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Hydrofoils on pod for electrical propelled low speed vessels

Conceptual development and efficiency investigation of hydrofoils on pod for leisure and
commercial vessels

DENNIS KOHLBERG, HELENA WEINGARTEN

Department of Industrial and Material Science

Division of Product Development

Chalmers University of Technology

Abstract

The marine industry is facing changes, decreasing the emissions and environmental foot-
print of leisure and commercial vessels, implying imperative aspects to decrease the energy
required to propel the vessel and the implementation of electrical propulsion systems. Hy-
drofoils have in the past been utilised to lift hulls out of the water, decreasing the energy
required to propel the vessel, although this requires advanced system control. This project
investigates the beneficial aspects of affecting the hull with a lift force at the stern, without
lifting the entire hull out of the water at a primary speed of 15kn. The project develops
concepts of hydrofoils implemented on the pod, focusing on a total lift-force of 7500V,
decreasing the resistance of the hull up to 12%, evaluating and validating different char-
acteristics and solutions.

Starting the product development with an extensive design-space and decreasing it succes-
sively as information and knowledge are generated and gathered, concluding and scoring
concepts to generate the concept catalogue of four concepts. These were concluded by
performing extensive calculations regarding hull resistance with the method of Savitsky,
and forces generated by wings/hydrofoils with generic equations and 2D-Computational
Fluid Dynamics. During the development, material research and evaluation in regard
to the concepts have extensively been explored and conducted. Concluding reinforced
POM-C, aluminium alloys, and thermoset composites as viable materials for the devel-
oped concepts. Reinforced POM-C with the manufacturing method of injection moulding
is concluded as the most cost-effective option, aluminium alloys with the manufacturing
method of die casting as a recyclable option, and thermoset composites with the manu-
facturing method autoclave to enable complex geometrical designs with low weight and
high strength.

The result was concluded as four different concepts in the concept catalogue, account-
ing for their properties and characteristics. The concepts are the Single, Comes Around,
Odd Dual, and Telescopic. The Single is characterised by its simplicity and low-risk
design. Comes Around is characterised by its continuously swept wing, minimising ver-
tices generated and increasing the efficiency. Odd Dual is characterised by decreasing
the spaciousness while maintaining similar efficiency as the Single concept. Telescopic
is characterised by its adjustable span width, enables the generated lift to be adjusted
accordingly, and enables a compact product when operated in shallow waters.

Keywords: Hydrofoils, Foil, Electric propulsion, Pitch, Roll, Angle of Attack, Safety,
Energy efficiency, Hull, Vessel, Conceptual development, Savitsky, Lift & Drag force.
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The varibles listed below are used in the thesis:

Variables

Cr
Cp

Lift coefficient -]
Drag coefficient [-]

Pitching moment coefficient [-
Pressure coefficient -]

Pressure drag coefficient -]

Skin friction drag coefficient [-]
Induced drag coefficient [-]
Miscellaneous drag coefficient [-|
Lift coefficient in 2D [-]

Pitching moment coefficient 2D [-]
Pressure coefficient [-]

Cavitation number |-]
Surrounding pressure [Pa]

Vapour pressure of medium [Pa]
Free flow speed of medium [m/s]
Angle of attack [deg]

Drag force foil [N]

Lift force foil [N]

Reynolds number [-]

Oswald factor [-]
Span Width [m]
Planform area [m

Chord length [m]
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Variables for Savitsky method

LCG
VCG
LCGfoil

xii

Mass displacement [Ib]

Component of resistance force normal to bottom [Ib]
Propeller thrust [Ib]

Frictional drag force component [1b]
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Speed coefficient [-]
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Deadrise angle [°]
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Mass displacement [Ib]

Mass density of water [Ib/ft?]

Lift coefficient, 5=0 [-]

Mean wetted length-beam ratio |-]

Average Dynamic pressure [Ib/ft?]

Mean bottom velocity [fps]

Kinematic viscosity [ft?/sec]

Reynolds number [-]

Mass density of water [Ib*sec?/ ft]

Specific weight of water [Ib]

Friction drag coefficient [-]

Distance of center of pressure |-]

Total drag of hull [Ib]

Length from stern to center of gravity [ft, m]
Height from stern to center of gravity [ft, m]

Length to center of gravity from foil [ft, m]



VCG foi

LWL
BWL

Height to center of gravity from foil [ft, m]

Length of hull at waterline [m, ft]
Width of hull at waterline [m, ft]

Variables for Material Indices

Mass [kg]

Area [m?]

Length [m]
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Wall thickness [m]
Young “s modulus [Pa]
Second moment of area [m*]
Bending stiffness [N/m]
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Introduction

This report incorporates product development of conceptual hydrofoils on pod for electri-
cal propelled low speed vessels, investigating the utilisation of hydrofoils to increase the
user experience and the efficiency of propulsion, by affecting the hull with a lift force at
stern without lifting the entire hull out of the water. The chapter Frame of reference, ad-
dresses the theoretical aspects utilised within the project, enabling the reader to acquire
the knowledge necessary to comply with certain decisions and outcomes. The Method ad-
dresses the overall methodological approach used within the project, defining the process
and the established methods. The Development of hydrofoil concepts includes the whole
development process, including the initial and final investigations of hull resistance and
customer needs, the extensive material research and evaluation, as well as comprehensive
evaluation and assessment of the invented concepts. The Concept catalogue concludes the
the outcome of the Development of hydrofoil concepts, presenting each concept and ad-
dressing its aspects on one page each. If the recipient is interested of the characteristics,
qualitative, and quantitative evaluation regarding the principle concepts, should incor-
porate the sections Generated concepts 4.3.4, Calculations & Evaluation 4.4.1, Concept
synthesis & Evaluation 4.6.2, Validation of hull efficiency 4.7.2, and Concept catalogue 5.

1.1 Background

Motorboats of today consume a tremendous amount of fuel impacting the environment
negatively. As the focus on climate change and sustainability is rapidly increasing the
boat-industry has to adapt, providing the market with more efficient and sustainable solu-
tions [1]. The sustainability focus of today’s society requires change in human behaviour
and innovative solutions, adapting to the new circumstances and new laws generated, im-
plying that the usage of boats will change. Developing products which entail comfortable,
safe, and effortless boat travel and ownership, and decreasing the environmental impact
will contribute to these aspects.

Volvo Penta is market-leading within propulsion systems for motorboats, pushing the
technology forward [2]. Their existing product, the IPS-pod, is manufactured in bronze,
equipped with engine power up to 1000hp, utilised on boats in the size range of 30-100+
feet, and focuses on speeds of +20kn. The pod has forward-facing, twin counter-rotating
propellers, by rotating the pod, the direction of the boat can be changed. This entails
a higher efficiency and top speed compared to inboard shafts. It is the most expen-
sive system among Volvo Penta’s product range, targeting the segments of leisure- and
commercial marine [3]. The IPS-system was launched in 2005, since then few principle
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propulsion changes have been performed regarding the product, implying that the product
is designed due to the requirements and technical feasibility existing almost two decades
ago, enabling possible improvements within the concept.

In the industry of boat building, manufacturers are developing more energy-efficient hulls,
hybrid- and electrical propulsion systems, focusing on energy consumption and green
energy sources, protecting the ocean life and decreasing the environmental impact [1].
Within the industry energy efficient hulls targeting the unconventional speed range of
10-20kn stars to emerge, due to the increased focus on energy efficiency these speeds are
of interest as the necessary power demand could be decreased. Hydrofoils have in the
past been utilised to lift hulls out of the water and decrease the required energy to propel
the vessel. As the market start to focus on energy efficiency, hydrofoils has once again

become a hot topic, enabling the energy consumption propelling the boat to be decreased
[4].

1.2 Aim

This master thesis aims to develop conceptual hydrofoils implemented on the pod, gener-
ating a lift force at stern of the hull, investigating and concluding the beneficial aspects.
Considering implementation of hydrofoils without lifting the entire hull out of the water,
at a target speed of 15kn and endeavour to decreasing the hull resistance, to comply with
the future sustainability focus. Further, incorporate enhancement of comfortable, safe,
and effortless boat travel within the development, future and existing customer needs can
be met. The development addresses considerations and investigations regarding the envi-
ronmental impact and adequacy of possible materials and manufacturing methods. The
outcome of the project is to deliver a concept catalogue containing extensive information,
data, and considerations regarding four different concepts, with sufficient information to
enable future projects to utilise the outcome.

1.2.1 Limitations

A numerous of issues is not investigated in this project. This is because the project had
a time limitation of five months, and some of the issues have already been dealt with
by other parties, implying the unnecessity of reproducing the answers. The issues not
investigated / limitations during this project are as follows:

o The project does not consider internal combustion engines as a part of the propulsion
system, implying exhaust gases and emissions of fossil fuel does not have to be taken
into account.

o Issues regarding advanced fluid dynamics which require Computational Fluid Dy-
namics (CFD) software to be analysed, since it is too time-consuming for this
project.

o Issues regarding advanced strength of material which require Finite Element Analy-
sis (FEA) software to be analyzed, to assure the concept can handle stress/strain/-
fatigue since this is too time-consuming for the project. Simpler cases have been
executed but not to the full extent where all the specified areas are covered.
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Optimize or further investigate in-depth about energy-efficient boat hulls since this
is out of the area of knowledge and would result in an additional research topic.
Prototyping nor advanced physical designs, since the vast majority of time is spent
on modelling and understanding the foils at low speeds.

Hydrofoils dislocated from pod since these products already exist on the market and
are well developed.

Develop nor change interfaces between the hull/pod, and pod/propellers, since the
hydrofoils on pod is to be used with the existing interfaces and propellers.
Limitations regarding manufacturing cost, only calculations on simpler cases are
conducted, no in depth-analysis, where the interface and system controls between
the pod and foil are not accounted for. The latter are not developed in this project
and the cost is not derived from information from the company but from a software.

1.2.2 Specification of issue under investigation

From the basis of the aim, issues could be specified for this project. These are the main
questions investigated during the project and answered at the end of the project. The
issues are as follows:

1. How can hydrofoils on the pod contribute to decreasing energy consumption of

energy-efficient boat hulls in semi-displacement running conditions?

2. What material with an appropriate manufacturing method can be used for appli-

cation in the ocean-environment, enabling the design and minimising the weight of
the concept-sets?
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Frame of reference

This chapter contains the overall theoretical references used within the project, accounting
for the specific theories and equations. It facilitates the reader to acquire the knowledge
and in-depth information necessary to comprehend the calculations and results throughout
the project. Incorporating the theory of D. Savitsky [5] that is utilised to calculate the hull
resistance, the theories of General Aviation Aircraft Design by S. Gudmundsson [6] and
Principles of Yacht Design by L. Larsson et al. [7] to enable generic calculations of forces
generated by the wing as well as the relation between aeroplane wings and hydrofoils.

2.1 Savitsky

The purpose of the Savitsky method is to calculate the resistance of prismatic hull shapes,
enabling the required engine power of planing crafts to be approximated. The theory was
used at the beginning and at the end of the project to determine the effects of affecting a
hull with a lift force and to validate the results. Savitsky’s method originated from Daniel
Savitsky in 1964 and is based upon experimental and theoretical studies. The method
uses the equilibrium of the hull, see equations 2.1, 2.2, 2.3, iterating/interpolating the
values until momentum equilibrium is achieved. For remaining equations see Appendix
B, for forces and moments acting on the hull, see Figure 2.1 [5].

‘ M—/Lc/ﬂ\ DIRECTION

v

4 WATERLEVEL

Figure 2.1: Forces affecting the hull in the Savitsky method
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Vertical equilibrium:
1 Ag = N - cos(1) + T'sin(t + €) — Dy - sin(T) (2.1)
Horizontal equilibrium:
—: T - cos(t+¢€) = Dy - cos(T) + N - sin(1) (2.2)
Pitching Moment:

~N:N-c+Ds-a—T-f=0 (2.3)

The method accounts for the angle of attack of the hull, centre of gravity, and the dimen-
sions and loading of the hull itself. The theoretical approximations are valid for certain
intervals of values, implying that 0.66 < C, < 13, 2° < 7 < 15°, and 0 < A < 4 has to
be fulfilled. The C, is the speed coefficient, 7 the angle of attack of the hull, and A\ the
mean wetted length-beam ratio [5].

2.2 Foil & Wing theory

This section incorporates theories and design aspects regarding wings, including the lim-
its of cavitation, generic equations, and the definition of different planforms. The design
aspects consider the applicability of different aerodynamic factors affecting the character-
istic of the wing, and the relation between aerodynamic and hydrodynamic behaviour. It
addresses the aspects to consider when translating the generated 2D information into 3D,
enabling calculations for the entire hydrofoil to be conducted with generic equations.

2.2.1 Section profile

The theory regarding the section profile was used in the beginning of the project, to
investigate the effect of changing the section profile and enable the determination of a
section profile to be used in further development. A pressure field is induced when an
object moves through a fluid, and the section profile bends the viscous flow near the
upper surface, causing an acceleration of the viscous fluid towards the section profile.
The pulling of the viscous fluid, also refeered to as the Coanda effect, results in low
pressure near the upper surface, resulting in a net force referred to as lift [8]. The section
profile of a wing is designed to generate lift with as little drag as possible, where the lift
is defined tangent to the trajectory and drag in opposite to the trajectory, see Figure
2.2. Forces and the pitching moments act at the centre of pressure of the section profile,
commonly located ~ Chordlength/4 from the leading edge, the location depends on the
pressure distribution and will because of that vary [6].
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Figure 2.2: Forces and angles, affecting and generated by the section profile

There are extensive research and calculation conducted in regard to the design of the
section profile, it is an advanced topic where the design is generated by changing the
pressure distribution, and optimising the shape for the specific usage case. There are
a comprehensive number of different definitions of the profile sections such as Boeing,
Clark, Drela, Eppler, Fage & Collins, Gottingen, NACA, NASA, Selig, and Wortmann,
to mention a few, each containing a vast number of specific profile sections designed for
specific usage cases [9]. The section profile is designed to distribute the pressure and
pressure differences to maximise the lift while minimising the drag, avoiding cavitation
and stall during operation. Stall occurs when full separation of the flow at to top of the
section profile occurs, at this point the lift decreases and the Angle of Attack (AoA) at
which this effect occurs is called stall angle [6].

NACA definition

National Advisory Committee for Aeronautics (NACA) was founded 1915 in the United
States of America, and is a part of the foundation of what later became NASA. Between
the 1920s and 1930s NACA developed and thoroughly investigated a series of section
profiles (airfoils) defined by 4 digits, representing the camber, centre of camber, and
thickness. By this engineers could pick the airfoil that corresponded to the specific per-
formance requirements [10]. This series is today called the NACA 4-digit, later NACA
further developed the definition into NACA 5-digit, and the NACA 6-series, each inher-
iting a different definition of the shape [11].

2.2.2 Cavitation

Cavitation is a phenomenon that occurs when the pressure locally decreases to a point
where the water starts to transform from solid form to gas form, creating bubbles which
implode. This results in violent behaviour, vibrations, noise, and cavitation corrosion
[12],[13], implying that cavitation is to be avoided and accounted for when developing
hydrofoils. The cavitation number/parameter, see equation 2.4, is non-dimensional, where
P, is the surrounding pressure, P, is the vapour pressure of the medium, p the density
of the medium and V,. the free-flow speed of the medium [13].

Pref _Pvap

(2.4)
%/)erf

o =
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When the minimum pressure coefficient around the foil exceeds the cavitation number,
cavitation will occur. Keeping the absolute value of the lowest pressure coefficient below
the cavitation number prevents this phenomenon to appear [13], see equation 2.5.

o < |min(C,)| (2.5)

2.2.3 Drag - Types & Effects

Since the total drag includes different components it is important to understand where
they originate to enable calculations. Some of the components are generated by 2D CFD
and others by generic equations, see Section 2.2.4, and are used to approximate the drag of
the hydrofoil in the project. When considering the lift and drag on both the section profile
of the hydrofoil, 2D, and the entire hydrofoil, 3D, classical wing theory for aerodynamics
can be used. To utilise these theories the relevant Reynolds number is to be used [14],
[15]. The drag can be divided into profile and induced drag where the former includes,
form /pressure, skin friction and miscellaneous drag. The total drag coefficient, Cp can
be expressed by the following equation 2.6 [6]:

CD = CDO + CDf + CDz' + C'Dmisc (26)

Where Cpy is the pressure drag coefficient, Cpy is the skin friction drag coefficient, Cp;
is the induced drag coefficient and the Cp,,;sc is the miscellaneous drag coefficient.

Profile drag

The profile drag is usually associated with the section profile of the wing [16], and is as
mentioned divided into several areas, as form/pressure drag, skin friction drag and inter-
ference drag.

Form/pressure drag: The form/pressure drag corresponds to the form of the profile
in 2D. When a fluid flows over a body it will cause a high pressure and a low-pressure
region. The sum of the distributed pressure over a section profiles surface will generate
the pressure drag, and components crucial for the drag are the ones parallel to the flow.
If the AoA is highly increased or decreased the pressure drag will increase, due to the
expansion of the separation region. [6].

Skin friction drag: Determining the skin friction drag is challenging since it depends on
several aspects, such as the surface roughness of the foil, the wetted surface area, and the
fluid’s viscosity. The transition zone of the flow, when the flow changeover from laminar
to the turbulent boundary layer, plays a role in how small/large the skin friction drag
becomes. To create as much of a realistic friction drag as possible, the assumption is that
there always is a mixed boundary layer, when both laminar and turbulent flows occur on
the foil section. The shape will be of importance when it comes to where the transitions
occur. There will be some laminar flow on the leading edge, and somewhere over the foil
the transition occurs depending on how and where the thickest part of the section profile
is and the AoA the section profile is operated at [6].
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Miscellaneous - Interference drag: One of the miscellaneous drag is the interference
drag which is related to effects generated by two bodies. The total drag of two separated
bodies will be lower than if they are close or attached. If the bodies are placed side-by-
side, one in front of the other or attached it will cause interference drag. If a wing and a
body are attached the interference drag can correlate to both the boundary layer of the
two bodies, the pressure losses and when the lift distribution is changed. To minimise
the interference, drag design features can be added as fillets or fairings which creates a
transition between the two bodies [17].

Induced drag

When having a finite wing, overroll of the high-pressure air from underneath of the wing,
at the sides, up to the lower pressure on top will occur. This will result in vortices,
which can create a downwash, implying the fluid moves downwards behind the wing. The
overroll will lead to formation drag, or induced drag which will decrease the overall lift
resulting in an extra angle of attack of the wing to achieve the same lift as with an airfoil
[6]. To calculate the induced drag, see Section Lifting Line Theory 2.2.4.

2.2.4 Lifting Line Theory

To enable approximations of the generated lift of a hydrofoil and enable the calculations
to be conducted with generic equations, the theories of the lifting line were used in the
project. Result obtained from 2D cases of a section profile does only reply for wings with
an infinite wingspan, as the vortices generated and the non-uniform distribution of lift
is not into taken account. To account for the effects of a wing with finite span different
theories can be applied. One theory is the Lifting-Line theory by Prandtl and Lanchester,
which is based on numerous approximations and is one of the theories. [18]. With this
theory, the lift distribution over the span of the wing can be established together with the
induced drag, total lift, and downwash. The lifting line theory takes into account wings
that have different taper ratios (different cord lengths along the wing) and wings with an
elliptical planform. An elliptic wing is a wing which gives a constant lift coefficient distri-
bution over the entire wing, and the planform other planforms usually are compared to.
The aspect ratio of the wing should not be smaller than 4 for the results to be dependable

6].

The Lifting Line theory is based on a full wing without a body, and measures can be
taken to account for the body between the wings. One is to remove the body from the
calculations and only account for the exposed wing. The other way is to assume that
the wing is attached to a wall, removing the body in between [6]. To calculate the lift
coefficient for the wing the following equation is used, where Crop is the lift coefficient in

2D for an section profile, AR is the aspect ratio, and « is the angle of attack, see equation
2.7 [7].

Cp = CL?Z a (2.7)
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Elliptical Wing

There are two special cases to which the Lifting Line theory can be applied, the first one
is for an elliptic planform. This wing shape, elliptical wing planform, is useful within the
aircraft design and accounts for a lift force distribution which is elliptic over the wing.
For an elliptical wing, the aspect ratio is defined as the one in equation 2.8, where b is the
span width. The induced drag coefficient, Cp; can be calculated with the lift coefficient,
C, over the wing, where C, is the root cord length, see equation 2.9 [6], [7].

4b

AR = & (2.8)
C2

Cp; = - ALR (2.9)

Arbitrary Wing

For wings that do not have an elliptical planform, certain considerations need to be taken.
To apply the lifting line theory on arbitrary wings Oswald “s Span Efficiency factor is used
when calculating the induced drag over the wing. There are plentiful ways to calculate
the factor, but the value usually lies between 0.7-0.9. The equations for the aspect ratio
will be different when not using an elliptical wing. For straight and swept-back constant-
chord wings the AR will be as equation 2.10, and for tapered wings as equation 2.11.
The induced drag coefficient, Cp;, will instead be calculated as equation 2.12, with AR-
dependent on the type of the shape of the wing [6].

b
AR = — 2.1
= (2.10)
2b
AR = 2.11
. Cr+ G (211)
ct
Cpi = —Re (2.12)

2.2.5 Lift Force, Drag Force & Pitching Moment

Once the different lift and drag coefficients, in both 2D and 3D, have been determined,
the lift and drag force can be calculated on the hydrofoil, together with the density of the
fluid p, the velocity of the fluid V', the area of the hydrofoil S, see equation 2.14 and 2.13.
To calculate the pitching moment, the chord length ¢ together with the pitching moment
coefficient C)y is needed, see equation 2.15 [6].

1
FD = ipV2SCD (213)

10
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1

1
M = §pVQScCM (2.15)

The pitching moment in 2D, is the the moment around an predetermined point along
the section profile, generated by the indifference in pressure distribution. The moment
around the predetermined point will by that vary as the AoA of the hydrofoil is changed,
see Section 2.2.1. The pitching moment in 3D, see equation 2.15 is valid for the planform
Constan-chord, as the pitching moment for other planforms has to be integrated along
the span width and is not addressed in this project.

2.2.6 Planforms

Theories regarding planforms are to increase the knowledge regarding the differences and
the opportunities, of utilising various planforms in the design during the project. The
definition of a planform is the design of the wing seen from above and can be characterised
with different designs, see figure 2.3, further in this section categories of planforms and
their characteristics will be addressed.

Constant-chord planform Elliptical planform Half-elliptical planform
Tapered planform Swept planform Cranked planform
\
.
/ \
’/-‘\‘ ry;_ x\|
Delta planform Disc planform

Cresent planform

= N (]

Figure 2.3: Example of different planform designs

Constant-chord ("Hershey-bar") planform

The constant-chord planform is the simplest of all planform with a rectangular planform.
This type of wing is widely used for small as well as large aeroplanes and the constant
profile enables the manufacturing to be simplified. The beneficial aspect of utilising this
planform is the beneficial stall progression, as the lifting line at the tip is reduced, the stall
starts from the root and progressively propagates along the wing to the tip. Although
the planform is inefficient when it comes to generated drag and lift, that is one reason the
planform should never be used for sailplanes and long-range aeroplanes [6].

11
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Elliptical planform

The Elliptical planform has the most efficient lift distribution when it comes to induced
drag. The planform can be configured as a pure ellipse but also with a straight leading or
trailing edge as a half ellipse. The configuration changes do not lead to any indifference
in the lifting line, although the sharp tip of the half elliptical shape introduces important
viscous effects at higher AoA which has to be considered. Further, the uniform section lift
entails the wing to stall at once, implying difficulties at low-speed or high AoA operations

[6].

Tapered Planforms

Tapered planforms are a commonly used wing planform as it provides better efficiency
than Constant-chord planforms and still being easier to manufacture than elliptical wings.
The tapered planform can be configured in many alternatives where there are three main
areas, Straight tapered, Straight leading or trailing edge, as well as Compound tapered
planform [6]. Designing a tapered planform the taper ratio between the root and tip chord
has to be considered, by using the correct taper ratio an elliptical lifting line can almost
be achieved. The taper ratio for a tapered planform without any sweep back should be
~ 45%, the more sweep back the lower the taper ratio becomes [7].

The taper planform compromises the stall characteristics implying the the necessity of an
aerodynamically or geometrical wing wash-out, alternatively altering the profile section
entailing the root to stall before the tip. A straight leading or trailing edge can be utilised
to compensate for an unexpected centre of gravity, although the design entails challenges
for single-piece spars in manufacturing. The compound tapered planform decreases the
efficiency of the planform and has mainly been used for visibility purposes [6].

Swept planforms

Sweep back planforms are mainly used on aircraft operating at high speeds, delaying the
occurrence of shockways to higher Mach numbers and utilising the stabilisation surfaces
of the planform. The Swept planform can be defined as aft- as well as forward-swept,
where the utilisation of the forward-sweep planforms increases the risk of fluttering and
aeroelastic effects, requiring reinforcements of the wings to minimise the deflection. The
aft-swept planform has a tendency to reduce the AoA at the tip of the wing due to
acroelastic effects as AoA of the wing increases, moving the centre of lift forward [6].
Utilising swept wing one needs to consider the taper ratio, the efficient ratio decreases as
the wing is swept backwards and increases if swept forward [7].

Cranked planforms

Cranked planforms are defined as any wing that has a break in the lading or trailing
edge, implying that the definition includes a large variety of planforms. A subcategory to
this is the semi-tapered planform, characterised by its aileron effectiveness and efficiency
compared to the Hershey-bar planform, increasing the section lift coefficient towards the
tip of the wing. The Crescent planform is sparingly used within the aircraft industry,
the planform allows a thick profile section at the root without introducing shockwaves at

12
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high speeds. The planform contributed to improved aileron control as well as reducing
the tendency of a tip stall. Further, the Schuemann planform is a popular planform
for sailplanes, due to its reduction of lift-induced drag. The planform is not unlikely
the elliptical planform, inheriting the potential risk of an early wing tip stall caused by
the sharp outboard taper ratio. Highly swept planforms can counteract this effect by
locating the tip vortices at the right position. Sailplane wings will due to aeroelastic
effects flex substantially, unloading the wing tip and delaying stall, implying good stall
characteristics. Lower aspect ratio wings are expected to generate decisive wing wash-out
if the wingtip is not swept enough [6].

