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Abstract

Autonomous surface vessels (ASVs) are growing in their capabilities and can serve
as valuable tools in oceanographic data acquisition. For long term missions com-
plete energy self sufficiency is key, and propulsion by wind is an excellent con-
tributor to this [1]. Rigid wing sails are much better suited for automated control
than traditional fabric sails, but they have been difficult to build rigid and light
at a reasonable cost [2]. This challenge is targeted in this thesis, as part of the
Oceanographic Research Craft Autonomous (ORCA) project which entails the de-
velopment of such a vessel.

A glass fibre reinforced polymer (GFRP) rigid wing sail has been developed
and a full scale prototype manufactured by means of vacuum assisted resin trans-
fer moulding (VARTM). The wing sits on a fixed mast, and a drive unit situated
within the wing facilitates unlimited rotation for enhanced manoeuvrability. The
transmission through a worm and worm gear reducer allows the wing to main-
tain its position without any power consumption. Weather conditions in the open
ocean are rough, and the wing has been designed to operate in 20 % winds.

Through comparative testing against a carbon fibre reinforced polymer (CFRP)
wing of equal external size and shape, it is found and concluded that this GFRP
wing is between % and % as stiff with an added mass of 36 %. Material costs are re-
duced by between 55 % and 75%. Actuation under loads up to 140 Nm is achieved
during testing, but it is evident that with a replacement actuator the design load
of 211 Nm will be reached.

The prototype is left fully functional and ready to be mounted on the ves-
sel hull for sea trials. Through assembly tests the design was shown to be user
friendly, and a comprehensive assembly guide ensures that persons unfamiliar
with the product may handle it.
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Samandrag

Autonome overflatefartgy vert stadig meir velfungerande og kan nyttast som ver-
difulle verktgy til innsamling av data i verdas store havomréde. Skal dei operere
over lang tid ma fartgya vere sjglvforsynte med energi, og & nytte vind til framdrift
er ngkkelen for & oppna dette [1]. Ved automatisert styring er rigide vingesegl
betre eigna enn tradisjonell seglduk, men desse har vist seg 8 vere krevjande a
byggje sterke og lette til ein fornuftig kostnad [2]. Denne utfordinga er forsgkt
handtert i denne oppgéva, som er ein del av ORCA prosjektet som har til hensikt
a utvikle ein slik farkost.

Eit rigid vingesegl av glassfiberforsterka plast GFRP har blitt utvikla og ein full-
skala prototype er produsert ved hjelp av vakuumassistert resinstgyping VARTM.
Vinga roterer ubegrensa rundt ei mast, ved hjelp av innvendig motor og drivverk.
Overfgringa skjer gjennom eit snekkegir som gjev tilstrekkeleg utveksling medan
ingen straum krevst for & halde vinga fast i ein posisjon. P4 det opne havet kan
vérforholda bli ekstreme, og vinga er konstruert for & fungere i vind opp til 20 2.

Gjennom komparativ testing opp mot ei karbonfibervinge med same storleik
og profil, vart det kome fram til at denne glassfibervinga er mellom % og % sd stiv
og 36% tyngre. Innsparinga i materialkostnader vil vere mellom 55% og 75 %.
Vinga lot seg aktuere under last opp til 140 Nm. Dimensjonerande last er 211 Nm,
og testdata tyder pa at dette vil bli nddd nér den delvis dysfunksjonelle motoren
bytes ut med ein ny.

Prototypa er fungerande og klar til & samanfgyast med skroget for testing pa
sjgen. Samanstillingstesting har vist at produktet er brukarvenleg, og ei detaljert
samanstillingsrettleiing vil forsikre at personar som ikkje er kjende med vinga kan
handtere henne.






Contents

Abstract . . . . . . L iii
Samandrag . . . . .. ... e e e v
COontentsS . . . . . . . . i i e vii
Figures . . . . . . . . . e ix
Tables . . . . . . . xi
ACTONYINS . . . . . it e e e e e e e e e e e xiii
1 Introduction . .. ... ... ... ... . ... ... 1
1.1 Autonomous Surface Vessels ASVs . . . . ... ... ... ... .. 1
1.2 RigidWing Sailing . ... .... ... ... . ... . . . ... 2
1.3 Vacancies in the State of the Art . . . ... ... ............. 3
1.4 The ORCAProject . . . . .o v vt ittt e e e et 3
1.5 Thesis Research Question and Objectives. . . . . ... ......... 4
1.6 Thesis Structure . . . . . . . .. .ttt e 5
1.7 Thesis Limitations . . . . . . ... ... 5
1.8 Foundation . .. ....... .. ...t 6
2 Theory on Composites and Vacuum Assisted Resin Transfer Moulding 9
2.1 Laminate Theory . . ... ... ...ttt 9
2.1.1 Laminate Failure . .......................... 9
2.2 Vacuum Assisted Resin Transfer Moulding VARTM . . ... ...... 10
2.2.1 Basic VARTM process description . . . . .. ... ........ 10
2.2.2 VARTMin Literature . . . . . .. ... ..., 11

2.3 Cutting, Drilling and Machining of Glass Fibre Reinforced Polymer
Composite Laminates . . . . . ... ... ... e 13
3 Development. . . ... ... ... ... e 17
3.1 Development of the Wing Structure . . . .. ............... 17
3.1.1 Foundation . ........... ...t 17
3.1.2 Design . ... e e e 19
3.1.3 Modelling . ... ... ... 21
3.1.4 StaticAnalysis . ......... .. .. . .. .. 23
3.1.5 Dynamic Analysis .............. ... ... ... ... 26
3.1.6 Discussion . . . ... ... e 27
3.1.7 Pre-production Evaluation of Design . . . . ........... 29
3.2 Development of the Wing Drive Unit . . ................. 30
3.2.1 Foundation . .............i.iiii . 30

vii



viii S. Gauden: Development of a GFRP Rigid Wing Sail for an ASV

3.2.2 Worm Gear Transmission . . . .. ... ... ........... 31

3.2.3 Elaboration of Drive Unit Design Criteria . . .......... 31

3.2.4 Drive UnitDesign . ... ... ... .. .. ... ... 33

4 Manufacturing. . . . ... ... ... 47
4.1 Makingthe GFRPWing ... ... .. ... .. ... ... 47
4.1.1 TestInfusions . .......... ...t 48

4.1.2 MouldType . . . ... . 49

4.1.3 Mould Design and Manufacturing . ............... 52

4.1.4 VARTM of Wing Components . ... ............... 53

41.5 Assembly. ... ... ... . ... e 59

4.2 Manufacturing the Drive Unit. . . . . ... ... ............. 62
421 Assembly. ... ... ... . ... 63

4.3 Estimation of COSt. . . . . . ..ottt 64

5 Experimental Testing of the Wing Assembly. . . . ... ... ....... 67
5.1 Experimental Setup and Method . . ... ................. 68
5.1.1 Test1-Mass . . ... i ittt it 68

5.1.2 Setup . . v i e e e 68

513 Test2-Assembly. .. ... ... ... ... ... ... ..., 68

5.1.4 Test3-Staticloading. ....................... 69

5.1.5 Test4-Actuation . ... ........c.oueuenennon.. 70

52 ResultS. . . ... 72
5.21 Test1-Mass .. ...t 72

522 Test2-Assembly............. . ... ... ...... 72

5.2.3 Test3-StaticLoading. ....................... 73

524 Test4-Actuation . .......... ..., 76

6 Discussion . . ... ... ... ... 79
6.1 Labtests. ... ... e 79
6.1.1 Test1-MasS . . .o oo vt i ittt e 79

6.1.2 Test2-Assembly........ ... ... ... ... ... ..., 80

6.1.3 Test3-Staticloading. ....................... 80

6.1.4 Test4-Actuation . .. ... .. .. ..., 81

6.2 Manufacturing Methodsand Cost . . .. ................. 83

7 Conclusion . . ... ... ... ... 87
7.1 Conclusion . .. ... ... .. ... 87
Bibliography . . . ... .. .. .. .. e 89
A Wing Assembly Guide . . . . ... ... ... ... o 93
B Mechanical Drawings . .. ... ... ... .. ... ... 107
C Previous FEA . . . . . . . . . e 121

D Relevant Data Sheets . .. ... .. .. ... .. . ... 123



Figures

1.1 ORCAprojectlogo. . ... ... . ... . 3
2.1 Schematic demonstration of the VARTM process. . . . . .. ...... 10
2.2 Mechanisms of delamination in drilling. . ................ 14
3.1 Carbonfibrerigidwing. .. ... ... ... .. ... ... ... 18
3.2 4-part GFRPwingconcept. . . . ... .. ...t 18
3.3 Previous wing finite element analysis (FEA) result. . ......... 19
3.4 FEA of wing: orthotropic GFRP lamina properties. . . . ... ... .. 22
3.5 FEA of wing: laminate layup visualisation. . . . . .. .......... 22
3.6 FEA of wing: deflection under torque loading. . ............ 24
3.7 FEA of wing: Tsai-Hill index under torque loading. .......... 24
3.8 FEA of wing: deflection under pressure loading. . ........... 25
3.9 FEA of wing: Tsai-Hill index under pressure loading. . ........ 25
3.10 FEA of wing: eigenfrequencies. . . . . . ... ... ... ... ...... 26
3.11 Measure to increase the lowest eigenfrequency.. . . . . ... ... .. 27
3.12 NACAO0018 wing profile: g—g versus angle of attack. . ......... 27
3.13 Bevel gear actuation unit for thewing. . . .. ... ... ... ..... 30
3.14 Computer aided design (CAD) model of drive unit. . ......... 32
3.15 Drive unit component explanation. . . .................. 33
3.16 RMD-X8 Pro ServOmMOtOL. . . . ¢ v v v v vt it et e e e e e 34
3.17 CAD model of the bearing support structure. . ............. 35
3.18 FEA of bearing support: stress distribution. . ... ........... 36
3.19 FEA of bearing support, improved: stress distribution. .. ... ... 37
3.20 CAD model of the connection between the worm shaft and motor. . 37
3.21 FEA of shaft connection: stress distribution. . . . ... ......... 39
3.22 FEA of redesigned shaft/motor connection: stress distribution. . .. 39
3.23 CAD model of motor support bracket.. . . . . ... ........... 42
3.24 Sealing ring location. . . . . . ... ... .. L L o 42
3.25 Section view of a BASL sealingring.. . . ... .............. 43
3.26 Box bottom plate explanation. . . ..................... 44
3.27 FEA of bottom plate: deflection. . ... .................. 45
3.28 Drive unit enclosure. . . ... ... ... .. ... 46

ix



S. Gauden: Development of a GFRP Rigid Wing Sail for an ASV

4.1 EPICOTE™ /EPICURE™resin system temperature development. . . . 48
4.2 VARTMon foamtestmould. ........................ 50
4.3 GFRPthinskintestmould. . ........................ 51
4.4 The parts made on the two test moulds. . ................ 51
4.5 Mould structure design: profile offset. . ... .............. 52
4.6 Infusion processes of the two laminates for mould making. . .. .. 54
4.7 Mould assembly stages. . .. ... ... ... ... 55
4.8 The overlapping joint in a ply oriented at 45°. . . ........... 56
4.9 Leading edge VARTM ProCess. . . . .« v v v v v i v i e 57
4.10 VARTM process error: air intrusion. . . . .. ... ... ......... 58
4.11 Abrasive water jet cutting (AWJC) . . . . . . . . i i it 58
4.12 Flange insertion in wing components. . .. ............... 59
4.13 Solar panel bolting detail. . . . ... ... ... . ... . ..... 61
4.14 Bottom section reinforcement. . . ... ... ... ... .. ... ..., 61
4.15 The sealing ring fitted into the bottom plate. . ... .......... 63
4.16 The drive system assembled. . .. ... ... . ... ... ... .... 64
5.1 Full experimental setup for wing stiffness and actuation testing. .. 67
5.2 Experimental setup details: measurements. . .............. 69
5.3 Experimental setup drawing: measurements. . ... .......... 70
5.4 Experimental setup details: load and boundary conditions. . . ... 71
5.5 Test 3A graphical presentation of results: deflections. . . ... .. .. 75
5.6 Test 3B graphical presentation of results: deflections. . ... ... .. 75
5.7 Test 4 graphical presentation of results: unloaded actuation power
CONSUMPLION. . . . . v ittt e ettt e e e e e et e et e e 76
6.1 Motor support bracket, suggested design improvement. . ... ... 82
B.1 RMD-X8 Pro actuator mechanical drawing. . .............. 107
D.1 [0/90] woven fabric datasheet. . ... .................. 125

D.2 RMD-X8 Pro actuator datasheet. . .................... 128



Tables

1.1
1.2
1.3
1.4
1.5

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8

4.1
4.2
4.3
4.4
4.5

5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9

Wing design objectives. . . ... ... ... ... e 4
Thesis research questions and method. . . . ... ... ......... 5
Vessel hierarchy of design goals. . . ... ................. 6
Vessel design requirements. . . . . .. ... ...t ... 6
Wing design specifications. . .. ... ... ... ... ... . ... .. 7
The results of Dyrseth’s [5] GFRP wing FEA. . ... .......... 17
Data on the acquired solarpanels. . . . ... ............... 21
FEA of wing: mesh convergencetest. . .. ... ............. 23
FEA of bearing support: deflection and stress results. . ... ... .. 36
Material properties for the worm shaft and motor connector flange 38
FEA of motor connector flange: deflection and stress results. . ... 38
FEA of worm shaft connection: deflection and stress results. . . . . . 38
Worm shaft and bearing press fit calculation results.. . . . ... ... 41
Summary of VARTM process details. . . ................. 53
Summary of components machined for the drive unit. ... ... .. 62
Cost estimate: VARTM process consumables. . ... ... ....... 65
Cost estimate: wing structure. . . . . . .. .. ... ..o v . 65
Cost of purchased drive unit components. . . .. ............ 66
Test 1 results: CFRP Wing mass. . . . . . ..o v v v v v v v e, 72
Test 1 results: GFRPwing mass. . . . . . . ..o v v v v v v v 72
Test 2 results: wing assembly time. . . .................. 72
Test 3A-CFRP results: deflections. . . ... ................ 73
Test 3A-GFRP results: deflections. . . . ... ............... 73
Test 3B-CFRP results: deflections. . . ... ................ 74
Test 3B-GFRP results: deflections. . . . ... ............... 74
Test 4 unloaded actuation results: current draw. . . .......... 76
Test 4 loaded actuation results: function and current draw. . . . .. 77

Xi






Acronyms

ASV autonomous surface vessel. iii, vii, 1, 4

AWJC abrasive water jet cutting. x, 14, 15, 32, 42, 43, 53, 58, 60, 62, 83
BLDC brushless direct current. 33

CAD computer aided design. ix, 18, 21, 32, 35, 37, 42, 79, 107

CAE computer aided engineering. 21

CAPRI controlled atmospheric pressure resin infusion. 11, 12

CFRP carbon fibre reinforced polymer. iii, xi, 4, 5, 17, 18, 68, 70, 72-74, 79, 87
CSM chopped strand mat. 12, 53, 59, 60

DBVI double bag vacuum infusion. 12
FEA finite element analysis. ix, xi, 5, 17, 35, 36, 38, 44, 56, 80

GFRP glass fibre reinforced polymer. iii, v, viii—xi, 4, 5, 13-15, 17, 18, 22, 44, 46,
47,50-52, 68, 70, 72-74, 79, 81, 87

MDF medium-density fiberboard. 49, 50, 52, 59

NACA National Advisory Committee for Aeronautics. 2, 6, 7, 17, 27, 31
ORCA Oceanographic Research Craft Autonomous. iii, v, vii, 3-6, 85
RTM resin transfer moulding. 11, 47

SCRIMP Seemann Composites Resin Infusion Moulding Process. 11

VARI vacuum assisted resin infusion. 10, 12

VARTM vacuum assisted resin transfer moulding. iii, v, vii—xi, 5, 10-13, 47, 48,
50, 52-54, 57, 65, 66, 84, 87

xiii






Chapter 1

Introduction

With our planets climate rapidly changing, acquisition of data is key to understand
what is happening and how we should face our challenge. The ocean covers over
70% of the face of the earth and is the worlds larges ecosystem [3], and through
oceanographic surveillance our scientists may be supplied with data on weather,
oceanic currents, fish stocks, water temperature and acidity etc. The advent of
autonomous navigation may provide invaluable service in this respect.

1.1 Autonomous Surface Vessels ASVs

In the last 20 years there have been extensive developments in the field of autonom-
ous sailing, both from commercial and academic instances. Stelzer and Jafar-
madar [1] summarise the key characteristics of robotic sailboats as follows:

e Wind is the only source of propulsion.
e It is not remotely controlled; the entire control system is on board.
e It is completely energy self-sufficient.

and the main strengths of unmanned autonomous sailboats for ocean surveillance
tasks as

e Long mission ranges.
Negligible operational costs.
Potential for towing sensors.
Real time data transmission.
Real time data localisation.
Very low noise generation.

Further, by the vessels being unmanned, people are removed from harms way
where extreme conditions makes operation dangerous.
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1.2 Rigid Wing Sailing

An object in relative fluid motion will experience some forces acting on it. Very
simplified, there is a drag force generated by the object altering the fluid motion,
and a lift force normal to this generated by a pressure difference due to fluid
particles travelling at different velocities around different parts of the object. By
properly orienting an adequately shaped object with respect to the wind, the net
resultant force vector may have a component in the desired direction of travel.
Through the history of mankind, people have capitalised on this by use of con-
ventional fabric sails for wind generated propulsion [4].

An alternative to fabric sails are rigid wings. The article Rigid wing sailboats:
A state of the art survey by Silva et al. [2] presents a thorough investigation of
the latest developments in the field of rigid wing sailboats. They convey the main
advantages of rigid wings over traditional fabric sails as their ability to maintain
their shape in low wind conditions, better robustness due to the absence of ropes,
suffer from less drag, have higher efficiency and can sail closer to the wind. These
are aspects that make rigid wings more suitable for automation than fabric sails.
The most frequently mentioned drawbacks are the difficulties to build rugged,
light and inexpensive wing sails, the fact that their size cannot be reefed in high
winds and that wing sails are not particularly stable when sailing downwind [2].

