle and D. Short
Advanced Composites Manufacturing Centre
School of Manufacturing Engineering
University of Plymouth,

Drake Circus, Plymouth, Devon PL4 844, UK

ABSTRACT

The marine industry has used natural composites since man first decided to leave the
land and venture on to the sea. Metals have also been used in specialised areas such
as anchors and weapons, but their use increased dramatically in the early 15th century
as costs fell and availability rose.

If industry is to return to using composite materials (man-made rather than natural) then
a cultural change in engineering thinking is required. Without this, the use of these
materials will never progress beyond the glass fibre-reinforced plastic (GRP) products
of the small boatyard, and they will not take their place as viable engineering materials
with their advanced capability at the disposal of the marine engineer.

The successful and economic use of composites requires a greater level of interaction
and integration of design, materials selection, manufacture and quality assurance than
is currently practised in general engineering. These aspirations have been expressed
many times over the last 10 years or so, yet they remain unfulfilled in many industrial
sectors.

For the marine industry to exploit more fully the use of composite materials, certain
facilities for education and experience in the use, design and processing of composites
are required. The present provision of courses and skills training in the UK is
discussed. The paper also presents the results of a study into the training and technical
support needs of the composite boat building industry in south-west England.
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INTRODUCTION

Composites have always been important materials for marine applications, from natural
composites such as wood, to modem fibre-reinforced plastics such as GRP. Our
definition of "composite’ encompasses any material in which two or more constituents
have been combined (macroscopically) with the intention of creating unique properties.
Usually the constituents are a reinforcement (e.g. short, long or continuous fibres or
particles) and a matrix (a thermoplastic or thermosetting resin, metal or ceramic).

Composites have to be understood in the general context of engineering materials - a
given application does not necessarily demand composites as the most appropriate
solution. Materials selection should be free of prejudice; with the engineer specifying
the most effective and economic solution possible. On the other hand, it must be
appreciated that composites are unique materials, and present both the designer and
manufacturer with a unique set of problems and opportunities. At the core of these is
the fact that one does not purchase 'off the shelf® properties - the ultimate performance
of the composite component depends on the ability of the manufacturer to combine
fibres and resin in a controlled, repeatable process in which both the shape and the
material properties are generated simultaneously.

Commonly used composites (GRP or CFRP) give the engineer not only a lightweight
moulding material, but can also open up many new design possibilities if the anisotropic
potential of long or continuous fibres is exploited. Like all laminated materials,
composites:are liable to have relatively poor properties if subjected to through-thickness
tension or peel, and this is a further factor for the designer to consider.

There is thus a continual need for education and training of personnel at all levels, and
this should be seen as a permanent feature of any professional career. This will be due
to:

@ the rapid growth of applications, as composites become more widely used
® the development and introduction of novel materials

® changing economic, political and environmental constraints on the use of
composites

We interpret 'education and training’ in the widest sense - from school to higher and
further education; postgraduate training and research; professional retraining; updating
and awareness; fire fighting and problem solving.

Government agencies together with many of the professional institutions are currently
giving education and training a very high profile. On the one hand, CPD (continuing
professional development) is now seen as an important component of the engineer’s
career, while quality schemes (such as BS 5750) may demand minimum levels of
workforce training and competence.
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TRAINING FOR DESIGN

Composites in the form of GRP are already established in the marine industry for small
boat hulls; the danger is that they may become confined to these applications due to
familiarity and a perceived limitation of potential. There are, however, very strong
cases for making other components in composite materials - these could include pipes
and fittings, tanks and containers, superstructure and accommodation modules, buikhead
doors, pump casings and rotors, propellers and drive shafts.