Delta & other planforms

Delta and double-delta planform are mainly used for supersonic aircraft, stalling at very
high angles of attack with a poor efficiency ratio. Although the planform is beneficial for
supersonic aircraft demanding high movability and where the energy consumption is of no
issue. Further, there are a group of exotic planforms, including Disc- or Circular-shaped
planform, that has been used in a secret project without any success. The planform is very
inefficient and inherits an unstable behaviour, it has mainly been utilised for radar-disc
applications [6].

13
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Method

This chapter deals with the overall product development method and process practised in
this project Hydrofoils on pod for electrical propelled low speed vessels. The project applies
established product development methods adapted to benefit the process of the project.
Main product development methods utilised in the project are the Set-based concurrent
engineering by Toyota [19],[20],[21], and the Product design and development by Ulrich
and Eppinger [22].

Utilising set-based concurrent engineering in combination with the detailed tools of the
Product design and development, the design-space can be successively narrowed through-
out the project, focusing on discarding solutions and working with principle concepts,
instead of investigating all specific possible concepts. The following process seen in Fig-
ure 3.1 was used in the project, considering certain aspects at an early stage of the project,
acquiring knowledge in regard to the constraints and decreasing the design-space, permit-
ting critical decisions to be conducted in a late state of the project in compliance with
lean-product development and set-based concurrent engineering [20],[23].

Section profile Concept Further development &
evaluation evaluation evaluation of concepts
0000 00000
Section profiles investigated Calculations & Evaluation Brainstorming
Cavitation and pressure Concept scoring Synthesis & Evaluation
Section profiles analyses Concept scoring
Stakeholder identification & needs | Function tree Design Requirements Requirement verification
Hull resistance Internal & External research Screening & Ranking Validation of hull-
Product requirement specification Internal brainstorming External research efficiency
Generated concepts Manufacturing processes
00000000 000 Q000
Needs & Concept Material & Validation of concepts
Requirements generation Manufacturing
© Principle concept O Refined concept

Figure 3.1: Process of product development in the project

The process generates principle concepts, based upon the main function, evaluating these
as sets to narrow the design-space. Investigating the material & manufacturing aspects
of the principle concepts, enabling the design-space to be narrowed before further devel-
opment of the principle concepts. Validation of the beneficial aspects and requirement
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justification ensures the outcome complies with the needs, requirements, and expectations.

During the project and within the external research, knowledge has been acquired through
literature searching on the known platforms Google scholar, Research gate and Chalmers
Library, and Google search, gathering information regarding the specific fields. Further,
continuously meetings have been conducted with domain experts, concluding knowledge
through a series of deep discussions, facilitating the design-space to be narrowed and de-
cisions being conducted upon a sufficient foundation of knowledge.

Needs & Requirements. Stakeholder needs were produced in conjunction with the

company, utilising the information, knowledge, and experience already existing.
Considering the different types of needs [24], and utilising the Kano-model [25], care-
fully and iterative elaborate the stakeholders’ needs early in the process. The hull’s
needs and the effect of affecting the hull with a lift force, were conducted with the es-
tablished Savitsky method, approximating the hull resistance with generic equations
[5]. Concluding the requirements considering the elements of the Pugh Design Core
[26], converting the needs requirements [22], and concluding requirements regarding
regulations and laws affecting the product. Iterative elaborating and updating the
requirement specification in collaboration with the company throughout the project.

Foil section evaluation. The evaluation was conducted early in the project, to estab-

lish knowledge and conclude a specific section profile to be utilised throughout the
development process. The method was to select numerous section profiles of a wide
variety of the most common ones, to minimise the variables throughout the project,
conducting an early evaluation of sub-solutions accordingly to Lean-development.
The evaluation was performed with the open software Xfoil [27] together with the
programming language MATLAB dismiss section profiles not fulfilling the produced
requirements [28].

Concept generation. The main function of the product was established, together with

its corresponding sub-functions, from the functional requirements and the func-
tional analysis of existing products [29]. An external and internal research was
implemented to find these functions, to gain inspiration for possible solutions and a
perspective of existing products on the market today, enabling for a brainstorming.
The brainstorming was conducted on the main function with the result of principal
concepts [26].

Concept evaluation. Concluding and evaluating the generated principle concepts were
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conducted within different steps. First, the principle concepts were analysed to-
gether with experts at the company, enabling an understanding regarding the ca-
pacity of the design-space. Second, the principle concepts were evaluated with
quantitative and qualitative methods. The Quantitative method utilises numerical
calculations to assess the capability, and the qualitative method utilises the knowl-
edge within the company the assess and evaluate the pros and cons. Third, the
principle concepts were screened with a Kesselring matrix evaluating each princi-
ple concept against criteria, carefully connected to the requirement specification
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[30],[31]. The criteria were weighted systematically with a Pairwise Comparison
Matrix [32].

Material & Manufacturing. The material and manufacturing were conducted, to in-
vestigate the suitability of different materials and manufacturing methods, narrow-
ing the design-space for further development. The analyses and material selection
were conducted according to the method of Ashby [33], and the manufacturing
methods according to Swift & Booker [34], both being reputable and systematical
methods. Throughout the process, data from the software ANSYS Granta Selector
[35] and the external research was utilised. A structural analysis was conducted to
predict the amount of material needed for the concepts with the software ANSYS
Mechanical [36], to be able to calculate the cost for the chosen material and manu-
facturing processes.

Further development of concepts. Further development of the principle concepts was
conducted with the sub-functions as a primary target, focusing on exploring the
whole reduced design-space. By conducting a second brainstorming upon the sub-
functions, concluding and evaluating the result, synthesising and refining the prin-
ciple concepts was viable. Further, complying with the Lean development and Set-
based concurrent engineering [20], [23], decreasing the design-space of each principle
concept by evaluating the sub-solution, concluding their feasibility for the specific
composition. The principle concepts were then evaluated with a Kesselring matrix
[30], grading the criteria with a Pairwise Comparison Matrix [32], and ensuring the
affiliation between criteria and requirement specification.

Validation of concepts. Requirement verification was conducted to compare the re-
fined concepts towards the requirement specification, concluding the fulfilment of
specific requirements and enabling an understanding of what has to be investigated
and considered in future development. The validation concludes calculations of the
beneficial aspects and efficiency of the hull, by implementing the developed principle
concepts into the Savitsky method [5], validating and ensuring the performance of
the product implemented on different hulls.
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Development of hydrofoil concepts

This chapter regards the development of the hydrofoil concepts including eight differ-
ent sections. The development starts by investigating the needs and requirements of the
product, examining the effect of affecting a hull with a lift-force from a hydrofoil, and con-
cluding the requirement specification. The evaluation of section profiles of the hydrofoil
considered the effect of changing the parameters of the NACA 4-digit definition, deciding
upon one section profile for the hydrofoil calculations, narrowing the design-space.

The core of the development process consists of three main steps, each focusing on de-
creasing the design-space and gathering knowledge. The first was to generate ideas upon
the main function, concluding principle concepts and evaluating them. Thereafter mate-
rial and manufacturing processes were investigated to gain knowledge and conclude what
appropriate materials and manufacturing methods could be utilised to enable the designs.
The last step of the core development phases consists of further development of the con-
cepts, utilising the sub-functions to generate sub-solutions, ensuring the design-space is
carefully investigated, enabling refinement and development of concepts.

The refined concepts were evaluated and the remaining were validated by analysing the
requirements and desires in the requirement specification, and by implementing the forces
generated by the foils into the Savitsky method ensuring the performance of the concepts.
Finally, the ethics and sustainability regarding the concepts are considered, and outcome
of the project is discussed. The word foil is used throughout the report instead of the
word hydrofoil to make it easier for the reader to read and follow.

Disclaimer: The information and data in the development are generated by the project,
implying that the Requirement specification has been developed in consultation with the
company, but does not originates from their data, therefore the company does not take
any responsibility for the result.

4.1 Needs & Requirements

This section investigates the requirements and needs correlated to the product, concluding
the requirement specification, to systematically ensure that the development complies
with these. Identifying the stakeholders that are affecting the product or are affected
by the product during its life cycle, and concluding their needs and requirements. The
effect of affecting a hull with a lift force generated by a foil is investigated to enable the
requirement of necessary lift force to be determined. The product specification concludes
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the requirements in relation to the product.

4.1.1 Stakeholder identification & needs

The stakeholder and other actors were identified at the beginning of the project to es-
tablish who is affecting or affected by the product, through interviews with Volvo Penta,
to identify the needs. Since the aim is to develop foils on pods, the users and stake-
holders will not deviate considerably for this product compared to the products sold by
the company today. The customer needs regarding the end customer which are the boat
owner /operator and the fellow travellers, both the customer and company’s needs were
derived and compiled from discussions with experts at the company.

The primary user of the product is the boat owner/operator propelling the boat together
with the fellow travellers on the boat, whilst the secondary users are the company, person-
nel who stores the boat whilst not used, and maintenance and service personnel, see Table
4.1. The main customer of the product is the boat builder, which sells the product to
the end customer, the expected boat owner. Volvo Penta is the primary stakeholder, sec-
ondary stakeholders are the suppliers providing the company with parts for the production
and maintenance of the product. Additionally, regarding regulation the European com-
mission, the Det Norske Veritas (DNV) and International Maritime Organisation (IMO)
are secondary stakeholders affecting the requirements of the product.

Table 4.1: Users, other stakeholders the respective actor for the semi-foil product

Users & Other Stakeholders | Actor

Boat owner/operator
Fellow boat travellers
Volvo Penta

Primary users

Secondary users Storage owner
Maintenance and service personnel
Primary stakeholder Volvo Penta

Boat builder
Commercial companies

Customer Boat owner/operator
Expected boat owner

Supplier Manufacturers of Volvo Penta designed parts
Suppliers of standard parts
European Commission

Regulatory agencies/Society DNV

IMO

The customers’ basic needs and expectations of the product during operation comply with
Volvo Penta’s needs. The product is to be used in a submerged environment and the boat
is stored on land when it undergoes service and is not in operation, implying a range of
different temperatures and external stresses which the product must be able to withstand.
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The product should not increase the complexity of operation, avoiding the necessity of
education to enable the operator to manoeuvre the boat, the maintenance and cost, which
would decrease the primary user satisfaction. The boat is to be propelled effortlessly and
comfortably, without any extra annoyance regarding for instance clamorous noise, both
above and below water, or increasing additional aspects to consider during operation.
One explicit need is the ease of use, by owning and operating the boat with a minimum
need for maintenance, such as removal of biofouling, removing debris, and no additional
repairs regarding maintenance of corroded parts and leakage.

When observing the customer propelling a semi-displacement boat at increased speeds,
depending on the type of boat, the field of vision is decreased since the angle of attack of
the boat is increased and the bow tilts upwards. A need for the customer is visualisation,
to have the eyes on the horizon at all times, ensuring a safe and pleasant ride without any
disturbances. When the boat’s pitch increases, the customer will encounter problems and
difficulties regarding the ease of moving around on the boat in a safe manner. In addition
to increased speed changing the pitch, it can be altered by the waves and the wind, which
in turn have an effect on the roll of the boat. Further, the pitch and roll can be altered by
uneven weight distribution, which is a repeated encounter due to deadweight and fellow
travellers relocating their positions. This correlates to the need of feeling secure whilst
operating the boat, the boat should not infuse an unsafe feeling while being operated.

Increasing the pitch of the boat in the speed range of 10 — 20kn increases the displace-
ment of the water and so the drag acting on the hull. This correlates to the efficiency
of operating the boat. One explicit need is to minimise the need for charging, preferably
not to charge at all during a day trip. Many times the customer wants to visit an island
and not all of them contain charging stations. This resembles the need for an extended
range of one charge, by increasing the efficiency of the hull, and decreasing the total cost
of the operation, as the need for decreasing the environmental impact.

The company’s needs are to provide a longer range together with increased efficiency along
with providing innovation to maintain their market position. Since new requirements
emerge regarding environmental aspects, decreasing the usage of material is an uprising
need, along with reduction of the weight of the boat since increased displacement correlates
to increased energy consumption. Today, the company has the need to maintain and
enhance the user experience for the customer, along with the philosophy of Easy Boating
[37]. Easy Boating is to supply products which allow whoever to propel the boat regardless
of experience and training, complying with the idea of enhancing the user-friendliness.
Easy Boating incorporates simplicity of ownership, complying with the need to decrease
the risk of failure and increased serviceability.

4.1.2 Hull resistance

Investigating and understanding the resistance and behaviour of the hull, and the changes
of it when affected by forces generated by a foil, was conducted by utilising the Savitsky
method and its equilibrium equations, see Section 2.1. There are other generic approxima-
tion methods addressing different approaches of calculating the resistance of hulls, such as
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Van Oortmerssen, Holtrop, Holtrop & Mennen, focusing on the displacements and cargo
vessel category. Savitsky utilises equilibrium equations, enabling external forces to be
added to the equations.

A hydrofoil generates a drag and lift force which affects the hull, these forces can be added
to the equilibrium, see Figure 4.1. The method of adding external forces to the equilibrium
has been implemented when investigating interceptors for boat hulls with great success
[38]. The accuracy of the Savitsky method has been extensively investigated and compared
to both CFD models and physical models, the result indicates that the Savitsky method
replicated the behaviour of the physical model from speeds of 12 knots, although the
values are slightly offset [38], implying the validity of utilising the method comparing the
changes when adding external forces focusing on the speed of 15 knots.

VCGroil

Droil
Lf(\il

Figure 4.1: Forces affecting the hull in the Savitsky method, including forces from
hydrofoil

Calculation of the extended equilibrium equations 4.1, 4.2, 4.3, and the equations of
the Savitsky method, see Appendix B, was calculated with the software Matlab, as the
equations have to be iterated in different steps to find the values generating moment equi-
librium of the hull, for the structure of code see flowcharts in Appendix A.

Equilibrium:

1T Ag =N -cos(t)+Tsin(t+€) — Dy - sin(7) — Dyoit - sin(7) + Lo - cos(t)  (4.1)
—: T - cos(T +€) = Dy -cos(1) + N - sin(7) + Doy - cos(T) + Loy - sin(T) (4.2)

~:N-c+ Df ca—=T-f+ Lfm;] . LCGfmjl + Dfmjl . VOGfm;] =0 (43)

The structure of the developed script uses the data of the boat and foil, calculating
the resistance and the angle of attack of the hull for every speed desired that fulfils
the requirements of the Savitsky method, see Section 2.1. The script was validated by
running the same hull specifications used by others, and comparing the result to ensure
validity. The articles used for result comparison are the Savitsky method [5] as well as an
investigation of electrical boats [39].
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Hull Specifications

To gain a sufficient understanding of the hull when affected by a foil, a group of different
hulls was investigated, see Table 4.2. The values of the hulls were synthesised in collabo-
ration with the company experts that possess great knowledge within hull properties and
user groups.

Table 4.2: Hull specification of investigated hulls

Boat name | LWL [m] | BWL [m] | Deadrise [°] | Disp. [kg] | LCG [m] | VCG [m]
Ideal boat 11.0 3.6 10 10500 9.5 1.2
Small Flat 8.5 3.0 ) 8000 3.5 0.9
Small Steep 8.5 3.0 15 8000 3.5 0.9
Large Flat 15.0 4.5 ) 16000 7.0 1.5
Large Steep 15.0 4.5 15 16000 6.0 1.5
Speed Boat 15.0 4.0 24 16000 4.5 1.2

The group contains six different hulls that range from 8.5 — 15m length, displacement
8000 — 16000kg, and a deadrise of 5 — 24°, accounting for the range of hulls of interest.
A deadrise of 5 degrees for the Small Flat and Large Flat boat implies a hull with less
planing threshold than the Small Steep and Large Steep boat that has a deadrise of 15
degrees. The Small Steep and Large Steep boat, accounts for typical parameters utilised
for today’s planing hulls at a speed of 25-35kn, characterised by their ability to withstand
rough pounding while maintaining a high speed in rough seas. Increased deadrise of the
hull at the speed of 15kn, increases the hull’s ability to handle rough sea, the drag of the
hull, and the pitch angle, implying a trade-off regarding drag of the hull, seaworthiness,
safety, and field of vision when designing the hull. Further, the Ideal boat is a compromise
of the parameters in the specification, complying with a realistic design of a hull developed
for the speed of 15kn. The Speed Boat is an extreme case regarding high deadrise angle
and stern heavy design, parameters normally utilised for very fast hulls operated in rough
seas.

Result of hydrofoil

Performing the calculations with the developed mathematical model for each hull specifi-
cation at a speed of 15kn, varying the lift force generated by the hydrofoil, generates the
result seen in Figure 4.2, and Appendix C. The lift force generated by the hydrofoil was
increased incrementally to analyse the effect on the hull, although the drag induced by
the hydrofoil is not included in the drag of the hull, implying that the calculations only
consider the decrease of the hull and not the whole system. The beneficial aspects and
decrease of the drag for the whole system are considered and calculated for the developed
concepts in section 4.7.2. The calculations aim to find the lift force acquired to efficiently
decrease the resistance of the hull, obtaining the needs of the product.
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Drag reduction vs lift force generated by foils

AoA of boat vs lift force generated by foil
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| |

Drag reduction [%]
o
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(a) Drag reduction of hull when affected by (b) Angle of attack of the hull when affected
a liftforce by a liftforce

Figure 4.2: Effect of affecting the hulls with an lift force generated by hydrofoils

As seen in figure 4.2a the drag reduction of the hull decreases as the lift force generated
by the hydrofoil increases. It is clear that large hulls with low deadrise angles are hard
to affect, as the size of the hull decreases and the deadrise increases, the hull becomes
easier to affect. Further, the effect of increasing the lift generated by the foil decreases
surpassing ~ 20000N. In figure 4.2b it is illustrated how the Angle of Attack (AoA) of the
hull decreases as the lift force increases, implying a more pleasant experience for the user.
Due to these results, a benefit and stagnation were seen in the span of 10000 — 20000V
of lift generated by the foil, decreasing the hull resistance for almost every hull with at
least 10%, and the AoA with at least 1°. The development will aim at a continuously lift
force of 15000N at 15kn, divided between two pods implies 7500N for each pod.

4.1.3 Product requirement specification

A requirement specification was created at the start of the project and revised during the
project. It is conducted to be able to utilise all information affecting the development
of the product and capture the intention, linking the customer and company needs. The
requirement list is divided into 14 categories, where the most comprehensive are the
performance and material, along with requirements and desires regarding environment,
safety and cost. The requirements were developed in consultation with Volvo Penta,
with Volvo Standards and classifications, and Pugh Design Core [40], and divided into
functional requirements (denoted F') and non-functional requirements (denoted NF) where
the most important requirements and desires are listed in the Table 4.3. The rest of
the requirement specifications can be seen in Appendix E. The subjective values in the
requirement specification are derived from calculations during the project.
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Table 4.3: Most important requirements/desires from the requirement specification

No. ?//IEF Requirement Unit Spec. Justification

1.3 |R.F Foil should break before pod Binary | Pass/Fail P. stakeholder

15 D F Angle 'of Attack of foils should be actively adjustable during Binary | Pass/Fail P user
operation

1.6 |R.F Must not generate cavitation Binary | Pass/Fail P. user

1.8 |R. F Must generate lift N 7500 P. Stakeholder

19 |R.F Must generate inverted lift N 2000 P. stakeholder

1.10 | R. F Must have a lift/drag ratio at design speed ratio 8 P. stakeholder

1.11 | D.F Should have a lift/drag ratio at design speed ratio >15 P. stakeholder
Should increase the boats energy efficienc .

116 | D. ¥ (compared to same solution W;E}h()ut foils)y (%] >10 P- user/Customer

1.17 | D. F Should handle rolling motions of hull (in 2-4 pod installations) | Binary | Pass/Fail P. user/Customer

1.18 | R. NF | The product must be designed for an ideal speed of kn 15 P. user

124 | R. F Must prevent entanglement of foreign objects Binary | Pass/Fail P. user/S. user

21 | R NF Pod.-&-fo.ils mu.st. have a decreased weight in regard to % ~15 P. user /stakeholder
the initial design of pod

23 |R.F Must withstand loads applied to it during operation Binary | Pass/Fail P. stakeholder

2.5 | R. NF | Must handle a storage temperature Degrees | -35<X<80 | P. stakeholder/S. user

2.7 | R.NF | Must be able to handle salt water Binary | Pass/Fail P. stakeholder

2.8 | R.NF | Must be able to handle UV radiation Binary | Pass/Fail P. stakeholder

2.9 | R.NF | Must withstand corrosion Binary | Pass/Fail P. stakeholder/S. user
Surface layer must be though to withstand intensive Binary | Pass/Fail

2.10 | R. NF cleaning z;nd chemicals ¢ & pH & 0</X<13 P. user/S. user

51 | R NF )/Il.lS't not use I.natc%rial which is included in the Volvo Top Binary | Pass/Fail STD 100-0005
Critical Materials list

14.1 | R. NF | Must not cost more than a certain amount to produce the foils | SEK 5000 P. stakeholder/Customer

The functional requirement mainly originates from the performance category in the re-
quirement specifications. The functional requirements mostly regarding how to generate
and control lift, and the efficiency of the product since this is part of the main function
of the product, see Section 4.3.1. Moreover, they regard safety aspects such as that the
hull is to be intact if there is an impact. Numerous non-functional requirements include
constraints regarding material, such as must handle salt water, ultraviolet light, certain
storage and operation temperatures, but also cost aspects, such as the foil must not add
any extra service cost and limitations regarding cost to produce the foils.

To be able to produce the product certain considerations regarding material, chemicals
and noise need to be taken into account, which a few non-functional requirements re-
gard. Volvo Groups standard STD 100-0005 lists materials that are derived from EU s
List of critical Raw Material [41], and should be avoided if possible. Some of the ma-
terials are on the list due to their carbon footprint but can be reduced if measures are
taken. Further, consideration regarding chemicals needs to be done, both due to the
standard STD 100-0002 [42], which declares which chemicals substances shall not exist
in chemical products or processes, but also the restrictions of the STD 100-0005 standard.

Regarding underwater noise, the regulations are few, but there are some guidelines and
optional classifications on the market to follow, with respect to vessels and commercial
ships. The SILENT-E class notation from the DNV [43], and the MEPC.1/Circ.833
guidelines from the IMO [44] to reduce underwater noise have requirements to satisfy and
aspects to consider. Since the noise affects the marine life negative [45], there is nothing
saying that the guidelines, classifications and regulations today will result in more regu-
lated restrictions in the future, taking this matter seriously when designing the product
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and therefore including requirements regarding these aspects.

4.2 Section profile evaluation

The project aims to investigate the broad variety of foils and their characteristics, im-
plying that the section profile of the foil will not be optimised. Although the variety
and different characteristics achieved by changes in the section profile have to be investi-
gated, understanding the changes of behaviour as the section profile changes. This was
conducted by investigating the NACA 4-digit as it is a well know and extensively in-
vestigated definition, see Section 2.2.1. To investigate the characteristics of the section
profile, the pressure distribution has to be generated for the specific usage case, to do
so an open-source 2D Computer Fluid Dynamics (CFD) software called XFOIL6.99 was
utilized [27]. The software calculates the flow around the 2D-section profile, allowing all
necessary data to be generated, such as Cpg, Cpy¢, Crya2p, and Cpap, for each Reynolds
number as well as AoA, see Section 2.2.4.

The open-source software was run through the programming software Matlab allowing
extensive data to be calculated and analysed regarding a variety of different section profiles
from the NACA 4-digit definition. The purpose of the investigation is to map the changes
in characteristics when changing the profile thickness as well as the camber of the section
profile. To do so, a variety of section profiles was chosen, see figure 4.3, and data were
generated for different chord lengths, AoA, and different speeds of 10, 15, 20 knots.
The chord length and the speed affect the Reynolds number implying the interest in
investigating the behaviour due to these changes.

NACA0012 NACA0020

o

NACA2220

NACA3312 NACA3320 @
NACA3335

NACA4412 NACA4420

NACA0035

NACA4435

Figure 4.3: NACA 4-digit section profiles investigated

As the result of calculating the flow in regard to the different section profiles and running
conditions, the software generates the pressure in relation to the section profile. Analysing
the result, it is important to consider the risk of cavitation for the different section profiles.
Cavitation occurs when o < |min(C,)|, see section 2.2.2. Calculating the cavitation
number, see equation 2.4, for different speeds indicates the exponential decrease, see

26



4. Development of hydrofoil concepts

figure 4.5 (a), implying the increased risk for cavitation as speed increases. The pressure
distribution in regard to the section profile NACA3320 in the running conditions of alpha
(AoA) 5° and Reynolds number 2.3e+406, is to be seen in figure 4.5(b).