As the the vessel must be able to sail with the wind at both sides, symmet-
rical profiles are common practice. Profiles in the National Advisory Committee
for Aeronautics (NACA)0Oxx series are frequent choices. One of the authors pre-
decessors in this project, Dyrseth [5], used a NACA0018 profile and designed the
wing to be a balanced rig. This means that the resultant lift of the wing goes
through the centre of the mast, or slightly behind, reducing the power needed for
rotation. This is a concept also used in most of the rigid sails mentioned in [2].
Still the actuation, of the rigid wing sail as well as the rudder, is said to often
be the most significant power consumer. Therefore, this aspect must be carefully
considered. Some have handled this by leaving the wing free to rotate, with a
small flap behind the main wing actuated by a modest linear actuator. By actuat-
ing the flap, the wing will maintain a certain angle to the apparent wind. Others
apply direct actuation, with servos, DC or stepper motors. Little relevant detail on
the specific mechanisms is found in the publications. Among common attributes
weighted in the literature in regard to both vessel and wing design is the facilita-
tion of simple storage, transport and rigging. Also the buoyancy capability of the
wing is emphasised in case of submersion and capsizing.

Neal [6] set out to prove the feasibility of a low-cost and low-complexity
autonomous sailing vessel, by the building and testing of a 1.5 m prototype. Along
with several later projects, as summarised in [2], they suggest an approximate size
of 3 m suitable for a versatile and seaworthy sailing vessel for oceanographic re-
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search purposes.

Among successful unmanned sailing vessels in later years is the 2 m long Sail-
Bouy by Offshore Sensing, which was the first unmanned surface vessel to cross
the Atlantic Ocean [7]. It does not sail autonomously, but can navigate to defined
waypoints. The most successful commercial vessel is the Saildrone. Its hull is of a
somewhat larger scale, 7 m long, and it has been out on multiple missions span-
ning over several months doing surveys on fish for fishery authorities and weather
for climate scientists, among other things [8]. Common with these and other com-
mercial craft is that they share little or no information on the mechanical structure
and actuation of their wings.

1.3 Vacancies in the State of the Art

Silva et al. [2] state further work should be invested to improve the reliability
and robustness of the vessels, and to ensure that they can stand prolonged peri-
ods at sea. They identify a recurring challenge in rigid wing sailing vessels being
to build a wing that is structurally rugged, light and inexpensive. Also Neal [6]
had earlier pointed to the construction of strong and lightweight rotatable wings
at reasonable cost as something needing further investigation. This very subject
forms the basis for this thesis. Dyrseth [5] designed a rigid wing sail using carbon
fibre PrePreg, which introduces a considerable material cost.

1.4 The ORCA Project

)

ORCA

OCEANOGRAPHIC RESEARCH CRAFT AUTONOMOUS

Figure 1.1: ORCA project logo.
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This master thesis is a contribution to the Oceanographic Research Craft Autonom-

ous ORCA project. The project is described by its founder A. Echtermeyer as:

[... Ja new initiative that will develop a small autonomous vehicle that can be out
at sea for very long times(years). The vehicle should be able to perform measurements
of water quality, currents, weather etc.][... ] This project focuses on the design of such
a vehicle, not the instrumentation. /... |

The vision is for the ORCA to serve as a low-cost oceanography platform for
long term missions. Its design should be suitable for batch production.

A few different people have been involved in the project since its initiation in
the fall of 2019. Garden Rovik [9] wrote a project thesis exploring various overall
design solutions for an ASV. As already mentioned in Section 1.2, a master thesis
on the development of a carbon fibre reinforce polymer CFRP rigid wing was writ-
ten by Dyrseth [5] in 2020. Her work will reoccur frequently through this thesis,
both as a foundation to build on, and as something to compare up against.

The author wrote a project thesis last year, S. Gauden, ‘Development and pro-
totyping of an ocean going autonomous surface vessel for research applications,’
2020, available from the author or his supervisor. The relevant results of this will
be further discussed in Section 3.1.1 and Section 3.2.1.

A. Brandal has worked along side the author for the past year with the main
focus in his thesis on the hull and rudder of the boat. L. Digerud has been working
with the development of a hydrogenerator.

1.5 Thesis Research Question and Objectives

Can glass fibre reinforced polymer GFRP be used to build a rigid wing sail with
comparable performance to the carbon fibre wing developed by Dyrseth [5] while
adhering to the design objectives in Table 1.1?

Rigidity

Low mass

Low cost
Assemble/disassemble easily
Design for manufacturing
User friendly

QU1 A WN =

Table 1.1: Wing design objectives.

To explore this research question a design has been developed, a prototype
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has been manufactured and lab tests concerning stiffness, mass and actuation
have been performed. This is be summed up in Table 1.2.

Table 1.2: Thesis research questions and method.

Questions: Relevant design objectives
Can a GFRP design compare to the CFRP wing? 1,2,3
Can this be manufactured in a reasonable manner? 3,4,5

Answer these questions by:

Developing, manufacturing and testing a wing.

Developing, manufacturing and testing a drive unit.

With the intention of:

Leaving a functional prototype for the future of the project. 4,6

1.6 Thesis Structure

Chapter 1 introduces the concepts and argues for the applicability of this thesis.
The research question and method is stated. A brief introduction to previous work
and other contributions to this project is presented.

Chapter 2 introduces some relevant theory on laminate composites and the man-
ufacturing method of Vacuum Assisted Resin Transfer Moulding VARTM.
Chapter 3 goes through the development and documents decisions made in cre-
ation and analysis of a design.

Chapter 4 handles the manufacturing of the prototype.

Chapter 5 contains experimental testing, describing the setup and results.
Chapter 6 brings a discussion on the results of the experimental testing, the suit-
ability of the design and the manufacturing methods.

Chapter 7 summarises what is learnt through the thesis and poses some conclud-
ing remarks.

It is assumed that the reader has basic understanding of mechanics, finite ele-
ment analysis FEA and common engineering materials.

1.7 Thesis Limitations

A paramount objective is to leave future project and master thesis students in the
ORCA project with a functioning physical platform. This elevates the importance
of prototype production, which has been very time consuming, on the expense of
detailed design, analysis and optimisation. This also affects the academic level of
the thesis, as a very practical approach has been utilised.
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Despite entailing the development of a wing, this thesis does not analyse nor
discuss any aerodynamics. On this aspect, the author places his full faith on the
work of his predecessor Dyrseth [5], and the fact that the NACA wing profile used
has been thoroughly investigated for many decades.

The aspect of fatigue of the metal components in the actuation mechanism is
not properly addressed. The design is intended as a functional proof-of-concept,
and should be reevaluated before long term deployment.

1.8 Foundation

In the earlier startup phase of the project, a set of requirements and a hierarchy
of design goals were determined for the vessel as a whole, respectively Table 1.3
and Table 1.4

Table 1.3: Vessel hierarchy of design goals.

Durability

Cost

Ease of manufacturing

Ease of repair

Stability

Manoeuvrability
Environmental friendliness
Speed
Seaworthiness/Certification

O O N O U1 A WN -

Table 1.4: Vessel design requirements.

Design aspect Requirement

Approximate vessel size 3m

Minimum service speed 1.5%

Energy consumption Less than or equal to energy generation
Maximum apparent wind speed 20 %

Lifetime, supervised 25 years

Lifetime, unsupervised 1 year

Out of all the aspects which together form the ORCA vessel, this thesis handles
the sail structure, i.e. what exists from the top of the hull and up. An extreme case
loading condition for the wing was derived from the design requirements. Under
20 % winds the wing should be able to turn normal to the wind, without the
structure or actuator failing. In the simplest way possible, an object acted on by a
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Table 1.5: Wing design specifications.

Wing Specs
Profile NACA0018
Cord length 1200 mm
Height 2400 mm
Design wing load 691N
Design torque 211Nm
Safety Factor >2

fluid may be seen in terms of its area. The theoretically largest force F,, exerted
on the area A by a fluid of density p and velocity v coming to a halt is [4]

F, = %pva. (1.1)

With the wing dimensions in Table 1.5 and extreme load condition this yields
awind load F,, = 691 N causing a torque about the mast axis T =211 Nm. It was
earlier decided that a safety factor towards failure SF > 2 should be achieved for
any component or mechanism. If this is not the case, a proper contemplation on
why the result is acceptable should follow. However, in certain instances for the
purpose of proof-of-concept prototyping, this demand is not as strictly observed.

A wing design was suggested and performed an initial feasibility study on
by the author in S. Gauden, ‘Development and prototyping of an ocean going
autonomous surface vessel for research applications,” 2020. This is elaborated in
Section 3.1.1 and further developed and concretised in this thesis.






Chapter 2

Theory on Composites and
Vacuum Assisted Resin Transfer
Moulding

2.1 Laminate Theory

Laminate theory can be seen as a basic requirement to understand composite be-
haviour. In this thesis it was mainly used to determine suitable composite lay-ups
in Section 3.1.3 and Section 4.1.4. Should the reader feel the need for a recap
of this, some is available in the authors own project thesis [10] and in composite
textbooks like [11].

2.1.1 Laminate Failure

Failure of a composite is a complex subject. As the properties are so different
in tension and compression and in different directions, conventional von Mises
stress stops making sense. There is also the question of how to define a failure.
In a composite laminate one often refers to first ply failure. Abaqus provides 5
different lamina failure criteria and among these the Tsai-Hill index was used in
Section 3.1.4. The criterion is defined as

2 2 2
I;—Hz(ﬂ) +( Ir ) _OL—ST+(M) <1, 2.1

OLx OTx Oy Tr

where 0;, o1 and 7,7 are longitudinal stress, transverse stress and in plane
shear stress respectively. o;,, o1, and 7, are the respective limit stresses, with
the x referring to tension or compression. I ; ~H > 1 indicates failure. Near free
edges and discontinuities, the conditions for such failure theories become invalid
due to edge effects. In-plane shear stress and in-plane normal stresses go to zero,
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while through thickness shear stress rises to a peak. This may lead to initiation of
delamination [11].

2.2 Vacuum Assisted Resin Transfer Moulding VARTM

VARTM is an open mould polymer composite manufacturing process. A vacuum
source creates a pressure difference with respect to the atmospheric pressure,
which pulls the resin into a fibre preform. It is the pressure difference between
the vacuum and the environmental pressure that compacts the preform fibre into
the shape of the mould by the flexible vacuum bag. A schematic representation
of the process with relevant nomenclature can be found in Figure 2.1. The stand-
ard procedure followed at the NTNU Polymers and Composites Lab is presented
in Section 2.2.1 before an investigation into the literature in Section 2.2.2. This
section is of utmost relevance, as the production method of VARTM is repeatedly
applied in the making of wing components in Section 4.1. The process goes by
many names, and the term vacuum assisted resin infusion (VARI) is also used
frequently. However, VARTM is used in this thesis as this seems to be the most
general term for the process occurring across literature.

Vacuum bag
Flow mesh
Peel ply

Fibre stack
Mould release

Mould Vacuum pump

—

Spiral tube
Sticky tape

Resin pot

Resin trap

Figure 2.1: Schematic demonstration of the VARTM process.

2.2.1 Basic VARTM process description

o Start off with a smooth, clean and tight mould surface.

e Adhere masking tape along the mould edges before applying a mould re-
lease agent to the entire surface within the area. Mould release comes in
shape of a liquid to be applied in multiple layers or a wax.

e Remove the masking tape and apply sticky tape along the perimeter, without
removing the protective paper.

o Place the fibre preform stack.

o Place the peel ply atop this. Make sure it is larger than the fabric.
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e Add flow mesh. The amount and placement of this will vary with the in-
dividual processes. Generally, you want contact with the gate so there’s no
bottleneck there for the resin flow.

e Prepare the gate with spiral tube for resin distribution. Cover the vent with
felt cloth to prevent the vacuum bag from being sucked in and stopping air
flow.

e Apply the vacuum bag and carefully seal all edges and openings.

e Connect the vent tube through a resin trap to the vacuum pump.

e Clamp the gate tube, and start the vacuum pump. Make sure there are no
leakages.

e Mix the resin thoroughly. De-gas it in a vacuum chamber to remove air
trapped within.

e Place the end of the gate tube into the resin pot and remove clamp.

e The resin will now flow in through the gate. The flow front advances rap-
idly in the flow mesh, before the resin is pulled down into the fibres and
eventually saturates the fibre tows through capillary effects.

e When resin reaches the vent, you clamp it. If there are still some dry spots,
you may let it continue, as excess resin will be caught in the resin trap.

e Make sure both gate and vent are properly clamped, and let the part cure.

2.2.2 VARTM in Literature

Resin transfer moulding (RTM) is a closed mould process. Contrary to VARTM the
resin is not pulled into the mould by a vacuum at the vent, but pushed in by in-
creasing the pressure at the resin reservoir. Hand lay-up is an open mould process
where fabric and resin is applied manually layer by layer. According to Hsiao and
Heider [12] VARTM combines the benefits of high quality, repeatability and clean
handling of RTM with the advantages of flexibility and scalability of open mould
hand layup processing, allowing for complex large composite parts of high quality.

Many variations of vacuum assisted resin transfer moulding processes have
been developed by academic and commercial actors. Van Oosterom et al. [13]
performed an objective comparison of 6 different methodologies, some of which
contain noteworthy features. The introduction of a consumable flow media in the
stack, patented as Seemann Composites Resin Infusion Moulding Process (SCRIMP)
in 1990, comes with significantly reduced infusion time, and is a widely used form
of resin infusion. This is what was referred to as flow mesh in the process descrip-
tion above. In controlled atmospheric pressure resin infusion (CAPRI), the fibre
layup is cyclically compacted by vacuum 10-20 times prior to infusion. This de-
creases the stack thickness and increases the fibre volume fraction that can be
achieved at a set vacuum level. Subsequently, the infusion is performed in a va-
cuum chamber at %atm. This reduces the pressure difference across the lamin-
ate, and hence reduces the thickness gradient. CAPRI achieved the highest fibre
volume fraction in the test, with no significant variation between inlet and outlet.
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Double bag vacuum infusion (DBVI) utilises two vacuum bag chambers to increase
vacuum integrity and reduce laminate relaxation. However, its benefits are con-
tested.

Rydarowski and Koziol [14] performed a comparative study of the repeat-
ability of VARTM processes and hand layup. They proved that the VARI/VARTM
method may be advantageous over hand lay-up, showing distinctively better re-
peatability with respect to volume fraction and mechanical properties. The fibre
volume fraction, flexural and impact strength of plain weave fabric is comparable
with the two methods, but for chopped strand mat chopped strand mat (CSM)
they showed that VARTM yields a fibre fraction % higher and flexural and impact
strength % higher than by hand lay-up. The two latter properties being dependent
on the first, both on a local and global scale. Both methods show a gradient to-
wards the centre of the board. VARTM additionally has a distinct gradient towards
the direction of the vacuum. Although comparable properties was be attained by
both methods, the coefficient of variation in the properties was shown to be much
more advantageous in laminates obtained by VARTM. This can at least in part be
attributed to the more frequent occurrence of local technological flaws in hand
lay-up laminates.

Hsiao and Heider [ 12] mention several aspects to be kept in mind when design-
ing and performing a VARTM process.

e Typical fibre volume fraction achieved by VARTM is 40 — 50 %, and mainly
depends on the preform. The cyclic compressing and relaxing of the pre-
form, as introduced above in CAPRI, will better compact it, so to achieve
higher fibre fraction.

e The flow process design includes, but is not limited to - locations and num-
ber of vents and gates, locations and sizes of flow distribution lines, type,

number of layers and locations of flow distribution medium, timing to open/close

gates/vents. In some cases one might want to control the vacuum pressures
of different vents to steer the resin flow.

e Resin viscosity is temperature dependent. Mould and room temperature
control may be factors to consider.

e Vacuum pressure can never be true zero, hence there is always a consider-
able chance of air entrapment inside final composite parts. Causes for dry
spots: resin reaches vents before all air inside preform is displaced, resin
becomes too viscous to flow before filling mould, leakage. Also microvoids
may form, due to the incompatible dual scale flow behaviour of the wet-
ting process inside fibre tows, controlled by capillary effects, and in the gap
between the tows, governed by Darcy’s law.

e With the transparent vacuum bag, this paper poses the possibility of spotting
a dry spot as it occurs, and drawing the air out with a vacuum needle.

o A disadvantage of the VARTM process is the high chance of air leakage,
which is highly dependant on worker’s skill, which may cause dry spots or
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incomplete infusion.

e Once the resin reaches the vent, one may allow some extra resin to be bled
out for a few more minutes to remove tiny air bubbles in the flow front.
To maintain uniform pressure, keep the vent open after closing the inlet to
maintain the vacuum, leading to a more even thickness part.

e VARTM mould filling slowing down issue can be mitigated by using a thicker
flow distribution medium layer, using a flow distribution layer with higher
permeability or using a fibre preform with higher through-thickness per-
meability.

e [t is possible to perform an analytical assessment of the flow to be helpful
in process design, determining: locations of gates and vents, arrangement
and selection of flow distribution medium, mould filling time and flow front
region profile. For large or complex structures this may be useful.

e A longer time between completion of resin filling and resin gelation will
permit a more complete relaxation process and a more uniform VARTM part.
Using more vents, or switching injection gates into vents during post-filling
compaction relaxation stage can also accelerate the compaction relaxation
process.

e Due to low thermal conductivity and exothermic thermoset reaction, the
centre temperature of thick composite panels can rise quickly. Out of con-
trol thermal spiking can cause thermal degradation of resin, cracks due
to expansion, deformation of part due to non-uniform thermal-mechanical
evolution. Reaction rate increases exponentially with temperature. Thick
parts can be manufactured through multiple sequential VARTM processes,
to avoid this problem.

e Spring-in is a dimensional infidelity problem where residual stress or strain
causes curved parts to bend inward after demoulding. The spring-in angle
is typically in the range of 1 —4° for a 90° curve-shaped part. The angle can
if necessary be predicted analytically to modify the mould.