If composites are to have a wider penetration into marine components, it will probably
come about through existing staff in the design office. But this is not as simple a
process as adding the properties of another metal to the data base - it requires a careful
programme of learning. The designer’s experience of composites may only have been
as a 'fun’ material in sports equipment, or in esoteric aerospace applications, and he
may not therefore have considered it in his work thinking. The designer may never
have worked with the material, except perhaps in the form of Isopon used for cosmetic
repairs. This contrasts sharply with metals, which he has probably bent, cut, turned
and welded during his training. The designer may be totally unfamiliar with the idea
of manufacturing a material from fibres and a liquid; metals are always bought 'off the
shelf’ with their properties fixed, and the potential of anisotropy as a design tool has
never been available. There is also, perhaps, the slight suspicion that light materials
and structures cannot also be strong or stiff,

Thus, if the design office staff are going to consider composites along with the other
traditional materials, they need to feel at home with them. Ideally, the designer must
neither ignore composites, nor have the impression that they are "the best thing since
sliced bread". Progress along the path of awareness needs to start at the experience
level of 'make and try’, and it is to be hoped that this would be part of all new
employees’ training. Can we wait for them eventually to reach the Designer’s chair?
Existing designers who wish to exploit these materials effectively need to gain this
experience rapidly.

The next stage is crucial for the designer - how to analyse composite structures, making
the best use of their anisotropic potential. Here a crash course is needed on the
development of basic properties in composite design and laminate analysis. We have
found that a carefully constructed course of about 4 or 5 days, and containing the basic
elements of theory, practical design, manufacture and testing, is sufficient to allow the
designer to become sufficiently confident to have a go alone.

TRAINING FOR MANUFACTURE

Training for manufacture in composites also needs consideration. If a composites
manufacturing facility exists in a small company, it will probably be in the form of a
hand laminating shop. In this case, component manufacture will be regarded as a semi-
skilled task that is time consuming, unpleasant, wasteful of material and of variable
quality. Thinking in this department needs a radical change. Firstly, all personnel
involved must be made aware that they are not only producing the component, but also
making the material. Hand lay up is a skilled process that requires continuous
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monitoring of materials and self-monitoring of the operative, if efficient matenial usage,
designed properties and consistent quality are to be achieved.

If tighter control of properties and quality or more versatility in part shape and size is
required, then other manufacturing processes must be considered. More stringent
health and safety requirements may also be a factor influencing change. The
installation and successful running of a new process is not trivial - understanding and
experience is necessary to produce good components. Too often equipment is
abandoned unused in a cormer; not because it was no good, but because it was obtained
with the idea that merely pressing a button or two would produce quality products first
and every time.

Components of consistent quality can only be produced by a carefully thought out, well-
run manufacturing system. Because the interaction between the design and manufacture
of composites has to be much closer (due to the many interacting variables such fibre
type, form and orientation, resin additives and cure characteristics), the structure should
ideally be product driven. However, since the structure is more likely to be function
oriented, just as the designer needs a clear working knowledge of manufacture, so the
production staff need a clear working knowledge of design. The initial course
suggested for the designer would also be appropriate for personnel involved in
manufacture; it would also be particularly valuable for both sides to share a common
introductory experience of composites. Both sides also need to be involved in the
understanding of 'fitness for purpose’.

These are the starting points for designer and manufacturer. Specific requirements will
need to be met for special designs and different processes.

EDUCATION AND TRAINING PROVISION

As well as producing graduate and postgraduate engineers, the University of Plymouth
has been encouraging Technology Transfer in the form of short courses and workshops
for 6 years in the general field of polymer composites manufacture. To date, nearly
900 delegates have attended a range of courses at Plymouth, although numbers have
reduced markedly during the recent recession. It is hoped that benefits from this
activity work both ways - industry is given a non-threatening learning environment,
while academics enhance their awareness of the real world outside the campus.