8 2 T
NACA 3320
-1.5+ Re =23et06
Alpha = 5°
CP . =-1.68
-1k min

Cavitation number (o)
5 % 4 o

. ==

L . . . . . L L .
10 12 14 16 18 20 22 24 26 28 30
Speed [kn]

(a) Changes in cavitation number as speed (b) Pressure distribution at a speed of 15kn
increses and a chord length of 0.3m

Figure 4.4: Caviation and pressure distribution in ragard to the section profile

This running condition is equivalent to a speed of 15kn and a chord length of 0.3m, and
yields a min(C,) = —1.68, implying that o < |min(C,)| and cavitation will not occur.
As the aim is to obtain as high lift as possible without the risk of cavitation the C7 and
min(C,) were plotted for each section profile, speed, and chord length, see Figure 4.5 for
speed of 15kn and chord length of 0.3m, see Appendix D for others.
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Figure 4.5: Coefficients calculated for all section profiles at a speed of 15kn and a
chordlength of 0.3m

Analyzing the result, the aim is to generate as high a lift as possible without the risk of
cavitation, implying that C', should be as high as possible without exciding the cavitation
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limit (the right bottom quadrant). Further, it is clear that increasing the thickness of the
section profile flattens and increases the value of the curve, implying that thick profiles
have a lower constant pressure with less change in min(C,) as Cf, is increased. Increasing
the curvature of the section profile pushes the curve towards the right as well as tilting
it clockwise, implying a higher C'; not exciding the cavitation limit and less change is
min(C,) as Cy, is increased.

The section profiles NACA3320 and NACA4420 are the ones generating the highest C,
values without exciding the cavitation number, although the NACA3320 generates higher
negative C'p, implying the possibility to generate inverted lift. The NACA3320 was due
to this chosen as a section profile for further development and calculation in the project
(be aware that this section profile is sufficient but not optimized for the application).

4.3 Concept generation

The core development phase started with the concept generation, deriving a function tree
to fully understand the product. To gain knowledge and inspiration regarding products
generating lift /inverted lift, internal and external research was conducted by screening
the competitor’s solutions of foils on pod, and seeking other inventions. The concept
generation was implemented by an external and internal brainstorming, concluding eight
principal concepts and addressing their characteristics.

4.3.1 Function Tree

To divide the product into smaller pieces and parts, and fully understand the product
and how it should perform, a Function Tree was created [29], by utilising the derived
requirements and analysis of existing products. The Function Tree is a part of a larger tree,
this is a branch of a larger context, where the top function is to reduce drag. In this project,
the principal solution of a pod was given at the onset as a group solution to investigate,
enabling the design-space to be narrowed and only this branch to be investigated, see
Figure 4.6.
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Figure 4.6: Function Tree of the product

The Function Tree contains a primary function which is to increase the efficiency of the
hull, utilising lift from foils and doing so in a user safe and comfortable manner. This
function is derived from the first question in Specification of the issues under investigation,
see Section 1.2.2. The primary function could then be divided into three areas, with the
corresponding functions as generating lift in a comfortable manner, enabling serviceability
and providing a safe ride for the user. The three functions were split into 12 sub-functions,
which are used later in the project during brainstorming and to be able to create sub-
solutions to synthesise concepts.

4.3.2 Internal & External Research

Internal and external research was conducted through discussion with experts within the
field, along with a screening of competitors’ solutions for foils on pod, investigating car
and aircraft wings and other special features by searching the internet. The purpose was
to analyse in what fields foils are highly used, and to gain knowledge of which type of foils
are used since there are numerous different variants. Further to gather knowledge about
the foils’ different characteristics and get inspired when generating ideas for the concepts.

Hydrofoils: The hydrofoils on the market today come in all different shapes and forms,
and are implemented on for example leisure and commercial vessels, ferries, sailboats,
catamarans and kites to lift the vessel/object out of the water. An article found cate-
gorised the foils by their different shapes and what distinguishes them. The foils were
named by different letters since their shape resembles it, categorised as E, V, T, Y, L, U,
0O, C, J, L and S-foil, where some are more suitable for lifting the boat out of the water,
some are used to stabilise it [46]. Investigation on the market shows a decent amount of
foils on kites, many of them looking like a T-foil [47],[48]. Some do differ; one which is
a biplane, has two foils stacked on each other [49], one which is shaped like an ellipse, it

29



4. Development of hydrofoil concepts

resembles an O-foil [50], and one which is a biplane but attached on the tips instead of in
the middle [51].

Regarding competition mono-hull and catamaran sailboats other shapes of foils are used,
for example, the Y-foils [52] and a mix of two foils, L-foil and T-foil [53]. These are not
only used to reduce displacement to create a vertical lift, but to generate a sideways lift
to counteract some of the leeways, therefore other shapes than a T-foil are used [54]. On
one sailboat the foils were only attached to the sides of the boat to stabilise it [55].

Foils implemented on leisure boats are not as commonly used as in the other fields. There
are boats including two T-foils, one on each side, but attached by the foil and placed un-
derneath the boat. The amount of immersion can be changed, optimising the operation
and facilitating propulsion in shallow water [56]. The boat is implemented with a support
foil at the stern. Further, a concept boat with a similar shape and set up of foils is found,
but this has a mechanical adjustment system [57]. Another boat uses two L-foils, turned
inwards resembling the attached T-foil [58]. The main task of all of these foils is to lift
the boat out of the water. However, there is one company which provides a foil which is
to be implemented on the stern of the boat. Instead of lifting the boat out of the water
it is used to damper pitching and increase the efficiency of the operation [59].

Foils on pod: Investigating the field where foils are attached straight to the pod to
generate lift, a few different concepts were found. The first one has foils that are slightly
swept back elliptical planform [56]. The second solution is a tapered shaped foil with
winglets and flaps to control the lift [60]. Some foils on the market are attached to the
cavitation plates to generate lift and therefore reduce bow trim [27]. All of these were
shaped as T's.

Car wings: Wings which generate downforce was looked upon since it has the same main
function as a foil just in the opposite direction. An E-foil was found to be implemented
at a race car from a children’s movie [61]. An old rally car [62] has a similar implementa-
tion, just not as many wings stacked on top of each other, called the triple-decker. These
wings "grow" out of the rear window. Another rally car has a wing that is shaped like a
closed-loop instead of a wing with ends to create downforce, implemented at the end of
the car [63].

Closed wings on aircrafts: Not only regular-shaped wings can create lift for an air-
craft, but a closed wing on aircraft is also another way to generate it. Several different
closed wings are existing, but some of them have never been developed for commercial
application. Four different designs emerged when screening; where the first one was the
box wing [64] which is a square around the aeroplane. The rhomboidal is a similar one,
but this one is skewed to the back of the aeroplane as well [65]. The last two are two
different ring types; the flat annular wing [66] which extends from the front to the back
of the aircraft, and the concentric wing and fuselage [67] which is a ring around the aircraft.

Special features: When conducting the research plentiful details and special features
were found on both hydrofoils and wings. A main feature on wings is the winglet. It
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is used to reduce the induced drag by reducing the vortices generated at the wingtip
[68]. Vortex generators are another component used on wings and some foils. Their main
attribute is to delay the separation along with controlling the separated flow [69]. The
latter is the main purpose of wing fences (boundary layer fences), they can prohibit the
whole wing to stall simultaneously [70].

To reduce interference drag, see Section 2.2.3, fairings and fillets can be used between
the wing and the fuselage [71]. To increase lift force, on the other hand, flaps and slats
can be used on the wing. These moves to increase the area of the wing, and therefore
increases the generated force, and by rotating the flap and slat the camber of the wing
can be alternated resulting in an increased lift force [72]. An interesting case was found
regarding an interceptor edge attached to the trialling edge of the wing to increase the lift
force [73], this may however increase the drag of the foil as well. Regarding stalling, there
are some other design features to regulate its appearance. These are called wash-in and
wash-out, whereas the latter is where the section profile at the root has a greater AoA
compared to the section profile at the tip of the wing. This will enable a situation where
the root stalls sooner than the tip of the wing. The opposite applies to wash-in [74], see
Section 2.2.6.

4.3.3 Internal Brainstorming

The first brainstorming was conducted to generate ideas of principle concepts, generating a
broad variety of conceptual ideas on how to generate lift by utilising hydrofoils on the pod.
The brainstorming was kept to total concept solutions, preserving a manageable amount
of solutions while investigating the design-space. The brainstorming was conducted by
the project group, utilising the methodology of post-it brainstorming [26]. The session
was divided into three short runs, allowing the participants to generate and discuss ideas
in an iterative manner, the result of the session is to be seen in Figure 4.7.
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Figure 4.7: The groups as a result of the brainstorming session, declaring the
concluded groups

As the total solutions were grouped, composing principal concept groups characterised
by the overall solution of how to generate lift, complying with the main function in the
function tree, see Figure 4.6. Further, there were categories with Eztras and Planforms,
containing winglets, flaps, slats, vortex generators, and different planforms of the foil
itself. These sub-solutions can be utilised for all principal concept groups and are by that
disconnected and individually addressed. The principle concepts are further addressed in
the following Section 4.3.4.

4.3.4 Generated Concepts

In the following section, the concluded eight principle concepts are visualised and their
characteristics addressed, accounting for the freedom in design and their possibilities.

Principal Concept A: Single

The principle concept A: Single, is characterised by a pair of foils attached to the sides
of the pod, enabling lift to be generated. The similarities to other hydrofoiling products
and aeroplanes are distinct for this principle concept. The amount of generated lift can
be controlled by rotating the foils to decrease/increase the AoA, implying low complexity
of functionality and the mechanical system. A drawing of the principle concept was con-
ducted, enabling an understanding of how the concept can be characterised, highlighting
problematics, and fostering new ideas, see Figure 4.8.
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Figure 4.8: Visualisation of the principle concept Single

The principle concept can be utilised with different types of planforms, enabling different
characteristics of the foil, see Section 2.2.6, slightly swept-back leading edge can improve
the prevention of debris entanglement. Allocating the foils at different positions on the
pod, can change the characteristics of the system as the impact of the forces generated
is changed. Attaching the foil above the propellers the foil can plausibly be working as
a cavitation plate for the propellers, although this manoeuvre requires careful considera-
tions regarding the interaction between propellers and foils.

The viscous speed behind the propellers is increased in regard to the free flow stream,
implying that the foil might be exposed to differences in speed along the span width. To
manage these differences, the section profile along the wingspan can be varied, optimising
the lift and avoiding cavitation at different circumstances and speeds. The foil can be
designed with wash-in and wash-out to change the stall characteristics and is depending
on the used planform, see section 2.2.6. As the principle concept can utilise simple straight
leading/trailing edges, slats, flaps, winglets, and vortex generators are easily attached.

Principal Concept B: Decker

The principle concept B: Decker, is characterised by multiple foils attached to each side of
the pod, focusing on 2-3 foils at each side, dividing the required lift force among multiple
span widths, enabling the total width of the concept to be minimised. The foils can
be located in a horizontal row, vertical row, or spread out along the side of the pod,
although the hydrodynamic interaction between the foils has to be carefully considered.
The amount of generated lift can be controlled by adjusting the AoA by rotational motion
for all foils, implying a high complexity of the mechanism if the system enables individual
control of each foil. A drawing of the principle concept was conducted, enabling an
understanding of how the concept can be characterised, highlighting problematics, and
fostering new ideas, see Figure 4.9.
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Figure 4.9: Visualisation of the principle concept Decker

The principle concept can be utilised with different planforms, wash-in/wash-out, and
varying section profiles of the principle concept A: single. The principle concept enables
the foils to inherit different section profiles extending the possible characteristics of the
group of foils, and allowing extensive configurations to be explored. Further, the multiple
foil solution enables the structural integrity to be re-enforced and reduces the generated
vortexes by connecting the foils with end-plates.

Principal Concept C: Y-foil

The principle concept C: Y-foil, is characterised by a pair of foils attached to the sides
of the pod forming the shape of a Y, a wide stance generating sufficient moment, and is
greatly influenced by the development within the sail racing industry. The shape of the
wings can be varied in many different designs, allowing large freedom of design. The wide
stance improves the roll stability of the system, counteracting unwanted roll motions of the
vessel, although a wide stance comes with more surface and which decreased the overall
efficiency. A drawing of the principle concept was conducted, enabling an understanding
of how the concept can be characterised, highlighting problematics, and fostering new
ideas, see Figure 4.10.

Figure 4.10: Visualisation of the principle concept Y-foil

The principle concept can be utilised with different planforms, wash-in/wash-out, and
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varying section profiles of the principle concept A: single. The principle concept allows
the radius between the foil and the pod to be large, minimising the vortex generated as
the two boundary layers interact. Further, the lifting area of the foil is dislocated from
the accelerated viscous stream generated by the propellers, and actively adjusting the
AoA of the system requires large motions to be performed, increasing the complexity of
the mechanisms.

Principal Concept D: Behind

The principle concept D: Behind, is characterised by a foil or pair of foils attached behind
the pod itself, implying a continuous wingspan and lifting line, increasing the overall effi-
ciency, see Section 2.2.4. By utilising multiple wingspans and a continuous lifting line the
width of the concept can be minimised, excluding the edges of the foils by using endplates,
the generated vortexes can be minimised. A drawing of the principle concept was con-
ducted, enabling an understanding of how the concept can be characterised, highlighting
problematics, and fostering new ideas, see Figure 4.11.

¥ 4

Figure 4.11: Visualisation of the principle concept Behind

The principle concept can be utilised with different planforms, wash-in/wash-out, and
varying section profiles of the principle concept A: single. High freedom of design, en-
ables a large variety of shapes to be utilised, changing the characteristics of the system.
Rounded foils focus the forces towards the centre, implying that less moment counteracts
the rolling motion of the vessel, although maintaining equivalent characteristics indepen-
dently of roll-angle. Further, actively adjusting the AoA of the foil requires a complex
mechanism as the foil is attached behind the pod.

Principal Concept E: Comes Around

The principle concept E: Comes Around, is characterised by a foil continuously swept
around the pod, enabling the foil to be manufactured in one piece. The continuous foil
features no edges, implying that the vortices generated can be minimised, and a continuous
lifting line of the bottom part, increases the efficiency and enables a compact solution.
A drawing of the principle concept was conducted, enabling an understanding of how
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the concept can be characterised, highlighting problematics, and fostering new ideas, see
Figure 4.12.

Figure 4.12: Visualisation of the principle concept Comes around

The principle concept enables high freedom of design as different section profiles and dif-
ferences in primary AoA can be utilised to vary the characteristics along the foil, handling
cavitation and stall characteristics. Preferably the top and bottom section profiles inherit
different primary AoA allowing them to stall one at a time. Further, the wing can be char-
acterised by a flexible structure allowing the AoA on each side to be individually adjusted
by rotational motion, twisting the foil. The twist enables the side sections to be angled,
generating a moment counteracting the moment from the motor, implying that the pod
can be redesigned and optimised without considering the moment from the motor.

Principal Concept F: Odd Plate

The principle concept F: Odd Plate, is characterised by a short wingspan and a long
section length, minimising the width of the system, and maintaining the lift area. The
amount of lift generated can be controlled by adjusting the AoA with rotational motion,
the system allows the foil to be manufactured as one or two pieces, implying individual
or joint adjustment of AoA to be utilised. A drawing of the principle concept was con-
ducted, enabling an understanding of how the concept can be characterised, highlighting
problematics, and fostering new ideas, see Figure 4.13.
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Figure 4.13: Visualisation of the principle concept Odd Plate

The principle concept can be utilized with different planforms, wash-in/wash-out, and
varying section profiles as the principle concept A: single. The half elliptical planform
keeps the solution compact. Further, the long section length entails more torque required
to rotate the system, increasing the robustness of the mechanical system.

Principal Concept G: Odd Dual

The principle concept G: Odd Dual, is characterised by the same characteristics as the B:
Decker, see Section 4.3.4, although this principle concept differs as only one pair of the foils
are adjustable, the other pair are fixed at a predetermined AoA. This enables the fixed foil
to always counteract the unwanted motion of the hull. As the hull’s AoA increases the lift
increases and by that reduces the AoA of the hull, vice versa for negative AoA of the hull,
implying the foil starts to generate a negative lift force, pushing the bow upwards. The
adjustable pair of foils can be utilised to increase the effectiveness of the fixed pair of foils
or counteract it, implying a dynamic system capable of generating lift and inverted lift,
being actively adjustable. A drawing of the principle concept was conducted, enabling an
understanding of how the concept can be characterised, highlighting problematics, and
fostering new ideas, see Figure 4.14.
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Figure 4.14: Visualisation of the principle concept Odd Dual

The principle concept can be utilised with different planforms, wash-in/wash-out, and
varying section profiles of the principle concept A: Single. The principle concept can be
modularised to enable different options in the product line, the fixed foils will always
be included and the adjustable foils can be an additional option to purchase, targeting a
larger customer group. Further, there is a possibility to utilise different span widths on the
two pairs of foils, changing the interaction between them, enabling different possibilities
of characteristics for the system. The principle concept is compatible with the extra
solutions such as winglets, slats, flaps, and vortex generators.

Principal Concept H: Odd Berit

The principle concept group G: Odd Berit, is characterised by dislocating the propellers
from each other, fitting a pair of foils in between and behind. Utilising one fixed pair of
foils and one pair being adjustable implies similar characteristics as the G: Odd Dual, see
Section 4.3.4, while maintaining a compact system. Further, the foils can take the form
of a barrel, swept around the propellers, increasing the lifting area while minimising the
spaciousness. A drawing of the principle concept was conducted, enabling an understand-
ing of how the concept can be characterised, highlighting problematics, and fostering new
ideas, see Figure 4.15.
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Figure 4.15: Visualisation of the principle concept Odd Berit

The principle concept can be utilised with different planforms, wash-in/wash-out, and
varying section profiles of the principle concept A: Single. Dislocating the propellers and
fitting a pair of foils in between, implies that the foils will be exposed to non-laminar flow
and the effects have to be carefully considered. Although the dislocation of the pod-legs
enables the possibility to angle the legs, generating a moment counteracting the motor
torque. Further, the dislocated propellers enable individual control of each propeller with
individual driveshaft and motors, optimising the efficiency of the system.

4.4 Concept Evaluation & Scoring

The eight generated principal concepts are evaluated quantitatively and qualitatively,
enabling scoring and comparison of the principle concepts. The quantitative evaluation
concludes the differences in generated lift when changing the size of the foil. The quali-
tative evaluation is established upon elaborately discussions and theories regarding wings
and hydrofoils. The scoring and comparison of the principle concepts are performed with
systematical methods and addresses why certain concepts were excluded.

4.4.1 Calculations & Evaluation

As the principle concepts were generated and clarified, calculations and evaluations of
each principle concept were conducted. The calculations are based upon the wing the-
ory and the data generated with the open-source software, see Section 2.2. Calculations
were conducted for different span widths (b) and chord lengths (c) to obtain a sufficient
design-space, distinguish when cavitation might occur, and the lift acquired to fulfil the
requirement of 7500N, see no. 1.8 in Table 4.3. The generic equations consider straight
wings with the defined planforms, see Section 2.2.4 and Section 2.2.6, implying principle
concepts with more complicated foil geometries could not be calculated, although qual-
itative evaluation for each concept was conducted in collaboration with experts at the
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company. The calculations were conducted with a planform with a taper ratio of 45% as
this is equal to an elliptical lifting line, being the most efficient planform together with
the elliptical planform, see Section 2.2.6.

The skin friction drag is approximated in regard to a constant-chord planform to simplify
the equations, overestimating the induced skin friction drag as the area of a tapered plan-
form is less than a constant-chord planform, see Section 2.2.3 and 2.2.6. The interference
drag between multiple foils is not considered, neglecting the possible hydrodynamic effects
and contemplating the foils as individual foils in a free viscous stream. The interference
drag between the foil and the pod is underestimated, as the elliptical lifting line is defined
from wing tip to wing tip, and does not consider the interference effect, see Section 2.2.3
and 2.2.4. Further, sources of error in regard to approximations and assumptions within
the calculations, are concluded in a series of discussions, see Section 7.1.

A: Single

The principle concept Single has a simple and conservative design, enabling a large variety
of designs and an easy understanding of the functionality. As this type of wings/hydrofoils
has been developed and extensively tested within the industry, the opportunity for success
is increased, although the rotational motion adjusting the AoA is immature, decreasing
the TRL.

Implementing a slightly swept-back leading edge increases the resistance of debris entan-
glement, utilised with an elliptical or tapered planform optimising the efficiency of the
principle concept. Calculations regarding the efficiency (L/D), span width (b), and chord
length (c) were conducted, implying different aspect ratio (AR) and amount of lift force
generated, see Figure 4.16. The * represents the point where cavitation starts to occur,
and should not be surpassed. AoA being the acquired Angle of Attack of the hydrofoil to
generate the required lift force of 7500N.
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Figure 4.16: L/D vs Lift force for the concept Single at viscous speed of 15kn

As seen, to achieve decent efficiency L/D > 15, see no. 1.11 in Table 4.3, generating the
acquired lift without cavitation and maintaining some margin until cavitation, the foil has
to be approximately, 1.320.3m, 1.420.3m or 1.6x0.2m, where the wide foil inherits higher
efficiency although being more spacious. By increasing the span width from 1.3m to 1.4m
/* efficiency increases and the required AoA decreases sufficient enough to validate the
increase of spaciousness. Further, the 1.420.2m foil manages to generate the acquired lift,
although the margin to the point of cavitation is narrow. The 1.420.3m foil was chosen
to be the best trade-off between spaciousness and efficiency, implying this will be the
measurement regardless of planform.

Allocating the foil above the propeller can significantly change the hydrodynamic effect
of both propellers and foil. Utilising the foil behind the propellers enables the foil to
not disturb the propellers and is optimised for the indifference in viscous speed. The
utilisation of extra features such as flaps, slats, and vortex generators significantly in-
creases the complexity of the system and the conditions for biofouling, implying the risk
of implementing such features. Winglets can be utilised to increase the efficiency of the
wing, although extending the width of the wing implies a greater gain of efficiency [75].
Indicating that winglets should be utilised if it does not acquire any additional complexity
of manufacturing.

B: Decker

The principle concept Decker is not widely used within the hydrofoil industry, although
some products incorporating multiple foils have emerged on the market. The concept of
implementing multiple foils has been extensively utilised within the aeroplane industry,
implying a decent understanding of the characteristics. Rotating multiple foils requires ad-
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vanced mechanics and no products have been discovered utilising these conceptual ideas,
implying low TRL of the principle concept.

Further, the principle concept can utilise the same swept back leading edge and planforms
as the Single, although the utilisation of end-plates mostly increases the risk of debris
entanglement. Calculations regarding the efficiency (L/D), span width (b), and chord
length (c) were conducted, implying different aspect ratio (AR) and amount of lift force
generated, see Figure 4.17, where the * represents the point where cavitation starts to
occur, and should not be surpassed. AoA being the acquired Angle of Attack of the
hydrofoil to generate the required lift force of 2500N and 3750V.
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Figure 4.17: L/D vs Lift force for the concept Decker at viscous speed of 15kn

As seen the dual-foil configuration acquires a wingspan of approximately 1.0m indepen-
dently of the chord length, although the smaller chord length implies an increase in AR
and increase in peak efficiency, and is by that preferred. For the triple-foil configuration,
the 0.6x0.3m foil is sufficient and the 0.720.2m increases the AR and efficiency, although
both being below L/D = 15 at the acquired lift generated, not fulfilling the requirements,
see no. 1.11 in Table 4.3. The larger foils can be utilised as a dual and triple config-
uration, implying the triple configuration increases the efficiency by utilising less of the
total capacity of the foil, pushing the point of operation towards the peak of the efficiency
curve. Although a triple configuration entails a more complex system and increases the
risk of failure and cost.

Evaluation of the principle concept of the dual configuration with measurements of 1.020.2m

was considered to inherit the most equitable trade-off between efficiency and spaciousness,
generating the acquired lift with the same efficiency as the Single 1.420.3m foil.
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C: Y-foil

The principle concept Y-foil is utilising a wide stance and angled lifting line, decreasing
the efficiency as the area utilised to generate lift is extended, increasing the skin friction
drag, see Section 2.2.3. The principle concept can be utilised if the case-specific usage
requires a high rolling moment to be generated, as the wide stance entails the possibility
of fulfilling this requirement. Further, the hydrofoil requires a lot of space and torque to
perform a rotational motion changing the AoA, implying a robust mechanical system is
a necessity. The measurements of the principle concept are assumed to be similar to the
Single, where the span width is measured horizontally from the root to the tip of the foil.
The principle concept can utilise the same features and foil configurations as the Single
optimising and changing the behaviour of the system.

D: Behind

The principle concept Behind is requiring a complex mechanical system adjusting the
AoA, entailing a sufficient amount of disadvantages to not include the mechanical system.
As the mechanical system implies a high risk for biofouling, debris entanglement, and
mechanical failure, entailing increased drag and a decreased efficiency. Providing the
principle concept without active adjustment of AoA decreases customer satisfaction and
efficiency as the system can not be controlled or optimised for specific running conditions.
Further, the hydrofoil itself can be designed to optimise the efficiency as there is no
interruption in the lifting line, implying the hydrofoil is comparable to the calculations of
Decker, although expected to be more efficient as the edge of the foil can be eliminated,
implying a probability of decreasing the extent of the vertices.

E: Comes Around

The principle concept Comes Around is one of the most effective and compact solutions,
minimising the risk of failure compared to other compact and innovative solutions such as
Behind and Odd Berit. No generic equations were found that consider the positive effect
by eliminating the edge of the foil and minimising vortices generated, although experts
conclude that there is a strong possibility of increased efficiency. If no vortices were gener-
ated the width of the principle concept could be compared to dividing the single-foil into
two (1.4/2 = 0.7m), see Figure 4.16. If the vortices generated are equal to the Decker
the concept is maximum the width is equal to the Decker, implying 0.9m, see Figure
4.17. This implies that the width of the concept will be between 0.7 — 0.9m maintaining
sufficient efficiency and margin before cavitation.

The possibility of utilising a flexible structure enabling a broad span of characteristics and
individual AoA adjustments on each side, inherits an immense technological challenge,
although introducing possibilities not possible with other principle concepts. The foil
is manufactured as one part, decreasing the extent of assembly. The design is complex,
demanding advanced manufacturing methods and limits the possibility of material choices.
Further, the hydrodynamic interaction between the foils has to be carefully considered,
and allocating the lower foil backward increases the moment at attachment, implying an
increase in moment required to adjust the AoA by rotational motion, and by that the

43



4. Development of hydrofoil concepts

necessity of a stronger mechanical system.