All this information is helpful when designing and performing the VARTM
processes in Section 4.1.4.

2.3 Cutting, Drilling and Machining of Glass Fibre Rein-
forced Polymer Composite Laminates

Machining and processing of composites pose difficulties due to their heterogen-
eity and anisotropy. As it cuts though the material, the tool continuously encoun-
ters alternate matrix and fibre materials, which may behave entirely different in
response to machining [15]. In the GFRP laminates considered in this thesis these
are soft epoxy and brittle glass. The following considerations are of relevance in
the post-processing of the composite parts in Section 4.1.

Kavad et al. [16] defines two main modes of delamination associated with tra-
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Laminate Peeling action

Interface %, Push out

Figure 2.2: Mechanisms of delamination: peel-up at entrance and push-out at
exit [16].

ditional drilling of GFRP laminates, namely peel-up at entrance and push-out at
exit, visualised in Figure 2.2. Peel-up delamination is generated as the drill flute
cuts through the upper plies in the laminate. The tangential force at the circum-
ference acts through the slope of the drill flute, yielding an upwards component
which separates the upper laminae from the lower ones held in place by the thrust
force. Push out delamination occurs as the drill bit is about to exit the laminate. As
the uncut thickness gets smaller, a point is reached when the trust force exceeds
the interlaminar bond strength. Push-out delamination has been proven to be the
more severe problem.

In conventional drilling, machining at higher speed, with harder tool material
and lower feed rate lessens delamination of the GFRP. The use of High Speed Ma-
chining is suitable to assure low levels of delamination. More advanced drilling
methods may further reduce the problem. Vibration assisted drilling and Ultra-
sonic assisted drilling are superior alternatives as they have lesser thrust [16]. In
any case, backup support at entrance and, more importantly, exit is a recommen-
ded measure to limit the delamination.

Abrasive water jet cutting AWJC is an unconventional machining process where
rough abrasive particles mixed with water are ejected at high pressure and velocity
through a jet nozzle. Material is removed by erosion. With objective of achieving
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high material removal rate, straightness in the kerf and less taper angle, Kumar
et al. [17] recommend to machine with high jet pressure, low standoff distance
and moderate feed rates for desirable results. The procedure is performed with
computer numerical routing on two dimensional thin plates. A known problem
in AWJC of composite laminates is the delamination at initial penetration, in a
similar manner to the push-out mechanism described in the above paragraph re-
garding drilling.

Komanduri [15] names tool wear as a considerable limitation when machin-
ing GFRP composites, due to the abrasive action by the glass fibres on the cutting
tool. A dull tool will in turn dissipate considerable heat into the workpiece, neg-
atively affecting the polymer matrix. Local heating of work piece is an important
issue in machining overall, as polymers in general have low thermal conductivity
and are vulnerable to changes in temperature. Conventional cutting and abrasive
material removal methods are also prone to induce delaminations, and adjust-
ments of process parameters will often be a trade-off between avoiding this and
overheating problems.






Chapter 3

Development

This chapter goes through the development of the wing and its mechanism of
actuation, and is split into two main sections. First the structure of the wing is de-
scribed, analysed and discussed, before the drive unit is presented in a comparable
manner.

3.1 Development of the Wing Structure

3.1.1 Foundation

Dyrseth [5] developed a Carbon Fibre Reinforced Polymer CFRP wing with a
NACAO0018 profile, shown in Figure 3.1. This was mass optimised for a prescribed
stiffness. She assessed the structure for a load case where the wing was in the
lift condition, which means the resultant force acts more or less through the mast
axis. Table 3.1 lists the results from her static finite element analysis FEA. The
theoretical weight of the wing was calculated to 4.5 kg including mast. For the
manufactured prototype this is far from the truth, and is further addressed in re-
gards to a comparative performance test in Chapter 5.

Table 3.1: The results of Dyrseth’s [5] GFRP wing FEA.

Load Case Resultant Force [N] Total deflection [mm] Tsai-Wu failure index

1 43.76 1.66 0.027

2 218.8 8.46 0.134

In the authors project thesis [10] a new wing design was suggested, and its
feasibility investigated for through FEA. Building on the work done by [5], the
same area and profile was maintained. The redesign made was to better the agree-
ment with two important objectives, with reference to Table 1.1.

e Objective 3, keeping low cost by changing material from CFRP to GFRP.

17
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Figure 3.1: (a)Assembly of the CFRP wing. Notice the specific placement of the
internal structure. (b)CFRP wing atop catamaran test hull.

e Objective 4, facilitating transport and storage by being possible and easy to
disassemble/assemble.

A CAD model of the wing design is shown in Figure 3.2. The wing is made up
of 4 main parts - leading and trailing edge plus two side panels. A simple internal
structure ensures the required rigidity. Other benefits of this design are access to
the internal of the wing and possibility to replace one part if damaged. Building
the wing like this also better ensures the intended wing profile is attained, com-
pared to a two part wing joined at the tips.

O

Figure 3.2: The GFRP wing design comprised of 4 main parts - leading edge,
trailing edge and side panels.

A key feature distinguishing this design from Dyrseth’s [5] initial design is
that the wing rotates around a fixed mast, instead of the mast being integrated
into the wing and rotate within the hull. This is to lower the complexity of the
hull, reducing the risk of water leakage into the vessels main body of buoyancy.
By doing so, the actuation of the wing is re-positioned, from within the hull to
within the wing. Also, bending forces about the mast base can to a large extent
be transferred by the mast itself, reducing load on the wing structure. A 70 mm
extruded aluminium profile of 4 mm thickness was then found to be suitable. Ex-



Chapter 3: Development 19

truded aluminium was chosen due to low cost, off-the-shelf availability and good
corrosion resistance. A larger diameter was not used to better fit within available
bearings, gears etc. A fixed mast going through the whole wing and coming out on
top allows instruments mounted aloft, e.g. wind sensor, to follow the orientation
of the vessel. More detail on the design in Section 3.1.2.

U, Magnitude
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Figure 3.3: Deflections visualised for an earlier analysis of the wing. [0/90/90/0]
layup amounting to 1 mm for the skin. Structure supported on three points and
subjected to 700 N distributed as pressure.

The previous analysis campaign was conducted in a manner where the skin
layup was reduced step by step over multiple analyses with different load cases.
A table summarising these is available in Appendix C. Figure 3.3 visualises the
deflection due to a load case with a 700N distributed load acting on the wing
on a 3-point support, i.e. the bottom fixed and middle and top sections allowed
to slide and rotate. This should, according to the design load case in Table 1.5,
correspond to worst case face load, and had the skin caving in up to 3 mm. A skin
thickness of 1 mm and 2 mm internal structure thickness ended up looking feas-
ible. With the same load and wing attached to the aluminium mast encastered at
base, deflection amounted to 23 mm.

3.1.2 Design
Design

The flanges in the internal structure serve the purpose of maintaining the shape
of the skin. Their exact placement has little impact on the torsional stiffness. They
are equally spaced, close enough to prevent the skin from caving in. The number
7 seemed to suffice, with reference to Figure 3.3. At top and bottom, solid sections
close the wing. An additional section at the middle provides added rigidity.
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The flanges are to be adhered to the skins with epoxy and glass fibre. The 4
wing parts plus sections are bolted together.

The bottom section plate is radially and axially fixed to the mast through a
bearing. The drive unit also sits fixed to this section plate, controlling the rota-
tional degree of freedom with respect to the mast. At the middle and top wing
section plates, sliding bearings limits only the radial translation.

Making the whole wing a sealed compartment is very difficult. However, it is
desirable that it remains buoyant in itself. The idea is therefor to fill the vacant
space within with airbags, balloons, bubble wrap or similar to displace the volume.

The density of the epoxy resin is approximately p,,o,, = 1.1 C‘%, and for

glass the number is pgq5 = 2.5 %. Assuming a 50 % fibre fraction, the density
of the composite is % =1.8 %. Multiplying this with the volume calculated
by SolidWorks yields a total wing mass of 14.97 kg. This is without accounting
for extra mass added by the assembly epoxy and fibre. Mast and solar panels also

come as an addition.

Solar Panel Incorporation

If the vessel is to remain self-sufficient, as highlighted by [1] and set as a design
requirement is Table 1.4, harvesting energy from the sun is key. The wing provides
a large area which may be utilised for this purpose.

According to Sharma [18], the conversion efficiency of solar panels is almost
constant between angles of incidence of 0-45° and is reduced by 1.7% at 60°.
Beyond 60° efficiency drops sharply [19]. At our latitude in Trondheim, the noon
sun angle with respect to the horizon stays within this domain all year round.
Travelling south to the Mediterranean and Rome, the noon sun angle exceeds 60°
from May through July [20]. Hence, the feasibility of vertically mounted panels
for power generation is there, but both location and season must be considered
in the accounts of power. This, however, is outside the scope of this thesis.

To comply with objectives, a suitable solar panel should be available off-the-
shelf at a reasonable price, be rated for marine environments, thin, light and
semi-flexible to follow the curvature of the wing profile. Several options were
considered in the power area of 100-200 W. Table 3.2 summarises the main data
on the 150 W panels that were acquired. To seamlessly integrate the solar panel,
the wing side panels are indented according to the respective dimensions.
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Table 3.2: Data on the acquired solar panels.

Product Name Gotland 150 watt
Manufacturer SunWind
Power 150w
Dimensions 1480x540x2.5 mm
Mass 3.65kg
Charging Current 9A
Charging Voltage 12V

Price NOK3499

3.1.3 Modelling

Solidworks has been used for modelling. The software tool used for structural
analyses was DS Abaqus computer aided engineering (CAE). Based on the pre-
mentioned results in Section 3.1.1, a new round of analyses was performed in
Abaqus. The model was rebuilt from the bottom up, for better confidence in its
correctness. Some features were simplified in comparison to the earlier model,
and other more accurately depicted.

Model Set Up

Some simplifications to the wing were made in the CAD model for analysis. The in-
dentation for solar panels in the side panels was removed. This feature had earlier
proved to complicate the meshing. By default, an indentation stiffens a thin plate
by increasing its second moment of area. Thereby, this simplification should not
affect the validity of the analysis. Further, the bolt holes were removed to be re-
defined as discussed below.

The geometry was exported from Solidworks as .STEP files, and imported into
Abaqus. To assign a composite laminate layup requires a shell model. Therefore,
the middle surface was extracted from the geometry, so that the model could be
converted. The flanges were connected to the skin by using tie constraints. One
should keep this constraint in mind when interpreting the results in Section 3.1.6.
Consistent definition of constraint master and slave node regions is a prerequisite
for the analysis to run properly.

Mesh-independent fasteners were used to simulate the bolted connection points.
According to Abaqus documentation [21], mesh-independent fasteners couple lay-
ers of material to each other, without requiring the coupled region to be separated
by a partition. Instead their location is defined by attachment points. To define the
location of multiple fasteners, patterns of attachment points may be created. In
this case, the distance from an edge and number of points over the length is suf-
ficient to fully define the positions. Any nodes falling within a set radius of the



22 S. Gauden: Development of a GFRP Rigid Wing Sail for an ASV

point are included in the constraint. Using this constraint means assuming the
shear forces occurring at the connections do not exceed their capacity, i.e. no slip.

Static ply properties for an unidirectional orthotropic glass fibre-epoxy lamina
were defined according to Figure 3.4. Values stem from Echtermeyer et al. [22].

E1 E2 Nu12 G12 G13 G23
44600 1700 0.262 3480 3770 3450
(a)

Ten Stress Com Stress Ten Stress Com Stress Shear
Fiber Dir Fiber Dir Transv Dir Transv Dir Strength
1240 774 439 179 55.8
(b)

Figure 3.4: (a) Elastic and (b) failure properties of the orthotropic GFRP lamina,
as defined in Abaqus. The unit is MPa for all except the unitless in-plane Poisson’s
ratio Nul2.

According to laminate theory various attributes of the composite layup affects
the behaviour of the laminate, and quasi-isotropic layups that are either symmetric
or anti-symmetric are viable for the wing. The possible layups were dependant on
available fabrics. The intention was to use [0/90] woven roving and [ +45] biaxial
fabric. Adjacent [0/90] UD plies were used to simulate woven roving, which is
standard practice and its validity argued for by Lasn et al. [23].

Viewport: 3 Viewport: 4

Ply-8
Ply-7

Layup: "CompositeLayup-3" Layup: "ribs_8ply"
3  Total thickness: 1.000000. 3  Total thickness: 2.000000.
Plot of plies 1 to 6, of 6. Plot of plies 1 to 8, of 8.

1 1

(a) [0/90/45/antisym.] (b) [0/90/+45/sym.]

Figure 3.5: Visual representation of the laminate layup used for the skins(a) and
internal structure(b).

At this development stage, the exact fabrics and their suppliers were not set.
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The layups were created to reasonably coincide with available known products.
This is further discussed in Section 4.1.4. Adjacent [0/90] plies of 0.125 mm emu-
late one ply of 0.25 mm thick woven roving. Adjacent [+45] plies equivalate one
0.5mm biaxial fabric. Figure 3.5a visualises the layup assigned to the skin re-
gions, which amounts to 1 mm. Figure 3.5b displays the 2 mm thick laminate for
the internal structure components.

Mesh

The mesh is quad dominated, with thin shell elements. This means the mesh will
consist mainly of S4R elements, while allowing the meshing algorithm to use S3
elements where the geometry requires it.

This design is mainly driven by stiffness, not strength, so a convergence test
with regards to displacement is conducted. The test is performed on the leading
edge part only. This part contains the complicated geometric features occurring
in the various parts of the assembly, and a converged mesh coarseness of this part
should indicate the applicability of the same mesh size on the other parts. The part
is fixed at one end and loaded with a 1N test load on the other. Table 3.3 shows
the deflection at one certain node, and relative processing time. The results scatter
within 1.3% deviation between the largest and smallest deflection, but show no
declining or increasing trend. This can be interpreted as to that convergence of
deflection to some extent is already occurring at the coarsest considered mesh. As
the cost of refinement is reasonable, the global mesh size of 10 mm was chosen.

Table 3.3: Convergence test results for the wing leading edge. Processing time is
given relative to that of the elected element size.

Global mesh size, mm 20 15 10 2

Deflection x 10%, mm 7.77 7.73 7.67 7.77
Relative processing time 0.33 0.5 1 17

3.1.4 Static Analysis
Torque

The torsional stiffness of the wing is important, in order for the wing to maintain
its shape and orientation. A pure torque is applied to a reference point on the
mast axis at the top of the wing. The reference point is coupled to the top flanges.
The bottom flanges are coupled to another reference point at the bottom of the
mast axis. This point is encastered. Applying a pure torque, i.e. the dimensioning
torque of 211 Nm (211000 Nmm), to the top yields the results in Figure 3.6.
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Figure 3.6: Deflection of the wing subject to 211 Nm torque about the mast axis.

Maximum deflection is 3.78 mm. This corresponds to an approximate relative
rotation of the wing profile of 6 = arcsin % = 0.24°. The Tsai-Hill index remains
below 0.1 in all nodes, i.e. far less than the I If ~H < 0.5 providing the required
safety factor of 2 in this project. Through thickness visualisation of the Tsai-Hill
index in one of the most highly stressed elements is shown in Figure 3.7. The
element is located on the side panel along the middle flange.
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Figure 3.7: Through thickness distribution of the Tsai-Hill index at a highly
stressed element in the skin over the side panel middle flange.

Pressure

With a thickness 1 mm, the panels have very low bending stiffness about the weak
axis. In order to look at the resistance of the external shape towards caving in, an
analysis under pressure was performed. The skin caving in between the support-
ing structures/flanges may be a problem. A 2000 N distributed load was applied
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over the surface of the whole exterior wing, i.e. both sides. The symmetric sur-
face load should result in deflection symmetric about the XZ plane. The internal
sections at the middle and ends are considered infinitely rigid in this analysis.

U, Magnitude
+6.045e+00
+5.541e+00
+5.037e+400
+4.534e+00
+4.030e+00
+3.526e+00
+3.022e+400
+2.519e+00
+2.015e+400
+1.511e+00
+1.007e+00
+5.037e-01
+0.000e+00

ODB: Job-17.0db Abaqus/Standard 3DEXPERIENCE R2017x Sun May 23 16:58:00 Vest-Europa (sommg

Figure 3.8: Deflections of the wing skin subject to pressure.

The largest deflections occur between the bolts along the interconnection between
the trailing edge and the side panels, up to 6 mm at the most, as seen in Figure 3.8.
The Tsai-Hill index reaches its highest values in at the mesh-independent fasten-
ers, with a value of 0.1 and through thickness distribution as shown in Figure 3.9.
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Figure 3.9: Through thickness distribution of the Tsai-Hill index at a highly
stressed element near a bolt.
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3.1.5 Dynamic Analysis

The wing was supported as a 3 point beam, fixed around the hole of the bottom
section and allowed to rotate and slide at middle and top.

Initial Analysis Results

Figure 3.10 displays the first four eigenmodes.

ODB: frequency2.odb Abagus/Standard 3DEXPERIENCE R2017x  Tue Feb 16 11:52:51 Vest-Europa (normaltid) 20; ODB: frequency2.0db Abaqus/Standard 3DEXPERIENCE R2017x  Tue Feb 16 11:52:51 Vest-Europa (normaltid) 202}
Step: Step-2 Step: Step-2

(a) Mode 1 - 7.129Hz (b) Mode 2 - 14.620Hz

ODB: frequency2.odb  Abaqus/Standard DEXPERIENCE R2017x  Tue Feb 16 11:52:51 Vest-Europa (normaltid) 20 0DB: frequency2.odb - Abaqus/Standard SDEXPERIENCE R2017x Tue Feb 16 11:52:51 Vest-Europa (normaltid)}
Step: Step-2

(c) Mode 3 - 19.875Hz (d) Mode 4 - 27.662Hz

Figure 3.10: The 4 first eigenmodes attained in the initial frequency analysis of
the wing.