All educational providers must continuously assess their provision of services in the
light of their customers’ requirements and their competitors’ wares. In a survey carried
out 3 years ago.[1], we identified 19 institutions that offered short courses for the post-
experience industrial client. They ranged from the City and Guilds Certificates in GRP
to postgraduate level courses in advanced automotive and aerospace materials such as
metal and ceramic matrix composites. We felt at the time that there may have been
duplication in some areas - in 1990, at least 6 introductory courses were being offered
in advanced composites. It was also evident that the emphasis in provision (at least at
the Universities and former Polytechnics) was on the graduate professional engineer,
and, with one or two exceptions, few courses were intended for technical or operator
staff.
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We have repeated our survey in 1992/93 (the authors would be pleased to supply a copy
on request). Perhaps surprisingly, in view of the general recession, most University
providers have maintained their presence in the market place. The most significant
change has been the increase of interest in academic qualifications for modular, part-
time study. Several institutions' short courses form free-standing components of a
diploma or higher degree, with each course carrying academic credit. This move has
been facilitated by CATS (the Credit Accumulation and Transfer Scheme), whereby a
part-tiim€ student can accumulate academic credits over a number of years, if desired
from more than one institution. Having gained sufficient credits at the appropriate
level, they may be ’cashed in’ for the relevant qualification. Many first degrees are
now modular in structure, thus opening a wide range of qualifications to the part-time
student. At a lower level, NVQs (National Vocational Qualifications) are becoming
more widely accepted.

Little has so far been achieved in terms of closer cooperation between the higher
education providers, although we are still pursuing plans to establish a network to
facilitate the distribution of information and to explore the possible benefits from joint
marketing of courses. In our experience, the industrially oriented short course still sits
uncomfortably in the new University’s portfolio. Much greater emphasis is being
placed on research and increasing full-time undergraduate student numbers. These-are
seen (perhaps rightly) as the core educational business, and the less tangible benefits
that accrue from CPD provision tend to be ignored. We still await a commitment to
Technology Transfer in our University Mission Statement.

The provision of skills training for operators and technicians is still lacking. At
present, there is perhaps a surplus of skilled personnel, but this situation could change
rapidly if and when the UK emerges from recession. The use of NVQs has begun to
make an impression, but it has to be remembered that these provide a system for
measuring competence - they do not provide a syllabus for training. It is still necessary
for employees and supervisors continuously to review their training needs and to plan
for the future.

TECHNICAL NEEDS OF THE BOAT BUILDING INDUSTRY

Our geographical location in Plymouth places us close to a large number of small boat
building companies. This is an industrial sector with which we have frequent but
irregular contact through companies’ requests for laminate testing or 'instant solutions’
to immediate technical problems. Pursuing our general interest in Technology Transfer,
we carried out a limited survey of boat builders in south west England, with financial
support from the DTI, Bristol. The survey. sought information in 3 areas:

1. What materials and processes are currently in use?
2. How do companies obtain information on new materials and processes?
3. What are the training and updating needs and how might they be met?

A total of 32 questionnaires were returned out of 60 sent. In some cases, contact was
made on the telephone.
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The South West has one major boat builder (Marine Projects, Plymouth) employing
over 800 staff. Most.companies, however, are small - nearly half of the organisations
surveyed have less than 10 employees. One company in five reported that their
business was primarily. repair.

The type of work carried out appeared to be spread evenly across a range of markets
(sport, work, fishing, yacht and dinghy), with most boats falling into the 10°-30°
monohull category. As expected, the most common construction is hand laid up GRP
in female moulds, but there is some evidence of more advanced materials. For
example, 9% of builders used honeycomb, 21% used carbon fibre and 15% post-cure
their laminates.

Builders were asked how they gained knowledge about materials and techniques.
Almost all the companies drew on their own experience, and between 50% and 70%
relied on literature, designers’ specifications or information from the materials
suppliers. Less than 20% made use of courses or consultancy services.

The attitude towards innovation was only moderately encouraging. Less than half of
all builders said they would find information on new products of use; 30% would seek
information on materials selection. In terms of technology transfer methods, 48%
favoured on the job training, 33% visits from consultants and 30% training manuals and
other literature.

The dilemma seems to be that boat builders would welcome highly targeted, in-house
training, but are not able and/or willing to pay commercial rates for it.

Further points emerged from follow-up interviews:

® Some boat builders have diversified due to the current state of the marine
market.