F: Odd Plate

The principle concept Odd plate is similar to the Single, it does distinguish in AR as
the principle concept strives to minimise the spaciousness by decreasing the span width
and increasing the chord length. The same configurations and planforms suitable for
the Single are applicable to the principle concept. Calculations regarding the efficiency
(L/D), span width (b), and chord length (c¢) were conducted, implying different aspect
ratio (AR) and amount of lift force generated, see figure 4.18, where the * represents the
point where cavitation starts to occur, and should not be surpassed. AoA is the acquired
Angle of Attack of the hydrofoil to generate the required lift force of 7500V.
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Figure 4.18: L/D vs Lift force for the concept Odd plate at viscous speed of 15kn

As seen, the required lift force can be generated with a span width > 1.0m, as the AR
is decreased with an increase in chord length, the efficiency of the hydrofoil is decreased,
indicating the importance of striving for a higher AR. If the foil is 1.220.4m the L/D ~ 15
implying ~ 5 less than a 1.420.3m foil. Further, the increase of chord length is expected
to acquire a high moment to change the AoA, requiring a stronger mechanical system.
The principle concept is not suitable if the specific usage case does not forcefully require
a small decrease in span width.

G: Odd Dual

The principle concept Odd Dual inherits the same characteristics as the Decker although
defined as a two foil configuration and one of the pairs being actively adjustable by
rotational motion changing the AoA. This configuration enables other characteristics of
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the system, although increasing the complexity of the control system. As the principle
concept enables one pair of foils to possibly be within the high-velocity stream behind
the propellers, calculations for 15kn and 20kn streams were conducted. The calculations
conducted regarding the efficiency (L/D), span width (b), and chord length (c), implied
different aspect ratio (AR) and amount of lift force generated, see Figure 4.19, where
the * represents the point where cavitation starts to occur, and should not be surpassed.
AoA is the acquired Angle of Attack of the hydrofoil to generate the required lift force of
3750N.
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Figure 4.19: L/D vs Lift force on the Odd Dual for different viscous speeds

As seen in Figure 4.19a, the foil located in the free flow stream has to be at least S = 0.9m
independently of the chord length, implying that the 0.920.2m configuration can be
utilised to minimise spaciousness still fulfilling the requirements. The 1.020.2m configu-
ration can be utilised to achieve similar efficiency as the Singel generating the acquired
lift force. Figure 4.19b indicates that the foil can be as small as 0.720.3m still generating
the acquired lift force, although the span width is larger than the accelerated viscous
stream behind the propellers, implying that the whole hydrofoil will not experience the
accelerated stream, decreasing the lift generated.

H: Odd Berit

The principle concept Odd Berit is the most innovative concept of them all, dividing the
Decker characteristics and allocating the pair of foils between and after the propellers.
Therefore the hydrofoils are no longer exposed to laminar flow, rather a rotating flow gen-
erated by each propeller. The rotating flow contributes to an increased risk of unexpected
hydrodynamic effects to occur, changing the behaviour of the hydrofoils.

Allocating a pair of foils between the propellers increases the risk of debris entanglement
and its severity, as the hydrofoil might catch debris and entangle the propellers, leading
to loss of propulsion. These risks have to be compared and evaluated to the decrease in
spaciousness and increase in efficiency, gained by utilising individually controlled propul-
sion motors. Further, the calculations for the Decker are valid for the principle concept,

45



4. Development of hydrofoil concepts

although the effect of allocating the foils in a horizontal row is uninvestigated, accordingly
to the interference drag, see section 2.6.

4.4.2 Concept Scoring

To enable a systematic evaluation of the eight principal concepts a scoring method incor-
porating a Kesselring matrix and derived criteria concluded with the company and from
the requirement specification was utilised, with the outcome of four remaining concepts.
The remaining concepts were evaluated in a new Kesselring matrix to assess the relevance
of the decision.

Kesselring matrix - first iteration

A kesselring matrix evaluates the performance of the concepts in regard to the fulfilment
of the criteria, implying that the importance of the criteria can be incorporated. To be
able to score the principal concepts in a Kesselring matrix [30], [31], concept criteria were
derived and their factor of weight determined. The eleven concluded criteria include sev-
eral aspects such as the user, the performance of the foil, complexity of manufacturing,
and safety. The criteria are connected to the non-functional and functional requirements
in the requirement specification, see Appendix F.

The criteria were divided into different subjective and objective values, to be able to
determine the value for each criteria and principal concept in the Kesselring matrix, see
Appendix G. The value 1 is ranked as the lowest value and 5 is ranked as the highest
value. Further, a PCM was conducted in collaboration with experts at the company, to
determine the weight factors of the criteria, calculate the factor of weights by comparing
the criteria against each other enabling the scoring of the concepts to be conducted. In
the PCM the 0 indicates that the criteria are valued lower than its comparison, 1 is higher
and 0.5 is the same [32], see Appendix H.

Solution alternative
Critera . - . E Comes F Odd G Odd H Odd
Ideal A Single | B Deckers| C Y-foil | D Behind Around Plate Dual Berit
Name W v t v t v t A t v t v t v t v t v t
Efficiency (L/D) 0155 5[ 0,77] 4] 0.62] 3] 046] 3] 0,46] 4] 0.62] 5] 0,77] 1] 0,15] 3] 0.46] 3] 046
Spaciousness 0,164 5 0,82 2| 0,33 4] 0,65 1{ 0,16 4[ 0,65 5] 0,82 4| 0,65 4] 0,65 4| 0,65
Manufacturing complexity/specialization/cost 0,100 5] 0,50 5| 0,50 3] 0,30 3] 0,30 1] 0,10 2| 0,20 4| 0,40] 4] 0,40 3] 0,30
Required volume of maerial 0,027] 5] 0,14] 5[ 014 3l 008] 3] 008 2[005] 3008 3] 008 4] o011l 3] 008
Complexity of machinery 0,082] 5[ 041 s[04l 1l 008] 1] 008 1[ 008 3] 025 3] 025 3[ 025 3] 025
Maintenance required (company/service) 0064] 5[ 032] 5[ 032 2f o013 4] 025] 1[0 3[o19] 4] 025] 3[o019] 2013
Technical feasibility (TRL) 0,000 5[ 0,00] 4] 0,00] 2[ 000 4] 0,00 1] 000 1] 000 3] 0,00 3[ 000 1] 000]
Risk for debris entanglement 0,073 5 0,36 5] 0,36 2| 0,15 4] 0,29 1{ 0,07 2{ 0,15 5] 0,36 3] 0,22 2[ 0,15
User satisfaction 0,155 51 0,77 4] 0,62 4] 0,62 3] 0,46 3] 0,46 4{ 0,62 2{ 0,31 3] 046 3] 046
Safety 0,091 5| 0,45 2| 0,18 3] 0,27 1] 0,09 2] 0,18 4] 0,36 3] 0,27 4] 0,36 3] 0,27
Innovation 0,091 5[ 0,45 2| 0,18 4] 0,36 2[ 0,18 5| 0,45 5| 045 2[ 0,18 4[ 0,36 5[ 0,45
T=X ti 5,00 3,65 3,11 2,75 3,89 2,92 3,47 321
T/Tmax 1 0,73 0,62 0,47 0,55 0,78 0,58 0,69 0,64
Standard deviation 0 1,04 0,78 1,01 1,26 112 0,84 0,50 0,68
Number of weak points 0 3 4 4 7 3 3 0 3
Ranking 2 s s 7 1 6 3 4
Decision 1-4 continues to the second iteration

Figure 4.20: Evaluation of the principle concepts in the first iteration with a
Kesselring matrix
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The result from the PCM shows that the criteria Efficiency, Spaciousness and User sat-
isfaction entail a high factor of weight. TRL scored 0 since the concepts entail a high
level of innovation and the insignificance of TRL 1-3 for the company as they all require
extensive further development. The takeaways from the first Kesselring matrix was that
the principal concept Singles scores evenly on appreciably many of the criteria, with only
a few weak points. This is similar to the principal concept Odd Dual which has fewer
weak points, implying that these concepts fulfill many of the requirements. These con-
cepts do not possess a complex design, which implying for more ease in manufacturing
and complexity of machinery.

Performing the lowest in the Kesselring matrix is the principal concept Behind has a
considerable amount of weak points, not performing at the criteria connected to man-
ufacturability and maintenance. For this concept, it is difficult to create a solution to
adjust the angle of attack, which is a desire in the Requirement specification, see no. 1.5
in Table 4.3. Since there is a complex design, the severity of maintenance increases since
it becomes more difficult to clean. As for the Y-foil it becomes spacious which implies
safety risks when manoeuvring the boat in different directions. The Odd Plate scores low
at Efficiency, since it has a wide cord length, increasing the drag and therefore decreasing
efficiency. The four remaining concepts where Single, Comes Around, Odd Dual and Odd
Berit.

Kesselring matrix - Robustness

The robustness of the first evaluation regarding the four remaining concepts was tested
in a Kesselring matrix, see Figure 4.21. This was done to investigate if the ranking and
the result of the principal concept would be equivalent, and to assess the relevance of the
decision. The criteria with the highest weight factor; Efficiency, Spaciousness, and User
satisfaction, were removed to evaluate their influence on the result.

Solution alternative
Critera . E Comes G Odd H Odd
el Cingle Around Dual Berit
Name w t v t \ t \ t v t
Manufacturing complexity/specialization/cost 0,196 5| 0,98 5] 0,98 2l 0,39 4 0,79 31 0,59
Required volume of material 0,054 5| 0,27 51 0,27 31 0,16 4 0,21 3] 0,16
Complexity of machinery 0,161 5| 0,80 51 0,80 31 0,48 31 0,48 31 048
Maintenance required (company/service/user) 0,125 5| 0,63 5| 0,63 31 0,38 3] 0,38 2] 025
Technical feasibility (TRL) 0,000 5| 0,00 4] 0,00 11 0,00 3| 0,00 1| 0,00
Risk for debris entanglement 0,143 51 0,71 51 0,71 21 0,29 3] 0,43 2| 0,29
Safety 0,161 51 0,80 2] 0,32 4] 064 4] 0,64 3] 048
Innovation 0,161 51 0,80 21 0,32 51 0,80 4] 0,64 51 0,80
T=XL ti 5,00 4,04 3,14 3,57
T/Tmax 1 0,81 0,63 0,71 0,61
Standard deviation 0 1,09 0,91 0,50 0,81
Number of weak points 0 2 3 0 3
Ranking 1 3 2
Decision 1-4 continues to the second iteration

Figure 4.21: Verification of the concept with the second Kesselring matrix
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As a result, the Single concept scored the highest due to low complexity regarding the
design and machinery, and requiring low maintenance. The criteria Spaciousness is the
criteria which differ most between the concept, where the Single concept scored lowest
due to its span width. The conclusion is that if the solution demands a compact solution
there are other benefits with the Single concept. These four remaining concepts will be
used in the further development of concepts.

4.5 Material and manufacturing

To narrow the design-space and not be constrained to evaluate all materials in the next
iteration of the development phase, and evaluate those who are suitable for the applica-
tion, a material selection was determined after the first iteration of principle concepts.

To investigate materials the method from the book Material Selection in Mechanical De-
sign by Ashby [33] was utilised. The method entails several steps; the first is to derive
the design requirements, the second is to screen the material with constraints, the third
step is to rank the materials and last search for documentation to find specific materials
within the groups along with other materials which can be utilised. To enable the screen-
ing in the second step, material indices were derived to minimise the mass and cost of
the product. To be able to screen and rank the materials the material selection database
ANSYS Granta Selector [35] was used.

Finally, linear static Finite Element Analysis was used to predict the minimum amount
of material needed to manage deflection, implosion and predict if the material permanent
deform when a force is applied. The analysis was conduced in ANSYS Mechanical [36].
By utilising the prediction, calculations regarding the cost of the material and appropriate
manufacturing process could be conducted.

4.5.1 Design Requirements

To be able to find suitable material for the product, the design requirement for the product
has to be specified [33]. The design requirements are derived because they are used in the
future process; the constraints were used for the screening and ranking, see Section 4.5.3,
and the objectives were used for the material indices, see Section 4.5.2. The free variables
are variables to be substituted for, they have no restrictions regarding the product, see
Table 4.4. The design requirements originate from the requirement specification; the
function from requirement no. 1.8, the constraints from no. 2.3, 2.5, 2.7, 2.8, 2.9 and the
objectives from no. 2.1 and 14.1, see Table 4.3.
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Table 4.4: Design requirements for the product

Design Requirements
Function Generate a certain amount of lift force
High stiffness
High strength
High corrosion resistance

Constraints Handle operational and storage temp. of -35 to 80 degree
Handle acid/alkali of pH 0-13
Handle UV radiation

Objectives Minimise mass

Minimise cost
Wall thickness ¢ in cross section
Material selection

Free variables

The derived design requirements originate from the situation that the material is to be
used in an extreme environment, withstand saltwater and UV radiation along with clean-
ing using various chemicals. Since the function of the product is to generate a certain
amount of lift force, the constraints include both high stiffness and strength. The con-
straints can be divided into hard and soft constraints, where the hard are the constraints
which are valued the highest and the soft can be compromised to some extent, especially
if the product is designed in a certain way. The first three constraints, high stiffness,
strength and corrosion resistance, are considered hard constraints. When developing the
product, low weight and a low cost is of interest, resulting in the objectives to minimise
both the mass and the cost of the product whilst the wall thickness t and the material is
free to alter.

4.5.2 Material Indices

To find suitable materials, material indices can be derived and maximised [33]. The indices
are derived from the objectives in the previous section, see Section 4.5.1, and are used
in the future screening and ranking, see Section 4.5.3, when deriving material charts in
the materials selection database. The numerator and the denominator in the indices are
used for the separate axis of the charts, and therefore of importance when searching for
relevant material. The material indices are derived from the assumption of a cantilever
beam with an evenly distributed force along the beam. This is similar to a foil which is
fixed to a pod. The cross-section was chosen for a hollow ellipse since it is the shape most
similar to a section profile, where the wall thickness ¢ is the free variable for the product
which is to be substituted for.

Minimise mass

The first objective is to minimise the mass, ensuring a limit of deflection is maintained and
avoiding deformation when a force is applied to the foil, withstanding the force without
entering the stage of plastic behaviour. The derivation can be seen in Appendix I and
J, where the first indices are derived for a light stiff beam and the second is for a light
strong beam. The material index for the stiffness, see equation 4.4, and the strength, see
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equation 4.5, will be as follows:

Minimise cost

The second objective is to minimise the cost, implying the material cost has to be min-
imised, this is done by using the objective function C' dependent on the material price.
The material price, C,,, needs to be stated with the unit of SEK/kg to get the function,
see equation 4.6 [33].

C=C,m=C,ALp (4.6)

The material indices will change and for the stiffness, see equation 4.7, and for the
strength, see equation 4.8, the equations will be as follows:

M, — <in> (A7)

4.5.3 Screening & Ranking

The materials selection database ANSYS Granta Selector [35] was used to screen material.
The software contains three levels of data, where level 2 was used since it contains material
groups rather than single materials, and because the materials in the same group have
similar mechanical properties, making the screening less comprehensive. The screening
was conducted by utilising the derived material indices together with the derived con-
straints, applied in the software. Utilising the index line in the created charts, where
the exponentiation of the numerator in the indices will determine the incline of the line,
material groups could be excluded, see the derived charts in Appendix K. The index line
was used to pass on a manageable pool of materials, where the materials that scored
highest on the material indices passed on. The material groups were ranked in regard to
the material indices, where a high value possible is desired. Subsequently, the score of
each material indices was summarised and a total ranking was achieved, see Table 4.5.
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Table 4.5: Material data from level 2 [35]

Material data
Material E [GPa] | o, [MPa] | Price [*4] o % o pc% Rank
CFRP 69-150 | 550-1050 551025 | 0,52 | 0,07 | 0,0015 | 0,0002 2
GFRP 21-21,8 | 207-304 | 94461 [76] | 0,14 | 0,01 | 0,0027 | 0,0002 3
Stainless steel 190-210 | 257-1140 200079 0,09 | 0,03 | 0,0035 | 0,0010 1
Bronze 97-130 | 130-509 456019 | 0,04 | 0,01 | 0,0007 | 0,0002 7
Nickel 190-220 | 70-900 726313 | 0,05 | 0,02 | 0,0007 | 0,0003 5
Commercially pure titanium | 100-105 | 276-360 635910 0,07 | 0,02 | 0,0005 | 0,0002 9
Nickel-chronium alloys 200-220 | 365-460 1121400 | 0,05 | 0,03 | 0,0004 | 0,0002 8
Nickel-based superalloys 200-220 | 273-900 1254420 | 0,07 | 0,03 | 0,0005 | 0,0002 6
Titanium alloys 110-120 | 763-1190 | 1085655 | 0,21 | 0,02 | 0,0009 | 0,0001 4

From level 2 passed 10 different material groups. The materials that passed the first
screening were: two composite groups, carbon fibre reinforced polymer (CFRP) and glass
fibre reinforced polymer (GFRP), bronze, which is on the pod today, stainless steel, pure
nickel, pure titanium, and corresponding alloys. The material groups CFRP, GFRP,
stainless steel and titanium alloys were ranked highest. However, titanium, and nickel,
were excluded due to the standard STD 100-0005 [41], where Volvo Group list materials
that are derived from the EU s list of Critical Raw Materials. The risk of using these
materials can cause resource depletion and should be avoided if possible. This entails a
further investigation of the three material groups at the top of the table. The price of
GFRP was adjusted by a factor of 7 due to experts’ opinions and other sources to suit
the market value of today [76].

4.5.4 Candidate materials

External research was conducted to find specific materials, grades and alloys which are
suitable for the component and can withstand the extreme environment, such as saltwater,
UV radiation, and cleaning with various chemicals. Research provides the opportunity
to narrow the wide material groups to find specific materials suitable for the concept
and to find dismissed materials which can be utilised if the product is designed properly.
By narrowing the material groups and choosing a specific material, predictions regarding
implosion, stresses, and deflection, of one of the simpler principle concepts could be con-
ducted. Further, it enabled a prediction of the wall thickness, inner structure and design
of the concept.

Stainless steel

Stainless steel is corrosion-resistant, but exposure to an extraordinary environment, like
saltwater, can result in corrosion of the material. Investigating the different materials
within the group stainless steel shows grades within two different families, austenitic and
duplex, suited for marine application handling saltwater preferable. In the austenitic
family are the stainless steel 316, 317, and their derivatives. To increase the corrosion
resistance against pitting, molybdenum is added, with a higher concentration in the lat-
ter [77]. During certain circumstances, a component made in stainless steel 316 needs to
be galvanically protected due to crevice corrosion [78], which occurs at a crevice with a
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stagnant solution at, for examples, attachments.

In the duplex family, suitable grades are for example 2205 and 2507. These grades are
superior regarding corrosion resistance including crevice corrosion, higher Pitting Resis-
tance Equivalent numbers (PREn) and up to 2.5 times higher yield strength compared to
316L [79]. However, the material price (SEK/kg) is higher than for both 316L and 317L
[35]. Regarding PREn the aim is a number above 40 for stainless steel alloys, whereas the
316L and 317L have a PREn 25 resp 30 [80], and for many duplex grades, the number is
around and above 40 [81].

Aluminium

Aluminium is a material that has been excluded since it was not classified with the highest
resistance against corrosion in the material software [35]. There are however propellers
and sterndrives made out of the material [82],[83], which makes it interesting to examine
the possibilities of modification of the material and its suitability for foils. Aluminium is a
low-cost low weight material and if the corrosion resistance is increased, with the suitable
alloy, and the product design and material composition are concluded to prevent galvanic
corrosion, aluminium can be used for the application.

Aluminium alloys can be divided into the groups wrought and cast aluminium alloys,
where the former can be used in manufacturing processes like extrusion and the latter in
various casting processes [84]. There are different designation systems for the two groups,
and for wrought aluminium alloys the 5xxx- and 6xxx-series are preferred for marine ap-
plication, Al-Mg alloys respectively Al-Mg-Si alloys, since their high corrosion-resistance
capabilities. Regarding cast alloys the 4xx.x and 5xx.x is preferred for marine applica-
tion, Al-Si respectively Al-Mg alloys. The latter is more difficult to cast, but its corrosion
resistance surpasses the former [85],[86].

One of the used aluminium alloys for impellers is the aluminium 356.0, a cast alloy, which
has sufficient properties regarding corrosion resistance and strength implying a suitable
material for the application, even though it is not included in one of the groups mentioned
above. The material resembles the alloy 6061, a wrought alloy with extraordinary corro-
sion resistance, which is utilised when workability is of importance. The material does
not possess the highest strength but is suited for extrusion. If higher strength is needed
other materials are more suitable, however, it deprives the workability [87],[88]. If a cast
alloy for a marine application is to be used which possesses the same strength as 356.0,
the choice is 518.0 [35], although it’s harder to cast [86]. If the strength is compromised
the 413.0 can suit the application.

Finite Element Analysis - Metals

A simplified model of the principal concept Single was used to determine the amount of
material required for the product, whilst assuring a manageable deflection, and preventing
implosion of the structure, of the foil. ANSYS Mechanical [36], a finite element analysis
(FEA) software which uses the finite element method to numerically solve the differential
equations, was used to anticipate this. The foil can be seen as a cantilever, as the side of
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the foil has fixed support, and a total uniform distributed force is applied over the rest
of the surface. Since only one foil is analysed, the force is represented by the lift force of
3750N upwards, negative x-axis, and the drag force of 200N, negative z-axis, see Figure
4.22a. The drag force was derived from a single wing with a wing span of 1.4m and cord
length 0.3m, see Figure 4.16. It was a linear static analysis, and the applied material was
an aluminium alloy 518.0 and stainless steel 317L.

If a Imm stainless steel foil is used implosion will occur underneath the foil. The deflection
is approximately 3, 5mm, see the red area in Figure 4.22b, and in total not considerable
compared to the total thickness of the foil. However, if the speed of the boat or AoA of
the foil is increased the deflection/implosion will increase, and the structure eventually
fail. The implosion occurs with both the aluminium and the stainless steel with 1mm
wall thickness.

F: Stainless steel Imm F: Stainless steel 1mm
Static Structural Total Deformation
Time: 1,5 Type: Total Deformation
2022-04-05 16:35 Unit: mm

Time: 1
. Force: 37553 N 2022-04-05 16:05
[BJ Fixed Support

3,6442 Max
3,2393
2,8344
2,4295
2,0245
16196
1,2147
0,80982
0,40491

0 Min

z

0,00 100,00 200,00 (mm) 0,00 100,00 200,00 (mm)
| | ] | |
50,00 150,00 50,00 150,00
(a) Boundary conditions of foil (b) Implosion of foil

Figure 4.22: Set up and total deflection of first iteration

The deflection of the foil with the material stainless steel is 1, 5mm, see Figure 4.23a and
aluminium alloy 4, 5mm, see Figure 4.23b, with a wall thickness of 2mm. The desire is to
assure a manageable deflection preventing the AoA of the foil to change during operation,
or for it to create an unwanted fluid dynamic effect. The former can occur if the deflection
is obliquely resulting in a twist of the foil. The safety factor of Equivalent (von-Mises)
Stress for the foil in stainless steel is 1.903 and for the foil in aluminium 1.529 implying
that the material will not reach the state of plastic deformation in both cases.
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B: SS 2mm B: Alu 2mm

Total Deformation Total Deformation
Type: Total Deformation Type: Total Deformation
Unit: mm Unit: mm

Time: 1 Time: 1

2022-04-05 16:04 2022-04-05 16:32

1,6149 Max 4,5256 Max
! 1,4354 ! 4,0228

1,256 3,5199

1,0766 3,017

0,89714 2,5142
0,71771 ‘ 2,014
0,35886 1,0057

0,17943 0,50285
0 Min 0 Min

Y Y
0,00 100,00 200,00 (mm) L] 0,00 100,00 200,00 (mm) .
| I | I
50,00 150,00 50,00 150,00

(a) Total deflection of the foil, stainless steel (b) Total deflection of the foil, aluminium
317L alloy 518.0

Figure 4.23: Total deflection of the foil with stainless steel and aluminium alloy

Since the force would not be uniformly distributed in a real case scenario, it would be
smaller at the root and the tip of the foil, further calculations regarding how much the
entire foil deflects needs to be conducted in future development. The pitching moment
is assumed to be zero, which is an ideal state of reality, simplifying the calculations
conducted, implying further calculations regarding the wall thickness or internal structure
to prevent implosion. But with this elementary case, a modest deflection is shown with
the chosen material and wall thickness. See further discussion in Section 7.2 future work
and recommendations.

Polymers - Thermoplastics

An internal and external investigation of polymers used in subsea/marine applications was
conducted to find other materials suitable for the component. Issues concerning finding
a suitable polymer for the application are that they tend to have different properties
regarding durability, such as resistance against alkalis and acids, which is one of the
causes that polymers were dismissed in the first iteration, and handle external stress from
the environment. An outer coating or if the polymer is chemically enhanced could solve
different problems regarding durability. The data collected [89],[90] was cross-checked,
and the materials found suitable were checked against the pyramid of polymeric materials
to dismiss materials with low performance and strength [91]. The polymers analysed were
semi-crystalline /crystalline thermoplastics, since they have these properties, together with
a low friction coefficient and sufficient toughness [92], see Table 4.6.

54



4. Development of hydrofoil concepts

Table 4.6: Material data from level 3 [35]

Material data
Material | E [GPa] | o, [MPa] | Price [2%5] | % £ e -L— | Rank
m P P Plm Pl m
POM-C 2,9-3,2 | 57,2-71,7 17360 0,05 | 0,0021 | 0,0037 | 0,0002 1
PEEK 3,76-3,95 | 90-110 714605 | 0,08 | 0,0029 | 0,0001 | 0,0000 3
PA6 0,78-0,98 | 95-117 31736 0,10 | 0,0008 | 0,0033 | 0,0000 2

The passed materials were POM-C, PEEK and PA6 and analysed with the derived mate-
rial indices. Since PEEK is expensive it performed lowest on these indices and therefore
excluded. PA6 have a low Young’s modulus, expands due to absorption of water [90],
and was therefore discarded. The outcome was that POM-C is a suitable material for the
application since it can withstand both weak alkalis and acids and if it is UV-stabilised
it has properties to withstand external stress [35].