Design improvement

The lowest eigenfrequency of 7 Hz was due to the deflection of the bottom plate,
where the wing is constrained to ground. To push this mode up to a higher fre-
quency, the bottom plate was reinforced as shown in Figure 3.11. Such a structural
improvement drastically increases the second moment of area of a thin plate.

Re-analysis Results

The frequency of the first mode was increased by the addition of the stiffeners,
to 14.932 Hz. The other modes are not affected by this alteration, such that the
twisting mode at 14.650 Hz remained the lowest eigenfrequency.
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Figure 3.11: The bottom plate of the wing stiffened to increase the lowest eigen
mode.

3.1.6 Discussion
Torque

A 0.24° rotation of the airfoil section under this load is low. In a lift condition,
looking at the lift/drag ratio with respect to angle of attack in Figure 3.12 , this
alteration of the orientation is close to negligible.

Cl/Cd v Alpha

-20.0 -15.0 -10.0 -5.0 0.0 5.0 10.0 15.0 20.0

Figure 3.12: Coefficient of lift over coefficient of drag with respect to angle of at-
tack for a NACA0018 at various Reynolds numbers, which correspond to different
speeds. Figure taken from [24].

There are a few aspects that can lower the faith in these results. The boundary
conditions are quite rigid and are limiting certain movements of the structure in
an unrealistic manner. Modelling the sections as rigid is one example. Their com-
pliance to compression is indeed very low, but they might allow some twisting
movement in reality.
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As mentioned in Section 3.1.3, it is assumed that the bolted connections hold.
This assumption has not been investigated, and could turn out to be incorrect.

The flanges, which are tied in the model, will in reality be adhered, meaning
the fixture strength essentially is the strength of epoxy. This has not been looked at
in detail, and the lamina failure index brings little enlightenment here. The epoxy
has a tensile strength € (60—75) M Pa according to the data sheet [25], while the
dominating stress component S11 < 30 M Pa in the highest stressed elements of
the skin close to the bottom and middle flanges. The other components S22 and
S§12 < 4 MPa. This should serve as an indication that the joints will hold. Further,
dependant on the amount of fibre reinforcement used in the joints, the load will
be distributed over a larger area, reducing stress.

Pressure

The results show that the caving of the panels is most extensive towards the trail-
ing end of the wing profile. This is expected, as this is where the curvature is
smallest. It must be kept in mind that in this model, the contact in the interface
between the side panels and the edges is not accounted for. They are only con-
nected in the fasteners. This could provide some additional support in the most
deflected areas in the wing.

The dimensioning face load was in Section 1.8 calculated to 691 N one-sided,
Table 1.5. A deflection of 6mm can be acceptable for the stalled wing in storm
conditions. In lift situations maintaining the shape is more important. The panels
on the negative pressure side will experience tension, while on the positive pres-
sure side there is compression. Resulting deflection will make the profile slightly
asymmetric, which should not have a negative effect on the wing behaviour. The
forces are also smaller in the lift condition, referring to the loads reported by [5]
in Table 3.1.

The linearity of the I g ~H_distribution in the upper 0 and 90 plies of Figure 3.9
indicate bending about both axes. According to the deflections this makes sense.

Frequency

One should consider environmental dynamic stimuli that might coincide with
the structures lowest eigenfrequency. Water/wave motion is the first thing of in-
terest. The experienced dynamic stimulation from this may be assumed to have a
much lower frequency for a vessel with such low intended speed, i.e. 1.5 % as of
Table 1.4. Vibrations caused by rotating machinery aboard the vessel should be
considered. The wing actuator, presented in Section 3.2.4, has a peak operating
speed of 225 rpm or 3.75 Hz, making it of no concern. Aerodynamic forces may
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have a dynamic influence under certain conditions, but this is outside the scope
of this thesis.

The frequency analysis is done for the wing structure only. Assembling with
the mast and a finitely rigid connection between these will alter the dynamic. The
total system will have lower eigenfrequencies.

3.1.7 Pre-production Evaluation of Design

These two isolated load cases analysed are not analogue to any real life situations.
In a general sailing load case, the torsional deflection will add up with the face
deflection and the deflection of the mast. However, if the magnitude of these at-
tained analyses results is in the vicinity of the truth, the design looks promising
in regards to stiffness.

From the very simple dynamic analysis and little knowledge about the total
system, having the mode 1 eigenfrequency of torsion about the mast at 14 Hz is
good.
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Figure 3.13: Bevel gear actuation unit for the wing.

3.2 Development of the Wing Drive Unit

3.2.1 Foundation

Figure 3.13 shows the direct actuation drive unit made by the author during the
project thesis [10].

The transmission between motor and mast happens through bevel gears. A bevel
gear transmission is characterised by transferring rotation between two ortho-
gonal crossing axes. It has high efficiency, and works equally well driven both
ways.

There are some positive and negative sides to this solution:
e Pros

o Mechanically simple.
o Compact.
o High efficiency.

e Cons

o Either a brake must be applied, or the motor must work to maintain
the position when the wing is subject to external forces.
o The actuator may be subjected to axial and radial forces from the shaft.

It proved difficult finding or designing a suitable braking solution. The torque
levels, both at mast and at drive shaft, are high. An alternative to a brake for fixing
the position is retractable locking pins. This however, limits the angular precision.
Accurate wing orientation with respect the wind is important in order to achieve
as much thrust as possible. Figure 3.12 shows the lift over drag ratio g—f) at varying
angle of attack, generated from airfoiltools.com [24]. Maintaining the ideal angle
of attack boils down to a compromise between maximising thrust and minimise
power consumption.
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Based on this, and having tested that solution as is, the need for a new drive
unit solution became clear.

3.2.2 Worm Gear Transmission

To eliminate the requirement of a brake in the bevel gear drive train design, a
worm gear was introduced.

A worm and worm gear transmission is a reduction which is intended to drive
one way. The worm is the driving element, and the worm gear driven. It is a
widespread belief that worm gears are inherently self locking, but this is not al-
ways the case [26]. Depending on the rise angle and the coefficient of friction, a
worm and worm gear configuration may be self locking or not. It must be kept in
mind that contact between two materials generally exhibits different coefficients
of friction depending on the condition. If a worm gear which is self locking by the
static coefficient of friction is subject to vibrations or shocks, it might suddenly be
the dynamic coefficient which governs. The latter generally having a lower value
could allow the occurrence of slippage.

Worm Gear

The Norwegian supplier Jens S. Transmisjoner AS delivered the bevel gears, pro-
duced by German gear manufacturer Maedler. As they offered a wide range of
products and great customer service, they were also the go-to supplier for worm
and worm gear. A worm and worm gear with ratio i = 40 was decided upon and
is further described in the next subsection.

Maedler state in their worm gear data sheet [27] that output torque is
Toue = Tin 1M, (3.1

where the efficiency n = 0.46. To counter the design torque of 211 Nm, this calls
for 11.467 Nm required motor torque, not accounting for other losses.

3.2.3 Elaboration of Drive Unit Design Criteria

The change of gear type brought a total reconfiguration of the drive system. The
design was developed with respect to the following requirements:

e The design constraint regarding size entails fitting inside the NACA0018
wing profile.

e Keeping mass to a minimum is paramount. Any added mass contributes to
elevating the vessel centre of gravity, thus negatively impact stability. It also
increases the inertia of the wing.
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Figure 3.14: CAD model of drive unit.

One aspect which provides added demands is that the worm transfers con-
siderable axial loads. These must be absorbed by the supporting structures.
The actuator is not designed to take axial loads of this scale.

The axes of the worm and worm gear must be precisely positioned. Misalign-
ment or deformations of the loaded structure can lead to excessive wear and
failure, in addition to unwanted slack/backlash.

The design must facilitate n360° rotation. This is an advantage for several
sailing manoeuvres, e.g. jibing.

Easy access and assembly/disassembly of the main components is of es-
sence, in accordance with objectives 4 and 6, Table 1.1.

A marine environment is extremely demanding in terms of corrosion. Any
component must either be protected or have material of excellent resistance
towards corrosion. A4 stainless steel and certain aluminium alloys are ap-
plicable. However, if even these are in electrical contact galvanic corrosion
must be considered.

Components should be possible to buy or manufacture in-house using avail-
able equipment and materials. Specifically, this means that parts for machin-
ing should be designed for 3-axis milling(either manual or CNC), turning
and/or abrasive water jet cutting AWJC. Various metallic plates, bolts and
tubes are available. This includes different aluminium alloys and steels, in-
cluding AISI316 stainless. Acquisition of components should preferably be
through Norwegian vendors, with short delivery time to stay within sched-
ule.

Design requirement load case described in Section 1.8.
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Figure 3.15: (a) Mast bearing cap. (b) Simmer ring. (c) Mast bearing. (d) Bottom
plate. (e) Shaft bearing support structure, lower. (f) Gear ring. (g) Worm. (h)
Worm gear. (i) Motor support bracket. (j) Shaft bearing support, upper. (k) Shaft
bearing. (1) Slip Ring (m) Actuator.

3.2.4 Drive Unit Design

Figure 3.14 and Figure 3.15 display the design developed as a result of these re-
quirements. Each component is in the following pages presented and their respect-
ive processes and features are discussed. Machine drawings for all components are
available in Appendix B. It must be stated that the following analyses of stiffness
and strength performed on the various components are not to be taken as proof
of design adequacy. Their purposes are to give an indication that said component
is in the ballpark of something which will not break immediately upon prototype
loading.

Actuator

The RMD-X8 Pro in Figure 3.16 is a brushless direct current (BLDC) servo motor
of a type frequently used in robotics, which comes at around $500 a piece. It is
very compact, and has a planetary gear built into it, such that it can deliver 35 Nm
out at 80 rpm, with a maximum speed of 225 rmp. It has a built in closed loop
controller communicating via CANbus protocol. Mechanical drawing available in
Appendix B and full data sheet in Appendix D.
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Figure 3.16: RMD-X8 Pro actuator and its operating range. Taken from manu-
facturer homepage [28].

Shaft Bearings

There were a few simple, but important, design criteria active in determining the
bearing solution.

e External dimensions of bearing and bearing housing should be as small as
possible, as to not interfere with the worm gear while leaving space for the
actuator. Studying the design, a constraint was set to 50 mm.

¢ Inner dimension must be sufficient for the shaft to handle the driving torque.

e Each bearing must handle the axial load. The worm shaft will transmit up to
3517 N. If fitted properly this load will distribute evenly on both bearings,
but to meet the requirement of SF > 2 the design should consider a load
distribution situation where one bearing slides and the other absorbs the
load.

A foot bearing, where a bearing is pre-installed in housing, was considered as
a possible solution. They however have a few disadvantages to our application.
The axial force will be transformed to a considerable moment at base. The size
and shape of available models was difficult to make comply with the design con-
straints.

If instead the housing is designed and manufactured in-house, determining the
bearing is easier. Choice fell on a 4201-BB-TVH double row deep groove ball bear-
ing with the dimensions 12x32x14 mm. Deep groove ball bearings are rated in
terms of radial load capacities. In the data sheet, which is available in Appendix D,
the basic static radial load rating C, = 6100N. According to the Shaeffler ball



Chapter 3: Development 35

bearing design guide [29], double row deep groove ball bearings have an axial
load carrying capacity < 0.5C,. Exceeding this load level will lead to considerable
reduction of service life. This equivalates 3050 N for the bearing in question. As
3050N < 3517N this is not in accordance with the pre-mentioned criteria, and
corresponds to SF = 1.73. For this prototype application, this is accepted.

These bearings are supplied by Abra Kulelagersenteret AS in Trondheim.

Shaft Bearing Support Structure

Figure 3.17: CAD model of the bearing support structure.

Figure 3.17 shows the shaft bearing support structure. It is comprised of one
lower part and two upper parts. The purpose of this component is to hold the
worm shaft with bearings in place, and transfer the axial forces from the shaft to
the surrounding structure. When the bearings are inserted, the upper parts are
secured with 2 M6 bolts each. The structure is fixed to the base plate through 8
countersunk M4 bolts, inserted from below.

A FEA was performed to verify that the structure can withstand the load, both
with respect to deflection and stress.

The structure was encastered at base. The bolted connection was modelled as
arigid coupling, which might be the most questionable aspect of this analysis with
respect to the realistic situation. A point load acts on a reference point located on
the shaft axis. The point is in turn coupled to the hub face.

Table 3.4 lists the results of simulation performed with two sizes of tetrahed-
ral mesh. The deflection is to a large extent converged. The stress keeps rising,
however the peaks are in areas of infinitely sharp edges. This is a known attribute
of mesh refinement. According to Abaqus documentation [30] this causes unreal-
istic predicted stress close to the corner, but does not affect the general response
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of the model. The stress distribution is visualised in Figure 3.18.
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Figure 3.18: Visualisation of the stress distribution in the first design of the bear-
ing support structure.

Table 3.4: Analysis results with mesh refinement for the bearing support.

Load Case Mesh Size Max Deflection Max von Mises Stress

_ 4mm 6.525€-3 69.87
3500 N axial force S mm 6.584¢.3 84.06

The resulting deflection is very small, and does not pose a problem. Accord-
ing to supplier of aluminium products alumenco.no [31], the alloy EN AW-6082
T6 has yield strength around 250 MPa. Among the readily available alloys in both
bulk, plate and extruded profiles, this seems the best choice for these applications.
However, the material available for prototyping come from a box of miscellaneous

unmarked pieces of aluminium. Hence, assuming 6082, the SF to yield is approx-
imately 3. It could however be as low as 1.5 in the prototype.

The FEA was performed at an earlier design stage for this part, and some
alterations of the structure have been performed thereafter. This was mainly done
for machinability and manufacturing. Material was only added, not removed, so
the stiffness and strength of the part may only have been enhanced by this. A

quick analysis, without assessing mesh convergence, indicates this. Figure 3.19
visualises the stress distribution.
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Figure 3.19: Results of a quick analysis of updated bearing support design.

Worm Shaft and Motor Connector Flange

Figure 3.20: CAD model of the connection between the worm shaft and motor.

The actuator outputs the rotary motion through a connector face with three pins
and three threaded holes. Figure 3.20 shows the first iteration connection, com-
prised of flange with connector tap and shaft with groove. The motor, with flange
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attached, should be easily inserted and removed while the shaft is in place. This
tap and groove connection allows the motor to be slid into place. The connection
transfers torque only, and no axial force as this may damage the motor.

Table 3.5: Material properties for the worm shaft and motor connector flange

Part Material E[MPa] v o,[MPa]

Worm Shaft Steel C45 210000 0.3 310
Connector Flange AISI316 193000 0.3 205

The design torque of 11.5 Nm, was used in the analysis. The two connecting
parts were analysed separately, both as solids meshed with tetrahedral elements.
Properties were given according to Table 3.5. Table 3.6 and Table 3.7 list the res-
ults of the analysis of the flange and shaft connectors respectively. Certain nodes
have been neglected, as the stress peaks are a result of infinitely small radii and
unrealistic boundary conditions.

Table 3.6: FEA results with refining mesh for motor connector flange.

Load Case Mesh Size [mm] von Mises Stress [MPa] Deflection [mm]

2.3 122.1 8.517e-3
11.5Nm 1 140.2 8.791e-3
1 and 0.5 local 152 8.801e-3

Table 3.7: FEA results with refining mesh for worm shaft connection.

Load Case Mesh Size [mm] von Mises Stress [MPa]| Deflection [mm]

11.5Nm 1 162.3 1.433e-2
1 and 0.5 local 197.44 1.437e-2

Figure 3.21 shows a visualisation of the von Mises stress in the worm shaft
connection slot. Stresses above 200 M Pa are greyed out. Stress concentrations at
the top may be neglected, but those at the bottom of the slot are a real threat to
the integrity. The situation is similar in the counterpart as well.

From the analysis of this connection, it comes out as not sufficiently strong,
with SF ,orm = 1.57 and SF,, iqng. = 1.34. Although static stresses are within
the elastic regime of the material, these components may be prone to fatigue. A
redesigned connection is described and analysed below. The reason that the pre-
liminary design is included here at all, is that the author got ahead of himself and
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Figure 3.21: Close view of worm shaft connection slot. Stress concentrations at
the top may be neglected, but those at the bottom of the slot are a real threat to
the integrity.

commenced manufacturing before completion of the analyses.
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Figure 3.22: Redesigned connection analysed, providing a more moderate stress
situation. Unrealistic stress concentrations greyed out.

By inverting the roles of the two parts, both a larger area and polar moment
of inertia can be achieved. Figure 3.22 show the stresses in the components under
the same torsional load. By comparing to the yield strengths o, given in Table 3.5,
SFy worm = 2.98 and SF,, fi4nge = 4.1.
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Worm Shaft Bearing Fit

This design requires that the shaft must sit tight in the bearings. A press fit could
assure this.

Symbol explanations for the following equations are given in Table 3.8. Ac-
cording to Héarkegérd [32] the mean interference of shaft and hub is given as

5, = %[(es + ei)— (ES + ED)]. (3.2)

The probable maximum deviation from the mean is

AS = %\/(es—ei)z +(ES—EI), (3.3)

making the probable interference

m

Y =5,£A6. 3.4

min

x| Ol

The fit pressure p is related to the radial displacement through

o
5 =(ap + aay) P (3.5
where a,; and a,, are the influence coefficiets of the hub and shaft respectively,
given by
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1 Ty r
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and ) 9
1T ’
aay:—%ray[l—v+(1+v)%]. 3.7)
E, ray ~Tai re.

The shear force F transmittable by the fit will then be
F=u-p-m-D-b, (3.8)

where D = 2r is the nominal diameter and b the width.
The stress experienced by the hub has two major components, radial compres-
sion stress 0. ,; and tangential tension oy ,;, given by

ar,ni =-D (39)
and ) )
re. +rs.