© There has been an increase in the number of disputes between builder
and client over fitness for purpose of the product.

® There is a reluctance to seek help from third parties - better to keep quiet
about problems.

@ Builders are often reluctant to carry out quality checks, property
measurements or to keep fully documented records.

® There is little desire, resources or_extemal encouragement to extend
process capability beyond hand lay up, although some boat builders have
adopted spray techniques.

© The industry feels that leisure products (i.e. boats) do not justify the
additional expense which expert advice would incur.

® Any educational or training programme needs to be specifically tailored
to the requirements of individual companies.
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® There is a lack of mutual confidence and trust between designers and
manufacturers.

" ® Investment in technical advice and support is often seen as an
unacceptable expense, which only results in a less competitive product.
The advantages of long term investment are not recognised.

CONCLUSIONS -

There is now a range of University-based short courses available to the engineer which
will provide an introduction to design and manufacture with composites. Many of these
courses now carry academic credit and can contribute to a part-time higher degree.
Although a few are targeted towards specific applications, most fall into the category
of ’education’ rather than ’training’, and are intended to increase awareness on new
materials and processes rather than to impart specific skills.

The small boat builder can rarely afford the luxury of a 3 or 4-day introductory course.
Technology transfer in general, and education and training in particular, are only
perceived to be of use if they address some identifiable need or problem within the
company - medium of long term staff development is not a practical option for most
small employers. |

However much academics and educationalists may bemoan the lack of a learning culture
in UK industry, we must accept the reality of the economic constraints facing small
companies. As a technological university, we wish to be of value and service to local
industry, and must therefore be responsive to its needs. The Government appears to
be encouraging stronger partnerships between industry and educational establishments
[2]. It has also suggested a network of 'One Stop Shops’ to provide access to technical
services. We believe that the higher education institutes have an important role to play,
by providing regional "Technology Shops' - rapid-response centres providing focused
technical information, testing services, advice on training, etc. Small companies also
need encouragement to become involved in networks for sharing information and
experience among themselves - there is a natural reluctance to let the competition know
what your problems are, but the potential benefits are considerable. Local educational
establishments, in partnership with TECs, have a contribution to make, by acting as a
catalyst for communication and offering neutral territory on which this can take place.
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Notes for
EDUCATION AND TRAINING IN COMPOSITES FOR THE MARINE
INDUSTRY
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The number of novel applications for composites is incr&sing; The marine industry
presents a varied range of applications that lend themselves to a redesign in a composite
material, to gain design, performance and manufacturing advantages over conventional
materials.

WHAT ARE COMPOSITES ?
Composite materials embrace a wide range of materials; for all of them the same
definition holds true: The synergy of two or more materials whose combined properties
exceed the sum of the individual constituent materials properties.

The interest of this paper is with continuous fibre polymer composites, where the fibres
are the main load bearing component. Generally, these comprise of high strength, high
modulus, high aspect ratio fibres, of glass, carbon, or aramid (Kevlar), within a plastic
matrix, such as polyester, vinylester, epoxy or phenolic resin.

Many applications of these materials are well established, for example, high
performance racing yachts or minesweepers. Some more subtle applications are just
emerging. The manufacture of boat propellers in composite falls into this latter
category.

WHAT ARE THE BENEFITS ?

The important question to ask is, how do composites materials enable better solutions
to engineering problems ? Composite offer some of the following advantages:

® High specific strengths
® High specific stiffnesses _
® Low coefficients of thermal expansion

® Resistance to environmental degradation
Possibility of reduced cavitation erosion, Ladds [3]
Non catastrophic failure in fatigue

High production rates

Healthy production environment
Ease of producing complex shapes
Ease of repair & maintenance

Specific material design to the application

The ability to tailor the elastic properties

® A polymer composite material uses about half the energy to manufacture
compared to steel or aluminium Richardson [4].
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Notes for
THE COMPOSITE PROPELLOR
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Why composites ?