Finite Element Analysis - Thermoplastics

The deflection and if the material will permanent deform were predicted for POM-C with
the FEA software [36]. The foil was designed with an internal structure since the stiffness
and strength are lower than for metal, and the foil cannot be manufactured as a solid,
see Section 4.5.5. The wall thickness was made 3mm, the inner structure 5mm, and the
foil was stabilised even further with two shafts in stainless steel 316. Since the software is
working with a student license there is a maximum of nodes and elements regarding the
mesh, therefore this was the maximum inner structure made possible, see Figure 4.24a.
A fixed support was applied to the cross-section of the two shafts, to lock all the degrees
of freedom, and a bonded contact between the shaft and the structure to prevent any
motion between the parts. Since only one foil is analysed, the force is represented by the
lift force of 3750/N upwards, negative x-axis, and the drag force of 200V, negative z-axis,
see Figure 4.24b. The analysis was linear static.

SYS\FOIL_STRUCT2
2022-04-02 18:09

A: Polymer
Static Structural
Time: 1, s
2022-04-05 13:48

A Force:37553 N
[BJ Fixed Support

z

L.

200,00 (mm) 0,000 0,100

Y

000 100,00

0,200 (m) I .

50,00 150,00 0,050 0,150

(a) Internal structure of foil (b) Boundary conditions of foil

Figure 4.24: Set-up of the foil in thermoplastic
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Since the deflection with POM-C is about 35mm the choice was to test POM-C reinforced
with 25% glass fibre. The result was a deflection under 20mm, see Figure 4.25b, since
Young s modulus is 3 times higher for the reinforced material. The yield strength is twice
as high, between 110 — 120M Pa [35], implying that the material will not reach the state
of plastic deformation, see Figure 4.25a. Further testing is required if 20mm is sufficient
to not cause any damage to the foil or make it behave unwanted due to fluid dynamic
effects.

A: Static Structural A: Static Structural
Equivalent Stress 2 Total Deformation
Type: Equivalent (von-Mises) Stress Type: Total Deformation
Unit: MPa Unit: mm

Time: 1
2022-04-02 17:38

Time: 1
2022-04-02 17:39

19 Max
16,889
14,778

85,094 Max
75,64
66,187
56,734
47,281

37,828 B,M
28,374 6,3333
18,921 4,2222
9,4681 21111
0,014906 Min 0 Min
z
L o
X Y
0,00 50,00 100,00 (mm) 0,00 100,00 200,00 (mm) )
| | | | ]
25,00 75,00 50,00 150,00
(a) von-Mises stress of foil, POM-C 25% (b) Total deflection of the foil, POM-C 25%
glass fibre glass fibre

Figure 4.25: Stress and total deflection of the foil in reinforced POM-C

Thermoset composites - CFRP and GFRP

The specific materials in the material group for composites suggested in ANSYS Granta
Selector were for CFRP an epoxy resin with continuous High Strength carbon fibre rein-
forcement in a quasi-isotropic layup. For the GFRP it was an epoxy resin with continuous
E-glass fibre reinforcement in a quasi-isotropic layup [35]. The layup for the composites
is lamina oriented in a 0, +-45, 90-degree orientation. This is what characterises a quasi-
isotropic layup with bidirectional (woven) fabric lamina, the difference in the orientation
of the lamina to achieve the same strength and stiffness in all directions in one plane.
Other orientations in the layups can be applied if unidirectional lamina is used. If the
exact loads are determined, a quasi-isotropic layup will not be necessary for those areas
where the load are not uniformly distributed in all directions. In this case 0- to 90- degrees
layers can be used. This would decrease the cost of the laminate [93], and when designing
the product in composites, this is an aspect to consider.

As resin for the matrix, polyester, vinyl ester, and epoxy are some of the materials which
can be used. However, the mechanical properties, such as Young’s modulus and tensile
strength are higher for epoxy, implying it is more suitable since the number of lamina
can be reduced, therefore reducing weight [76]. Typically prepregs, resin pre-impregnated
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fabric, are used with epoxy, and prepreg is favourable regarding the strength /weight since
it minimises the excess of resin which otherwise can be difficult to achieve. The part will
be more accurate, regarding for example the thickness. However, the cost is higher [94].

Regarding corrosion resistance, composites are superior compared to metals, together
with its high strength and stiffness. The loads on the foils are as seen in the previous
calculations not exceptionally high, implying that glass fibre is a sufficient material for
this application. It is more cost-efficient regarding material cost compared to carbon fibre
[76]. If woven prepreg as lamina is chosen for the CFRP and GFRP, Young s modulus of
GFRP is only half of the selected CFRP, and the stiffness is around twice of reinforced
POM-C [35], implying that the total deflection can be kept to a minimum if designed
properly. If inquired, the stiffness of GFRP can be increased by adding layers of carbon
fibres lamina [76].

Regarding the recycle fraction for thermosets composite it is low or none [35], some
alternative fibres were looked upon to investigate if the fibre reinforced polymer (FRP)
could be made more environmentally friendly. One fibre used in various applications is
flax fibres, which has a lower kg CO,/kg fibre equal to carbon fibre [95]. However, one
of the downsides of using flax fibres in a marine application, in water, is that it tends to
absorb water when exposed, which will decrease the mechanical properties [96]. If the foil
is to be protected by impact protection or diverse shell to narrow the risk of damage and
delamination, various unconventional fibres can be used.

4.5.5 Cost & Manufacturing processes

An investigation regarding appropriate manufacturing processes, complying with a pro-
duction volume of around 2000 pieces, and a cost estimation was conducted, to find
suitable processes enabling high freedom in design if the foil for a reasonable cost, see
requirement no. 14.1 in Table 4.3. The investigation and estimation were conducted with
the software ANSYS Granta Selector and Process Selection: From Design to Manufacture
by Swift and Booker [35], [34]. Specific materials were chosen for each group of materi-
als since some of the materials only can be used with a specific manufacturing process.
Regarding the manufacturing cost of components designed in composite, it was discussed
with domain experts at composite manufacturing companies, and adjusted accordingly.

When calculating the cost, the volume of the product used was acquired from the CAD
models used in the previous section, and 20% volume was added for attachments and
infill. The cost is the mean of a range visualised in the software, implying increased
deviation of certain manufacturing processes. Included in the software is the Capital
Write of time set to 5 years, the Discount range to 5%, the Load factor to 0,5 and the
Overhead rate to 1330 SEK/h for all manufacturing processes. Discluded from the cost
are freight, post-processes, and assembly costs. The cost estimation was conducted on the
Single concept, for one foil on one side of the pod, and the result will differ for concepts
with more complex shapes since it is not accounted for in the software.
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Aluminium & Stainless Steel

For aluminium alloys and stainless steel, a group of appropriate materials was chosen,
enabling cost calculations regarding manufacturing processes. For aluminium alloy, in-
cluding materials such as 518.0 and 6061, five different manufacturing processes were
investigated; hydroforming process, superplastic forming, powder metallurgy, continuous
extrusion, and gravity die casting, see Figure 4.26. The two forming processes require
one die for each sheet, for this type of concept it would require one upper and lower part,
and two endplates. Additionally to this, a process to assemble the parts and attach a
shaft in-between to enable rotation of the foil, like welding, would be necessary. This
cost is not included in the calculation. Further, superplastic forming is expensive since it
is preferred for higher economic batch sizes than 2000 pieces a year. Powder metallurgy
generates pores in the material that allows bacteria to thrive, leading to increased biofoul-
ing, and the wall thickness to length ratio is out of scope for the component to suit the
process [34]. These manufacturing processes are therefore not suitable for the application.

If the foils are to be manufactured at a lower cost, continuous extrusion is the choice
as the production rate is high and the manufacturing cost is low. The method enables
a complex cross-section, implying the design to facilitate attachment of the shaft. Two
endplates are still required to be manufactured and welded/attached to the foil, but far
fewer parts than for the forming processes mentioned above. The downside is that the
planform is to be rectangular, which will decrease the efficiency of the foil. As for casting,
gravity die is an appropriate choice since its low surface roughness compared to other
casting processes, enabling decreased cost of post-processing. With casting, the two parts
can be manufactured with half of the endplates at each part together with a structure to
attach the shaft, minimising welding. This method enables higher freedom in design but
at a higher cost compared to continuous extrusion.

Material group Metal
sty mrta] Aluminum; Stainless steel;
6061 and 518.0 3171

. . Hydfo- Graylty B er Powder | Continuous | Investment S er Powder [ Continuous St

Description Unit forming Dic plastic " . plastic : metal
. . metallurgy | extrusion Casting . metallurgy | extrusion .
process Casting forming forming forming

Wall thickness mm 2 2 2 2 2 2 2 2 3 2|
Density ke/m”"3 2710 2685 2710 2710 2710 7970 7970 7970 7970 7970
Material cost SEK/kg 18 18 18 18 18 37 37 37 37 37
'Volume product m"3 6,56E-04 6,56E-04 6,56E-04/ 6,56E-04 6,56E-04 6,56E-04 6,56E-04 6,56E-04/ 9,06E-04] 6,56E-04]
Volume attachment, infill _ |m"3 131E-04] 131E-04] 131E-04] 131E-04] 131E-04] 131E-04] 131E-04] 131E-04] 181E-04] 131E-04
Product weight kg 2,1 2,1 2,1 2,1 2,1 6,3 6,3 6,3 8,7 6,3
Material cost/product SEK /unit 39 39 39, 39 39 229 229 229 317 229
Manufacturing cost/product |SEK/unit 153 260 1700 300 70 375 1775 375 185 1375
Total manufacturing cost  |SEK/unit 305 520 3400 600 70 750 3550 750 185 2750

Figure 4.26: Cost for material and manufacturing processes

For stainless steel, such as 3171, many of the conclusions regarding superplastic forming
and powder metallurgy for aluminium applies. Regarding sheet metal forming it is suited
for higher batch sizes and requires several parts to be assembled, and therefore discarded as
for the rest of the forming processes. Continuous extrusion is an option for stainless steel
if the wall thickness is at least 3mm. This will add material implying an over-dimension
of the component regarding strength. Casting is another suitable manufacturing process
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for this material. For this application, investment casting is applicable for the material
since it can handle complex geometries. When choosing between the continuous extrusion
and investment casting, it comes down to what is more important, the cost or efficiency of
the foil. Casting will give more freedom in design, but extrusion will probably be cheaper.
An advantage of producing the foils in stainless steel is that the shaft is made of stainless
steel, enabling attachment is less complex regarding corrosion.

Thermoplastic & Thermoset Composites

To be able to manufacture the foils in the thermoplastic polymer POM-C, reinforced with
25% glass fibre, two processes where appropriate, compression moulding and injection
moulding since both can manage fibre reinforced polymer. For POM-C the maximum
wall thickness is approximate 3mm, limiting the design of the concept, but with long
fibres, it can be increased [97], which may be applied in this case. Injection moulding is
recommended for complex shapes, dismissing compression moulding as a manufacturing
process since the foil requires an inner structure not to deflect extensively.

Material group Thermoplastic and Thermoset Composites
. . Reinforced POM-C Epoxy - HS carb-og fiber, . Epoxy - E-(‘Tlags; .
Specific material woven prepreg and resin infused fabric| woven prepreg and resin infused fabric
25% Glass fiber
Ol-layup Ql-layup
Dieseristion Unit Inj ectlpn Comprcssmn Autoc?ave RTM SMC Autoc!ave RTM SMC
moulding moulding molding molding
Wall thickness mm 3 3 2 2 2 3 3 3
Density kg/m”"3 1595 1595 1575 1575 1575 1860 1860 1860
Material cost SEK/kg 24 24 494 168 494 71 71 71
Volume product m”"3 1,48E-03 1,48E-03 6,56E-04 6,56E-04 6,56E-04/ 9,06E-04] 9,06E-04/ 9,06E-04]
Volume attachment, infill m"3 2,96E-04 2,96E-04 1,31E-04 1,31E-04 1,31E-04 1,81E-04 1,81E-04 1,81E-04]
Product weight kg 2,8 2,8 1,2 1,2 1,2 2,0 2,0 2,0
Material cost/product SEK/unit 67 67 611 208 611 143 143 143
Manufacturing cost/product |SEK/unit 285 170 6250 950 1000 5750 875 600
Total manufacturing cost |SEK/unit 570 340 6250 1900 2000 5850 1850 1300}

Figure 4.27: Cost for material and manufacturing processes

Investigation regarding manufacturing processes of foils made in thermoset composites,
such as Epoxy/HS carbon fibre with a quasi-isotropic layup and Epoxy/HS carbon fibre
with a quasi-isotropic layup, resulted in three different methods. The methods were; au-
toclave moulding, resin transfer moulding (RTM) and sheet moulding compound (SMC).
For the calculations, a prepreg was chosen for the autoclave and SMC, and a woven fab-
ric for the RTM. An assumption made for the thickness was made, 2mm for the CFRP,
and 3mm for GFRP, because of its mechanical properties regarding stiffness and strength.

The calculated cost to produce the Single concept in RTM or SMC is the cost for two
sheets of composites, see Figure 4.27. The material software only allows for simpler
manufacturing processes, and to be able to manufacture the Single concept more refined
processes, further referred to as combined process, are required. The process Bladder as-
sisted RTM is an option since it combines two processes and allows an internal structure
[98]. The realistic cost would by that be higher than the calculated cost, see Figure 4.27.
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Regarding assembly of a shaft and the thermoset composites, further investigation is
required, but it is possible to glue a stainless steel shaft with a thermoset composite if the
friction between the components are enhanced, with for example a pattern implemented
on the shaft. Considering autoclave, the possibilities are higher regarding including the
shaft in beforehand of the process. Autoclave as a manufacturing process is expensive,
enabling high investment costs, but the accuracy and quality of the produced product
surpass many other manufacturing methods for composites since prepreg is used. The
overall cost to manufacture the part in thermoset composites is higher compared to the
other manufacturing processes, which mainly depends on the complexity of creating parts
in thermoset composites, and difficulties to automatise the process [99].

4.5.6 Conclusion of material & Environmental aspects

A conclusion regarding the chosen materials and their properties was conducted together
with an evaluation regarding their environmental aspects. In addition, the material was
compiled in a table with the derived material indices to rank them accordingly to their
specific mechanical properties and price, see Table 4.7.

Table 4.7: Material data for remaining materials from level 3 [35]
Material data

Material E [GPa] [ o, [MPa] | Price [2%] 5 % o TE” Rank
Epoxy/HS carbon fibre w. prepreg. Ql lay-up | 44,2-48,2 | 450-649 777262 0,35 | 0,0293 | 0,0007 | 0,0001 2
Epoxy/E-glass fibre w. prepreg. Ql lay-up 21-21,8 | 207-304 | 183582 [76] | 0,14 | 0,0115 | 0,0019 | 0,0002 3
Stainless steel 317L 196-204 | 195-262 291702 0,03 | 0,0251 | 0,0008 | 0,0007 5
Aluminium 518.0 69,6-72,4 | 177-195 49135 0,07 | 0,0264 | 0,0038 | 0,0014 1
Fibre reinforced POM-C 8,62-9,65 | 110-120 37482 0,07 | 0,0057 | 0,0031 | 0,0002 3

Aluminium has advantages over stainless steel regarding both density and cost. Stainless
steel has advantages regarding its corrosion resistance and stiffness. Since the problems
regarding corrosion can be solved for aluminium alloy this would be the suitable material
when comparing the metals, if not the pod is made out of stainless steel. Suggested is to
do the foils in the same material as the pod when it comes to metals, implying stainless
steel as a second option to aluminium.

Regarding the overall price of the foil, reinforced thermoplastic and aluminium are among
the highest-ranked materials. The downside of reinforced POM-C is that it is not recy-
clable, only downgraded, and therefore the material has lower mechanical properties than
initial implying only usage in applications requiring this [35]. The upside of aluminium is
that it is recyclable, decreasing the environmental impact. Foils manufactured in POM-C
require less post-processing than foils manufactured in aluminium, implying less cost and
a comprehensive advantage. Regarding corrosion, it does not require protection, which is
necessary for aluminium.

Concerning thermosets composites the choice is the E-Glass fibre as the price of carbon
fibre does not justify the mechanical properties for this application. Due to environmental
aspects, and limitations regarding recyclability, along with the total cost for manufactur-
ing, thermoset composites are the option when the foil acquires a complex shape and
where the other materials lack freedom in design regarding manufacturing processes and
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mechanical properties. If high freedom in design is not required, the two other materials
are more suitable.

4.6 Further development of concepts

The further development of concepts is the last part of the core development process,
generating sub-solution upon the sub-functions, and allocating the result into morpholog-
ical matrices. Synthesising and refining principle concepts upon the sub-solutions, and
discarding sub-solution concerning each principle concept, narrowing the design-space.
The second concept scoring evaluates and compares all the remaining refined concepts,
enabling four refined concepts as an outcome.

4.6.1 Second loop idea-generation and evaluation

To ensure a thoroughly explored design-space the principle concepts were divided accord-
ingly to the sub-functions in the function tree and the sub-solutions were derived, to
generate more detailed and refined concepts. A brainstorming was conducted to find fur-
ther sub-solutions to all sub-function utilising a Morphological matrix as a bookkeeping
tool [22].

The matrix contains 12 sub-functions with corresponding sub-solutions, see Figure 4.28
and 4.29, which was generated by a brainstorming. The coloured rows contain part so-
lutions to sub-solutions, where the part solutions are not evaluated in this project but
included to account for the different possibilities, are equally in their performance or are
case-specific. Several sub-solutions to the functions were excluded before synthesising
concepts, squares in pink colour, due to minimising and refining the design-space and
creating concepts with higher feasibility. In this part of the Morphological matrix, ten
sub-solutions were discarded.
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Figure 4.28: Part one of the Morphological Matrix

For the sub-function Prevent cavitation one sub-solution was a cavitation plate, commonly
used above the propellers to prevent cavitation. This solution will cause extra drag due to
the additional wetted surface, and the net efficiency is uncertain. The sub-solution Wing
fences and Vortex generators to the sub-function Control Stall were partly dismissed due
to the increase in biofouling and maintenance for the user. There is no necessity for vor-
tex generators as these delay separation at high operating AoA, which the product is not
expected to experience. To control the stall characteristics, a slightly swept tapered plan-
form is a solution, but a reduction of the area will be achieved and therefore a decrease
in lift force. Wash-in was dismissed due to it enabling the tip of the foil to stall before
the root of the foil, implying that the vessel will be sensitive to rolling motion as the lift
decreases at the tip of the foil first.

To Control lift the foils can be swept back and forward or adjust the dihedral of the foil
during operation. These are two sub-solutions which are complex and difficult to make
feasible without leaking water into the pod. The complexity and feasibility also apply to
the inflatable sections of the foil, making them longer as more lift is required. Increasing
the area with slats is one solution, but due to the complexity of machinery and biofouling
this solution was eliminated.

Adjusting AoA with flaps is eliminated due to flaps as a solution is to control and redi-
rect the vessel’s AoA, not only the foils, which may imply a counteracting behaviour.
Decreasing the AoA of the hull seems to entail benefits regarding efficiency, achieved by
increasing the lift and AoA of the foil, implying that the hull’s AoA has to be decreased
as the AoA of the foil has to be increased. If flaps are to be used, the foil has to have
rotational freedom, allowing the foil’s AoA to be adjusted independently of the hull.
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Figure 4.29: Part two of the Morphological Matrix

In the second part of the Morphological matrix four sub-solutions were dismissed. For the
sub-function Insensitive to debris entanglement one sub-solution was to use air pressure to
blow the debris away, but since one criteria is to minimise the complexity of the product
this was dismissed. The razor blade sub-solution may not be safe enough for the user and
therefore discarded.

For the sub-function Counteract motor torque solutions used on helicopters were looked
upon. The Fenestron/open tail rotor is one solution used, but in this case, got discarded
due to complexity and may add extra maintenance due to biofouling if not the product
is lifted out of water. The NOTAR technology is also a solution used on helicopters and
can be implemented on the pod, but instead of using air, the solution is to use water,
redirecting the stream with an outlet the end of the pod, generating a moment. The
sub-solutions which passed on will be discussed further in the next section.

4.6.2 Concept synthesis & Evaluation

This section addresses the synthesis of new principle concepts, concluding the sub-solutions
in morphological matrices, and evaluating the refined concepts. Conducting cost estima-
tion regarding material and manufacturing processes, and a risk assessments of all refined
concepts, enabling the scoring to be thoroughly conducted. The sub-solutions of each
principle concept was evaluated to decrease the design-space and generate refined con-
cepts.
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Concepts synthesis

A new principle concept was composed upon the sub-solution generated in the second
brainstorming. The concept adjusts the generated lift force by adjusting the width of the
foils through linear motion, increasing the lift by extending the span width, and thus the
lift area. Implementing linear activators into the foil allows the foil to be manufactured
as separate product, or including the inner part into the design and manufacturing of
the pod, see Figure 4.30. The feature implies a compact concept when operating the
boat in harbours and managing it on shore, maintain the same opportunity of lift as the
Single concept. Further, the concept does not allow any sufficient wash-out to be utilised
to control the stall characteristics, instead the foil can be modified with wing fences
ensuring the section of the foil does not stall at once, see Section 4.3.2. The concept
acquires a pre-determined AoA, implying that the foils will always generated lift during
operation as the width will never be zero.

Figure 4.30: Visualisation of the principle concept Telescopic

Evaluation of Manufacturing cost

A material and manufacturing processes cost evaluation using ANSYS Granta Selector
was conducted on the refined concepts to be able to use the information in future scoring
and evaluation of the concepts [35]. The cost estimations was conducted in regard to all
foil implemented on the pod, the pod not included in the calculations, with the appropriate
material for each concept, see earlier evaluation in Section 4.5.6. The full calculations on
the cost for the concepts can be seen in Appendix Q, whereas parts of it can be seen in
Table 4.8 below.
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Table 4.8: Manufacturing cost for each concept

Cost of each concept

Description Unit 0dd Dual & Odd Berit | Comes Around Telescopic Single
Material 8 Reinforced POM-C | E-Glass fibre | Teiforced POM-C g 4 rced POM: ©
Aluminium

Injection Moulding/

Manufacturing process | [-] Injection Moulding Autoclave Gravity die Cast Injection Moulding
Wall thickness mm] 3 3 2/3 3

Weight of concept kg/unit] 5,48 8,1 51 5,67
Material cost sek/unit 131 570 104 136
Manufacturing cost sek/unit 2280 11350 2020 1150

For the Single, Odd Dual and Odd Berit concept the determined material was reinforced
POM-C, since the overall cost is estimated to be the lowest for that material and because
it has sufficient mechanical properties, see former Section 4.5.6. The material for the not
rotatable part of the foil in the Telescopic concept was chosen to aluminium 518.0 and
reinforced POM-C for the translation part of the foil, see Section 4.5.6. As addressed in
Section 4.5.6, when a complex shape is required, thermosets composites are the option,
enabling E-Glass fibre set as material for the Comes Around.

The wall thickness for the Comes Around was determined to 3mm for the E-glass fibre
composite. It may be an overestimation for the shell, but since the concept is of one piece
it might require some internal structure and therefore require extra material to prevent
deflection. This concept is the most expensive to manufacture, due to material cost,
complex shape and required manufacturing process. The concepts made in a polymer
are the most cost-efficient, whereas the Single concept has the lowest manufacturing cost.
This is due to the other concepts in polymer contains more parts, enabling for a higher
cost.

Evaluation of Synthesised concepts

Five different morphological matrices were concluded when synthesising more refined con-
cepts, one for each principal concept. Further sub-solutions were dismissed to decrease
the design-space, and colour-coded for simplification. Red represents solutions which are
not applicable for the specific concept group and yellow is not suitable for the concept.
Grey is solutions constrained to the specific concept group since these sub-solutions dis-
tinguish the concept. What was left creates certain configurations of concepts which are
case-specific, therefore dependent on each user situation, for an overview see Figure 4.31.
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Further elimination of sub-solutions
in Morphological matrices

Figure 4.31: Overview of the refined Morphological matrices

For the Single concept the Hershey-bar planform was excluded since its the least effective
of the remaining planforms, see Appendix L. The Hershey-bar is only used for Comes
Around due to its shape. The option of lifting the concept out of the water is a solution
not suitable due to the concept’s spaciousness. Wing fences are only used for the Tele-
scopic concept and not used in any of the other concepts since they have been allocated
with other more suitable solutions. Regarding material, the foils are preferably made in a
reinforced POM-C, using a weaker structure to ensure the integrity of the hull at impact,
and if the pod is made out of metal, it is preferable to use a crack initiation as a solution.

To control stall for the Single concept it is advantageous to adjust the AoA in combination
with solutions such as multiple section profiles or wash-out. Since the pod is not squared
and rotatable it is difficult to use a rounded inner corner, preferably using a swept-back
leading edge to decrease debris entanglement. If the foils are to be changed numerous
times during its service life, the interference fit is not desirable since it is a complicated
process. To create an anti-torque the shape of the pod could be altered or using the
NOTAR technology, however, the latter is an untested solution.

The concept Odd Dual enables the sub-solution lifted out of the water since the concept
is not spacious, see Appendix M, otherwise similar sub-solutions as to the Single concept
are used. Similar applies for the concept Odd Berit, except for the adjustable pod/angled
pod legs to create anti-torque, which is distinguished for this concept, see Appendix O.
Since the concept already is complex, the NOTAR system would add extra complexity,
and altering the shape of the pod is instead preferable.