O pmi = p%. (3.10)
rny - rni

The resultant stress can be calculated according to von Mises as
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Gmises:q(01—02)24‘(02—03)24‘(03—01)2 (3.11)

2 b
in the static situation, not loaded with shear force.

The bearing is by the manufacturer given with tolerance 1141 um. This does
not directly comply with any ISO standard tolerances. Table 3.8 shows the cal-
culated values for the press fit between the worm shaft and the bearings, if the
worm is machined according to n6 tolerance.

Table 3.8: Calculated values for press fit between worm shaft and bearings, with
shaft machined to n6 tolerance.

Description Symbol Value

Poissons ratio y 0.3

Hub internal radius i 6mm

Hub external radius Tny 9mm

Shaft internal radius T'ai 0mm

Shaft external radius Tay 6mm

Shaft lower tolerance el 12 um

Shaft upper tolerance es 23 um

Hub lower tolerance EI 4 um

Hub upper tolerance ES 11um

Mean interference Om 16 um

Maximum probable deviation A& 6.5um

Hub influence coeff. Qpi 8.7x107°

Shaft influence coeff. Ay 2.1x107°

Pressure p €(46.3+£30.1)MPa
Hub radial stress O i € (—46.3+24.3) MPa
Hub tangential stress O ¢ ni €(120+78)MPa
von Mises stress O mises €[52—244]MPa
Force limit* given u = 0.2 F € (4887 +£3177)N

From the table one can clearly see that, especially in the upper part of the
tolerance area, stresses are very high. It is worth mentioning that only the inner
ring cross section of the bearing has been taken into the calculation. Nonetheless,
shaft diameter in the lower end of the tolerance area should be strived for.

Motor Support Bracket

The motor should mainly experience torsional forces, and this is seen to by the
above mentioned connection. The structure securing the motor may then be de-
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Figure 3.23: CAD model of motor support bracket.

signed with only this in mind. The motor support bracket, Figure 3.23, is merely a
plate with screw holes correctly located. The motor should be fixed to this before
insertion. The bracket fastens with two M4 bolts accessible straight down from
top. The part can be cut by AWJC from a thin aluminium plate. The protruding
parts can be cut separately, inserted into slots and welded.

The part has not been analysed for strength or stiffness.

Sealing Rings

Al

Figure 3.24: Sealing ring (black) sitting tight below the bearing in the bottom
plate.

The compartment must be kept tight, not letting fluids in or out. This is no
issue for any static application, but here there is relative rotary motion with respect
to the mast. Sealing rings, also known as simmer rings, located at mast entry and
exit see to this. One sits in the bottom plate as shown in Figure 3.24, and the other
in the box top.
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Figure 3.25: Section view of a BASL sealing ring.

Simmer rings of the type BASL 70-80-10 are used. They are made from rubber
and steel, and have a spring which squeezes the rubber lip around the shaft, see
Figure 3.25.

Mast Bearing

The wing is supported by the mast in three points. A ball bearing at the bottom
transfers both radial and axial forces. Two sliding rotating bearings located at the
middle and top of the wing transfer only radial forces. The axial load is essentially
only the weight of the sail, along with inertial loads related to the acceleration of
its mass as the vessel moves up and down. The total mass of the wing resides
somewhere between 20 and 30 kg, corresponding to 300 N. In any case, the axial
load is in magnitude 1kN.

The bearing is a single row deep groove ball bearing of the type 61814-2RZ-Y
with dimensions 70x90x10 mm. Deep grove ball bearings are rated in terms of
radial load capacities. In the data sheet, which is available in Appendix D, the
basic static radial load rating is given as C; = 12400 N. According to the Shaeffler
ball bearing design guide [29], single row deep groove light series ball bearings
have an axial load carrying capacity F, < 0.25C,. This means that the axial loads
it will experience will be well within the tolerable area.

Bottom Plate

The bottom plate serves two main purposes. It places the different components
at precisely the right location, and it closes the bottom of the compartment. Fig-
ure 3.26 shows the plate from the over- and underside. The purpose of all holes
are explained in the captions. The part is designed for manufacturing. The ex-
ternal shape is to be cut by AWJC from an aluminium plate before features are
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milled on a 3-axis CNC machine. The plate is secured to the wing bottom section
with five bolts in addition to gluing with epoxy.

(a) (a) 6 threaded m6 holes for fasetning the bearing cap. (b) 7 threaded M4 holes for
fastening the box. (c) 8 @4 holes for fixing the shaft bearing support. Countersunk on the
underside. (d) Two threaded M4 holes for motor support bracket.

(b) Holes for fixing the plate to the GFRP wing bottom plate. Black: threaded M6. Red:
@6 open to threaded M6 hole in shaft bearing support.

Figure 3.26: Box bottom plate explanation.

Realistic FEA of this component is somewhat difficult. Considerable additional
stiffness will be brought by the GFRP plate underneath and the enclosing box
structure. An analysis without accounting for any of this was performed. A normal
force is applied in a reference point on the worm axis. The point is coupled to
the footprint of the worm shaft support. As boundary condition the structure is
pinned where the mast bearing will be fastened. Figure 3.27 show the deflectional
response to this, with maximum value 0.25 mm.
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Figure 3.27: Deflection of bottom plate loaded with 3500 N through the shaft
axis.

Worm Gear and Connector Ring

The selected worm gear is of module 3 and has 40 teeth. This leads to a gear ratio
i =1:40 to the worm shaft. It is rated to 189 Nm.

The worm gear is made of GG25 cast iron. The decisive strength criterion is,
according to the manufacturer [27], for small modules the pitting resistance of
the worm gear flanks and for larger modules usually the tooth-root strength of
the worm gear. The tooth root safety factor is minimum SF=2. This means that a
gear rated to 189 Nm with a safety factor of 2, still has a safety factor of 1.79 for
the design torque of 211 Nm.

The centre of this gear needs to be milled out to the diameter of the mast. It
will be bolted to an aluminium ring, which in turn is secured to the mast. The
latter may for permanent fixture be done by welding. However, for prototyping,
where disassembly is wanted, M8 bolts serve the purpose.

Slip Ring

n - 360° rotation of the wing was set as a criterion, as of the design criteria in
Section 3.2.3. A slip ring provides connection of wiring between parts in relative
rotary motion, and will allow power and signal to go between the components
within the wing and the central electric system.

Wires from the hull go through the mast internally, come out by the slip ring and
connect to the stator.

The slip ring was bought from the Chinese company CENO Electronics, and
features four 15A power circuits and a CANbus line. This facilitates connection of
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the actuator and the solar panels. Mechanical drawing available in Appendix B.

Qil Submersion

Even though the compartment is theoretically completely sealed, there is need
for redundancy. Ingress of water is still a possibility, and condensation is another
aspect of concern.

Electronic circuits are not affected by submersion in non-conductive liquids.
This is something capitalised on in liquid cooling of high power computers and
servers [33]. Neither may corrosion occur in a non-conductive medium. Thereby,
filling the entire compartment with mineral oil may protect actuator, electronics,
gears and all else confined within the box described in the next paragraph. This
means that materials can be used in these components irrespective of their cor-
rosive properties. The oil also ensures abundant lubrication of the gears.

Box

Figure 3.28: The sealed compartment envelopes the entire actuation mechanism.

The purpose of the box is to keep the drive mechanism shielded from the en-
vironment. First iteration may be 3D-printed. In the long run it might be more
sustainable to mould it from GFRP. Figure 3.28 shows a 3D model of the contain-
ment. It is bolted to the bottom plate and has a o-ring groove along the connec-
tions.
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Manufacturing

This chapter tries to shed light on the manufacturing and crafting of the prototype.
It is organised such that it goes through the wing first, then the drive unit and their
assembly together.

4.1 Making the GFRP Wing

Vacuum assisted resin transfer moulding VARTM, as described in Section 2.2, was
decided to be the method of production for the components forming the wing
structure. As argued for by [12] and [14] in Section 2.2.2, it is advantageous over
hand layup and RTM. The wing components are as follows:

Side panels skin

Leading edge skin
Trailing edge skin
Structural reinforcement:

Leading edge flanges

Trailing edge flanges

Side panel flanges

Profile sections for bottom, middle and top

O O O ©o

The first may be moulded on a flat surface and bent into shape. The curvature is
so small that strain will be negligible. The leading and trailing edge skins need
to be produced to near net shape. The mould is discussed in Section 4.1.2. The
structural reinforcement parts are also planar, and can be moulded on a flat sur-
face and cut to shape.

All GFRP parts are made with EPICOTE™Resin MGS ™RIMH135 together with
EPICURE™ Curing Agent MGS™RIMR137 and/or RIMR134. This is a DNVGL ap-
proved resin system, specially designed for infusion processes. It is suitable for
wind turbine blades, boat and ship building, sports equipment etc. The resin has
a long gelation time, which allows for a complete relaxation process in post filling,

47
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as mentioned in Section 2.2.2. Figure 4.1 shows the temperature development of
the resin in the pot. Full data sheet is available online [25]. According to [34]
epoxy resin has the best resistance towards water absorption of normal thermoset
resins, so it should be a good choice for this marine application.

[*F] [*C] Temperature
482 250 -
h\_f"drl:ll:"nf:‘l RIMH 134

392 200 1

102 50 Hardeners
RIMH 137/RIMH 134 {B0-20)

212 100 . Hardenmer

RIMH 137
fJ _ﬁ
122 30 / —
12 0 - . v T T ' .
0:00 1:00 200 3100 4:00 5.00 6:00 7:00

Time [h:min]

Quantity; 100 g 7 20 *C (77 °F)

Figure 4.1: Temperature development in the pot of the EPI-
COTE™ /EPICURE ™resin system [25].

4.1.1 Test Infusions

The VARTM process is, as discussed in Section 2.2.2, highly dependant on worker
skill. Therefore, before diving straight into producing large scale components, the
author performed some smaller test infusion. Some lessons were learnt from these
and the test mould infusions in Section 4.1.2, adding to the list of important pro-
cess aspects in Section 2.2.2:

e Do not be afraid to use extra vacuum bag. Creation of folds allows the bag
to better compact around shapes.

e Have an approximately 5cm spacing without flow mesh before the vent, to
ensure proper filling before resin starts to bleed out.

e When calculating resin amount, account for losses in buckets, tubing and
flow mesh etc.

e Mix enough resin. If the pot is about to run out, there is chance of air getting
in.

e Monitor for some time into the post-filling stage. Leakages may occur sud-
denly.
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4.1.2 Mould Type

There was one major lesson regarding mould learnt from Dyrseth’s [5] wing man-
ufacturing. Her mould was made from solid medium-density fiberboard (MDF)
plates, laminated together and milled. This resulted in a very massive construc-
tion, which in turn made it inherently difficult to handle and move around the
lab. It has been explicitly expressed by those involved, including lab personnel
and HSE coordinator, that future moulds for large scale components work around
this issue.

Firstly, there are two possibilities for mould geometry - positive and negative.
A positive mould shape has the following advantages and disadvantages:

e Pros:

o Better dimensional accuracy and surface finish on the internal surface.
This is an advantage for assembly with internal structure parts.
o Good access to the part surface during vacuum process.

e Cons:

o Laminate thickness must be accounted for to achieve accurate external
dimensions.
o Rough external surface.

A negative mould shape in turn feature the following:
e Pros:

o Better dimensional accuracy and surface finish on the external surface.
This is an advantage to the aerodynamic properties of the wing and for
post-processing time.

e Cons:

o Laminate thickness must be accounted for in regards to internal di-
mensions.
o Poor access during process.

Weighing the various features against each other, it was elected to proceed
with a positive mould. The difficult access of negative mould and the fact that
skins are assembled with an internal structure were important tipping points. An
investigation was made into two possible ways of constructing such a mould.

Foam Mould

This type of mould features a PVC foam, machined to shape using a CNC mill.
Subsequently, the surface must be sealed using a sealant/coating.

A test mould was made. For simplicity a shape resembling the leading edge
was manually cut from leftover PVC foam. Two layers of epoxy was used as coat-
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ing. Figure 4.2 shows the mould prepared with fibre ready for infusion.

Figure 4.2: VARTM on foam test mould.

e Pros:

o Few components.
o Lightweight.
o Allows 3-dimensional geometries.

e Cons:

o Requires CNC machining.
o Surface finish quality is limited.
o Multiple layers of coating required to achieve tightness.

GFRP Thin Skin Mould

This type of mould is made possible by the wing profile being a 2D extrusion, i.e.
having the same cross section over its entire length. Laser cut 6 mm MDF plates
are assembled to give the shape. Thin glass fibre plates are wrapped around and
glued in place to make the surface. Plates must be thin enough so that they deform
in the elastic regime at this curvature.

By manufacturing and infusing on a test mould, as seen in Figure 4.3, the fol-
lowing list of advantages and disadvantages was made.

e Pros:

o Easy and quick to make.
o Lightweight
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(a) Assembling the mould requires the skins to (b) Ready to start the infusion. Notice the lower
be held in place while gluing. Duct tape provides left corner where a major leakage in the skin was
good assistance. avoided by excluding this area.

Figure 4.3: GFRP thin skin test mould.

o Good surface finish
o Less chance of leakage through the face.

e Cons:

o Many components to be assembled
o Plates must be joined at low radius curves

Choice

P
¢ Wi
»

Figure 4.4: The parts made on the two test moulds.

Both infusions experienced some leakages through the mould face. Still, both
parts shown in Figure 4.4 came out decent, with a certain degree of porosity. In-
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fusing over the geometry against gravity was no issue in either case.

There were no clear decisive aspects for choosing one over the other. Out of
novelty, the thin skin mould was appealing to carry forward.

4.1.3 Mould Design and Manufacturing

The decision had been made to make a GFRP thin skin mould.

For the final component to achieve the intended profile, the mould section
geometry had to be offset. Accounting for 1 mm component thickness and 1 mm
mould skin thickness yields a 2 mm offset, as visualised in Figure 4.5. 2mm extra
was added in the connective region, with the intention of some extra plies of rein-
forcement to be added here in post-processing. Also, 10 cm extra length is added
to leave room for resin gates/vents and cut-offs. Spring in, posed as a problem by
[12] in Section 2.2.2, does not need to be accounted for. The part will be forced
back into shape by the insertion of the internal structure.

Each mould consists of 12 sections spaced with 25 ¢cm, summing up to 275 cm.
This leaves 35cm excess with regard to the height of the wing. The connecting
beam elements come in 6 different variants. All the parts which make up the two
mould structures were modelled in SolidWorks and exported as .PDF drawings.
These drawings were imported to Inkscape, where they were converted to spe-
cifically formatted vector graphics which are understandable for the laser cutter.
Parts are cut from 6 mm MDF plates. Preliminary assembly was done with hot melt
glue gun.

t
Figure 4.5: The mould rib is offset with respect to the wing profile, accounting
for mould and part thickness.

To create the mould skin, two GFRP plates were produced by VARTM. Attain-
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ing a large enough moulding surface to make the plates turned out to be difficult.
To solve this, two shorter steel plates were taped together. This worked in regards
to the process, but it will emerge later in Section 4.1.4 that the joint brought
along some complications. Figure 4.6 show the two infusion processes. The joint
can vaguely be seen as a green line across the table.

A 600 % biaxial fabric available in the lab was used as reinforcement. Some
details on the process are given in Table 4.1. AWJC was used to cut the plates into
pieces of the right width. These were then glued with epoxy, and in some places
reinforced with CSM, to the internal mould structure. A few steps of this assembly
process are shown in Figure 4.7.

As mentioned in Section 4.1.2, a gap between the plates exists on each side
of each mould, which had to be sealed tight. This was done with an adhesive tape.

The vacuum infusions of the mould plates had given quite a good result, but in
the demoulding some delamination had occurred a couple of places. These spots
were attempted saturated and sealed with epoxy after assembly. Then, the entire
moulds were coated with a spray paint which, hopefully, would penetrate and
close any micro-cracks or holes.

4.1.4 VARTM of Wing Components

Table 4.1: Data on the 8 different VARTM processes to make the moulds and

COI'IlpOIleIltS.
Part Mould | Mould | Side | Side | Lead. Trail. Plate | Plate
skin 1 | skin 2 | panel | panel | Edge Edge a b
. 90 90 85 85 75 75 90 90
Size
X X X X X X X X
Lem] 290 | 290 | 290 | 290 | 260 | 260 | 150 | 150
Layup
thickness 0.6 0.6 0.9 0.9 0.9 0.9 2.1 2.1
[mm]
Resin
mass 4 5 4 3.5 3 3 2.5 3
[kg]
Curing 137
agent 137 137 137 137 137 134 137 | 137
RIMR (60/40)
#gates 4 4 3 2 2 1 1 1
#vents 4 4 4 3 3 3 1 1
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(b)

Figure 4.6: Infusion processes of the two laminates for mould making.

The intention was to use [0/90] woven roving in combination with [+45] bi-
axial fabric. Unfortunately, the supplier of the bi-axial fibre misplaced the order,
and it was not shipped in time. To tackle this and still stay somewhat within sched-
ule, [0/90] weave oriented at an angle was used as a substitute.

All VARTM processes were performed according to the description in Sec-
tion 2.2.1. Table 4.1 summarise some detail on the processes, in chronological
order. Some clear trends of learning may be recognised. A large number of resin
gates was found to be excessive. For components of this scale, the resin will be suf-
ficiently supplied through one gate and distributed through the spiral tube. Waste
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Figure 4.7: Mould assembly stages.

of consumables and resin is reduced, and so is process complexity. With gaining
experience, tuning the amount of mixed resin became easier. Each component re-
quired between 3 and 8 hours for one person to prepare and perform.

The skin layup was 6 plies of 200 % weave, data sheet available in the Ap-
pendix D. As the diagonal plies would consist of discontinuous fabrics, it was
avoided to have two of them adjacent. Thereby, the layup was:
[(0/90)/(£45)/(0/90)/(0/90)/ — (£45)/(0/90)].