* Reduced corrosion

e Higher manufacturing yield

* A significant weight reduction (up to 75%)

* Reduced vibration

* Reduction in damage caused by cavitation

e Damage tolerance

* Healthier manufacturing environment

o Imprbved design freedom over traditional materials

* Low cost manufacturing




Hydroelastic Tailoring...
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Processing Cost...
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| Design Criteria...

Loads

Cost effective manufacture

Retrofit

Improved hydrodynamic efficiency
by hydroelastic tailoring

E-glass

Epoxy

Resin Transfer Moulding
Manganese bronze boss insert










Advantages of RTM...

* Low void content

* Good control of properties, repeatable results
* Flexibility of mould design

* Reduction in labour & material waste

* Clean process, as fibres are handled dry

* Good for volume production

° Good for large components

e Quick process

* Tooling cost is low.













Testing...

* Laboratory Testing

* Bollard Pull

* Speed trials

* Ongoing longevity testing

* Open water towing tank test
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Open Water Test...
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Conclusions...

* An effective manufacturing route has
been demonstrated

* A composite propeller has been
shown to have comparable
performance to the metal one

* The potential exists to manufacture
propellers of improved design very
cost effectively
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Although difficult to quantify, the erratic nature of the flow front exhibited by fabric A can be
seen in figures 2 to 5. (This was mainly brought about because of the poor 3D flow properties
of this material.) With fabric B, as soon as the injection was started, resin flowed quickly
through the thickness of the fibre pack. However this was not the case with fabric A.

4. EVALUATION AND RUNNING EXPERIENCE

Having carried out the manufacture, an ongoing programme of testing has been initiated.
Bollard pull, top speed and open water tank tests have confirmed the hydrodynamic
performance of the composite propeller to be the same as the equivalent metal one, with
potential for an improvement. However, the test that is considered to be of the most critical
importance at this stage is the longewvity.

The following list summarises the practical experience to date:

¢ installed on the vessel for 6 months;

e during this time the propeller has remained immersed in sea water and has only come out of
the water for inspection and routine boat maintenance;

e total running time accumulated is 150 hours;

¢ arope and a thick electrical cable have become entangled around the propeller causing no
significant damage;,

¢ fouling on the blade is no more than would be expected for a comparable composite boat
hull, this is to be addressed shortly with an anti—fouling additive to the propeller surface;

o a 75% weight saving has been shown over the metal propeller.

6. CONCLUSIONS AND FUTURE WORK

Work reported in this paper is pre-market, however, prelimnary studies have indicated that
potentially, significant benefits exist by manufacturing marine propellers this way. Future work
18 beginning to focus in on three diverse areas.

o The economic production of hydroelastic propellers for the domestic market, providing low
cost alternative propellers that will give fuel savings for fishing boats, work boats and
pleasure craft.

» Replacement outboard propellers are currently being manufactured.

* Investigating the design of sophisticated, high performance, high cost, multi part propellers.

The competitive manufacturing process, reduction in weight, the ability to tailor the elastic
behaviour and reduced corrosion should give composite propellers a firm sector of the market
in the near future.



. REFERENCES

. LADDS R (1990) Cavitation Characteristics of Composite Materials, University of
Plymouth Honours Project, School of Manufacturing, Materials and Mechanical
Engineering.

[

. RICHARDSON T (1987) Composites a Designers Guide, Industrial Press INC. p256.

. McCARTHY R (1988) Composite Propeller Blades for Commuter Aircraft and
Hovercraft, Progress in Rubber and Plastics Technology, Vol.4, No. 4.

. HICKLING K (1994) Corrosion Protection Applications, CPD Seminar, Applications of
Composite Materials in the Marine [ndustry, IMarE, London.

. FLOWER A (1990) /ndustrial Action, Advanced Composites Engineering, June.

. SEARLE T (1992) A4 Viability Study into Composite Propellers, University of Plymouth
Honours Project, School of Manufacturing, Materials and Mechanical Engineering.