As Comes Around is made in a thermoset composite, it does not enable a crack initiation
to ensure the integrity of the hull at impact since it is not compatible with the mate-
rial, see Appendix N. To control stall the AoA is adjusted, and the solution is preferably
used with the other solutions such as using multiple section profiles and wash-out. To
decrease cleaning it can be lifted out of water due to its smaller size, or used with an
anti-fouling system. The design facilities the sides of the foils to be twisted to counteract
the propulsion motor torque, and it is the only concept that possesses this feature. If it is
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not manufactured with this design, the pod’s shape can be altered or NOTAR used. To
decrease the risk of scrap entanglement the leading edge is preferably swept back, enabling
rounded corners as fillet /fairings are difficult due to the concept’s ability to rotate. An
interference fit to empower modularisation is more complex for this concept since both
sides need to be attached at once, implying the other solutions such as bolted /mounted
from outside/inside of the pod are more suitable.

The Telescopic has no solution to prevent cavitation since the first part of the foil is fixed
to the pod, either by bolts from inside/outside of the pod, or manufactured as one piece
with the pod, see Appendix P, but as mentioned the angle of operation for the foil is
predefined to a few degrees. If the foils are to be able to rotate it would be considered
a highly innovative solution, but this would result in a higher complexity to an already
complex concept, therefore are these solutions marked as not suitable. The concept can
advantageous both be lifted out of water since it can decrease its size or use an anti-foiling
system if not lifted. Regarding the design, it is beneficial to sweep back the leading edge
and have rounded corners as fillets/fairings to decrease the debris entanglement, as the
inner part is fixated to the pod. Since the fixed part is made out of metal the optimal
solution to ensure the integrity of the hull at impact is a crack initiation, however, if all
the parts are made out of POM-C the solution is to make the foil structure weaker than
the pod. To counteract motor torque the shape of the can be altered or use NOTAR.

Risk assessment

To be able to do a risk assessment, and use it in future scoring, a failure mode, effects,
and critically analysis (FMECA) was conducted on the five remaining concepts [100].
An FMECA is a tool where the failure mode is listed and its effects are reviewed. One
of the outcomes is to gain knowledge which can be used in the further development of
the concepts. The severity, occurrence, and detection of the failure modes were ranked
accordingly and multiplied to get the Risk Priority Number (RPN) [101]. The failure
modes are only evaluated for the foils/pod and the interference between, implying the
interaction between the pod/hull is not considered. The most critical failure modes can
be seen in Table 4.9, whilst the rest can be seen in Appendix R.

Table 4.9: Most critical failure modes

Singel concept
Potential Failure mode Potential Failure Effects S. Potential Causes 0. Current Controls D. | RPN
Harming maritime life —
no op. in certain environments

Underwater noise 7 Hydrodynamic effects 4 Test, simulation 9 | 252

Minimise pores,

1, 1 ar . S TOAaQ oo 1 I3 5 rnQ 1 y » o
Biofouling (E.g. barnacles) | Increase drag (less efficiency) | 5 | Pores leading to bacteria | 8 utilise anti-fouling solutions 5 | 200
s Noise duri . To high d . .
Cavitation QI8¢ quring ob. 4 0 fugh spee / 7 Physical testing 6 | 168
and unwanted erosion dynamic effects during op.
Debris entanglement Increase drag (less efﬁcif%ncy), 8 Insufficient geometrical 4 . 'Physi(:al tesﬁing/ - 4] 198
loses all the propulsion design sufficient geometrical design

The failure mode Underwater noise is high throughout all the concepts. This is because
if the regulations regarding underwater noise change and regulations regarding noise lev-
els are applied to certain areas, operation may be forbidden within certain areas if the
concept is considered to surpass the limit. This will cause a low degree of customer sat-
isfaction. Failure modes such as Cavitation, Debris entanglement and Biofouling are also

67



4. Development of hydrofoil concepts

constantly high among the concepts. This is because these are some of the main obstacles
to be solved regarding propulsion system operation in water and subsea environment, and
these failure modes are difficult to detect.

The concept that scored the highest RPN was Odd Berit since it has an innovative com-
plex design, and possesses problems which need further development. For instance, it has
a more complex system to control than for example the Single concept, and uncertainty re-
garding unwanted hydrodynamics effect due to the placements of the foil, needing further
testing to assure its effects. Its scores resembles to Comes Around and Odd Dual since the
concept also have complex designs. The Single scored the lowest RPN since it is a proven
product in the industry and does not include too many complex parts or advanced design
which can create failure regarding system controls or unwanted hydrodynamic effects.

4.6.3 Second Concept scoring

The five refined concept was scored and ranked accordingly, using a Kesselring matrix
with refined criteria, and thereafter evaluated. The concept catalogue are created on the
the four remaining concepts, see Chapter 5.

Kesselring matrix - Second iteration

A second concept scoring was conducted on the refined concepts with the outcome to have
four remaining concepts for the concept catalogue, by using a Kesselring matrix, see Figure
4.32. The criteria used for the Kesselring matrix were modified since new information
regarding the component’s material and weight, and results from the risk assessment had
been calculated. Because of this, subjective values were added to the Subjective and
objective Values matrix and the Pairwise Comparison Matrix was revalued, see Appendix
S and T. The limits for the criteria Efficiency and Spaciousness had been decreased in
this Kesselring matrix to be able to distinguish the concepts. These, together with the
criteria of User satisfaction and Risk assessment have the highest weight factor.
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Solution alternative
Critera Ideal A Single lif;i:fls Gl:)l(l);:d H];e(:i‘id I Telescopic
Name W \ t \ t \ t \ t \4 t \4 t
Efficiency (L/D) 0,136 5| 0,68 3[ 041 4] 0,55 3| 041 2| 0,27 2| 0,27
Spaciousness 0,118 51 0,59 11 0,12 4| 0,47 31 035 2 0,24 3 035
Manufacturing complexity/specialization/cost 0,100 51 0,50 5[ 0,50 11 0,10 3] 0,30 2| 0,20 3| 0,30
'Weight of component 0,064 5| 032 5| 032 1| 0,06 5| 032 51 032 5| 032
Complexity/increased capability of machinery 0,045 51 023 4] 0,18 2| 0,09 5| 0,23 4] 0,18 31 0,14
Maintenance required (company/service) 0,073 5] 036 41 0,29 31 0,22 31 022 1 0,07 2l 0,15
Technical feasibility (TRL) 0,000 5[ 0,00 0] 0,00 0l 0,00 0f 0,00 0f 0,00 o[ 0,00
Risk for debris entanglement 0,055 5| 027 4] 0,22 31 0,16 3| 0,16 11 0,05 2| 011
Uscr satisfaction 0,145 5[ 0,73 4] 0,58 51 0,73 3| 0,44 3[ 0,44 3| 0,44
Risk assessment (FMECA) 0,182 5| 091 5| 0,91 3] 055 3 055 1 0,18 3] 055
Innovation 0,082 5| 041 1| 0,08 4] 033 3 025 5[ 041 4] 033
T=X ti 5,00 3.61 325 322|236 | 295 |
T/Tmax 1 0,72 0,65 0,64 0,47 0,59
Standard deviation 0 1,47 1,26 0,69 1,37 0,89
Number of weak points 0 2 3 0 6 3
Decision 1-4 will progress to the concept catalogue

Figure 4.32: Evaluation of the refined concepts with a Kesselring matrix

The conclusion from the Kesselring matrix is that Berit performed the lowest score with
plentiful weak points. This is due to the complex design, it has a high risk of enabling
debris entanglement, the concept is broad /wide when including the pod and scored low on
the risk assessment. This is however the most innovative concept, but it is not sufficient
to outweigh the other criteria. The Telescopic is the second concept with plentiful weak
points. This is mainly due to poor efficiency, AR becomes low when it decreases its lift
and length, it is heavy and might cluster debris due to its special features as winglets and
endplates.

The most robust concept is the Odd Dual, due to its fairly complex design and complexity
of machinery. It has no weak points, compare to the Single concept. In this Kesselring
matrix, it is the concept that scored highest. This is mainly due to its simplicity which
does not require complex machinery or maintenance. However, due to its well-known
design on the market, it scores low on the innovation criteria. It still has a large span
width which decreases the score in the Spaciousness criteria. This is one of the criteria
the Comes Around scored highest on, together with efficiency and innovation, since it is
compact and has a new design not implemented on the market when it comes to hydrofoils.

4.7 Validation of concepts

This section includes the requirements verification, verifying the fulfilment of the re-
quirement specification, and addressing how certain requirements can be verified. The
validation of hull efficiency, concludes the implementation of the developed concept into
the Savitsky method, ensuring and addressing the positive aspects of doing so.
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4.7.1 Requirement verification

The four remaining concepts were verified against the requirements and desires in the re-
quirement specification to analyse which are evaluated or not, or require further evaluation
in the future development process. The evaluation is colour-coded, where white repre-
sents not evaluated, yellow meaning more evaluation is required, red represents require-
ments/desires no longer needing evaluations and green is evaluated requirements/desires,
see Table 4.10 for most important requirements/desires and Appendix E for remaining
part.

Table 4.10: Fulfilment table of the most important requirements/desires

R/D

No. F/NF Requirement Evaluation Colour
1.3 |R.F Foil should break before pod Simulation and Prototype White
15 | D.F Angle f)f Attack of foils should be actively adjustable during Engineering assessment /Prototype | Green
operation
1.6 |R.F Must not generate cavitation Calculation/Simulation/Prototype | Yellow
1.8 |R.F Must generate lift Calculations and simulation Green
1.9 |R.F Must generate inverted lift Calculations and simulation Yellow
1.10 | R. F Must have a lift/drag ratio at design speed Calculations and simulation Green
1.11 | D. F Should have a lift/drag ratio at design speed Calculations and simulation Green
1.16 | D. F Should increase the boat:s‘ energy EHiCI?HC}Y Calculations/Simulation Green
(compared to same solution without foils)
1.17 | D. F Should handle rolling motions of hull (in 2-4 pod installations) | Engineering assessment/Prototype | Yellow
1.18 | R. NF | The product must be designed for an ideal speed of Engineering assessment Green
124 | R. F Must prevent entanglement of foreign objects Engineering assessment/Prototype | Yellow
21 | R NF Pod.-l—fo.ils mu§t have a decreased weight in regard to Caleulations Yellow
the initial design of pod
23 |R.F Must withstand loads applied to it during operation Calculations/Simulation Yellow
2.5 | R. NF | Must handle a storage temperature Engineering assessment/Prototype | Yellow
2.7 | R. NF | Must be able to handle salt water Engineering assessment Green
2.8 | R. NF | Must be able to handle UV radiation Engineering assessment Green
2.9 | R. NF | Must withstand corrosion Engineering assessment/Prototype | Yellow
210 | R. NF Surfaf:c vlayor must“bo though to withstand intensive Engineering assessment /Prototype | Yellow
cleaning and chemicals
51 | R NF 1\'11.1th not’use r.nate{rial which is included in the Volvo Top Engineering assessment Green
Critical Materials list
14.1 | R. NF | Must not cost more than a certain amount to produce the foils | Calculations Yellow

Performance: Most of the concepts are quantitative and qualitative evaluated. Since
the lift force could be calculated for the concepts, except Comes Around, the three con-
cepts are evaluated and passed for this requirement. The concepts have been evaluated
regarding numerous performance requirements/desires such as the lift/drag ratio, AoA
should be actively adjustable and that the concepts are designed for an ideal speed of
15kn. However, there are still some requirements the concepts need further verification
against, such as if they generate cavitation and how much inverted lift they can generate.
The mechanical systems actively adjusting the amount of lift have not been included in
the project, and have to be developed and validated in upcoming development. Require-
ments regarding safety, such as if the foils break before pod at impact, are not evaluated
and need advanced simulations and prototype testing to evaluate.

Material and Environment: Regarding requirements concerning material, material
which does not fulfil some of the requirements has been dismissed in the previous stage.
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Theoretically, the material has been extensively evaluated. However, further engineering
assessment and prototypes are required to securely determine if they pass the require-
ments. There are no validation and evaluation done regarding the resistance of galvanic
corrosion regarding the concepts corresponding design, and combination of metals with
different potentials such as stainless steel and aluminium. Regarding environmental as-
pects, neither of the thermoplastic or thermosets composites can be recycled, but for the
metals its is possible. The anti-fouling systems or environmental footprint are not evalu-
ated nor investigated due to time limitations.

Documentation, Standards & Patent: The concepts are evaluated against some ex-
isting standards and guidelines, but future regulations might impact further development,
therefore more evaluation is of interest. The same applies for patent infringement, the
concepts have not been evaluated regarding this, see Appendix E.

Installations, Size & Cost: A rough cost estimation of the concepts has been con-
ducted, therefore partly evaluated. However, a more refined evaluation is required with
information from the company to assure a more precise number of the actual cost. The
concept is developed with a size requirement, however, if the concept needs to generate
more lift the width limitation of 2m can be exceeded for the Single and Telescopic concept.
This will further evaluation determine. Regarding installation, it is linked to the interface
between the pod and foils, which needs further development and therefore evaluation, see
Appendix E.

4.7.2 Validation of hull efficiency

As the concepts have been developed with 15kn as a primary speed, the behaviour of
the concepts implemented on different hulls at other speeds is uncertain. To validate
the beneficial aspects of utilising the developed concepts on a hull throughout a range
of speeds, and the effect of including both the drag and lift generated by the foil, the
concept Single was included in the Savitsky method, see Section 2.1, and Section 4.1.2 for
implementation of hydrofoils. The hydrofoil implemented into the Savitsky method has
the parameters corresponding to the concept Single, enabling both lift and drag forces
generated by the foil to be included, see Table 4.11 for foil parameters.

Table 4.11: Foil properties for validation of beneficial aspects

Object Properties
Profile section | NACA3320
Planform Tapered wing
Span Width 1.4 [m]
Chord Length 0.3 [m]
Taper Ratio 45%

As the generated lift depends on the viscous speed and AoA of the foil, the AoA of the
foil had to be determined for each speed to maximise efficiency for all hulls. To do so,
three different approaches were used, labelled Alternatives, see following below:
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Alternative 1: Constant AoA of the foil, independently of AoA of the hull. The AoA
of foil was set to 7.5°, as this generates 7500V of lift at 15kn.

Alternative 2: The AoA of the foil changes in regard to the speed. The foil maintains
the same margin to cavitation as the margin to cavitation of 38% when generating
7500N at 15kn. Implying the AoA of foil will decrease when speed is increased.

Alternative 3: The AoA of the foil is optimised to decrease the required thrust of the
hull at every speed. Tries all alternative AoA below the point of cavitation, exploring
what AoA is decreasing the required thrust the most, implying the hull specificity
of this alternative. Assures at least 10% margin to cavitation is maintained.

The alternatives were calculated for two different hulls, the Ideal and Large Steep boat
to conclude what alternative is the most beneficial, see Table 4.2 for hull specifications.
The conclusion of the data from the different calculations regarding the behaviour of the
foil is to be seen in Figure 4.33 and Appendix U.

26

T T T T T T T
—Alt.1 - Constant AoA of foil —Alt.1 - Constant AoA of foil i
16 _\‘ - - - Alt.2 - Preserved margin to cavitation| | 2| - --Alt.2 - Preserved margin to cavitation| |
¥ —— Alt.3 - Ideal Optimized —— Alt.3 - Ideal Optimized
4L \\ Alt.3 - Large steep Optimized 2L Alt.3 - Large steep Optimized
g
%1)12 = 20 F
3 =
=10 18+
S B
T 8 Z16
E 3
< 6 214
H
sa]
12+
10
0 8

10 12 14 16 18 20 10 12 14 16 18 20

Speed [kn] Speed [kn]
(a) Angle of Attack (AoA) of foil at all (b) Efficiency of foil at all speeds
speeds

Figure 4.33: Investigating the foil with different running conditions and Angle of
Attack

As seen in Figure 4.33a the AoA of the foil for the optimised alternative is decreased
compared to the constant AoA alternative, implying that the lift is less than the full
capacity of 7500N at 15kn, see Appendix U. Further, the data in Figure 4.33b indicates
that the foil is operated in a more efficient state with the optimised alternative compared
to alternative 1 and 2. The alternative 3 is by that the option entailing the most decrease
of thrust for each hull, implying that the AoA of the foil has to be individually adapted
for each type of hull, see Appendix U.

To validate the beneficial aspects for different hulls, the Savitsky method was calculated

for each hull with no foil implemented, and for foils implemented with alternative 3. The
implemented foil is the concept Single, and for specifications of the hulls see Table 4.2.
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The calculations was conducted, concluded and visualise, see Figure 4.34 and Appendix
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Figure 4.34: The effect of utilising the developed foil on different hulls

As seen in Figure 4.34a most of the hulls gain efficiency by the utilisation of foils, the only
exception is the large flat boat which does not gain any significant increase nor decrease.
This is expected as in the first calculations it was clear that the effect on the large flat
boat was little, see Section 4.1.2. Utilising the foil on the majority of the hulls increases
the efficiency 3 — 12% at 15kn, maintaining the benefit throughout the speed range, see
Appendix V. Further, the AoA of the hull is decreased for all hulls, implying that the AoA
throughout the speed range was more constant and even, compared to the case without
implementation of foils, see Figure 4.34b.

The result indicates that the implementation of foils on the pod, enables the possibility to
actively optimise the running conditions, compensating for differences in weight distribu-
tion and counteracting the rolling motion due to the waves. Enabling a stability system
without adding any extra drag, increasing the comfort, usability, and visibility, keeping
both the roll and the AoA of the boat at stable and favourable levels.

4.8 Ethics & Sustainability

Ethics and sustainability aspects are discussed in this section to ensure the relevance of
developing the product, assure its outcome does not harm people, to take into considera-
tion the effects on infrastructure and the environment. Since the implementation of this
project, and the development of hydrofoils, do not contribute to major ethical dilemmas
the discussion regards the outcome and implementation of hydrofoils on future boats with
electrical propulsion. Further, discussion regarding how the project affects and is affected
by the Sustainable Development Goals together with the upcoming sustainability targets
are conducted.
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An argument for not implementing the project is that the development of propulsion sys-
tems for boats enables the possibility for people to travel at sea and far from shore. This
implies severe ethical issues that have to be considered as people might be thrown off
at sea, get hit by a propeller, or other critical events/accidents occur, leading to a fatal
outcome, entailing severe ethical issues which must be considered. One can argue that
humans always have wanted to travel to distances far away [102], and that this is not
going to change any time soon. This implies that travel by sea will continue regardless
if this project is carried out or not, as humans always will find alternative approaches.
For this reason, it is better that the project is carried out by a company with resources
and enough knowledge to create products that are as safe for humans as possible, rather
than homemade or low-tested products being used. Implying more optimised and effective
developed products and therefore decreasing the environmental impact.

Regarding accidents, the product must be developed to ensure that the worst-case scenario
is not fatal. For instance, if one of the foils breaks or if the foils start to behave strangely,
there should be a fail-safe system reassuring a safe status of the system to ensure safety
for the user, fellow boat travellers and people near. The same applies when the boat is
stationed on land, regarding crush hazards if the power is turned on and the foil starts to
make unforeseen movements or the user injures on sharp edges. The critical failure modes
have been brought forward, see Section 4.6.2, but more elaboration regarding safety is
needed.

There are today 17 Sustainable Development Goals (SDG), and the project endeavour to
comply with some of these. The SDG nr 1/ Life Below Water has for instance targets
regarding the coastal ecosystem, to maintain the ocean and use it sustainably [103]. Since
the concepts are not evaluated regarding their noise emissions, decibel and frequency, and
how they affect the natural habitat in the ocean, this is an aspect to determine and con-
sider in future development. If the foils are too large or sharp they may harm marine
mammals at impact, and if a non-environmental friendly anti-fouling system is used it
will harm marine life and/or the ecosystem.

Since the scope of the project excludes internal combustion engines, focusing on electric
propulsion systems, the fossil fuel consumption is already zero. However, the boat still
needs an energy source to operate, and regardless of whether the electricity is fossil-free
or not it will still somehow deprive and exploit the earth’s resources, implying the im-
portance to decrease the required energy consumption during the operation of the boat.
This complies with the SDG nr 13 Climate Action, which considers the greenhouse gases
and climate changes [104]. The result of the project indicates that the foils can reduce
the energy used by 5%, decreasing the emissions if not green electricity is used. Al-
though, one can query if using luxury leisure boats for enjoyment is ethical, as there is
no contribution to society and humanity. The EC s Green Deal is striving for a climate-
neutral continent and that the greenhouse gases net emissions should be zero by 2050, by
reducing it at least 55% by 2030 [105], implying extensive changes for the transport sector.

In a study from WSP Sverige a target/milestone of EC can be read stating that small
vessels should not use diesel engines in EU by 2050, implying driving the electrification

74



4. Development of hydrofoil concepts

of transport forward together with the already increased number of electric boats [106].
Further, the Mission Starfish 2030 by the EC has a target which states that leisure boats
should have 100% non-fossil propulsion by 2030 [106] which is in a near future. The need
for charging stations will increase as well as the demands on the infrastructure to enable
the ability to charge the electrical boats. The positive aspect is that it drives innovation
forward and the technology can be used between sectors, striving for a better environment.

The applicability and environmental aspects regarding the proposed materials thermosets
and thermoplastic composites for the concepts can be discussed. Today, composites can
be mechanical, thermal, or chemically recycled by various methods, but there are still
obstacles regarding the processes, such as lower quality and high cost [107]. However,
the use of composite drives the technology for recycling methods forward, since these
materials increases in popularity and enables high freedom in design, are lightweight and
nowadays easier to produce [108]. In the last decade, the production of the material and
the products designed with these materials have been extensively developed, decreasing
the environmental footprint and the cost of production. Often sustainability is neglected
when choosing between metals and composites for products, because of the high perfor-
mance of composites. Thorough consideration is needed regarding if it is worth using
composites when the design allows being manufactured in other materials with higher
benefits regarding recyclability. However, a decrease in the weight of the product often
correlates to increased efficiency, implying the environmental footprint during the life
cycle of the product has to be considered when choosing between composites and other
materials.
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Concept Catalogue

This chapter addresses the four concepts that was the result of the project, concluding each
concept on one page in the format of a sheet. Each sheet contains estimated specification,
description of the concept, and rendered CAD-model to visualise the concept. The data
and information of the hydrofoils is derived from the project, see Chapter 4. The pod
is estimated for visualisation purpose, and is by that not derived from anything. The
following pages 78-81 contains these sheets in the order of Single, Comes Around, Odd
dual, and Telescopic.
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Single

Span width ex. pod 1.4m
Chord length 0.3m
Weight of foil 5.7kg

Taper ratio 45%
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The concept Single is characterised by its
simplicity of design and it is easy to understand the functionality.
Enhancing the user experience by providing an actively adjustable
lift force generated by one pair of foils. Targeted to minimise the
complexity of the system, reducing the overall risk and necessity of maintenance. The concept
inherits a set of sub-solutions, enabling case-specific combinations to be synthesised, enhancing
the fulfilment of specific requirements.

Material price 136:-

Manufac. cost 1150:-
Material Reinforced POM-C

Manufac. method Injection moulding

One synthesis of the concept was 3D-visualised and is the one rendered in the pictures. It is impor-
tant that the stall characteristics of the foils assure that the root of the foil stalls before the tip of the
foil, avoiding forcible rolling motions to suddenly appear. This can be ensured by wash-out and/or
change of section profile along the lifting line. Further, the hydrodynamic interaction between the
pair of foils has to be carefully considered at future design stages. The foils are preferably manufac-
tured in the material reinforced POM-C with the manufacturing method injection moulding, decreas-
ing the risk of corrosion and preserving the structural integrity. The fixated pair of wings can be
included in the geometry and manufacturing process of the pod, implying the wing will be in the
same material as the pod. If the case inquires other materials, aluminium with the manufacturing
method of gravity die cast will be the option.




Span width

Chord length
Weight of foil
aper ratio

The concept Comes Around is characterised by
innovation and its continuously wrapped foil around
the pod, excluding physical distribution of the lifting line,
minimising vortices and increasing the efficiency, implying this concept is the most lift/width
intense of them all. Enhancing the user experience by actively adjusting the AoA of each side,
enable the possibility to twist the foil and further extending its characteristics, including counter-
acting the motor torque. The concept inherits a set of sub-solutions, enabling case specific combi-
nations to be synthesised, enhancing the fulfilment of specific requirements.

Material price
Manufac. cost

Material E-Glass fiber
Manufac. method Autoclave
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One synthesis of the concept was 3D-visualised, and is the one rendered in the pictures. It is impor-
tant to assure one part of the wing stalls before the other part by utilising wash-out, different initia-
tion of AoA, and/or section profiles, avoiding drastic changes in lift. Dislocating the lower part of
the foil from the rotational centre imply an increase of required moment generated by the mechani-
cal system. Further, the hydrodynamic interaction between the upper and the lower part of the foil
has to be carefully considered at future design stages. The complex geometry is preferable manufac-
tured in E-Glass fiber with the manufacturing method Autoclave, decreasing the risk of corrosion
and maintaining the structural integrity.




Span width ex. pod 1.0&0.7m
Chord length 0.2&0.3m

Weight of foil 5.5kg
per ratio 45%

P Pp P N

The concept Odd Dual is characterised by the trade-off
between simplicity and lift/width intensity, decreasing the
width by allocating the lift along to pair of foils and utilising the geometry
of a Single foil. Enabling one pair of the foils to be actively adjustable by
rotational motions, and the other pair to fixate at a predetermined AoA.
The modulation facilitates the possibility of different sales options, one with just the pair of fixed
wings, and an option where the active pair is included, targeting a broader customer group. The
concept inherits a set of sub-solutions, enabling case-specific combinations to be synthesised,
enhancing the fulfilment of specific requirements.