Still, by the lay-up being quasi-isotropic and anti-symmetric desired laminate be-
haviour is achieved.

It must be noted that none of the laminate parts in this section were post cured
at elevated temperature, as they should according to [25], for the quite practical
reason that no large enough curing oven is available at NTNU. This means that
the epoxy is not 100 % cured, and slightly less stiff than the ideal properties imply.
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Side Panels

In Figure 4.8 the joint in an oriented fabric ply can be seen. A rule of thumb is
that overlap should be at least ten times the ply thickness, however in such a thin
fabric it easily becomes more than that. Around 1 cm overlap was targeted to be
certain.

Both processes went quite painlessly with highly satisfactory result. There was
a slight inlet of air for the first panel, as a pot ran out of resin and the tube was
exposed unnoticed for a couple of seconds. This had little to no impact on the
component, as the intruded air resided in the flow mesh while the fibre stack be-
low remained saturated.

Figure 4.8: The overlapping joint in a ply oriented at 45°.

The panels were water cut along with the internal structure. Delamination
occurred frequently as the jet penetrated the laminate. This comes to show espe-
cially at the holes, and more extensively in the 2mm thick structural reinforce-
ment laminate than the thinner side panels. The operator was in training and
quite inexperienced with the machine, so it was difficult to know how the process
parameters, as discussed in Section 2.3, were tuned.

The number of bolt holes along the panel edges were reduced from the FEA
model, from 10 to 5. This is simply to make the assembly easier. If it was to become
clear in assembly or physical testing that the number is too low, drilling more holes
is a quick fix.
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Leading and Trailing Edges

Aligning the diagonal plies on the mould, as seen in Figure 4.9a, proved quite
difficult. Making sure they overlapped continuously, maintained their position and
were even with no folds was a time consuming challenge, and an adhesive spray
was used as help. This was an adhesive intended for such a purpose, and stated
to dissolve in the epoxy resin. As the vacuum was applied, one could see some
unevenness. This turned out in the final part as protruding waves in the laminate.
How these were handled is discussed in Section 4.1.5.

EEE WL . e

(a) Fabrics being stacked onto the leading edge (b) The resin advances over the leading edge
mould. profile.

Figure 4.9: Leading edge VARTM process.

Both leading and trailing edge VARTM processes suffered from a non-intact
vacuum. There were in both cases leakages of two different causes, both a result
of improperly sealed mould. Some imperfections of the mould skin itself, in form
of cracks, dryspots or delaminations, caused air to ingress. The other was leakage
under the tape joining the gap between the upper and lower parts of the mould.
Remember from Section 4.1.3 that there was an indentation of the mould plate
where joining of the steel mould plates had been. This caused a small channel for
air to get through under the crossing tape in the leading and trailing edge moulds.
An attempt at additional sealing here had apparently been unsuccessful. In Fig-
ure 4.10 you can see bubbles emerging from the bottom of the green tape.

For the trailing edge some accelerator was added due to the awareness of the
leak, so the resin would gel faster and less resin bleed out by gravity. Comparing
the resulting laminate to the leading edge, it is slightly less porous even though
they experienced the same approximate level of leakage.

The components were manually cut to net shape with a Dremel cutter. There
were clear signs of local heating damage in the outer millimetre along the cut
edge, as discussed in Section 2.3. This should not have a considerable negative
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Figure 4.10: Bubbles appearing under the tape, due to the indent in the skin.

effect on the structure, as these areas close to the edge do not play an integral
part in load carrying.

Internal Structure

For this laminate, a rather heavy biaxial fabric available in the lab was used in ad-
dition to the (0/90) weave. It is 800 % and 0.6 mm thick. The layup for these
plates was [(0/90)/ £+ 45/ — (£45)/ £ 45/(0/90)] amounting to 2.1 mm. See
Table 4.1 for more details about the process. Further there was nothing in par-
ticular to note from the infusions. The resulting laminates looked immaculate by
visual inspection. Figure 4.11a shows the internal structure flanges being cut. The
delamination occurring at initial penetration can be seen in Figure 4.11b around
the holes.

(a) AWJC in progress. (b) Delamination can be seen around holes.

Figure 4.11: Abrasive Water Jet Cutting AWJC
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4.1.5 Assembly

To hold the flanges in their precise respective positions while glued, slotted bars
lasercut from 6 mm MDF was used. It is highly important that the distances between
the ribs are precise in the four wing parts, as to not strain the structure when as-
sembled with the section plates. The flanges were correctly positioned, as seen in
Figure 4.12. Some additional securement with tape and clamps was added. Epoxy
and chopped strand mat CSM reinforcement was used for fastening. The epoxy
was prepared with the rapid hardener RIMH134. The supports limited the access,

so additional gluing was done after the epoxy had hardened and the supports
were removed.

2

=
A
=

Figure 4.12: The flanges were correctly spaced by the use of slotted bars laser
cut from MDE and adhered with epoxy and CSM.

Up until now it has been claimed that the spacing between the flanges is equal.
This is not entirely true. The leading and trailing edges abide by this, but on the
side panels the middle and top flanges are adjusted 4 mm upwards. Measurements
are given in a drawing in Appendix B. The side panels shall be able to rest atop the
profile sections, which in turn rest on the flanges of the leading and trailing edge.
This feature is to facilitate assembly, according to step B6 in the Assembly Guide
in Appendix A. Another feature which comes into play here are two taps sticking
down from the middle flange through the holes in the section plate. These hinder
the side panels from sliding off before being bolted.

The strength of this adhesive joining is an aspect not modelled or investigated
in the design/analysis. When gluing, extra care was directed towards the holed
flanges, which will connect to the profile sections. These are, with emphasis on
the bottom, the ones which are subject to the highest loads. Therefore, these were
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adhered with 2-3 layers of glass reinforcement. The preparation of the surfaces is
important for proper adhesion. They should be sanded rough and cleaned thor-
oughly. During the adhesive assembly of the side panels, the realisation arose that
working with the wave fabric instead of the CSM was more advantageous. Being
thinner, it better adapts to the geometry of the gluing surfaces. Cutting the weave
into strips of diagonal orientation promotes every fibre to work for the integrity
of the joint.

Assembly of the wing came about very much as planned. Some minor adjust-
ments were required along the way. The top flange in trailing edge was mounted
approximately 3 —4mm too far back. This caused compression in middle section,
leading it to buckle. To fix this, the holes on the trailing edge middle flange were
expanded. Other minor adjustments like this were performed.

A4 stainless M6 button head bolts and flange nuts were bought from skrujer-
net.no. These should withstand the marine environment. The bolts are 10 mm long
with a head diameter of 13 mm.

The bolting holes in the leading and trailing edge skins were not not made
until the wing parts were assembled together, and adjusted to satisfaction. To re-
duce peel-up/push-out delamination, posed as a problem in Section 2.3, a guiding
hole using a sharp and fresh small tool was first drilled at very high speed. Then
the hole was expanded with the 6 mm tool. This barely caused any delamination
visible to the naked eye, incomparable to what occurred at the AWJC holes. The
leading and trailing edge had some imperfections, as described in Section 4.1.4.
The folds were first cut and ground down. Next, an abundance of epoxy was ap-
plied to the whole outside skins of the two parts. The dry spots and porous areas
did not completely saturate, but the resin could be clearly seen penetrating into
the dry laminate to a large extent. To compensate for the fibre discontinuities,
reinforcing plies of fabric were added on the inside where folds had been cut.

The indents in the side panels had to be slightly expanded for the solar panels
panels to fit evenly. It would seem the need for a clearance had been neglected
during design. This done, one can see from Figure 4.13 that the solar panels are
flush with the skin, coinciding with the intended wing profile. As the solar panel
was in place, holes were drilled for bolting. The mounting holes in the solar panel
were originally reinforced with metal rings. Removing this lowered the protrud-
ing area of the bolt head, as seen if comparing Figure 4.13 (a) and (b), to reduce
the drag it creates.

When all adjustments had been made and the whole structure assembled,
bolt by bolt was unscrewed and the nuts glued in their respective positions. This
is done to facilitate easier assembly. A rapid hardening two-component epoxy glue
was used for this.
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(a) b)

Figure 4.13: Bolting the solar panel (a) before and (b) after removing the metal
ring. Note that the solar panel is perfectly flush with the skin.

More extensive reinforcement was added to the bottom wing section than was
suggested in Section 3.1.5. The intention there was only to increase the frequency
of the eigenmode. However, it is desirable to make the plate stiff enough such that
it can hold the weight of the wing before it is bolted in place, referring to step B3
in the Assembly Guide, Appendix A. The reinforcements seen in Figure 4.14a are
2 cm wide stripes of the same 2 mm laminate that flanges and profile plates were
cut from. They were adhered with rapid hardening resin and weave fabric. Some
reinforcement was added on the other side of the plate as well, in the longitudinal
direction, as seen in Figure 4.14b.

(a) Crossing reinforcement is added under the bottom wing section.

¥ \'.,iv\“ -

(b) The bottom section is reinforced in the longitudinal direction on
the upside, to increase bending stiffness.

Figure 4.14: Bottom section reinforcement.
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4.2 Manufacturing the Drive Unit

Table 4.2 summarises the manufacturing or processing of the various drive unit
components. It states who performed the operations, which main methods were
used and comments on the process and results.

Table 4.2: Summary of components machined for the drive unit.

Component Methode ]I;;rformed Comments
. Difficult to machine,
Sﬁl;;tol:arlng Workshop the probe of the CNC @ill
structure CNC-milling personnel was broken, so w?rkp1ece
lower ’ could not be reoriented
to be positioned precisely.
This was turned as one part
. and cut in the middle.
Ssl};;;to]:armg turning Sorn.ewh'at difficult t.o get a
structure + milling S.G. precise fit, and to mill the
upper ’ holes in the exact correct
positions, but the methode
is adequate.
Very precise tolerances
turnin were important. Turned
Worm Shaft + milligng 5.G. out bettfr than expected,
at around +15um.
Precise hole position was
turnin difficult due to the authors
Motor flange + milligng 5.G. inexperience. Possible
eccentricity.
Motor support
bracket AWJC Workshop Very quick and easy,
+ welding personnel turned out adequate.
Bottom plate AWJC 1 Workshop Satisfactory result.
+ CNC-milling personnel
A bit difficult to fasten in
turning Fhe lathe chu‘ck for
Worm gear + drilling S.G. internal turning, as the
outside has teeth. Ended up
with a little bit eccentricity.
Connector ring :l_lrdr1r1lr11§ng S.G. All good.

Box

3d print

Not yet manufactured.
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4.2.1 Assembly

The assembly guide in Appendix A contains a detailed list of components, includ-
ing type and quantity of bolts required for assembly.

The bottom plate was fastened with the 5 M6 bolts through the bottom section
plate. Steel back plates were made for each hole, to increase the area on which the
load acts. These exposed steel parts must be coated before launching the vessel
on the water, to protect against corrosion.

The sealing ring fit into the bottom plate was very tight and it was forced in
with a rubber hammer. To get it out again without damaging it would be difficult
or impossible. Figure 4.15 shows the seal inserted.

Figure 4.15: The sealing ring fitted into the bottom plate.

The bearings were heated to 170°C and the worm cooled to —20°C. Using
a manual hydraulic pump, the bearings were pressed in place. After assembly,
the bearings turned with slightly more resistance than before, indicating that the
pressing process was a bit recklessly performed and loading of only the outer ring
happened.

The shaft with bearings sat nicely into the support. The tight fit and poor align-
ment of the holes in the upper parts, mentioned in Table 4.2, made the bolts hard
to tighten, but it all came together very well.
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With the worm and worm gear interlocking nicely, the gear was bolted to the
connector ring. Four holes were drilled in the mast through the existing holes in
the ring, and tapped to M8 such that it was fixed in the precise correct position.

One of the bolts for fastening the motor connector bracket is somewhat diffi-
cult to access.

The slip ring stator locks to the mast with four set screws. A hole in the mast
was drilled right above the slip ring, which wires were pulled through. As may be
noticed in Figure 4.16, proper wiring has not been done, only an interim connec-
tion for testing.

. ‘ ’
NS — ’
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Figure 4.16: The drive system assembled.

4.3 Estimation of Cost

Table 4.4 sums up the estimate cost of producing one wing. The various posts are
elaborated below. No freight charges are included in any of the cost estimations.

The weave fabric was bought from easycomposites.co.uk [35] at £2.02 per
meter. The price per square meter of the biaxial fibre from Saertex, which was
not used, is almost the same at €1.93. 6 plies of fabric in 4 wing components
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Table 4.3: Cost of consumables for one VARTM process of a component of ap-
proximately 2.5 m length.

Product Price £ Amount Cost £
Sticky tape 3/ 15m roll 1 3
Flow Mesh 1/ m? 2.5 2.5
Vacuum bag 1/ m? 3 3
Tube 05/ m 5 2.5
T-piece 0.5/ pc 6 3
Peel ply 1.3 m? 2.5 3.25
Spiral tube 0.2/ m 2 0.4
SUM £ 18.65
SUM NOK 220

Table 4.4: Estimation of cost for the wing, excluding the drive unit.

Product Price NOK  Amount Cost NOK
Fibre 23.8 /m 58m 1400
Epoxy 100 / kg 15kg 1500
Consumables 220 / process 6 1260
Mast 750 / 6m 3m 375
Bolts & nuts 2.06 / pair 81 167
Labour 500 / h 40h 20000
SUM RS 25000

2.4m long amounts to 58 m. This is accounting for any cut-off as waste, while it
may actually be used for other applications.

The prices for the epoxy system are volatile and vary a lot depending on quant-
ity and market, but it lay around NOK100/kg the last time it was purchased to
the composite lab. Knowing the wing is 20 kg, assuming a fibre fraction of 50 %
yields 10 kg. If one adds 50 % waste the figure reaches 15 kg, which is quite close
to what was consumed according to Table 4.1.

For the VARTM process consumables, prices are retrieved from easycompos-
ites.co.uk. Prices are in British pounds, and converted to NOK at a rate of 11.8
]% (May 26 2021). Table 4.3 summarises this considering a component of the

approximate size as each wing laminate part.

To estimate a cost of labour, the hours invested by the author does not give
a realistic picture. It has been a simultaneous development, manufacturing and
learning process, where achieved efficiency has been nowhere near an acceptable
production standard. Imagining the time every operation would take with the
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Table 4.5: Cost of components purchased for the drive unit. Dollar rate of 8.4

used.

Part Price Price NOK
Worm Gear NOK1892 1892
Worm NOK1658 1658
RMD-X8 Pro $492 4132
Slip Ring $232 1949
Mast Bearing NOK890 890
Shaft Bearings NOK546 546
Simmer Rings NOK173 173
SUM 11240

acquired level of experience, and eliminating all the mistakes made, an order of
magnitude may at least be approximated. Spending 20 hours on VARTM processes
and 20 hours on post processing and assembly should be possible, amounting to
40 hours total labour per wing. Some process improvements are discussed in Sec-
tion 6.2.

Table 4.5 lists the price of all components purchased for the drive unit, freight
charge not included. The components machined in-house are not included here.
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Experimental Testing of the Wing
Assembly

Figure 5.1: Full experimental setup for wing stiffness and actuation testing.
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In order to evaluate the performance of the design and prototype, a test cam-
paign was executed at the lab. Part one was an evaluation of the mass. Part two
concerned ease of assembly. In part three, deflection under load was measured
for the GFRP wing and the CFRP wing for reference. Part four investigated the
actuation of the GFRP wing under load.

5.1 Experimental Setup and Method

5.1.1 Test 1 - Mass

Mass is an important aspect according to objective 2 from Table 1.1 in Section 1.5.
To evaluate this, components were weighed on a scale.

The various parts of the GFRP wing were weighed separately, on a digital scale
normally used for resin mixing. This has a resolution of 0.1 g, and a range up to
15000 g. The carbon wing does not disassemble and its mass exceeds that range.
It was therefore placed on an old mechanical scale, with a resolution of 0.1kg.

5.1.2 Setup

The wing is oriented vertically, similar to the real situation. To facilitate this, a
base was made. A 120 mm long section of steel tube was turned internally to act
as a socket to fit around the 70 mm mast. It has a hole for an M10 bolt to lock
the rotation. The socket was then welded to a square steel plate with holes in the
corners. A additional hole in the bottom of the socket lets wires run through. The
plate was bolted to a large steel table for required stability. The full setup is seen
in Figure 5.1.

5.1.3 Test 2 - Assembly

According to objectives 4 and 6 from Table 1.1 in Section 1.5, simple and intuitive
assembly is of high importance. Now, the assembly might be intuitive and quick
for the author, who has created the design and repeatedly assembled and disas-
sembled. Someone unfamiliar with the design, however, could think in a different
way. Therefore, two subjects were invited to perform an assembly. The achieve-
ment of an intuitive design is quantified in terms of the time spent on the proced-
ure and compared.

With reference to the assembly guide, Appendix A, the starting state is ac-
cording to step BO. The timed procedure includes step B1 through B7. The test
subjects were first given up to five minutes to study the assembly guide. Then the
timer started and was stopped when the wing was fully assembled.
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|

Figure 5.2: Experimental setup for both wings. One ruler above the mast axis
and one behind the trailing edge. The line running to the pulley and down to the
load can also be seen.

5.1.4 Test 3 - Static Loading

At the top trailing edge of the wing a connection point in the form of a V-shaped
steel plate with a large nut welded on it, was adhered at a distance of a = 910 mm
from the mast axis. From this, a rope runs horizontally to a pulley and down. At
the end of the line, weights would be added as seen in Figure 5.4a. The pulley is
assumed ideal, such that the force acting on the wing is F = m - g, where m is the
total mass of the weights in kg and g =9.81 smz is the acceleration of gravity. This
will then equivalate a torsional moment about the mast axis T,, = F - a.