(L
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Material price 131:-
Manufac. cost 2280:-

Material Reinforced POM-C
Manufac. method Injection moulding

il

One synthesis of the concept was 3D-visualised and is the one rendered in the pictures. It is impor-
tant that the stall characteristics of the foils assure that the root of the foil stalls before the tip of the
foil, avoiding forcible rolling motions to suddenly appear. This can be ensured by wash-out and/or
change of profile section along the lifting line. Further, the hydrodynamic interaction between the
pair of foils has to be carefully considered at future design stages. The foils are preferably manufac-
tured in the material POM-C with the manufacturing method injection moulding, decreasing the risk
of corrosion and preserving the structural integrity. The fixated pair of wings can be included in the
geometry and manufacturing process of the pod, implying the wing will be in the same material as
the pod. If the case inquires other materials aluminium with the manufacturing method of gravity die
casting will be the option.




Telescopic

Span width ex. pod 1.4 - 0.7m G
Chord length 0.3m
Weight of foil 5.1kg

A Taper ratio 45%
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The concept Telescopic is characterised by its telescopic motion,
extending the wingspan to increase lift, and its small width when
stationary. Targeting to decrease the risk during harbour opera-
tions and onshore, by minimising the width and providing a compact product when not in opera-
tion. The concept inherits a set of sub-solutions, enabling case-specific combinations to be synthe-
sised, enhancing the fulfilment of specific requirements.

Material price 104:-
Manufac. cost 2020:- %
Reinforced POM-C $#
& Aluminium '
Injection moulding
& Gravity die cast
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One synthesis of the concept was 3D-visualised and is the one rendered in the pictures. The wing
fences are utilised to separate the boundary layers, preventing simultaneously stall of the foil. As the
Ao0A is not adjustable the agility of the system entails how fast the lift can be changed, possible
implying delays in the system. Further, the efficiency of the foil will vary in correlation to the
changes in span width, implying the AoA should be predetermined to enable optimum span width at
operation for the case-specific usage. The lift can never be decreased to zero as the fixed part of the
foil always will be generating lift in relation to the predetermined AoA. The movable part of the foil
is preferably manufactured in reinforced POM-C with the manufacturing method injection mould-
ing, complying with corrosion and maintaining the structural integrity. The fixed part is preferable
manufactured in the same material as the pod, in this case, presumed to be aluminium with the
manufacturing method gravity die cast.
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Conclusion

The four concepts in the concept catalogue are a success regarding the fulfilment of the
main objectives. Attaching hydrofoils to the pod enables the resistance of most hulls to be
reduced, and the foils are sufficient enough to decrease the total resistance of the system.
Active adjustment of the generated lift during operation, enables uneven distribution of
weight and rolling motions due to waves to be counteracted, maintaining a stable pitch
and roll angle. The initial investigation of decreasing the hull resistance, indicated a
higher improvement compared to the validation of the concepts, implying less increase in
efficiency than initially anticipated, mainly because the drag of the foil was not included
in the initial investigation. Implementation of hydrofoils on the pod enables an active
adjustment system for boats to be implemented without decreasing the overall efficiency.

The concepts in the concept catalogue can with benefit be manufactured in reinforced
POM-C, aluminium alloy, or E-glass fibre, enabling the complex design and operation
in a submerged ocean environment. Reinforced POM-C in combination with the man-
ufacturing method injection moulding is expected to be the least expensive alternative,
handling corrosion and enabling complex designs, although entailing the lowest stiffness.
Aluminium can be utilised to increase the recyclability of hydrofoils, entailing better
mechanical properties regarding reinforced POM-C, and maintaining a similar material
price. Although aluminium requires careful considerations regarding corrosion. E-Glass
fibre composites enable the highest freedom of design, with sufficient stiffness and the
highest strength in regard to aluminium and reinforced POM-C, entailing complex man-
ufacturing methods and high manufacturing costs.

The knowledge regarding hydrofoil design is a complex and advanced field, each product
is designed according to the specific usage case, utilising approximated calculations and
extensive testing. Fluid dynamics allows the aeroplane theories to be applicable when
conducting calculations on hydrofoils by altering the Re number, enabling the elabo-
rated theories and approximations to be utilised. Implementing the forces generated by
hydrofoils into the equilibrium equations in the Savitsky method, enabled a numerous
amount of data to be generated and analysed, implying exploration of different cases to
be conducted. This indicated that hulls designed and optimised for the specific opera-
tion speed is hard to affect and further optimise by implementing hydrofoils on the pod.
There are many ideas and theories regarding how to optimise the hydrofoil to increase
the efficiency, although this often magnifies the complexity of the design, implying more
expensive materials and manufacturing methods. The greatest challenge is thus to design
hydrofoils which complies with sufficient material and manufacturing method, enabling
commercialisation and sustainable business.
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Discussion

Following chapter contains a discussion regarding the project, the implemented method,
source of errors in the project, and the results validity. Further a discussion about how the
project can proceed regarding additional product development of the mechanical systems,
evaluation, calculations, and simulations.

7.1 Method, Results & Source of error

At the beginning of the project, an investigation regarding differences in section profile
was conducted to evaluate which could be used without stalling or creating cavitation
at small AoA on the foil. Section profiles were mostly evaluated and since the 2D CFD
software already had implemented data regarding the NACA foils, this was used out of
simplicity reasons to be able to evaluate plentiful foil sections. However since the aim
was to develop hydrofoils, section profiles optimised for use in water would have been an
advantage to look upon, to assure even more realistic result, since the used profile section
in the future will be developed and optimised for the occasion.

The quantitative assessment regarding roll was not investigated in this project due to
time limitations and because of the uncertainty regarding the magnitude of the need to
manage it. These are aspects which need further investigation. This project had bene-
fited from a customer needs study to find the needs and corresponding requirements of
the end-user along with the boat builder, to be able to evaluate the magnitude of the
needs, and to assure a wide range of aspects were covered. The project has relied on the
knowledge of the company, but tacit, latent and observable needs may be missed. During
the project, the developed concepts in the first iteration of the project were evaluated
and screened on a higher objective basis concerning the refined concepts in the second
iteration of the project. This to decrease the design-space of the project. However, if all
of the principle concepts were to be refined on a detailed level with sub-solutions before
the first evaluation the outcome could have been different.

Regarding source of error, when conducting CFD simulations in 3D the standardised
method is used to investigate if the mesh is refined enough to ensure adequate results.
The same applies to CFD simulations in 2D, where instead the number of nodes is inves-
tigated to reassure they are sufficient enough. This was not done in this project, however,
the number of nodes was considerably increased from the default value and a reasonable-
ness assessment was conducted on all produced values. Regarding 3D aspects, the lowest
C, is only produced in the open software for a 2D section profile with a constant chord
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length, whereas an analyse regarding cavitation has been conducted with these values.
This means that local low pressure which can arise on the foil during operation is not
taken into consideration.

Savitsky was one of the methods used to implement the calculations throughout the
project. Although the method has limitations regarding the trim angle; 2°< 7 < 15°
speed coefficient; 0.60 < C, < 13.0, and wetted length-beam ratio; 0 < A < 4. The
data produced when the variables exceed these limits should be used with prudence, and
further testing and simulations need to be conducted to assure its validity. In discussions
with experts and investigating other sources [39] regarding the resistance prediction, it
is clarified that the method replicates physical tests/model tests conducted, but with an
under or overestimation of it. Implying that the absolute value of the generated resistance
is not correct, but the difference in resistance with and without foil is the value of interest.

The lifting line theory is valid for an aspect ratio of a wing above 4, and the dimensions
used for the foil generate an AR above 4 for the refined concepts. For some of the concepts
screened away in the first iteration, the AR was below 4, resulting in uncertainty regarding
the results and their accuracy. The skin friction drag is overestimated for the hydrofoils
which are not squared since the coefficient is determined for the longest constant chord
length in the 2D CFD software. Although the interference drag is not calculated for the
concepts in the project, which will cause an underestimation in drag at the area where
the foil and pod attach and where several hydrofoils are placed near each other. This is
an aspect to consider regarding the total drag of the hydrofoils.

7.2 Future work and recommendations

As for future work of this project, there is a need for further evaluation regarding the
attachments between the hydrofoils and the pod, 3D CFD analysis, build prototypes and
eventual physical testing. To be able to conduct these steps further calculations regarding
the strength of material need to be conducted along with modal analysis, a non-uniformly
distributed load and to include the pitch moment. High cycle fatigue analysis, and pos-
sibly low cycle fatigue analysis, need to be conducted on the hydrofoils with selected
material and derived dynamic loads. Regarding composites it is advanced, and the layup
for the concepts created in thermoset composites requires further investigation and calcu-
lations to be determined. Further, the hydrofoil will not only be exposed to the optimal
load of 7500N, situation will arise when exposed to higher loads, resulting in the need to
derive these loads and conduct analysis, to estimate its service life.

The concepts have to be detailed design, emphasis on evaluating the required force to
change the AoA of the foil to ensure enough structural strength, along with developing an
internal structure which can be manufactured with the appropriate manufacturing pro-
cess without highly increasing the weight of the product. Ensuring the design complies
with a future developed mechanical system of the adjustment system, in association with
an investigation regarding the serviceability and expected frequency of changing parts,
complying with the needs that have to be concluded in future development and investiga-
tions. Further, investigating the environmental impact with Life Cycle Assessment has to
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be conducted, along with profound cost estimations regarding manufacturing, assembly,
and transportation, investigating existing supply chains and options and concluding the
most viable material. Corrosion and ageing of reinforced POM-C have to be further eval-
uated, to ensure the functionality of the product throughout its service life. Delamination
of thermoset composites is an occurrence that has to be investigated, ensuring the risk is
decreased even if the product is damaged, either by ensuring the laminate can handle the
damage or protecting it with other solutions.

The section profile of the foil has not been optimised regarding the indifference in viscous
speeds, the flow behind the propeller and in the free stream, alternating the lifting line.
The design would require solutions such as an alternating section profile or a twist of the
foil to enhance its performance and adjust for unwanted hydrodynamic effects. In this
project, the calculations have been carried out with a constant speed of the fluid for the
entire foil, and further work would be required to evaluate these aspects. Further, an
inverted lift force has not been calculated, which is necessary if the pitch is to be altered
in both ways, although the section profile NACA3320 seems to be able to generate ap-
proximately half of the generated lift as inverted lift before cavitation, when evaluation
its derived C7.

The concepts in the concept catalogue is expected to provide future development projects,
investigating the opportunity of including hydrofoils in the design of for example a pod,
and sufficient knowledge to assess what design is most viable for the specific case of us-
age. Assessing the business model and the corporate identity, concluding the profitability
and marketability, ensuring the further development is complying with these needs and
requirements, is to be conducted in future projects. Considering these aspects enables the
final design to be a successful product.
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Appendix

A Savitsky - Matlab flowchart

Guess a new tau to find moment of boat ~=0

Figure A.1: Flowchart of the Savitsky Core Matlab script
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A. Appendix

This is the SavitskySolver

Boat in
balance (data)
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|
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Figure A.2: Flowchart of the total Savitsky method Matlab script

B Savitsky hull resistance

Speed coefficient is calculated with equation A.1, valid for: 0.6 < C, < 25:

Vv
Vb
Lift coefficient for deadrise surface is calculated with equation A.2, valid for: § > 0:
B A

0.5pV2b?

Lift coefficient of the hull, defined as a flat plate and calculated with equation A.3, valid
for: 0 < CLo < 0.1:

C, = (A.1)

CLs (A.2)

Cro = Crs +0.00653 - C9 (A.3)

Lambda, wetted length-beam ratio is calculated with equation A.4. Approximation valid
for: 0 < A < 4:

0.0055\°/2

Cro=1"" (0.012(»1/2 + T) (A.4)

Average dynamic pressure is calculated with equation A.5:

A
- A5
b Ab%cos(T) (A-5)
Average bottom velocity is calculated with equation A.6:
2paq )

Vi=V(l—-— A6
=v(i- (A6)
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A. Appendix

Reynolds number is calculated with equation A.7:

Vi

14

Re (A.7)

Turbulent friction coefficient according to Schoenherr equations, others might use ITTC,
is calculated with equation A.8. Schoenderr tend to be higher than ITTC [109]:

.24
0215 _ log(R,, - Cf) (A.8)

NG

Mass density of water is calculated with equation A.9, y = Specific weight of water
[Ibf | Ft3]:

_Y
0= (A.9)

Viscous component of drag is calculated with equation A.10, ACy = 0.0004 is extra
friction of the bottom of hull:

_ QVENR(Cr + ACY)

Dy = 2c05(7) (A.10)
Total drag of hull is calculated with equation A.11:
232
D = Atan(r) + ¢V12;\Obs((gj;;(éff) (A.11)
Center of pressure is calculated with equation A.12:
Cp=0.70 — =5z 1 (A.12)
= +2.39

AQ

Distance between center of pressure and center of gravity is calculated with equation A.13.
Defined parallel to keel:

c=LCOG — CyAb (A.13)
Distance between viscous drag coefficient and center of gravity is calculated with equation

A.14. Defined normal to Dy:

a=VCOG — (b/4) - tan(B) (A.14)
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C Hull resistance

L x104 Drag of hull vs lift force generated by foil
T T T I

I
—— SmallFlatBoat.mat
—— SmallSteepBoat.mat
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2.5 —— SpeedBoat.mat
IdealBoat.mat
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Lifting Force [N] 104

Figure A.3: Drag of hull vs Lift force generated by foil for the hull resistance
investigation, for all hulls

Lambda, equations are valid at lambda <4
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Figure A.4: Lambda value vs Lift force generated by foil for the hull resistance
investigation, for all hulls
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D Foil section - compare section profile
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Figure A.6: Section profile comparison with chord length 0.2m and a speed of 15kn
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Figure A.8: Section profile comparison with chord length 0.3m and a speed of 10kn
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Figure A.10: Section profile comparison with chord length 0.3m
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E Requirement specification

Evaluation

Req. Green=Evaluated,
®) Justification White=Not evaluated
SL. F/  |Desire (stakeholder or Yellow=More evaluated req.
No. [No. |[NF |(D) Requirement Unit Specification standard) Red=Not required
1. Performance Single
1.1 |NF |R Must include in-build crash function (Pod breaks before boat) Binary Pass/fail Primary stakeholder Simulation and Prototype
12 |F R Pod must break at impact, speed of 15kn and displacement > 8000kg Binary Pass/fail Primary stakeholder Simulation and Prototype
13 |F R Foils should break before pod Binary Pass/fail Primary stakeholder Simulation and Prototype
14 |NF |D The pod should include a semi foiling wing structure Binary Pass/fail Primary stakeholder Engineering assessment
15 |F D Angle of attack of foils should be actively adjustable during operation Binary Pass/fail Primary user Engineering 1t/Prototype
1.6 |F R Must not generate cavitation Binary Pass/fail Primary user Calculation/Simulation/Prototype
1.7 |F D Should handle span of Angle of Attack without stalling Degrees -15 <X<15 Primary stakeholder Calculations and simulation
1.8 |F R Must generate lift N >7500 Primary stakeholder Calculations and simulation
19 |F R Must generate inverted lift (down instead of up) N >2000 Priamry stakeholder Calculations and simulation
1.10 |F R Must have a lift/drag ratio at design speed ratio 8 Primary stakeholder Calculations and simulation
1.11 |F D Should have a lift/drag ratio at design speed ratio >15 Primary stakeholder Calculations and simulation
1.12 |[NF |R Must contain standard interface between pod and hull Binary Pass/fail Primary stakeholder Engineering assessment
1.13 |F R Must handle a certain propulsion motor torque Nm >=500 Primary stakeholder Calculations/Simulation
1.14 INF_|R Must include bullet with diameter mm 120 Primary stakeholder Engineering 1t
1.15 |[NF |R Must contain standard axes and bearings, from motor to propeller Binary Pass/fail Primary stakeholder Engineering assessment
1.16 |F D Should increse the boats energy efficiency (compared to same solution without foil) % >10 Primary user/Customer Calculations/Simulation
1.17 |F D Should handle rolling motions of hull (in 2-4 pod installations) Binary Pass/fail Primary user/Customer Engineering assessment/Prototype
1.18 INF |R The product must be designed for an ideal speed of kn 15 Primary user Engineering assessment
1.19 INF _|D The product should handle a maximum speed of kn 20 Primary stakeholder Engineering 1t
1.20 INF |D Should have a favourable design to minimize profile drag Binary Pass/fail Primary stakeholder Engineering 1t
121 [NF [R Foils must be a stable system without system control (no jack knife) Binary Pass/fail Priamry stakeholder Engineering assessment
122 INF_|R POD must be a stable system without system control (no jack knife) Binary Pass/fail Primary stakeholder Engineering assessment
1.23 |[NF |D Should require a generated moment to change angle of attack Nm <100 Primary stakeholder Calculations and simulation
1.24 |F R Must prevent entanglement of foreign objects Binary Pass/fail P. user/S. user Engineering assessment/Prototype
125 |NF_|R Must not have the same natrual frequency as exitation frequency Binary Pass/fail R. agancies/Society Calculations/Simulation
2 Material
2.1 [NF |R Pod-+foils must have a decreased weight in regard to the initial design of pod % >15% Primary user/stakeholder |Calcualtions
2.2 |NF _[D Pod-+foils should have a decreased weight in regard to the initial design of pod % >50% Primary user/stakeholder [Calcualtions
23 |F R Must withstand loads applied to it during opertion Binary Pass/fail Primary Stakeholder Calculations/Simulation
24 INF [R Must handle a certain operation temperature Degrees -2<X<35 P. stakeholder/S. user Engineering 1t
2.5 |INF [R Must handle a storage temperature Degrees -35<X<80 P. stakeholder/S. user Engineering 1t/Prototype
2.6 |NF [D Should include an antifouling system - light, galvanic vibrations etc. Binary Pass/fail P. stakeholder/S. user Engineering assessment
2.7 INF [R Must be able to handle salt water Binary Pass/fail Primary stakeholder Engineering 1t
2.8 |INF [R Must be able to handle UV radiation Binary Pass/fail Primary stakeholder Engineering 1t
29 [NF |R Must withstand corrosion Binary Pass/fail P. stakeholder/S. user Engineering assessment/Prototype
2.10 INF_|R Surface layer must be though to withstand intensive cleaning and chemicals Binary & pH |Pass/fail & 0<X<13 [P. user/S. user Engineering assessment/Prototype
2.11 [NF [R Must handle errosion caused by cavitation Binary Pass/fail P. stakeholder/S. user Engineering assessment/Prototype
2.12 [NF |R Must have a suface to minimize the friction coefficient Binary Pass/fail Primary stakeholder Engineering assessment
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3 Product life/life in service
3.1 INF [R Must have service life Year 20 P. stakeholder/Customer Durability testing/fatigue testing
32 INF [R Must have service interval Year 1 P. stakeholder/Customer Durability testing/fatigue testing
33 [NF |D Should have service interval Year 5 P. stakeholder/Customer Durability testing/fatigue testing
4 Quantity
4.1 [NF |R Must sell a quantity of produced products Qty./year [500-2000 Primary stakeholder Statistics
42 [NF |D Should sell a quantity of produced products Qty./Year [2000-5000 Primary stakeholder Statistics
5 Documentation/Standards
5.1 INF [R Must not use material which is included in the Volvo Top Critical Materials list Binary Pass/fail (Material) STD 100-0005 Engineering assessment
52 |NF [R Must comply with the Volvo group standard STD 100-0005 Binary Pass/fail (Chemical substances) STD 100-0005 Engineering assessment
53 |[NF_|R Must comply with the Volvo group standard STD 100-0002 Binary Pass/fail (Chemical substances) STD 100-0002 Engineering assessment
54 |NF [D The design should comply with the guidlines for reduction of underwater noise Binary Pass/fail (guidlines underwater noise) |MEPC.1/Circ833 Engineering assessment
5.5 [NF |D Should comply with maximum allowable noice level SILENT-E Binary Pass/fail (transit, underwater noise) DNV SILENT Class Notation Engineering assessment
6 Health and safety
6.1 |INF [R Must concider production safety /emissions /hazards Binary Pass/fail R. agencies/Society Engineering assessment
6.2 |NF [R Employees in chain must comply with EU - Labor laws or similar Binary Pass/fail R. agencies/Society Engineering assessment
7 Envir tal issues
7.1 INF [R Must not bear organotins compounds which act as biocides in anti-fouling systems | Binary Pass/fail Annex 1, Convention Engineering assessment
7.2 INF [D Should reduce environmental footprint through the product life cycle C. footprint| CO2e, Transport, production, disposal [Primary stakeholder Lifecycle Assessment
8 Disposal/end of life/Recycling
8.1 INF [D Amount of material should be recycled % 25 P. stakeholder/R. agencies/Society |Lifecycle Assessment
9 Patents
9.1 [NF |R Must not interfere with other patents Binary Pass/fail Primary stakeholder Patent landscaping
9.2 INF [R Must not interfere with other design patents Binary Pass/fail Primary stakeholder Patent landscaping
9.3 [NF |D Should be patentable Binary Pass/fail Primary stakeholder Patent landscaping
10 Size (volume)
10.1 [INF |R Must not exceed a width of m 2 P. stakeholder/Customer Calculations
10.2 [INF |D Should not exced number of parts (except gearing and drive shafts) PCs 5 P. stakeholder/S. user Engineering assessment
11 Installation
11.1 [NF [D Should enable installation without lifting equipment Binary Pass/fail Secondary user/Customer E. assessment/Prototype
11.2 I[NF |D Should enable the possibility to change foil without de-assemble the entire pod Binary Pass/fail Secondary user Engineering assessment
12 Servicing costs
12.1 [NF |R _Huo:w must not add any extra service cost Binary Pass/fail Primary user Calculations
13 Running costs
13.1 [NF |D _Zcﬁ not be more than a certain running cost for foil and pod SEK 0 Primary user Calculations
14 Product cost
14.1 INF |R Must not cost more than a certain amount to produce the foils SEK 5000 P. stakeholder/Customer Calculations
142 INF |D Should not cost more than a certain amount to produce the foils SEK 2000 P. stakeholder/Customer Calculations

IX
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F Matrix of
criteria

correlations between requirements and
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Figure A.13: First part of the Matrix
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3 Product life/life in service
31 |NF |R
32 [NF |R
33 [NF |D
4 Quantity
41 |NF (R
42 |NF (D
5 Documentation/Standards
5.1 |INF |R For all concepts
52 |INF |R For all concepts
53 |INF |R For all concepts
54 |INF |D For all concepts
5.5 |NF |D For all concepts
6 Health and safety
6.1 |NF |R
6.2 |INF |R For all concepts
7 Environmental issues|
7.1 INF |R For all concepts
72 |INF |D For all concepts
8 Disposal/end of life/Recycling
8.1 [NF |D
9 Patents
9.1 |INF |R For all concepts
9.2 |INF |R For all concepts
93 |INF |D For all concepts
10 Size (volume)
10.1 [NF |R
10.2 [NF |R
11 Installation
11.1 [NF |D
11.2 [NF |D
12 Servicing costs
12.1 [NF |R _
13 Running costs
13.1 [NF [D _
14 Product cost
14.1 [NF [D For all concepts
142 INF |[R For all concepts

Second part of the Matrix

.
.

Figure A.14
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G Subjective and objective values

Subjective and objective values 1 2 3 4 5
Efficiency (L/D) [-] >=8 >=12 >=16 >=20 >=24
Spaciousness, Large in area-extent/spanwidth [sub/m] 1/1,2 2/1 3/0,8 4/0,6 5/0,4
Manufacturing complexity/specialization [sub)] high medium low
Required volume of material [sub] high medium low
Technical feasibility (TRL) [level] 0 <=2 <=3 <=5 <=9
Risk for debris entanglement [sub] high medium low
User satisfaction [sub] low medium high
Safety [sub] low medium high
Innovation [sub] low medium high

Figure A.15: Subjective and objective values of the criteria
o L[] o .

H Pairwise comparison matrix

Criteria A B C E F G H 1 J K Sum |Weight
Efficiency (L/D) A |- 05 1 1 ] 1 1 | o 1 1| 85 0,155
Spaciousncss B 0,5]- 1 1 1 1 1 0,5 1 1 9] 0,164
Manufacturing complexity/cost C 0 0]- 1 0,5 1 1 1 0l 05 05 5,5 0,100
Required volume of materail D 0 0 0 0,5 1 0 0 0 o] 1,5] 0,027
Complexity of machinery E} 0 0] 05 1]- 1 1 0,5 0] 05 o] 45] 0,082
Maintenance required (company/service/user) E 0 0 0 05 0]- 1 0,5 0] 05 1 35| 0,064
Technical feasibility (TRL) G 0 0 0 0 0 0f- 0 0 0 0 o] 0,000
Risk for debris entaglement H 0 0 0 1 0,5 0,5 1]- 0] 05 05 4] 0,073
User satisfaction 1 1 0,5 1 1 1 1 1 1]- 0,5/ 05| 85 0,155
Safety J o] o] o5 1| o5 os| 1] 05| os] 05 5| 0091
Innovation K o] o o5 1 1 o 1] o0s] 05 o3 5| 0,001
Totalt: 55,0 1
Legend | 0=Worse | 0,5=Same | I1=Better |

Figure A.16: Pairwise comparison matrix for calculating the factor of weights
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I Material index M1

For a light and stiff beam, with the objective function for the mass, the material indices
become as follows:

m = ALp (A.15)

A=m(a+b)t (A.16)
The second moment of area I for a hollow ellipse is as follows:
3b

I= zoz37f(1 +—
a

4

S is the bending stiffness and it needs to be equal or higher to S* which is a constant or
a stated beforehand. The variable C'y = 8 for this case.