Deflection was measured at two points, as visualised in Figure 5.3. The first
was straight above the mast axis, the second at the trailing edge tip top. Measure-
ments were obtained visually against rulers with 1 mm resolution, and noted on
sight. The distance from the wing to the ruler was slightly different for the two
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Figure 5.3: The two measurements of deflection at the top of the wing: (a) mast
axis and (b) trailing edge. (c) illustrates the difference between the two.

setups. The relative error due to this, however, is way smaller than the accuracy
of the visually attained measurements. 5 cm higher measurement at the top of the
wing causes an approximate 2% overestimation of deflection. This is neglected.
In Figure 5.2 you see the two rulers and the line running through the pulley.

Weights were added in incremental steps. 1, 4 and 10 kg were used. At each
load level, deflections were noted and the whole structure visually inspected, look-
ing for any signs of damage or misalignment. Any damages to the prototypes were
not wanted, in accordance with the intention of leaving a functional prototype,
Table 1.2. To ensure the testing remained nondestructive, the loading was stopped
before approaching design level. The nature of the load, acting in one extremity
of the wings, is unrealistic and its local effects on the structure unknown.

For boundary condition A, the bottom of the trailing edge was blocked from
moving, see Figure 5.4b. This was to better isolate the torsional behaviour of the
wing.

Under boundary condition B, the worm gear was engaged to stop the rotation
of the GFRP wing. For the CFRP wing, the rotation was stopped by a bolt through
the mast base.

5.1.5 Test 4 - Actuation

Actuating the wing, there are some aspects of interest:

Does the mechanism run smoothly?

Under how much load can the actuator move the wing?

How much power is used?

Are there any signs of damage, strains, yielding, misalignment etc?

The test setup was equal to test 3B, with the mast base fixed and point load
at the upper trailing edge. First unloaded actuation was performed. Subsequently
weights were added in steps. After testing the assembly was visually inspected,
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Figure 5.4: (a) Two 10 kg weights. (b) The structure blocking the rotation of the
bottom of the wing as boundary condition A.

then disassembled and parts inspected individually.

The actuator used was one not fully functional. It only works in certain control
modes, and has some unhealthy noise to it. Damages most likely stemming from
intrusion of a foreign object and/or previous uneven loading. So it did probably
not run at full capacity.

The actuator was controlled through a manufacturer test software in speed
control mode, where the angular velocity of the rotor is given in degrees per
second. Dividing by the internal gear ratio of 6 and worm gear ratio of 40 yields
wing angular velocity. The motor was energised from a power supply at V =
30.26 V. The optimal working voltage is 48 V. Current draw I was noted from the
monitor of the power supply. Power is calculated asby P=V - 1.
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5.2 Results

5.2.1 Test 1 - Mass

Results from the weigh-in are given in Table 5.1 and Table 5.2. They are discussed
in Section 6.1.1.

Table 5.1: Weighed mass of the carbon fibre wing.

Component Measured [kg]

CFRP wing 19.9
Mast base 4.3

Table 5.2: Calculated and measured mass for the GFRP wing components.

Component Calculated [g] Measured [g]
Leading edge 2820 3536
Trailing edge 3606 4760
Left side 3383 4326
Right side 3383 4353
Top section 594 681
Middle section 594 632
Bottom section 594 1327
81 bolts 291
SUM WING 14974 19906
Bottom section w/mast (3322)
Solar panel 3650 4580
Mast 5340
TOTAL 36401

5.2.2 Test 2 - Assembly

Table 5.3 shows the resulting times from the test subjects. Several suggestions to
improvements of the assembly guide were brought forth by the test subjects, and
updates were made. The results are discussed in Section 6.1.2.

Table 5.3: Results of timed wing assembly.

Subject Time

S.G. 24m45s
1 36m10s
2 42m30s




Chapter 5: Experimental Testing of the Wing Assembly 73

5.2.3 Test 3 - Static Loading

Results from the stiffness tests 3A are given in Table 5.4 and Table 5.5, and for
stiffness tests 3B in Table 5.6 and Table 5.7. Figure 5.5 and Figure 5.6 respectively
visualise the deflections. Results are discussed in Section 6.1.3.

Table 5.4: Carbon fibre wing test results under point load with bottom rotation
stopped. A is the difference between mast and tail.

Test 3A-CFRP Deflections [mm]

m F T Mast Tail

[kg] [N] [Nm] | Measured Relative | Measured Relative | A
0 0 0 213 0 308 0 0
1 9.8 9 214 1 309 1 0
3 29 27 217 4 312 4 0
5 49 45 220 7 315 7 0
7 69 63 222 9 317 9 0
10 98 89 225 12 320.5 12.5 0.5
13 128 116 229 16 324 16 0
15 147 134 230 17 326 18 1
17 167 152 232.5 19.5 328 20 0.5
20 196 179 235.5 22.5 331.5 23.5 1

Table 5.5: Glass fibre wing test results under point load with bottom rotation
stopped. A is the difference between mast and tail.

Test 3A-GFRP Deflections [mm]

m F T, Mast Tail

[kg] [N] [Nm] | Measured Relative | Measured Relative | A
0 0 0 115 0 264 0 0
1 9.8 9 116.5 1.5 265.5 1.5 0
3 29 27 121.5 6.5 270 6 -0.5
5 49 45 127 12 276 12 0
7 69 63 132.5 17.5 281.5 17.5 0
10 98 89 138 23 288 24 1
13 128 116 144 29 294 30 1
15 147 134 147.5 32.5 297.5 33.5 1
17 167 152 150 35 301 37 2
20 196 179 155.5 40.5 307 43 2.5
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Table 5.6: Carbon fibre wing test results under point load with mast base fixed.
A is the difference between mast and tail.

Test 3B-CFRP Deflections [mm]

m F T, Mast Tail

[kg] [N] [Nm] | Measured Relative | Measured Relative | A
0 0 0 212 0 293 0 0
1 9.8 9 214 2 295 2 0
3 29 27 215.5 3.5 299 6 2.5
5 49 45 218.5 6.5 305.5 12.5 6
7 69 63 220 8 311 18 10
10 98 89 224 12 321.5 28.5 16.5
13 128 116 227.5 15.5 329 36 20.5
15 147 134 229.5 17.5 335.5 42.5 25
17 167 152 230.5 18.5 340 47 28.5
20 196 179 235 23 351 58 35

Table 5.7: Glass fibre wing test results under point load with mast base fixed. A

is the difference between mast and tail.

Test 3B-GFRP Deflections [mm]

m F T Mast Tail

[kg] [N] [Nm] | Measured Relative | Measured Relative | A
0 0 0 111 0 215 0 0
1 9.8 9 112.5 1.5 216.5 1.5 0
3 29 27 115 4 221.5 6.5 2.5
5 49 45 120 9 228 13 4
7 69 63 123 12 234 19 7
10 98 89 128 17 244 29 12
13 128 116 133 22 252 37 15
15 147 134 136.5 25.5 258 43 17.5
17 167 152 142 31 265 50 19
20 196 179 146.5 355 278 63 27.5

Note: Movement in the fixing bolt/hole at base, possible yielding in the mast
around the hole. Contributor to rotation, observed in loading condition B for both

wings.
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Figure 5.5: Graphical representation of the deflections of the two wings in test
3A.
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Figure 5.6: Graphical representation of the deflections of the two wings in test
3B.
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5.2.4 Test 4 - Actuation

Results from the unloaded actuator test are given in Table 5.8 and graphically visu-
alised in Figure 5.7. Results from loaded actuation is found in Table 5.9. Results
are discussed in Section 6.1.4.

Table 5.8: Current draw at various speeds, no load.

Speed control Equivalent wing Current Draw Power
[°/s] angular velocity [°/s] [A] (W]
0 0 0.03 0.9
200 0.8 0.07 2.2
500 2.1 0.11 3.4
1000 4.2 0.16 4.9
2000 8.3 0.28 8.5
3000 12.5 0.38 11.6
4000 16.7 0.52 15.6
5000 20.8 0.66 19.9

== Power == []/deg
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Power [W]
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Figure 5.7: Power consumption of unloaded actuation compared to the linear
1J/°.
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Table 5.9: Results of loaded actuation test. Power listing applies to the highest
current value in each row.

m T,, Response Current Draw [A] Power [W]

[kg] [Nm] Speed control [°/s]:
y=100 v=200 v =500

0 0 yes 0.07 0.11 3.4

3 27 yes 0.20 0.29 8.7

5 45 yes 0.33 0.45 13.6

7 63  yes 0.48 0.64 19.4

10 89  yes 0.78 0.97 29.4

13 116  yes 1.40 1.47 44.6

15 134  yes, yes, no 1.38 1.46 1.74 52.7

16 143  yes 1.45 43.7

17 152 5S5secandstop  1.61 48.6

Notes:

e No slippage of the gear.

e No aural indications of improper function.

e Unlimited number of wing revolutions.

e No direct visual signs of damage in individual components.

e One of the bolts holding the motor support bracket had come slightly loose.

e Possibly a little bit more slack than before in the gear engagement.






Chapter 6

Discussion

In this chapter what has been done and achieved is discussed with respect to the
research questions in Table 1.2 and objectives in Table 1.1.

6.1 Lab tests

6.1.1 Test 1 - Mass

The four main wing components are between 26 % and 32 % heavier than theor-
etical mass imply, Table 5.2. The main contributor to this is the epoxy and fibre
used for assembly. Around 50 g per part come from the nuts. In hindsight, the parts
should have been weighed before gluing. This would have brought better insight
into the extra weight added by the epoxy, and fibre fraction could potentially have
been calculated. However, we do know the leading and trailing edge processes
were bad, leading to a thickness different from the ideal. The extra weight of the
bottom section naturally comes from the reinforcements not present in the CAD
model. All over, 33 % more mass than calculated is not bad.

The CFRP wing made by [5] had a as mentioned in Section 3.1.1 a theoretical
mass of 4.5 kg, but somehow ended up at close to 20 kg, Table 5.1. How this came
to be is not much of interest here. What is interesting is that the GFRP wing, i.e.
without the mast, clocks in at approximately the same mass. Including the mast
in this, but neglecting the solar panels, a 36 % increase of mass is the price paid
for the change to a considerably cheaper material, as a compromise between ob-
jectives 2 and 3 - mass and cost.

The solar panels each weigh 930 g more than claimed by the supplier, i.e. 25 %
extra. This is a serious contribution to the total mass of the wing.

Being a main contributor to the total mass of the assembly, replacing the alu-
minium mast with filament wound glass fibre could benefit in reducing the mass.

79
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This however, comes at a higher cost.

For transportation purposes, the total mass of the wing is not very relevant. In
the disassembled state, no component exceeds 5.5kg. In terms of objective 6 in
Table 1.1, they are no issue for any one person to carry.

6.1.2 Test 2 - Assembly

Comparing the assembly times in Table 5.3, the two first-time test subjects spent
an average of 57 % longer than the author. They both found the instructions un-
derstandable and the design reasonable. This can be taken as indication of good
coherence with objectives 4 and 6 in Table 1.1, i.e. design for assembly and user
friendliness. There is nonetheless no doubt that assembly will be more demanding
on a floating vessel than a static fixed support in the lab.

6.1.3 Test 3 - Static Loading

Results of the stiffness testing are presented unaltered in Section 5.2.3.

To comment on the setup, there are a few sources of error. First it must be
noted that the measurements of deflection are obtained visually. They are given
to the half millimetre, but this may be imprecise within approximately +0.5 mm.
Second, the force is not as precise as given, as the line running through the pulley
causes some loss, though minor. Lastly, as noted with the results, the mast fixture
at base was improper, and accounts for some rotation under boundary condition
B. Up to 10 mm of the final difference can possibly be attributed to this, for both
wings.

Under boundary condition A, if we assume the response can by split into
bending and twisting by the principle of superposition, the main takeaway is the
wing resistance to torsion. The carbon fibre wing only displays a difference of
1 mm between mast axis and trailing edge at the highest load step, according to
Table 5.4. At the same load, the glass fibre wing in Table 5.5 exhibits a difference
of 2.5 mm. This is 2.5 times more compared to the carbon fibre wing, or 0.4 times
the stiffness.

The result of the finite element model in Section 3.1.4 under 211 Nm torsion
was 3.78 mm. With a linear response, this suggests 3.2 mm at 178 Nm. Comparing
the measured 2.5 mm of deflection to this, keeping our sources of error in mind,
corresponds very well. This provides faith that the FEA model is not entirely un-
realistic.

Under boundary condition B the total deflections, given in Table 5.6 and Table 5.7,
increase considerably. This is not at the mast axis though, but at the trailing edge.
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The difference in deflection here corresponds to 1.7° rotation. However, the afore-
mentioned source of error in the poor fixture of mast base, discredits the accuracy
of this result. Be as it may, these deflections are not impacting the wing function.
Such high torque occurs only when the wing is in the stalled condition, and pre-
cise angle is not of importance.

Affecting the test results for the carbon fibre wing, is that it has an aluminium
mast piece as connection between the carbon fibre mast and the base. Some of
the bending action can be attributed to this, which is not intended in the design.

The deflection of the GFRP wing is dominated by the bending of the mast.
It becomes apparent that the mast itself might be underdesigned with regards
to stiffness. Its dimensions were set in [10] based on static stress and deflection
evaluation, but the deflectional constraints were probably too loose, and no invest-
igation in the dynamics was performed. These aspects should have been returned
to in the re-analysis of the wing.

All in all, the glass fibre wing is between % and % as stiff as the carbon fibre
wing.

6.1.4 Test 4 - Actuation

The contents of this subsection refers to the actuation test results in Section 5.2.4.

Referring to Table 5.9, the wing let itself actuate without issue up to a load
equivalating 140 Nm of torsional moment about the mast. This is about 60% of
the stated design torque in Table 1.5.

Knowing from Equation (1.1) that the wind force is proportional to the square
of the wind speed, turning against 16%- wind corresponds to 135 Nm by the same
model. In terms of prototype sea trials, such weather conditions are rare on the
Trondheim Fjord as well as being outside the scope of safe testing. Based on this,
the actuation will suffice for any load condition experienced during vessel tests in
the foreseeable future.

A question is whether not reaching design torque can be attributed to dys-
function of the actuator and lower working voltage V, as implied in Section 5.1.5.
The fully functional motor might still provide sufficient power. If this is not the
case, it means the frictional losses in the mechanism are ridiculously high. 35 Nm
motor torque through a 40:1 gear ration not sufficing to produce 211 Nm, would
correspond to a total mechanism efficiency 1,,; < 0.15. The gear itself is stated
with ) = 0.46, so expected efficiency should be somewhat lower than this, 1,,,; €
(0.30,0.45). Having a look at the current and power of the motor in Table 5.9
confirms the suspicion that the actuator can be blamed. The motor stalls out at
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around 1.7 A, corresponding to a power of 50 W. According to the actuator data
sheet in Appendix D the motor has a nominal current of 6.5A and power of 330 W.
This leaves no doubt that it is the deficiency of the actuator preventing the reach-
ing of the design load.

The motor support bracket must be improved. The fact that a bolt had begun
to come loose means that there had been movements of the bracket. A simple
improvement of the bracket design is suggested in Figure 6.1. The movement
itself, however, indicates transmission of forces, axial or radial, through the shaft-
to-motor connection. This could be due to eccentricity of a poorly made motor
connector flange, as mentioned in Table 4.2. Along with the knowledge attained
in Section 3.2.4 that this connection is a weak point, machining a new connector
flange according to the suggested design in Figure 3.22 should be a priority. The
shaft has been left with excess material on the opposite end, which the counter-
part of the connection can be milled from.

Figure 6.1: The orange triangle indicates a suggested improvement to the motor
support bracket.

It was hard to tell if there had really been a change, but if the slack in the gear
had increased, it means the mast and shaft axes had diverged. This may come
from yielding of the bottom plate. The contact force from the worm gear has a
component normal to the worm shaft axis which was not considered. The slack
may also stem from play in and around the mast bearing. It might be that a double
row rather than single row deep groove ball bearing would provide better stabil-
ity. A stiffer bottom plate would probably be a good idea anyway.

Despite the manufacturer stressing that the gear couple is not self locking,
no slippage seem to occur. Presumably this means that the friction in the bear-
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ings and actuator provide enough resistance to counteract this. In terms of power
consumption, as highlighted by [2] in Section 1.2, this means the actuator can
entirely shut off and draw zero current while the sail maintains a position.

While the wing is in the lift condition the resultant force should go through the
mast axis due to the rig being balanced, as discussed in Section 1.2. This means we
can draw parallels to the unloaded test results in Table 5.8. At the angular velocit-
ies from 10° /s to 20.8° /s, Figure 5.7 clearly shows that energy consumption is less
than 1 joule per degree. Exemplifying, this means that the energy demanded to
move the wing 90°, i.e. 90J, can be produced by a 150 W solar panel with decent
conditions in one second. Adding to this that the wing might stand still for minutes
between each actuation, the drive unit can definitely be claimed to adhere to the
overall vessel design requirement of self-sustainable power consumption/genera-
tion in Table 1.4.

The deflection of the wing/mast under load does not seem to have any implic-
ations of the function of the drive system.

6.2 Manufacturing Methods and Cost

Despite the unsuccessful sealing of the leading and trailing edge moulds, causing
imperfect components in Section 4.1.4, the mould concept for the manufacturing
of these components is adequate. With proper sealing, and not half-measure at-
tempts at such, there is no apparent reason for a more advanced mould type. One
improvement should be to use a few plies of thinner fabric to make the mould
skins, as this could make a better and more even laminate, also less prone to
delamination upon demoulding.

A bit more extra room along the mould edges would be beneficial, as the 10 cm
added to the mould rib in Figure 4.5 were somewhat tight to work with. Regarding
the offset from the wanted profile, going all the way to 5mm along the connect-
ing edges was excessive. The intention was to reinforce the side panels along this
edge with 1 —2mm, but this seems not necessary. So a 3 or 3.5mm offset here
would be better.

Stacking the fabric plies would have been substantially easier using the proper
biaxial fibre instead of the angled weave. An estimated hour would be cut off the
time preparing the stack. The problem of unevenness/folds in the component skin
should also be eliminated by this, attributing to a better final product.

The AWJC introduced some delamination in the laminates. With proper tun-
ing of parameters, this can to a large extent be avoided and the method is suitable
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and efficient.

The strength of the adhesive joints between skins and flanges is still not known.
We have seen that they can handle the loads applied during the test campaign,
but these tests have been designed to be non-destructive and not push any limits.
The joining could be too weak and a source of failure, or it could be plenty strong
with excessive reinforcement. If the first is the case, the bottom flanges are exper-
iencing the highest loads and is most likely to fail.

The lack of post-curing at elevated temperature means the matrix properties
are different from the optimal. The structural effects of this are not too great, as
the stiffness of the composite laminate is mainly ruled by the fibres. Yet, for pro-
duction, the issue of post curing should be solved.

One could consider buying bolts which are 2 mm longer. In some of the con-
nections of the wing it can be difficult to get the bolts to enter the nut threads.

The way the bottom wing section is connected to the box bottom plate is not
ideal, and another possible locus of failure. The bottom plate and section could
have been assembled before the addition of stiffeners, such that one larger back-
plate could be applied to distribute the load over a larger area.

It is evident from Table 4.4 that the by far largest contribution to the cost of the
wing is labour. This in itself is an estimation with massive uncertainties. The ma-
terial cost below NOK5000 is very low, of which less than NOK1500 stem from
the fibre. Carbon fibre fabrics cost between 10 and 30 times more than glass,
by price comparison at easycomposites.co.uk. Less material is naturally needed
when building with carbon fibre than glass. Yet, if half the amount is used of
the cheapest carbon fibre cloth, it still amounts to NOK 7500 for reinforcement or
NOK11000 total. With a more expensive carbon fibre, like the PrePreg used by
[5], the total might reach NOK18500. This indicates material cost savings in the
regime 55 % — 75 %.

Measures to reduce manufacturing time may bring much larger savings than
reducing epoxy waste or negotiating lower material prices. A larger mould sur-
face could for instance allow the VARTM of both side panels in one process, and
the same for internal structure. This eliminates setup time for two processes. Min-
imising the number of gates and vents, as experienced through the processes in
Table 4.1, also reduces the setup time.

The wings ability for disassembly increases the complexity of the manufactur-
ing process, and thereby the number of hours of labour. The advantages of this
must be weighed up against the added cost it entails. This is something that cannot
be answered now, but is to be learned over the next phases of the ORCA project.
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CNC is expensive and time-consuming. There are 9 components to the actu-
ation mechanism which require machining. The simpler these operations are, the
lower the cost. If the mechanism can be assembled mainly from sheet metal an-
d/or water jet cut plate parts, cost can be assumed to go down considerably. This
would further increase the coherency with objectives 3 and 5 in Table 1.1. Such
improvements should be investigated if the ORCA is to go into batch production.

The drive unit design rests largely on the criterion from subsection 3.2.3 of
unlimited rotation, with the advantage of improved manoeuvrability. Limiting the
rotation to e.g. £90° or £180° would have brought some other advantages and
a simpler design. First of all continuous wiring into the wing could have been
used, eliminating the cost, mass and complexity brought by the slip ring. Intro-
duction of a linear actuator would have been possible, simplifying the whole drive
unit. Even though these arguments can make it seem like limited rotation is more
advantageous for increased integrity by lowered complexity, the picture is on so
simple. Better manoeuvrability may assist in significantly decreasing the loads ex-
perienced, e.g. when turning the boat on a down wind course, and ensure better
survival of the vessel that way.






Chapter 7

Conclusion

7.1 Conclusion

To answer the research questions in Table 1.2 a full scale prototype glass fibre
reinforced polymer GFRP rigid wing with internal actuation through a worm gear
transmission has been developed, built and tested.

Testing of the prototypes in the lab show that the glass fibre wing design has
lesser, but comparable, properties to the carbon fibre wing. Performance relat-
ing to objective 1 - rigidity - of Table 1.1, has been evaluated through static load
tests. The GFRP wing is between % and % as stiff as the CFRP wing. The largest
contributor to the GFRP wing compliance is the aluminium mast, which may be
underdesigned. Yet, the deflections are small enough that they do not seem to
impact the function of the wing. Considering objective 2 - mass - the glass fibre
wing is 36 % heavier.

Vacuum assisted resin transfer moulding VARTM has been used to manufac-
ture GFRP components, and has proven itself suitable. A low cost, lightweight
mould was developed, and the resulting components are adequate despite some
imperfect processes. When manufacturing with glass fibre material costs are very
low, totalling below NOK5000 and cohering well with objective 3. Labour is what
drives the cost of the wing up. The wing design facilitates disassembly according
to objective 4, and this increases complexity and manufacturing time. The total
evaluation of this design boils down to how you value objectives 1, 2 and 3, in
this compromise between rigidity, mass and cost.

The worm gear drive unit works as intended for angular positioning. The wing
maintains its orientation without use of energy, due to the self-locking capabilit-
ies of the transmission. In testing, actuation was only achieved up to 67 % of the
211 Nm design load due to a malfunctioning motor, while at full effect the data
implies that it should be achieved with ease. The drive unit is contained within an
oil filled compartment to protect against corrosion.
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According to objective 4 and 6, the wing may be disassembled for easy trans-
port and storage, with all components weighing 5kg or less. The structure may
be assembled in 25 minutes by trained and 40 minutes by untrained personnel.

This design entails a lot of compromises which cannot here and now be de-
termined if are justifiable. Some open questions are:

e [s this reduction of stiffness worth the cost savings?

e Is the added mass worth the cost savings?

o Is the fixed mast and actuation within the wing beneficial when considering
vessel robustness?

e Isdisassembly of the wing advantageous, and worth the reduction of rigidity
and added cost it entails?

Only proper and repeated vessel trials and testing may shed light on this.

At the time of writing the prototype is as good as ready to be mounted on
a hull and taken out to sea, in accordance with the intention in Table 1.2. The
reader is very much advised, if he or she wants a proper understanding of this
product, to have a look at the assembly guide in Appendix A.
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Appendix A

Wing Assembly Guide

The assembly guide, as referenced to through the thesis, is an essential document
for those handling this product.
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Wing Assembly Guide

Read carefully before attempting to assemble the wing. A printed version of this document
should always be brought along.




Components list (white for wing, green for actuation system):

2/12

Component

Picture

Leading Edge

Trailing Edge

Side Panels, L and R

Top Section Plate

Middle Section Plate

Bottom Section Plate

Solar panel, 2pcs

Mast Stub
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9 Mast

10 | A4 M6x10mm TX30, 81pcs
11 | Worm Gear

12 | Worm

13 | Gear Ring

14 | Lower Bearing Hold

15 | Upper Bearing Holds, 2pcs
16 | Motor Mounticg Bracket

17 | Motor Shaft Flange




4712

18 [ Bearing Cap

19 | RMD-X8 Pro

20 | M8x20 mm, 4pcs

21 | M6x16mm, 10

22 | M6x35mm, 8pcs

23 | M5x8 mm, 2pcs

24 | M4x5mm sunk, 10pcs L EX4
25 | M4x8mm sunk, 3pcs
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Tools (white for wing, green for actuation system):

Tool

TX30 screw driver

H5

H3

H2

PH2
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Assembly A does not need to be stored disassembled, so most of the time assembly of the wing
can start from step BO.

A1 - Slide the Bottom Plate(4) onto the Mast Stub(8) from below. Tighten the 6 M6x16 bolts on
the Bearing Cap(18)

A2 - Slide the Gear Ring(13) onto the Mast Stub(8) from above. Tighten the 4 M8x20 bolts.

A3 - Slide the Worm Gear(11) onto the Mast Stub(8) from above. Engage it with the Worm(12)
with bearings. Lower them until the worm gear meets the Gear Ring(13) and bearings sit into
the Lower Bearing Hold(14). Tighten the 4 m6 bolts on the Upper bearing holds and 8 M6x16
bolts on the gear.

A4 - Mount the RMD-X8 Pro(19) to the Motor Mounting Bracket(16) using 10 sink head
M4x5mm bolts. DO NOT USE LONGER BOLTS!!!, as they will engage the rotor and damage
the motor. Fasten the Motor Shaft Flange(17) to the RMD-X8 Pro(19) using 3 sink head M4x8
bolts.

A5 - Insert the motor assembly such that the tap engages the grove on the Worm Shaft(12).
Fasten with 2 M5 bolts.

A6 - Slide the Slip Ring onto the Mast Stub. Pull the wires and seal the hole..
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B0 - Place the entire assembly(A) on the boat by sliding the mast stub into the socket. Fasten.
Connect wires. Perform test of function. Place and fasten box. Seal.
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B1 - Place the Leading Edge(1) flat on the ground. Insert and fasten the Middle Section Plate(5)
right above the middle flange, and Top Section Plate(4) above the top flange. Add the Trailing
Edge(2). Everything fastens with the A4 M6x10mm T30 bolts, inserted from above. The top is
where the flange is closest to the edge.
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B2 - Slide the Mast(9) in through the holes in the plates.

B3 - It is recommended to be two people for this next step. Lift the whole assembly(B) from the
ground and place atop the bottom plate, such that the leading and trailing edge coincide with the
plate, and the Mast joint(9) slides into the Mast Stub(8).
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B4 - Fasten from the overside with 5 bolts through the flange of the Leading Edge and 4 through
the Trailing Edge. The backmost bolt on the Trailing Edge enters from the underside.

B5 - Place the Solar Panel(7) in the indent of the Side Panel(3) and thread the wire through the
hole. Fasten with 8 bolts.
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B6 - Connect the solar panel wires. Lift the Side Panel up, and put it to the side of the wing,
slightly above its intended position. Slide it down so that the 2 taps on the middle flange enter
the holes on the Middle Section Plate. The Side Panel will now maintain its position.

—

e




12/12

B7 - Fasten, in order, with 4 bolts from the top, 4 from the bottom, and 5 along each side. Insert
buoyancy elements/airbags before repeating procedure B5-B7 with the adjacent Side Panel(3).




Appendix B

Mechanical Drawings

Here are mechanical drawings of all components of the actuation/transmission
system. There are also some drawings of wing components, e.g. providing details
for insertion of flanges. CAD models are available from the author upon request.
Do not hesitate to contact regarding this or any other information you might re-
quire.
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Figure B.1: RMD-X8 Pro actuator mechanical drawing.
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Appendix C

Previous FEA

Results of the FEA campaign of the feasibility study for the wing design performed
in [10]. 10 analyses performed with various boundary conditions, load and layups.
Referred to in subsection 3.1.1.
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Boundary

conditions Constraints Layup Load Umax Tsai-Hill | Comments

Fnd 1 flange Ends and middle Skin: mwm“mﬂwm <2 mm <0.1

: & sections 0/90/+-45/+-45/0 P :

fixed . Local buckling
constrained and 300N .

. 2.56 mm | <0.1 behaviour of panel
flanges: endpoint load close to base
0/90/+-45/+-45/0/sym

200 Nm
. <0.5mm | <0.1
torsion
. 700 Nm Very low mmmmoﬁ._o:m
3 point ressure <lmm <0.1 so far. Unrealistic
supported beam: | Ends and middle p or overdimensioned?
i N Traili 1
) mmnzozm. 0/90/90/0 leading and 700 Nm 1.9mm | <0.2 rarms edge pane
End 1 fixed. constrained. - . pressure cave in.
trailing edge skin. 500 Nm
Middle and Else same. torque 2.4 mm <0.2
end2: 0/90/+-45/90/0 side
N
Ul=U2= panels skin. ume:H 2.0 mm <0.2
UR1=UR2=0 Else same. P
N
0/90/90/0 on all 700 Nm 2.74mm | <0.2
. pressure
skins. -
Flanges stay same <0.2 Mast bending
& Y mxn.mmﬁ dominated deflection.
Mast end End 1 locked to 700 Nm 23 mm base Peak AE
pressure most likely due to
encastered mast. flange: nature of
(200mm from 0.9 constraint
wing bottom) Mid+end2 free to -
500 Nm
rotate about mast. 7.4 mm <0.2

torque
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Relevant Data Sheets
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e

SAERTEX

Reinforcing Your Ideas!

TECHNICAL DATASHEET

SAP No. 30009055 Article Description X-E-302g/m2-1270mm

Textile Structure 7008669 SAERTEX®

ARTICLE CONSTRUCTION (in accordance with EN 13473-1)

Layer Construction Areal weight Tolerance Material

4 45° 145 g/m? +/-5,0 % E-glass 200 TEX

3 90 ° 4 g/m2 +/-5,0 % E-glass 68 TEX

2 0° 2 g/m2 +/-5,0 % E-glass 68 TEX

1 -45° 145 g/m? +/-5,0 % E-glass 200 TEX
Stitching 6 g/m? +/- 1 g/m? PES [Polyester] 76 dtex

Fiber input can be determined individually

FURTHER CHARACTERISTICS

Gauge 5,0 Stitching pattern warp Width (nominal) 1270 mm
Stitch length 3,00 mm_ Total tolerance +/-5,2 % Total areal weight 302 g/m?
Labelling (Standard) Every roll is equipped with a label in the core. A further label is located outside on

the foil or on the box.

Packaging (Standard) Every roll is wound on a cardboard core and wrapped in foil. Further packaging
options can be determined individually.

Storage With original packaging: No moisture recommendation and direct sunlight.
To avoid problems with humidity and electrostatic charge, fabrics to be
conditioned 24 hours prior to processing, independent of storage conditions.

SAERTEX GmbH & Co. KG has been certified in accordance with ISO 9001:2015 and has been awarded the 2020 Eco-Profit Award. The SAERTEX GmbH &
Co. KG has its own DNV GL certified laboratory.

REINFORCING YOUR IDEAS
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Fibre Specifics

Weave

Weight and Dimensions

Thickness

Width

Consolidated Thickness
Areal Weight

Product Data

Colour
Format

Fibre Type
Mechanical Properties

Ends

Picks

Compatible With

Compatible With
Compatible With

Compatible With

General Properties

Gross Weight

125

EC9-33X1TEX

2 x 2 Twill

0.2 mm
1000 mim
0.2 mm
200 g/m2
White

Waowven Fabric

Glass Fibre

13 fem
18 cm

Epoxy Yes
Polyester Yes
Vinylester Yes
0.2 kg

Figure D.1: [0/90] woven fabric data sheet.



04/14/2021, 9:52:20 PM (GMT+08:00) SCHAEFFLER

— FAG 4201-BB-TVH
T Deep groove ball bearing
d|
P "x‘ Schaeffler ID: Deep groove ball bearing 42..-BB-TVH,
o 0219415050000 double row, plastic cage

Technical information

Main Dimensions & Performance Data

r d 12 mm Bore diameter

Ao )l _ﬂ D 32 mm Outside diameter
N\\\\j |
B 14 mm Width
D| d dq |Dy C, 11,100 N Basic dynamic load rating, radial
Cor 6,100 N Basic static load rating, radial
E§\\§§\\}\\\\\\i G uy 320 N Fatigue load limit, radial
/ _ ng 19,000 1/min Limiting speed
n g 19,100 1/min Reference speed
51 ¢ Weight
Dimensions
I min 0.6 mm Minimum chamfer dimension
D4 25.8 mm Shoulder diameter outer ring
E‘x‘:l dq 17.8 mm Shoulder diameter inner ring

Mounting dimensions

/T dy |Da d 2 min 16.2 mm Minimum diameter shaft shoulder
D & miex 27.8 mm Maximum diameter of housing shoulder
I amax 0.6 mm Maximum fillet radius

Calculation factors

fo 12.3 Calculation factor

Temperature range

T min -20 °C Operating temperature min.

T e 120 °C Operating temperature max.

The datasheet is only an overview of dimensions and basic load ratings of the selected product. Please always observe all further information and guidelines
for this product. For further information you can use the contact form on our website.



06/04/2021, 5:18:19 PM (GMT+08:00)

FAG

Technical information

SCHAEFFLER

61814-2RZ-Y

Deep groove ball bearing

Schaeffler ID: Deep groove ball bearing 618..-2RZ-Y,
0797294600000 single row, shields, brass sheet metal cage

Temperature range

T min -20 °C Operating temperature min.
T max 110 °C Operating temperature max.
0.14 kg Weight

Main Dimensions & Performance Data

d 70 mm Bore diameter

D 90 mm Outside diameter

B 10 mm Width

C, 13,200 N Basic dynamic load rating, radial
Cor 12,400 N Basic static load rating, radial
Gy 820 N Fatigue load limit, radial

ng 9,000 1/min Limiting speed

n g 5,300 1/min Reference speed
Dimensions

I min 0.6 mm Minimum chamfer dimension
D, 85.5 mm Caliber diameter outer ring
dq 76.6 mm Shoulder diameter inner ring

Mounting dimensions

d 2 min 73.2 mm Minimum diameter shaft shoulder
D & 6 86.8 mm Maximum diameter of housing shoulder
I 2 max 0.6 mm Maximum fillet radius

Calculation factors

fo 16.1 Calculation factor

The datasheet is only an overview of dimensions and basic load ratings of the selected product. Please always observe all further information and guidelines
for this product. For further information you can use the contact form on our website.
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=S PRODUCT PARAMETERS
| F&4% (temname . RwDX8PRO

i #(Turns) T 13

T ETYTE *
—— A *
T - *
e _35

wire connect!

“
iﬂil&‘ iSﬁ :onstami W\I'

L3 1450

8 Cumir sk .
iR EHRE (Max demagnetize te rature) C *

s euer T
T v *
RARAATA (e A *

#@E3E (endcoder) Iabnma netic encoder
_ —

i {E5i% (Communication frequ

 Toquelop3HZ  SpeedloopKHZ  Posionloop#KHZ
{Z#I#%5 (control mode) loo
 hmmas scwme o [raelorsedoopRetoreR
HpibE#F 2 (ID switch) YES
S me

YES

iREf¢@2® (temperature sensor)

Figure D.2: RMD-X8 Pro actuator data sheet.
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