) (A.17)

S = 0251 > 5 (A.18)
B (5L m(a+b)L p
e CEL ()G o
E
e (5 "

J Material index M2

For a light and strong beam the searched material indices become as follows:

m = ALp (A.21)
A=m(a+b)t (A.22)
The section modulus Z for a hollow ellipse is as follows:
s 3b
Z==—at(l+ — A.23
T+ ) (A.23)

The stresses need to be lower than the yield strength, which is a constant or stated
beforehand. The variable C' = 2 for this case.

FL

=Gy <o, (A.24)

B _ (FyL m(a+b)L p
m=ale= (3 )'<za2<1+?>> | (a) (4:29)
My = (py) (A.26)
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K Charts Material
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Figure A.17: Yield strength vs density
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Figure A.18: Yield strength vs density times price
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Young's modulus (GPa)

Young's modulus (GPa)
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Figure A.19: Young’s modulus vs density
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Figure A.20: Young’s modulus vs density times price
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L. Morphological matrix Single concept

Enable Serviceability

Ellipticjlifting line Hershey-bar
Induce lift plajiliorms (straight)
1 A2
Allocating lift area Sizichiginelshol
1
Adjus AoA by ..
Prevent cavitation rotalil o foil Caviation plate
C2
Adjus{ AoA by Multiple pr h-out . Slight swept tapered Wash-in
Control stall rotat|ng foil Fons N Wing fences bt Vortex generators (twist)
D1 D3 D4 D5 D6 D7
AdjujAoA by Increse chord length Mwﬁw MM”UM“.M”MW vwm W&&: MMM@HMMMM%M Inflateble sections of Adjust AocA
Control lift 0 g foil with Slats J wan Wine 3 J N mwﬁ Wine wing with Flaps
B8 E4 185 E6 157/
Handle corrosion Ooﬁ%&%
and applied forces (CFRP/GFRP) ﬂ/@_ﬁnam l/vhmw_
during operation Fl _ mv ;
\
Decrease and ease of|  1ift out of water Anti- @a@\
cleaning A
Gl e 2~
Modularisation/ease | Bolted/moun = Emway ference fit
. ou od
of changing parts
R H3
t without inner | , .
Decrease risk of mémm& 1s, (ex . cammwmmm%aocmw WM\M M EMMMNE““
debris entanglement | Flewrines iy
TN 2 13 14
] . Crack irlitiation Make foil structure
Ensure integrity of | (foil+pod bjcak before /
- . weaken
hull at impact interface)
J
Counteract i NOTAR ﬁ.mowao_o gy Fenestron/open tail
propulsion motor Change slapeafbod ' ?\maﬂumaw& nowoa
torque (anti-torque) K5

Prevent jack-knifing

Not applicable for the specific concept group

Originaly not suitable for any concept group

Not suitable for the specific concept group

Constrained to the specific concept group

Morphological matrix single concept

Figure A.21
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M Morphological matrix Odd dual concept

Prevent jack-knifing

Not applicable for the specific concept group

vy
=
=] o
= - Sub-solutions
w Sub-functions
=
= 1 2 3 4 5 6 7
. Elliptical line Hershey-bar
< Induce lift planfor (straight)
Al A2
M | Allocating lift area ultiple foils
B2
Adjustable Ao. .
Q| Prevent cavitation rotating Caviation plate
C2
AdjustfAoA by ultiple ‘Wash-out . Slight swept tapered Wash-in
a Control stall rotatihg foil seeons ist) Wing fences planform Vortex generators (twist)
D2 D3 D4 D5 D6 D7
. AdjusjihoA b Increse chord length W& :MW%H&S&E vv\m mv& :w mﬁﬂ.ﬂ%ﬁm Inflateble sections of Adjust AoA
83} Control lift rota i with Slats aqus ;mo sMMnéooﬁ otfaq :“.WW« M&bm a wing with Flaps
E3 E4 ES E6 E7
Handle corrosion and Composite ]
.ma I~ | applied forces during (CFRP/GEFRP) ers [ Metal
m operation F1 F E3
o
m o Decrease and ease of Lift out of wat Anti-fddling
5 cleaning
K Gl 2
..m o Modularisation/ case | Bolted/mous d from inside of /?ﬁfmnﬁ:am fit
23] of changing parts tside | _—
Hl H3
out inner | .
Insensitive to debris Swent b Air Eamhswo (through MM\NM Esm% & EM
entanglement oles) stagnation poin
13 14
Crack in{tiatiof~—]
Ensure integrity of hull| fo;
at impact
Counteract propulsion NOTAR technology Fenestron/open tail
M [ motor torque (anti- 'QEVV.. tead) rotor
torque) K5

Originaly not suitable for any concept group

Not suitable for the specific concept group

Constrained to the specific concept group

Morphological matrix Odd dual concept

Figure A.22
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N Morphological matrix Comes around concept

Functions

Sub-functions

Sub-solutions

Enable Serviceability

1 2 3 4 5 6 7
Hershe
Induce lift (straig]
A2
Allocating lift area jijuous foil
B3
Adjustable AoA b Fiamids
Prevent cavitation i viation plate
C2
AdjugtAoA by ultiple prof1 ‘Wash-out . Slight swept tapered Wash-in
Control stall rotatifg foil seetions ist) Wing fences planform Vortex generators (twist)
2 D3 _ D4 _ D5 D6 D7
. Adjugt/AoA Increse chord length “M__Mm nﬁ%mﬂwﬁa& vnw\m MM&.“M ””vmn”“““mwwww Inflateble sections of Adjust AoA
Control lift otali with Slats yusting the sweep Justing the wing with Flaps
the wing of the wing
E3 E4 ES E6 E7
Handle corrosion and Cotnbosite
applied forces during (CERP|GFRP) Polymers Metal
operation F 2 E3
/
Decrease and ease of Lifl ottt of water /ﬁ:-mo:_im
cleaning
G 52
Modularisation/ Boltec/n ,M Maa from | Bolted fr =m inside of Interference fit
ease of changing parts N B no
|52 12 H3
Designt without inner | .
Insensitive to debris minm—v back LE corners, (ex i E.amhsﬂo (through WM\NO—, Es&.mw . n.a
entanglement fillots/Fairines) oles) stagnation point
™~ 2 6 14
] ] Crack 1nitia ke Foll structure
Ensure integrity of hull| (foil-+pod break befor /Z@yﬂ han pod
at impact interface) V ar Pos
J1 | :
Counteract propulsion Ch £ ood ? Twist wing to create | Fenestron/open tail
motor torque (anti- ange sipape o po stead) v::vu.. rotor
o) 1 K4 K5
Rotatijiiibenter in
Prevent jack-knifing | fTont ofjgentere
Driggire

Not applicable for the specific concept group

Originaly not suitable for any concept group

Not suitable for the specific concept group

Constrained to the specific concept group

Morphological matrix Comes around concept

Figure A.23
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O DMorphological matrix Odd Berit concept

Functions

Enable Serviceability

Prevent jack-knifing

Not applicable for the specific concept group

: Sub-solutions
Sub-functions
1 2 3 4 5 6 7
. Elliptical lifi{@aline Hershey-bar
Induce lift planforms’ (straight)
Al A2
Allocating lift area S ultiple foils
B2
Adjustable .
Prevent cavitation i Caviation plate
C2
‘Wash-out . Slight swept tapered Wash-in
Clomtivsll il ist) Wing fences g Vortex generators s
D3 _ D4 _ D5 D6 D7
. Increse chord length W& :MW%”&S&E vv\m mv& cw mﬁ»ﬁﬂ.ﬂ%ﬂ%ﬂ Inflateble sections of Adjust AoA
Control lift with Slats adjusting the sweep ot acjustng the & wing with Flaps
the wing of the wing
E3 E4 ES E6 E7
Handle corrosion and Composite
applied forces during (CFRP/GFRP)
operation F1
Decrease and ease of Lift out of watef
cleaning
Gl G2
Modularisation/ wo:aa\:w-ﬂ% d from inside of /@nnnm fit
. 1 d
ease of changing parts OUEe
it} 2 — 13
Desi out inner | .
Insensitive to debris Sweep \m_\wﬂwav (ex GRS G ) | Sl S
entanglement 4 yixings) holes) LE/stagnation point
- 77 2 3 14
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P Morphological matrix Telescopic concept
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Figure A.25
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Q Manufacturing cost

Description Unit gZZ g::z ,éi'oan;:; Telescopic Single
Area 1 [mm?2] X 458311
Area 2 [mm?2] 1206689 368604
Material ] Reinforced E-f}lass- ﬁi?ﬁ)?:gl Reinforc?d
POM-C fiber POM-C POM-C
Wall thickness 1 [mm] X 3 2 X
Wall thickness 2 [mm] X X 3 X
Volume 1 [mm3] 0,001596 0,003620 0,000917 0,002961
Volume 2 [mm3] 0,001265 X 0,001106 0,002961
Volume infill 20% extra 1  [[mm3] 0,003433 0,004344 0,001100 0,003554
Volume infill 20% extra2 |[mm3] X X 0,001327 X
Material cost 1 [sek/kg] 24 70,5 18 24
Material cost 2 [sek/kg] X X 24 X
Density 1 [kg/m"3] 1595 1860 2710 1595
Density 2 [kg/m"3] X X 1595 X
Total material cost [sek] 131,42 569,64 104,45 136,03
Total Volume [dm3] 3,43 4,34 2,43 3,55
Weight of concepts 1 |kg] X X 2,98 X
Weight of concepts 2 [kg] 5,48 8,08 2,12 5,67
Total Weight [ke] 5,48 8,08 5,10 5,67
L Gravity die Cast L
Manufacturing process [-] Iy ectlg . Autoclave Injection Iy ectlp .
Moulding . Moulding
Moulding
Cost manufacturing 1 [sek] 2280,00 11050 1000 1140,00
Cost manufacturing 2 [sek] 0,00 0,00 1020 0,00
Total cost of concept [sek] 2280,00 11350,00 2020,00 1150,00

Figure A.26: Manufacturing cost for each concept
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R FMECA

3
= g = g =
= e ) s o Z
FMECA Potential Failure Mode Potential Failure Effects | © : Potential Causes = : Current Controls 2 E ;
D o @ — =2
77}
IS =]
How can
Description What could go wrong? Impact on the customer? What causes it? it be prevented '
or detected?
Malfuncti f Isi o : . .
Pod breaks before foils attunction of propuision, 8 |Foil in an impact with object Structural weakness 8
personal injury
) Malfunction of lif, Should not be prevented.
Foil does not break at o i . i Anyhow assure break at all
. unpleasant op., personal 10 |Foil in an impact with object| 3 . 30
impact iniu speeds at proper impact,
ury without harming user.
Unexpected disruption in lift,
Jack-knifing unpléasant op. 10 Failure of AoA adjustment 2 Assure Cp.is behind Center 20
personal injury (roll, jack- system of rotation at all AoA
knifing is worst)
Cavitation Noise dusig op. and [l Tohigh speed/dynamic | Physical testing 6 | 168
unwanted erosion effects during op.
Sufficient system control,
Stalling Loss of lift, unpleasant op. 6 To high/low AoA 6 geo;:;tg;?; glle;s;iilfor 2 72
characteristics
ncrease drag (Iess Insufficient geometrical Physical testing/sufficient
Debris entanglement efficiency), loses all the 8 i 8 4 ¥S SHng/su 4 | 128
. design geometrical design
propulsion
Single ) . Break, decrease in efficiency, Combination of materials, Material .
. Corrosion : R 5 . . 4 analyses/calculations, 6 120
Concept increased maintenance material choice
anode/ACP
Unpleasant op... decrease Sensitive system, misreading
Failure of system controls P p: ’. ’ 10 from sensors/mailfunction, 2 Tests and calculations 2 40
! personal injury P
Improper failsafe-mode
. Harming maritime life -> no P . .
Underwater noise . . . 7 Hydrodynamic effects 4 Test, simulation 9 252
op. 1n certain environments
Unwanted hydrodynamic Unpleasant op. 5 Poor designed foil 2 Tests 5 50
effects
I se d Tess . . Minimis s, utilise anti-
Biofouling (E.g. barnacles) nerease drag (less 5 Pores leading to bacteria 8 R 5 | 200
efficiency) fouling systems
Sharp edges Geometrical
Person.lal injuries when Personal damage/injuries 10 crush hazards, large 4 de§1gn/d§51gm§ y'ste-m 1 40
stationed on shore routines with minimized
movement of system
crush hazards
Mechamca!/operatlon Unpleasant op., unpleased 5 Ploor mechanical s?lutlon 4 Design, iesis, prototype 2 40
noise customer design, hydrodynamic effects
Total 1168
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3
5 P g~
=8 g = s S z
FMECA Potential Failure Mode Potential Failure Effects | ¢ = Potential Causes = D Current Controls S| A~
3 g3 Z< ~
=]
How can
Description What could go wrong? Impact on the customer? What causes it? it be prevented [
or detected?
Pod breaks before foils Malfunction of‘p?opulswn, 8 |Foil in an impact with object Structural weakness 1 8
personal injury
) Malfunction of lift, Should not be prevented.
Foil does not break at . . . . Anyhow assure break at all
. unpleasant op., personal 10 | Foil in an impact with object . 1 30
impact iniu speeds at proper impact,
Iy without harming user.
Unexpected disruption in lift,
Jack-knifing unpleésant op. ‘ 10 Failure of AoA adjustment 2 ASSII}‘e Cp_ is behind Center 1 20
personal injury (roll, jack- system of rotation at all AoA
knifing is worst)
ise duri .and igh speed/d i . .
Cavitation Hloise dusing op-an 4 Holiigh spee eyname 8 Physical testing 6 | 192
unwanted erosion effects during op.
Sufficient system control,
Stalling Loss of lift, unpleasant op. 6 To high/low AoA 6 geometrvlcaI design for 2 72
comfortable stall
characteristics
Inerease drag (less Insufficient geometrical Physical testing/sufficient
Debris entanglement efficiency), loses all the 8 g 6 ¥ O 4 1192
. design geometrical design
propulsion
NP L . . Material
Odd Dual . . Break, decrease in efficiency, Combination of materials, atera .
Corrosion . . 5 . . S analyses/calculations, 6 | 150
Concept increased maintenance material choice
anode/ACP
Unpleasant op.. decrease Sensitive system, misreading
Failure of system controls P p.. . ’ 10 from sensors/mailfunction, 5 Tests and calculations 2 100
personal injury .
Improper failsafe-mode
. Harming maritime life -> no . . .
Underwater noise . X . 7 Hydrodynamic effects 5 Test, simulation 9 | 315
op. 1n certain environments
Unwanted hydrodynami . .
nwanted 1ycrocynamic Unpleasant op. 5 Poor designed foil 3 Tests 5 75
effects
Increase drag (less . . Minimise pores, utilise anti-
i i . 5 Pores leading to bacteric - 5
Biofouling (E.g. barnacles) cfficiency) ores leading to bacteria 8 fouling systems 200
Sharp edges Geometrical
Person.lal injuries when Personal damage/injuries 10 crush hazards, large 3 de§1gn/d§51gn{s¥st§1n 1 30
stationed on shore N routines with minimized
movement of system
crush hazards
Mechanica!/operation Unpleasant op., unpleased 5 P9or mechanical Sf)lution 3 Disign, fests, prosotype 5 30
noise customer design, hydrodynamic effects
Total 1414

Figure A.28: FMECA on the concept Odd dual
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3
P P P
. . . . g3 . 23 £33 Z
FMECA Potential Failure Mode Potential Failure Effects z : Potential Causes 5 : Current Controls § E E
S T I
7}
IS =]
How can
Description What could go wrong? Impact on the customer? What causes it? it be prevented '
or detected?
Pod breaks before foils Malfunction of.p¥0p111510n, 8 | Foil in an impact with object| 3 Structural weakness 24
personal injury
. Malfunction of lift, Assure break at all speeds at
Foil does not break at . . . . . .
. ¢ unpleasant op., personal 10 |Foil in an impact with object| 4 proper impact, without 40
mpac injury harming user.
Unexpected disruption in lift,
Jack-knifing me»lc_asant op. 10 Failure of AoA adjustment Assure Cp.is behind Center 10
personal injury (roll, jack- system of rotation at all AoA
knifing is worst)
Cavitation Noise during °p- and 4 To h}gh Speed_/dynamlc 7 Physical testing 6 168
unwanted erosion effects during op.
Sufficient system control,
. e . geometrical design for
Stalling Loss of lift, unpleasant op. 6 To high/low AocA 6 comfortable stall 2 72
characteristics
Increase drag (less e i . : :
Debris entanglement efficiency), loses all the 8 Insufficient geomemcal 6 Physical les_t mg/sufjﬁcwnl 4 192
. design geometrical design
propulsion
C . . L . Material
omes . . Break, decrease in efficiency, Combination of materials, atena X
Around Corrosion . : 5 . . 3 analyses/calculations, 6 90
. increased maintenance material choice
Concept anode/ACP
Unpleasant op.. decrease Sensitive system, misreading
Failure of system controls F P- ¢ ? 10 | from sensors/mailfunction, | 5 Tests and calculations 2 | 100
personal injury :
Improper failsafe-mode
i itime life ->
Underwater noise Harljmng 1nf1nt11n§ file=a0 7 Hydrodynamic effects 6 Test, simulation 9 |378
op. 1n certain environments
Tnw /nami . .
Unwanted hydrodynamic Unpleasant op. 5 Poor designed foil 5 Tests 5 125
effects
Biofouling (E.g. barnacles) Increaﬁe _drag (s 5 Pores leading to bacteria 6 Mlmmfse poTes, uhlise auic 5 | 150
efficiency) fouling systems
Shayp edges Geometrical
Persor.lal injuries when Personal damage/injuries 10 crush hazards, large 1 deslgn/ds{mgn/'s }{stej'm 1 10
stationed on shore . routines with minimized
movement of system
crush hazards
Mechanica!/operation Unpleasant op., unpleased 5 P.oor mechanical st.)lution 6 Design, tests, prototype ) 60
noise customer design, hydrodynamic effects
Total 1419
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N N s : gz £38| =
FMECA Potential Failure Mode Potential Failure Effects | © : Potential Causes = : Current Controls 2 : ;
- @~ =
1721
IS =]
How can
Description What could go wrong? Impact on the customer? What causes it? it be prevented '
or detected?
Malfunction of Isi . . . .
Pod breaks before foils attunction of propuision, 8 [Foil in an impact with object Structural weakness 8
personal injury
] p Should not be prevented.
. Malfunction of lift, HOWICROL LS PISTERIS
Foil does not break at L . i . Anyhow assure break at all
. unpleasant op., personal 10 | Foil in an impact with object . 30
impact iniu speeds at proper impact,
e without harming user.
Unexpected disruption in lift,
Jack-knifing unple_asant op. 10 Failure of AoA adjustment 2 Assure Cp. is behind Center 20
personal injury (roll, jack- system of rotation at all AoA
knifing is worst)
Cavitation Noise during op. and 4 | Tohighspeeddynamic |}y Physical testing 6 | 216
unwanted erosion effects during op.
Sufficient system control,
Stalling Loss of lift, unpleasant op. 6 To high/low AoA 6 geametrical design for 2 72
comfortable stall
characteristics
Increase drag (less . . . . N
. t trical Phys testing/suf t
Debris entanglement efficiency), loses all the 8 s ieien geometrica 7 yical csung/su 4fICl€n 3 168
] design geometrical design
propulsion
g P S . Material
Odd Berit . Break, decrease in efficiency, Combination of materials, .
. Corrosion X . 5 K R 5 analyses/calculations, 6 150
Concept increased maintenance material choice
anode/ACP
Unpleasant op.. decrease Sensitive system, misreading
Failure of system controls P P ? 10 | from sensors/mailfunction, 5 Tests and calculations 2 100
personal injury .
Improper failsafe-mode
. o P
Underwater noise Hanmng ma,mnme. ffe=10 7 Hydrodynamic effects 6 Test, simulation 9 | 378
op. in certain environments
7 i .
Hiwamted by drodynamic Unpleasant op. 5 Poor designed foil 5 Tests 5 | 125
effects
Biofouling (E.g. barnacles) Increafe Adrag s 5 Pores leading to bacteria 8 Mmlm{se pores, Riilisc antic 5 | 200
efficiency) fouling systems
Geometrical
Personal injuries when Sharp edges, design/design/system
. J Personal damage/injuries 10 crush hazards, large 3 Sgn/cesigsyste 1 30
stationed on shore routines with minimized
movement of system
crush hazards
Mechanical/operation Unpleasant op., unpleased Poor mechanical solution .
. . D test totype
noise customer d design, hydrodynamic effects 3 esign, fests, prototype 2 30
Total 1527

Figure A.30: FMECA on the concept Odd Berit
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D
£e £s £s| 2
FMECA Potential Failure Mode Potential Failure Effects § : Potential Causes E : Current Controls 2 : é
Q2 T 2 T =2
7}
IS =]
How can
Description What could go wrong? Impact on the customer? What causes it? it be prevented '
or detected?
Pod breaks before foils Maliunction ofp %'opu1510n, 8 | Foil in an impact with object| 2 Structural weakness 1 16
personal injury -
) Malfunction of lift, Should not be prevented.
Foil does not break at s . : . Anyhow assure break at all
. unpleasant op., personal 10 |Foil in an impact with object| 3 N 30
impact iniu speeds at proper impact,
ury without harming user.
Unexpected disruption in lift,
Jack-knifing unp'le_asant op. 10 Failure of AoA adjustment 0 Assure Cp.is behind Center 0
personal injury (roll, jack- system of rotation at all AoA
knifing is worst)
Cavitation HoiseGuring op- and 4 Tedgh s eed/dynamlc 7 Physical testing 6 168
unwanted erosion effects during op.
Sufficient system control,
Stalling Loss of lift, unpleasant op. 6 To high/low AoA 8 geiﬁ:;:;tﬁ?;i;lfm 2 36
characteristics
Increase drag (less Insufficient geometrical Physical testing/sufficient
Debris entanglement efficiency), loses all the 8 g 5 Y . 4 | 160
. design geometrical design
propulsion
. . . L . Material
Telescopic } . Break, decrease in efficiency, Combination of materials, .
. Corrosion . . S . . 6 analyses/calculations, 7 | 210
Concept increased maintenance material choice
anode/ACP
Unpleasant op.. decrease Sensitive system, misreading
Failure of system controls P i ? 10 | from sensors/mailfunction, | 4 Tests and calculations 3 | 120
personal injury i
Improper failsafe-mode
. o T >
Underwater noise Harl?'ung 111z?nt1m§ fiieno 7 Hydrodynamic effects 4 Test, simulation 9 | 252
op. 1n certain environments
Tnw /nami ) .
Unwanted hydrodynamic Unpleasant op. 5 Poor designed foil 4 Tests 5 100
effects
Biofouling (E.g. barnacles) Increaﬁe _drag (less 5 Pores leading to bacteria 8 Mlmmfse . utilise anti- 5 | 200
efficiency) fouling systems
Geometrical
Persoml Erteekes wi Sharp edges, design/design/syst
ersm.m tnjuries when Personal damage/injuries 10 crush hazards, large 3 SER S 1 30
stationed on shore . routines with minimized
movement of system
crush hazards
Mechamca!/operatmn Unpleasant op., unpleased 5 I’.oor mechanical st.>1ut10n 5 Design, tests, proiotype 2 50
noise customer design, hydrodynamic effects
Total 1372
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Figure A.31: FMECA on the concept Telescopic
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S Second Subjective and Objective value matrix

Subjective, objective values 1 2 3 4 5
Efficiency (L/D) [-] >=15| >=17,5| >=20| >=22,5| >=25
Spaciousness, Large in area-extent/spanwidth [sub/m)] 1/1,4( 2/1,25 3/1,11 4/0,95 5/0,8
Manufacturing complexity/specialization [sub] high medium low
Weight of component [kg] >=8 | >=725| >=6,5 | >=5,75| >=5
Complexity/increased capability of machinery [sub] high medium low
Maintenance required (company/service) [sub] high medium low
Technical feasibility (TRL) [level] 0 <=2 <=3 <=5 <=9
Risk for debris entanglement [sub] high medium low
User satisfaction [sub] low medium high
Risk assessment (FMECA) [RPN] >=1500| <=1425|<=1350]|<=1275| <=1200
Innovation [sub] low medium high

Figure A.32: Second Subjective and objective value matrix of the criteria

T Second Pairwise comparison matrix

Criteria A B C D E F G H 1 J K Sum |Weight
Efficiency (L/D) [-] A - 0,5 1 1 1 1 1 1 0 0 1 7,5 0,136
Spaciousness [-] B 0,5]- 1 0,5 0 1 1 11 0,5 0 1l 6,5 0,118
Manufacturing complexity/cost C 0 0f- 1 1 1 1 1 0 0 0,5 5,5 0,100
'Weight of component D of 0,5 0]- 1 0,5 1 0,5 0 0 0] 3,5 0,064
Complexity/increased capability of machinery E 0 1 0 0|- 0 11 05 0 0 0| 2,5 0,045
Maintenance required (company/service/user) F 0 0 0 0,5 1 1 0,5 0 0 1 4] 0,073
Technical feasibility (TRL) G 0 0 0 0 0 0 0 0 0 0| 0,000
Risk for debris entanglement [-] H 0 0 of 05 05 05 1]- 0 0| 05 3| 0,055
User satisfaction 1 1 0,5 1 1 1 1 1 1]- 0] 05 8| 0,145
Risk assessment (FMECA) J 1 1 1 1 1 1 1 1 1 1 10[ 0,182
Innovation K 0 of 05 1 1 0 1| 05 05 0f- 4,51 0,082
Totalt: 55,0 1
Legend | 0=wWorse | 0,5=Same | 1=Better |

Figure A.33: Second Pairwise Comparison Matrix for calculating the factor of weights
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U Concept validation - behaviour of the foil

, x10*
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Figure A.34: Generated lift from foil at different running alternatives and all speeds
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Figure A.35: AoA of foil and hull for different running alternatives and all speeds
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V Concept validation - behaviour of the hull
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Figure A.36: Thrust reduction and lambda values for all hulls at all speeds
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